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Abstract 

In recent years, the vertical-cavity laser has emerged as a new coherent light source 

alongside the conventional in-plane laser owing to its compactness, circular beam 

profile and ease of integration with other electronic circuitry. The development of 

long-wavelength 1 .3 �m and 1 .55 �m vertical-cavity surface-emitting lasers has been 

fueled by the need for low cost, high speed sources for optical communications and 

interconnects. However, the practical realization of these lasers has been a difficult 

process over the last decade due to numerous technological difficulties. It has been 

recently demonstrated that some of the problems can be efficiently avoided by using 

the process of wafer fusion which enables bonding semiconductors of different lattice 

constants and optical properties to form a laser cavity. This dissertation discusses the 

fabrication of vertical-cavity lasers using two wafer fusion steps for long-wavelength 

(optical communication) applications. The ultimate result described in this work is the 

fabrication of the first 1 .54 �m vertical-cavity laser operating continuously at room

temperature. 
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Chapter 1 

Introduction to vertical-cavity lasers 

The optical fiber and the semiconductor laser have revolutionized the field of 

information transmission. The development of fiber optic communication systems has 

been fueled by the growing need for a high bit-rate and high volume communication 

medium that is more efficient than the coaxial cable. Optical fibers can guide 

information encoded in light signals uninterrupted over hundreds of kilometers, while 

the semiconductor laser provides an inexpensive source for such optical transmission. 

Presently, optical fibers are being installed around the world: across the land and 

under the oceans. Both commercial telephone and business communications are being 

conducted over these links. And every such link uses a large number of 

semiconductor lasers to amplify the signals. Communication applications extend to 

numerous short distance applications, such as, local area networks, and chip-to-chip 

communication. Compact disc players and optical storage devices, as well as, laser 

printing were brought to mass production owing to the inexpensive semiconductor 

laser. Semiconductor lasers are pushing their way into many other fields where they 

are replacing large solid state or gas lasers with small devices barely visible to the 

naked eye. 
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In recent years, the vertical-cavity laser (VeL) has emerged as a new coherent light 

source alongside the conventional in-plane laser owing to its compactness, inherent 

single-longitudinal mode operation, circular beam profile and straightforward 

integration with other electronic circuitry. Vertical-cavity lasers hold promise of 

superior performance in many optoelectronic applications and lower manufacturing 

cost than in-plane lasers. State of the art GaAs-based vertical-cavity lasers operate 

continuously at room-temperature with sub-IOO �A threshold currents. The 

outstanding performance of these laser greatly relies on their monolithic fabrication 

process and the quality of AJ(Ga)As/GaAs quarter-wave mirrors, which are presently 

the highest quality epitaxial mirrors that can be routinely fabricated. 

The development of long-wavelength 1 .3  �m and 1 .55 �m vertical-cavity surface

emitting lasers has been driven by the need for low cost, high speed sources for 

optical communications and interconnects. However, the practical realization of these 

lasers has been a difficult process over the last decade due to numerous technological 

difficulties. The most significant problem was the fabrication of mirrors with 

sufficiently high reflectivity and adequate electrical and thermal properties. It has 

been recently demonstrated that, using the process of wafer fusion, InGaAsP active 

layers operating at 1.3 �m and 1 .55 �m can be bonded to AI(Ga)As/GaAs mirrors, 

thereby enabling the fabrication of long-wavelength vertical-cavity lasers with mirrors 

grown on GaAs. This dissertation discusses the fabrication of vertical-cavity lasers 

using two wafer fusion steps to fabricate the first 1 .54 Jlm vertical-cavity laser 

operating continuously at room-temperature. 
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1.1. Development of vertical-cavity lasers 

In vertical-cavity lasers both the laser oscillation and the laser output occur in the 

direction perpendicular to the wafer surface. The basic structure of a vertical-cavity 

lasers includes high reflectivity mirrors, and suitable charge, current and mode 

confining schemes. The requirements for efficient operation are high cavity finesse 

and near unity overlap between charge and electromagnetic field. There are many 

ways to implement this type of structure. The most important parameter determining 

the shape of the laser cavity is the electrical conductivity of the mirrors. Bringing 

. electrical current through or around the mirrors leads to vastly different contact 

arrangements, and current and mode confinement schemes. The different 

implementations of vertical-cavity laser divided by mirror conductivity are shown in 

Figure 1 . 1 .  Epitaxial mirrors are conductive and provide uniform current injection, 

whereas insulating mirrors require ring-contacts and often lead to current crowding at 

the edges of active layers. Current and mode confinement, indicated with the shaded 

areas in Figure 1 . 1 ,  is required on all of tbese cavities and can be achieved by wet or 

dry etching, oxidation or insulating implantation. The active layers utilizing both bulk 

and quantum wells have been investigated, whereas charge confinement is being· 

accomplished by using epilayers of larger bandgap or by multi-quantum-well barrier 

structures. 

The vertical-cavity laser was invented by Professor Kenichi Iga at Tokyo Institute of 

Technology in 1977 and was fabricated for the first time in 1979 (Soda, 1979). This 

device operated pulsed at 77 K with pulsed threshold current of 900 rnA and 1.3 �m 

lasing wavelength. The first room-temperature continuous wave operation of a GaAs 
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surface-emitting laser was demonstrated by (Koyama, 1988) using an etched-well 

structure and amorphous dielectric mirrors (shown in Fig. l . la). 

a) Etched-well vertical-cavity 
laser with two amorphous 
dielectric mirrors (both 
mirrors insulating) 

b) vertical-cavity laser with 
one epitaxial (conductive) 
and one amorphous dielectric 
mirror (insulating). 

c) All-epitaxial vertical-cavity 
laser (both mirrors conductive) 

� contact _ active layer 
quarter-wave mirror 

'--__ ...J" I current and/or mode confinement realized by insulating 
regrowth, implantation, wet or dry chemical etch 

Fig. 1.1: Three implementations of vertical-cavity lasers. 
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The investigation of epitaxially grown mirrors was pursued in an attempt to create a 

laser cavity in a single epitaxial growth. Since the range of refractive indexes that 

could be realized with semiconductor alloys was much smaller than that of amorphous 

dielectrics, the number of quarter-wave layers was much larger. This in tum placed 

stringent requirements on the precision of the epitaxial growth technology. The 

material combination that was the first choice for the fabrication of long-wavelength 

epitaxial mirrors was InGaAsP and InP (Chailertvanitkul, 1 985).  The 

Al(Ga)As/GaAs system, first demonstrated by (Sakaguchi, 1988), was to become the 

material combination of choice for short-wavelength « 1 /lm) GaAs-based vertical

cavity lasers. Mirrors fabricated with AlAs and GaAs are electrically and thermally 

conductive and have very high reflectivity owing to the large refractive index ratio 

between GaAs and AlAs. 

The first efficient vertical-cavity lasers with threshold currents in the miliamp and sub

miIiamp range were fabricated with using AlAslGaAs mirrors and quantum-well active 

layers. A quantum-well active region offers higher gain and differential gain at lower 

transparency than bulk, due to a sharper increase in the density of states and lower 

non-radiative recombination. The most notable progress in quantum-well GaAs-based 

vertical-cavity lasers was demonstrated by (Jewell, 1 989") and (Geels, 1990). The 

fabrication of these lasers involved wavelength-size cavity sandwiched between 

AlAs/GaAs quarter-wave mirrors, as shown in Figure l . lc, and laterally defined by 

reaction ion etching. The active layers were realized by compressively-strained 

InGaAs wells. Since the transition energy of the bound states in the wells (=980 nm) 

is below the bandgap of GaAs, the AlAs/GaAs quarter-wave mirrors are transparent at 

this wavelength and can produce extremely high reflectivities (>99.9%). A more 
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complete review of these developments is given by (Jewell, 1991) and (Corzine, 

1993). Present day GaAs vertical-cavity lasers almost exclusively use quantum-wells 

and AlGaAs/GaAs based quarter-wave mirrors. 

The progress in long-wavelength ( 1 .3 and 1 .55 �m) surface-emitting lasers was 

slower than that of GaAs-based VCLs. Only in recent years has the phosphide growth 

technology been able to provide the control and active layer quality to fabricate 

vertical-cavity lasers at optical communication wavelengths. High nonradiative 

recombination and current leakage, and higher temperature sensitivity of the threshold 

current already observed in long-wavelength in-plane lasers has just made the 

realization more difficult (Yano, 198 1 ,  O'Gorman, 1992). The most significant issue 

hindering this development is that there are no epitaxial mirrors lattice matched to InP 

that match the quality of AlAs/GaAs mirrors in reflectivity, thermal properties and ease 

of fabrication. This has resulted in a strong effort in developing high quality 

amorphous mirrors and the investigation of numerous alternate structures for making 

VCLs. 

Until recently, the etched-well laser structure, shown in Figure I. l a, has been the 

only structure used for fabrication of 1 .3 �m vertical-cavity lasers (Yang, 1990, 

Wada, 199 1 ,  Oshikiri, 199 1 ,  Baba, 1993). The state of the art etched-well l .3-�m 

VCLs was developed at Tokyo Institute of Technology (Baba, 1993). The top 

quarter-wave mirror of this laser uses the MgO/Si material combination because of 

the high thermal conductivity MgO (Tanobe, 1992). The device was mounted upside 

down on a diamond heats ink using Ga as solder and operated continuous-wave up to 

14°C, which is currently the highest continuous wave operating temperature for 1 .3 
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�m VCLs. Similar results (continuous-wave at 13'C) have recently been obtained by 

(Uchiyama, 1995) using Al,OJ/Si mirrors. All of the reported devices operating at 

1.3 �m used bulk active layers. The etched well structure has been also investigated 

for 1.55 �m wavelength (Deppe, 1990, Uchida, 1993, Lin, 1994, Uomi, 1994). 

With the maturing phosphide growth techniques, high quality InGaAsP mirrors are 

becoming available for use at 1.55 �m and devices that use one dielectric and one 

InGaAsPlInP mirror, such the one shown in Figure l . lb were fabricated (Tai, 1991, 

Tadokoro, 1992, Fisher, 1993, 1995, Streubel, 1994). The current and mode 

confinement in these devices is realized by mesa etching or semi-insulating InP 

regrowth. Strained and strain-compensated quantum-well active layers have also been 

investigated using room-temperature optical pumping (Tai, 199 1 ,  Lin, 1994). 

Recently, a low temperature bonding technique using spin-on glass has been used to 

fabricate low threshold electrically pumped 1.5 �m vertical-cavity lasers with strain

compensated quantum-well active layers (Chua, 1995). 

The main problem with long-wavelength vertical-cavity lasers is excessive cavity 

losses coming from: a) insufficient mirror reflectivity that originates from using lossy 

materials in the mirrors (below gap absorption in amorphous semiconductors and free

carrier absorption in extrinsic semiconductors), b) scattering at sharp cavity features 

and rough surfaces (rough epitaxial growth or etched surfaces), c) diffraction losses 

originating from cavity sections without waveguiding, and d) intracavity absorption 

originating from free-carrier and intervalence absorption. In addition, continuous

wave operation at room temperature has been difficult to achieve due to high device 

thermal resistance and high nonradiative recombination inherent to long-wavelength 

active layers. Amorphous mirrors exhibit relatively poor thermal conductances except 
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for several materials such as MgO. and silicon carbide. However. the high index 

material typically used is amorphous silicon which is quite lossy at optical 

communication wavelengths. Diffraction losses are present in these cavities because 

vertical-cavity lasers are small waveIength-size open resonators and unless they are 

carefully designed to provide wave guiding. a considerable fraction of the energy is 

lost to radiation. 

Most of these problems are not as pronounced in GaAs-based vertical-cavity lasers 

because most of the GaAs VCL use AIAs/GaAs mirrors which have substantially 

better thermal conductance. are electrically conductive and have a larger refractive 

index difference than any other epitaxial mirror presently available. It is safe to say 

that the GaAs-based VCLs owe most of their success to the optical. electrical and 

thermal properties of AlAs/GaAs mirror in the near infrared. This fact has prompted 

the idea to use AIAs/GaAs mirrors in conjunction with InGaAsP active layer to 

fabricate long-wavelength vertical-cavity lasers. 

Long-wavelength InGaAsP active layers are grown lattice matched to InP and 

AlAs/GaAs mirrors are grown on GaAs substrates. Since the lattice constant between 

GaAs and InP is very different (t.aJ a = 3.8 %). these materials can not be grown on 

the same substrate with acceptable quality. However. by using the method of wafer 

fusion (Liau. 1990). it is possible to bond GaAs and InP and fabricate vertical-cavity 

lasers operating at 1 .3 Ilm and 1 .55 Ilm. This idea and its first practical 

implementation. pioneered by James Dudley from UC Santa Barbara (Dudley. 1992. 

1 993). represents probably the most significant recent advance in long-wavelength 

vertical-cavity lasers. The first wafer-fused vertical-cavity laser had the structure 
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shown in Figure l . 1b with an n-type AIAs/GaAs bottom mirror and a SijSi02 top 

mirror. This laser exhibited record room-temperature pulsed performance at 1 .3 11m. 

p-A1(Ga)As/GaAs mirror 

quantum-well 
. active layer 

�iI 

p-contact 

I /fused interface 

fused interface 

/ 

\ 
n-AIAs/GaAs 

mirror 

I D n-contact 

Fig. 1.2: The structure of the double-fused vertical-cavity laser. 

However, the confirmation of wafer fusion as a viable technique of fabricating 

vertical-cavity lasers is the realization of room-temperature continuous-wave operating 

long-wavelength vertical-cavity lasers. To achieve this, the dielectric mirror of the 

first fused laser had to be replaced with a higher reflectivity epitaxial mirror, while the 

bulk active layer had to be replaced by one with strain-compensated quantum wells. 

9 



The first room-temperature continuous-wave operation of 1.54 �m vertical-cavity 

lasers was finally achieved with an all-epitaxial wafer-fused laser that uses InGaAsP 

quantum-well active layer bonded to two A1AslGaAs mirrors on each side. The 

structure of this double-fused vertical-cavity laser is shown schematically in Figure 

1.2. The structure involves three epitaxial growths: MOCVD growth of the active 

layer and two MBE mirror growths. The device is defined with circular contact 

patterns and reactive ion etching. Figure 1.3 shows a scanning electron micrograph of 

a finished 12 �m diameter device. 

This dissertation describes the design, fabrication and the characteristics of the first 

generation of double-fused long-wavelength vertical-cavity lasers operating 

continuously at temperatures up to 33°C. 

Fig. 1.3: Finished 12 �m diameter double-fused 1.54 �m vertical

cavity laser that operates continuously at room temperature. 

10 



1.2. Dissertation outline 

The development of long-wavelength vertical-cavity lasers has been a long and 

complicated process. It involved a number of theoretical analyses, and many 

processing experiments and device measurements. The experimental parts and the 

developments that are directly related to the double-fused vertical-cavity lasers are 

described in the main part of this dissertation, while the theoretical analyses are given 

in the appendices. 

In Chapter 2, we start by describing the main requirements placed on the laser mirrors 

and cavities for obtaining low threshold and continuous-wave operating lasers. In 

Chapter 3 we describe the development of the wafer fusion process for bonding GaAs 

and InP. Chapter 4 discusses the specific design of the double-fused lasers, with 

special attention paid to the active layer and p-mirror design. The fabrication process 

is described in Chapter 5 and the device results in Chapter 6. In Chapter 7 we 

analyze the performance of fabricated double-fused lasers and discuss the problems 

that still need to be solved. The future directions for this research are discussed in 

Chapter 8, along with a description of a number of devices and device improvements 

that are expected to further the progress of long-wavelength vertical-cavity lasers. 

Appendix A describes the transverse field matrix approach of calculating multilayer 

reflection/transmission coefficients. Appendices Band C describe the theoretical 

development of quarter-wave mirrors and open resonators with distributed mirrors. 

Appendix D describes the measurement of the metal-semiconductor reflection 

coefficient used in Chapter 4 for mirror design. Appendix E contains my personal log 

of the development of long-wavelength vertical-cavity lasers at UC Santa Barbara. 

II 
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Chapter 2 

Laser mirrors and cavities 

The key issue in fabricating long-wavelength vertical-cavity resonators is the 

. realization of high reflectivity mirrors. Active layers with bandgap energies in the 1.3 

11m to 1 .6 11m wavelength range are presently grown using InGaAsP and AlInGaAs 

lattice matched to InP, as shown in Figure 2. 1. The immediate choice for long

wavelength quarter-wave epitaxial mirrors is the InGaAsPlInP system lattice matched 

to InP. The quaternary alloy is used as the high index and InP as the low index 

material (AlInGaAs will be discussed later). The range of refractive index that can be 

realized by varying the composition of this alloy is relatively small and requires 

epitaxial growths of thicknesses greater than 10 11m for a single mirror to achieve 

sufficient reflectivity for vertical-cavity laser operation. Growing very thick epitaxial . 

layers with high precision is quite demanding on the growth technique and raises 

issues connected with source depletion and reaction chamber coating. The thermal 

conductivity of the quaternary InGaAsP alloy is an order of magnitude lower than that 

of InP and therefore laser cavities that use these materials require a careful thermal 

design involving heat paths around the mirrors for device cooling. This leaves a small 

margin of error in the design and the fabrication of these lasers, although it is very 

likely that with a high degree of control over the epitaxial growth, vertical-cavity 
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lasers with these mirrors will be possible in the future. For these reasons, many 

other epitaxial and amorphous mirror material combinations have been investigated in 

recent years for long-wavelength vertical-cavity laser applications. 

3 

AlP , �:::::.-·-- � . . . L A1InAS .. '._ - - , : 
.. :;:.. ... ........ I GaP -." .. :-.. 1: . " -. 'i 

, , , 
1300 nm .. . . . .  L ....... . 

1550 nm ..... + .... ....... . 

, , , 
: InGaAs 

AlSb� 
, I 

, o ������� .. ������� 
5.4 5 .6 5 . 8  6 

Lattice constant [AJ 
6.2 

Fig. 2.1: Energy-gap vs. lattice constant for III-V alloys relevant for 
long-wavelength vertical-cavity laser applications. Vertical lines 
indicate GaAs and InP substrate lattice constants, while the horizontal 
lines indicate the energies of the 1300 nm and 1550 nm transitions. 

A number of problems is simplified by using A1As/GaAs quarter-wave mirrors in 

conjunction with the InGaAsP active layers bonded by wafer fusion. The thermal 

conductivity of these mirrors is better than any other long-wavelength mirror material 

system, and the relatively large refractive index ratio provides sufficiently high 

reflectivity to fabricate lasers at long-wavelengths. 

14 



2.1 .  Practical long-wavelength mirrors 

The peak reflectivity of a quarter-wave mirror is detennined by the number of quarter

wave layers and the presence of loss. If lossless dielectrics existed, one could in 

principle realize any value of reflectivity using any two materials with a different 

refractive index. However, this is limited by two factors: (a) No dielectric is lossless: 

All materials exhibit some degree of absorption or scattering within bulk of the 

material or at the interfaces. The maximum reflectivity value that can achieved depends 

on the refractive indexes and the absorption coefficients of the layers. (b) If the 

refractive index ratio is small, one must use a large number of layers to achieve high 

reflectivity. This may not be practical because of stresses associated with thick films, 

or difficult fabrication due limited control of layer thicknesses during the deposition. 

We discuss these issues in more detail in the following sections. 

2.1 . 1. Peak reflectivity in the presence of absorption loss 

To illustrate the mutual dependence of loss in the layers and the refractive index 

difference we consider the maximum achievable reflectivity of a quarter-wave mirror 

in the presence of absorption loss. The maximum reflectivity is a hypothetical value 

of the mirror reflectivity that would be achieved with an infinite number of layers. 

The exact calculation for a finite number of layers can be performed using transverse 

field matrices described in Appendix A. Here we take the advantage of analytic 

relations (B-78) which are valid for weak absorption. We relate the fractional 

refractive index difference ,1n/n between the high and low index material in the 

mirror to the loss in the two layers aL and aw Here ,1n = nH - nL and 
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n = (nL + nH )/2 are the difference and the average refractive index of the two 

materials in the mirrors. In order to make a plot that can be used for a variety of 

mirrors we define a dimensionless mirror absorption coefficient as Aa/n where A. is 

the free-space wavelength. The average absorption coefficient is given by 

a = (aL + aH)/2 if the first layer in the mirror is of high index, or by 

a = aLnH/2nL + aHnj2nH if the first layer is of low index. 

Average a for 1..=1 .55 �m and D",3.2 [em-I } 

1 10 100 

AIAs/GaAs 

10 �l.o,�?��.o,����:��� . . . . . . _ .  

InGaAsPlInP 

I ����������--�� 

0.001 0.01 0. 1 0.5 

(A./n)·a [%} 

Fig. 2.2: The relationship between the fraction refractive index difference 

,1n/n and the normalized mirror absorption loss Aa/n, where A is the free

space wavelength. 

To illustrate the reflectivity dependence on the loss and the refractive index difference, 

in Figure 2.2 we show a family of constant reflectivity curves in a ,1n/n - Aa/n 
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coordinate system. The curves are determined analytically from (B-78) with no 

approximations. It is evident that the peak reflection coefficient of a quarter-wave 

mirror is more susceptible to the presence of absorption if the refractive index 

difference is small. For these reasons. two materials with a large refractive index 

difference are preferred for use in vertical-cavity laser applications. 

As a practical example. Figure 2.2 also illustrates the maximum achievable reflectivity 

for three epitaxial quarter-wave mirrors that are presently being used in long

wavelength applications. All three mirrors are tuned to 1550 nm and use the 

appropriate value of the refractive indexes. The mirror loss is used as a variable here. 

since it can be varied depending on the mirror doping level. The absolute value of 

absorption loss is given assuming an approximate value of the average refractive index 

Uf  = 3.2 )  and is shown on the second abscissa. The AlAs/GaAs mirror. used in 

wafer-fused VCLs. has a fractional refractive index difference of ,1n/n = 15%. while 

InGaAsPIInP system gives ,1n/n = 8.5%. For this reason. with the given amount of 

loss. the maximum possible reflectivity that can be achieved using the AlAs/GaAs is 

higher than the InGaAsPlInP material combination. Note that since we are dealing 

with different material systems. the values of loss are not necessarily equal when the 

impurity concentrations are equal. 

The second means of comparison between mirror optical properties is the number of 

layers that are required to provide a specified value of reflectivity. We selected three 

representative mirrors to illustrate this fact. Figure 2.3 shows the reflectivity of 

AIAs/GaAs. InGaAsPlInP and Si/SiO, mirrors as function of number of layers. The 

number of layers required to saturate the reflectivity of the InGaAsPlInP mirror is 
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almost twice as high as for the AIAs/GaAs mirror. (The average absorption 

coefficient is kept equal in the two cases). The SijSi02 mirror with 1'l.n/n = 80% 

requires only a few periods to saturate the reflectivity. However, amorphous silicon 

is quite lossy at 1 550 run ( a  = 400cin-' , lain = 1.25%) and that limits the peak 

reflectivity . 

99.9 % ...-------------..., 

90 % 

o % 1IiIIiI;."".,L.w, ...... � ................................................. .... 
o 10 20 30 40 50 60 70 

Number of periods 

Fig. 2.3: Reflectivity as a function of number of layers for three quarter-

wave mirrors used for 1.55 !lm vertical-cavity lasers . .  

Besides the optical properties, the vertical-cavity laser design requires a careful 

consideration of the thermal and electrical properties of the mirror materials and laser 

structure. Presently, there are a number of materials and techniques used for 

fabrication of quarter-wave mirrors that are used for long-wavelength applications. 

We consider the epitaxial and the amorphous mirrors separately. 
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2. 1 .2. Epitaxial mirrors 

Epitaxial mirrors realized with compound III-V semiconductor alloys lattice matched 

to a given substrate exhibit relatively narrow range of refractive index values and 

thermal conductivities. Binary alloys may have more than an order of magnitude 

better thermal conductivity than some tertiary and/or quaternary alloys. The main 

reason for this is the alloy-disorder scattering (Adachi, 1983). 

For the realization of long-wavelength vertical-cavity lasers there are several material 

choices for the fabrication of quarter-wave mirrors. The deciding factor on what 

material combinations can be used is the wavelength of the fundamental absorption 

and the range of the refractive index that can be realized in the transparent regime. 

Semiconductor alloys that are potentially interesting for long-wavelength vertical

cavity lasers can be grown lattice matched to GaAs, InP, GaSb, or Si. Two important 

properties of the semiconductor refractive index are: I )  all semiconductors exhibit a 

refractive index decrease below the fundamental absorption edge, and 2) the refractive 

index at a given wavelength in the transparent regime generally reduces with the 

energy gap of the semiconductor (Moss, 1959). These properties are illustrated in 

Figures 2.4 for selected materials which are interesting for long-wavelength mirror 

applications. Figure 2.4 shows the refractive index at 1550 nm as a function of the 

energy bandgap of the material, and enables a direct comparison between the 

achievable refractive index values for compatible materials. Evidently, in order to 

fabricate a semiconductor quarter-wave mirror one uses a wide bandgap material for 

the lower of the two indexes and a narrow gap material for the higher. In selecting the 

narrow gap material or alloy composition care must be taken that the lasing 
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wavelength is longer than the wavelength of the absorption edge of the mirror 

material. 
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Fig. 2.4: Refractive index as a function of energy gap for material 

lattice matched to GaAs and InP. 

The most common choice for vertical quarter-wave mirrors for long-wavelength 

applications is the lnGaAsPIInP or AllnGaAsI AllnAs combination lattice matched to 

InP. Since the bandgap is a continuous function of the composition (Figure 2.4), an 

optimum composition exists for the narrow gap choice: The refractive index (at fixed 

wavelength below the gap) increases as the bandgap decreases, while the absorption 
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coefficient increases with the proximity of the absorption edge. The smallest bandgap 

of the InGaAsP alloy used for mirrors at 1 .55 11m is in the neighborhood of 0.87 e V 

(Streubela, 1 994). The refractive index ratio between this composition and InP is 

tmjn = 8. 5% and the mirrors require over 80 layers to achieve reflectivities over 

99.5%. For 1 .3  11m application the smallest bandgap of the quaternary alloy would 

have to be around 1 150 nm which results in an even smaller refractive index 

difference ( ilnjn = 6%). For this reason, the InGaAsPIinP mirrors are not used at 

1 .3 11m. 

A large number of researchers have investigated the InGaAsPlInP system for 

fabrication of mirrors and vertical-cavity lasers (Tai, 1987, Imajo, 1990, Choa, 1991,  

Streubela, 1994). The AlInGaAs/AlInAs system has a very similar, but slightly 

smaller refractive index difference, as shown in Figure 2.4 (Mondry, 1992). To date a 

number of researchers have reported such mirrors (Kowalsky, 1991 ,  Guy, 1993), but 

there have not been reports of vertical-cavity lasers fabricated using this material 

combination. Optical pumping of a vertical-cavity laser using a 45-period 

AllnGaAs/AlInAs mirror and a bulk active layer was attempted by this author, but no 

lasing was observed (BabicC, 1993). There are other material combinations lattice 

matched to InP that can be used for fabricating quarter-wave mirrors. They involve 

mixed group V elements, such as, AsjSb and PjSb alloys, grown by MBE. Using 

these materials one can potentially obtain refractive index ratios that are superior to the 

quaternarylbinary long wavelength mirrors, as shown in Figure 2.4. The first attempt 

to grow such a mirror using InGaAsP/AIAsSb was reported by (Tai, 1989). In recent 

years, the AIAsSb/GaAsSb lattice matched to InP has been more thoroughly 

investigated by (Blum, 1994). The AIPSb/GaPSb grown by gas-source molecular 
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beam epitaxy is also expected to provide very large refractive index ratio (Shimomura, 

1994, Anan, 1994). 

Changing to a different lattice constant offers a new set of materials. Using GaAs 

substrates it possible to fabricate AISb/GaAISb mirrors (not lattice matched) that 

would be transparent to 1 .55 !lm (Tuttle, 1 993, Lambert, 1994). The use of SiiAIP 

system on Si (Babic, 1992c) could be grown by MOCVD and would offer not only a 

large refractive index difference, but also a possibility of VCL integration on silicon if 
-

wafer fusion was also used. An interesting idea for the fabrication of 1 .3 !lm VCL 

discussed many times in the optoelectronics community is to slightly increase the 

GaAs substrate lattice constant using graded InGaAs buffer layers and then grow a 

strained InGaAs quantum-well active layer. At least one (top) mirror would then have 

to be grown at a different lattice constant such as is reported by (Otsubo, 1995). No 

lasers have been reported using this technique, probably because of high density of 

dislocations propagating from the GaAs substrate. The lattice matching requirement 

is completely avoided by the use of wafer fusion, where InGaAsP active layers lattice 

matched to InP are fused to AlAslGaAs mirrors grown on GaAs. 

The more exotic approaches to fabricating quarter-wave mirrors with large refractive 

index ratio, but using epitaxially grown layers, are air-bridge mirrors and laterally 

oxidized AIAs/GaAs mirrors. The idea behind both of these types of mirrors is to 

replace one of the grown epitaxial layers (typically low index AlGaAs or AlAs) with 

some low index material. The low index material is selectively etched in replaced with 

a resin in (Ho, 1990) or left empty (air) to form a very high refractive index ratio 

mirror (Hsin, 1990, Beyler, 1991).  The other possibility, being explored in recent 
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years, is oxidizing AlAs or AlGaAs with very low Ga content to convert the entire 

AlAs/GaAs quarter-wave mirror to GaAsj AlO, mirror. The refractive index of AlO, 

is almost twice lower than that of AlAs and hence very high reflection coefficients can 

be realized in this way (MacDougal, 1995). The down side of this process is the 

reduced thermal conductivity and lack of electrical conductivity. through the mirror. 

2. 1 .3. Amorphous mirrors 

Mirrors deposited by using low temperature « 300°C) techniques, such as, electron

beam evaporation or sputtering are generally amorphous or polycrystalline. These 

mirrors are electrically insulating, but they exhibit a relatively large range of thermal 

conductivities: from thermally insulating ( 0.014 WjKcm for Si02) to moderately 

thermally conductive ( 2.5WjKcm for SiC ) .  

Low temperature deposition techniques offer a wide range of materials and refractive 

indexes for use both in infrared and visible range. For long-wavelength vertical

cavity-lasers, the most common material combination is Si02 ( n  = 1.46) as the low 

index and amorphous silicon as high index (n  = 3. 6) material. Silicon dioxide can be 

deposited by electron-beam evaporation, plasma enhanced chemical vapor deposition, 

and reactive sputtering (Oshikiri, 199 1 ,  Babic, 1991,  Scherer, 1992). Owing to the 

large refractive index ratio these mirrors only require a few periods to achieve high 

reflectivity. However, their reflectivity is limited by the absorption in amorphous 

silicon. It is known that in amorphous materials the absorption tail extends deep into 

the forbidden gap (Stem, 1971). The absorption coefficient of amorphous silicon has 

been measured to be aQ_Si = 1000 cm-I at 1 300 nm (Babic, 1 992) and 
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aa_S; � 400 cm-I at 1550 nm. The thermal conductivity of silicon oxide and 

amorphous silicon is quite poor and they can not be used as bottom, heat transferring 

mirror in VCLs. Thermal conduction of these mirrors can be improved by using 

MgO (Baba, 1993) and silicon carbide. 
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2.2. Laser cavity design issues 

The electrical, thermal and optical issues in the designing long-wavelength vertical

cavity lasers rely on the corresponding properties of the mirrors. Cavities with 

insulating mirrors require ring contacts and hence are susceptible to nonuniform 

current injection and current crowding. Nonuniform injection has been investigated 

on 1 .3 flm vertical-cavity lasers (Wada, 1992). The detrimental effect of non-uniform 

injection is the reduced overlap between the mode and the gain profile, and current 

crowding, which produces a threshold current density increase with the increasing 

diameter of the device. The lateral carrier profile in vertical-cavity lasers changes even 

in uniformly injected active layers due to spatial hole burning (Scott, 1993). 

However, in this case the effects are weaker and can be reduced using suitable current 

leveling schemes (Scott, 1993). Most importantly, current crowding produces higher 

power dissipation which in devices with high thermal resistance severely limits the 

prospects of continuous-wave operation. Consequently, for long-wavelength vertical-

cavity lasers, it is advantageous to avoid ring contacts and try to develop uniformly 

injected structures with conductive mirrors. Furthermore, building cavities with 

lateral guiding and short cavity lengths is advantageous from the point of reducing 

diffraction and absorption losses. 

The listed issues are substantially improved by the use of AlAs/GaAs with InGaAsP 

active layers. With two wafer fusion steps we surround the InGaAsP active layer 

with two mirrors that are electrically and thermally conductive. Once such an epilayer 

structure is formed by fusion, practically every structure investigated for GaAs-based 

VCLs can be applied to long-wavelength VCLs. The index-guided post device 
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fabricated in the course of this work is the simplest structure to build and was 

therefore used to demonstrate the concept. 

p-AlGaAs/GaAs 
mirror 

quantum-well 
active layer ""'-
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/p-contact 
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Fig. 2.5: A simple index-guided post vertical-cavity laser. 

The structure of the fabricated double-fused vertical-cavity laser is schematically 

illustrated in Figure 2.5. The top mirror is etched by reactive ion etching for current 

and mode confinement, while the active layer and the bottom mirror are left 

unpatterned. In most index-guided post VCLs and in this work, the top and bottom 

mirrors will be p and n -type, respectively. This is done because heavily doped n -

GaAs substrates have much smaller loss than p-GaAs (Sec. 4.4). Therefore, the top 
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of the pillar has the p-type contact, while the !Hype contact is made to the substrate. 

The post height is several micrometers (5 - 7 �m) depending on the number of mirror 

periods and the wavelength. The most important geometry dependent loss 

mechanisms in this structure are sidewall scattering and diffraction loss. The 

roughness at the waveguide sidewalls produces scattering losses and the free-space 

propagation though the unguided fraction of the bottom mirror produces coupling 

losses. These losses are discussed in more detail in Appendix C. 
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Fig. 2.6: Axial structure of a vertical-cavity laser with two epitaxial 

mirrors. 

The axial refractive index profile of this structure is shown in Figure 2.6: A 

wavelength size cavity ( 1 - 3}.,) is sandwiched between two quarter-wave mirrors 

with reflectivities exceeding 99.5 %. The cladding layers serve as a means of 

adjusting the cavity length between the mirrors, and centering the active layer at the 

place where the electromagnetic field in the cavity has a maximum. Owing to the short 
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cavity length, this structure typically has only one longitudinal mode. The exact 

determination of this mode can be performed using transverse field matrix 

approximate described in Appendix A or approximately using the penetration depth 

approach described in Sec. C. 1.3. < The losses in this cavity originate from the 

absorption in the extrinsic epitaxial layers: The cladding and the mirrors. The doping 

in all of the layers has to be optimized between electrical conduction and absorption 

loss. The free-carrier absorption in p -type GaAs, InP and InGaAsP is higher at long 

wavelengths than it is at = 1 �m wavelength used in GaAs-based VCLs. For this 

reasons the design of epitaxial mirrors and cavities for long-wavelength VCLs 

becomes a more critical issue (Chapter 4). The thermal resistance of this device is 

quite straightforward to calculate by considering that the active layer and the mirror 

post are the dominant heat sources in the structure (Sec. 6.6). 

2.3. Conclusion 

Some of the difficulties of realizing room-temperature operating vertical-cavity lasers 

can be effectively solved by using AlAs/GaAs mirrors because of their optical, 

electrical and thermal properties which when combined outperform all other long

wavelength mirrors. Still, the laser cavity requires a careful design because free

carrier absorption, scattering and diffraction losses are present, and an optimization 

between these and the electrical and thermal properties is necessary. With this 

knowledge and the wafer fusion process available to bond InGaAsP active layers to 

AlAs/GaAs mirrors, the fabrication of a double-fused vertical-cavity laser appears 

feasible and hold great promise of success in achieving room-temperature continuous

wave operation. 
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Chapter 3 

Wafer fusion 

The method of wafer fusion of InP to GaAs used in the fabrication long-wavelength 

vertical-cavity lasers was developed through a collaboration between UC Santa 

Barbara and Hewlett-Packard Laboratories, Palo Alto. The initial developments 

included studies of physical, electrical and optical properties of fused junctions and are 

summarized in (Ram, 1995, Dudley, 1993). This chapter approaches the fusion from 

a more practical point of view, with the desire to repeatably produce fused samples of 

similar quality and standard size with the goal of fabricating working long-wavelength 

vertical-cavity lasers. 

Epitaxial growth offers a variety of materials for fabrication of optoelectronic devices, 

but it has the disadvantage of being a relatively high temperature process and requires 

that the grown materials be lattice matched. In the quest for new devices and 

simplified fabrication of existing devices, researchers have investigated several 

alternative methods for creating epitaxial multilayer structures that involve 

incompatible materials, such as materials with other lattice constants and of non

crystalline structure. One of these is epitaxial growth on lattice mismatched 

substrates, particularly for the purpose of integration of optoelectronic devices on 
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silicon (Sugo, 1992, Deppe, 1990, Dobbelaere, 1988). Wafer fusion or bonding is 

an alternative method for achieving this goal by transferring already grown epilayers 

and bonding them to a new substrate. When applied to III-V semiconductors, the two 

methods are very different in the type of crystal quality they can realize. Dislocations 

present in wafer fused junctions are predominantly edge dislocations and do not 

introduce any threading dislocations, whereas hetero-epitaxy usually involves mixed 

dislocations (Ram, 1995). 

Semiconductor bonding and/or bonding of semiconductor devices using intermediate 

layers is several decades old (Haisma, 1 994) and has a variety of characteristics that 

open possibilities for creating novel devices and integration schemes. Some of the 

characteristics of various types of bonded junctions are listed here: The distance 

between two directly bonded surfaces is atomically small. There is no externally 

added compound that is intentionally introduced to enhance the bonding, but 

sometimes insulators or metals may are used as intermediate layers. Surfaces can be 

patterned by etching of one or both surfaces and buried three dimensional structures 

can be fabricated in this manner, where the voids can be filled with other materials. 

This interface-engineering technology is well suited to specific device applications, 

such as, permeable-base transistors (Slatter, 1992), bipolar integrated circuits 

(Shirnbo, 1985), pressure sensors (Cristel, 1990), and micro-mechanical applications 

(Giisele, 1992). Conductive and insulating layers can be buried to provide a variety 

of current confining or transport schemes. This is particularly interesting for Silicon

On-Insulator applications using the so-called Silicon Direct Bonding technique 

(Lasky, 1 985, Ohashi, 1 986). Abrupt dopant variation can be realized across the 

bonded junction as well (Yamaguchi, 1995). 
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Bonding can be used to join various compositional states, since crystalline, 

polycrystalline, and amorphous materials can be bonded. Consequently, samples 

with different crystallographic orientations can be bonded. Finally, to fabricate 

vertical-cavity lasers we have taken the advantage of the fact that materials with 

different lattice constants can be bonded into a composite crystalline solid. 

Most of the bonding research interest in the past decade was concentrated on Silicon 

Direct Bonding (SDB) which was originally introduced as a means of improving 

Silicon-On-Insulator devices (Lasky, 1985, 1986) using an intermediate silicon oxide 

. layer. Note that the name, direct bonding does not mean that silicon is directly bonded 

to silicon, but rather refers to a generic type of bonding where no intentionally 

introduced adhesive is used. Around the same time a similar technique for direct 

silicon-to-silicon bonding was reported (Shimbo, 1986). However, even in this case 

the presence of oxygen at the surface played an important role in the bonding 

(Bengtsson, 1 992). Silicon bonding has found its way to many applications 

(Harendt, 199 1 ,  Ohura, 1987). Reviews of the bonding technology and the physics 

of the silicon-to-silicon bonding process are given in (Bengtsson, 1 992, Haisma, 

1 994). 

Different bonding methods may include intermediate layers used to enhance bonding 

and/or elevated temperature processing. The key characteristics that differentiate the 

applications of different bonding techniques are the electrical, thermal, and optical 

properties of the junctions. The first question in bonding is the process temperature. 

Many applications require bonding because it may be performed at low temperatures. 

Low temperature bonding techniques include silicon-nitride direct bonding (Bower, 
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1993), epitaxial liftoff / Van der Waals bonding technique (Yablonovitch, 1990), and 

spin-on glass (Chua, 1995). All of these techniques rely on an intermediate layer 

between the semiconductors. For this reason there is poor or no electrical conductance 

through the bonded junctions. Iri many electronic applications, there is no 

requirement for optical transparency. For such applications, an intermediate metal is 

very useful, because of higher electrical and thermal conductivity, and also the 

possibility of bonding at reduced temperatures. A good example of this type of 

bonding that occurs already at room temperature is Van der Waals bonding using a 

palladium intermediate layer (Yablonovitch, 1991). If the bonded junction is to be 

used for surface-normal optoelectronic devices, one simultaneously requires optical 

transparency, and electrical and thermal conductivity. One of the bonding techniques 

that offers these properties is wafer fusion of compound semiconductors. First 

observed by (Liau, 1984), it has now been used by many authors to fabricate 

optoelectronic devices on GaAs and Si substrates (Liaua, 1990, Lo, 1 99 1 ,  Mori, 

1994). The method is also called direct bonding or bonding by atomic rearrangement. 

The bonding techniques can also be divided into two groups by application: a) Devices 

are transported and bonded to a new substrate primarily for the purpose of integration, 

and b) bonding dissimilar materials enables the realization of novel devices which 

would not be possible by lattice matched epitaxial or hetero-epitaxial growth. The 

latter group includes the improvement of device performance by bonding to new 

substrates for optical transparency or heat sinking. This division is particularly 

apparent in compound semiconductor bonding: Examples of bonding for integration 

are wafer fusion of InP to GaAs (Liaua, 1990, Lo, 1991) and InP to Si (Lo, 1991,  

Mori, 1 994, Wada, 1 994) used to fabricate long-wavelength lasers on GaAs and Si 
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substrates. Examples of fabrication of novel devices using wafer fusion are wafer

fused long-wavelength vertical-cavity lasers (Dudley. 1994. Babic. 1 995). resonant

cavity photodetectors (Tan. 1994). silicon hetero-interface photodetectors (Hawkins. 

1 995). and transparent-substrate light-emitting diodes (Kish. 1 994). The critical 

requirement in these surface-normal optoelectronic devices is the electrical 

conductivity and optical transparency of the junction. For this reason. no other 

method that relies on an intermediate insulating or metallic layer for bonding can be 

used. In wafer fusion. semiconductors. such as. silicon. GaAs. InP are bonded into a 

new crystalline solid. which as a result can be processed as any other semiconductor. 

If the two crystals that will be bonded are aligned before bonding. the composite solid 

will cleave preferentially along the same group of planes as the two constituents. 

{Oi l }  for GaAs and InP. The advantage of wafer fusion is that the bonds between 

the solids are of the same type as in the original solid and hence the bond between the 

two parts is as strong as the two crystals forming the new solid. 

The topic of this dissertation is the application of wafer fusion to the fabrication of 

long-wavelength vertical-cavity lasers. Inasmuch as the initial development of wafer 

fusion was done in a collaboration with Hewlett-Packard company. the exact 

procedure of pre-fusion surface activation. cleaning and application of the pressure to 

the samples can not be disclosed. However. the information given in this text brings 

out the most important facts developed at UCSB and are part of the public domain. 

Furthermore. a large part of the initial characterization of the bonding has been 

performed by R. J. Ram and J. J. Dudley and has been published elsewhere (Dudley. 

1993. Ram . 1995) . .  
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3.1.  Wafer fusion technique 

3 . 1 . 1 .  Physics of bonding 

When two macroscopic bodies approach each other at distances smaller than a few 

hundred nanometers the collective van der WaaIs forces result in an attraction between 

the two bodies. If the two bodies are very flat and clean, and their surfaces approach 

each other at distances smaller than a few nanometers, these circumstances lead to 

interfacial bonding. This is a complex phenomenon owing to additional interaction 

between the surface of the bodies by adsorbed layers, static electrical charges, and 

chemical bonding. Hence, Van der Waals bonding does not completely describe the 

bonding phenomenon. Once initiated, the bonding will spread through an entire area 

in the form of a "contact wave", as commonly observed in silicon bonding of large 

wafers. The silicon-to-silicon bonding relies on the presence of a hydrogen bond 

between the hydroxyl groups and Van der Waals forces to perform the room

temperature bonding between hydrophilic surfaces, while after annealing at higher 

temperatures the bonds are replaced by Si-O-Si bonds (Bengtsson, 1992). 

Compound semiconductor bonding, InP to GaAs bonding in particular, appears 

fundamentally different even though at the room-temperature stage the initial attraction 

and bonding bear some similarity to silicon direct bonding. The bonding of GaAs and 

InP does not involve oxygen or any other compound other than the fused materials 

(Liau, I 990a, Ram, 1995). The process of bonding occurs by heating the substrates 

to temperatures at which the surface of the semiconductors are known to decompose, 

giving off the Group V element and leaving the surface Group III element rich. In the 
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well-known process of proximity annealing (Williams, 1984) implant annealing of 

GaAs wafers is performed rapidly by covering the wafer with another GaAs wafer. 

The intention is to provide local over-pressure of arsenic to prevent surface 

decomposition. A similar effect is realized when two exceptionally flat surfaces are 

pressed against each other during the process of wafer fusion. Here the distance 

between two bonded wafers is much smaller than could ever be realized by simply 

placing one wafer on top of another, especially if one of the wafers in the proximity 

anneal has a pattern on it. The surfaces that are fused are as flat as the commercially 

available epi-ready wafers of InP and GaAs. The epitaxial growth on top of the wafers 

has a tendency to smooth out the roughness, but also adds growth related defects. The 

mean square roughness of epilayers is in the meighbourhood of 1 nm. 

The process of fusion of GaAs and InP is not fully understood, but is believed to 

occur by desorption of phosphorus and surface diffusion of indium. This model is 

described in greater detail by (Dudley, 1 993, Ram, 1995, Liaua, 1990) and relies on 

the idea of proximity anneal using GaAs as cap for decomposing InP. As molecular 

phosphorus P2 desorbs from the surface and fills the gaps in the fused junction, 

indium diffuses laterally and fills voids, later to react with phosphorus again during 

the cooldown to possibly form an InGaAsP alloy (Liaua, 1990). 

Another effect that enhances the fusion uniformity is the local melting of InP or GaAs 

under high pressures exerted on microscopic non-uniformities. When two surfaces 

meet they touch in the places that stand out most. The force used for fusion in this 

work is between 175 and 200 N on a 8mmx8mm sample (pressure � 0.3GPa ) .  

During the first touching of the samples the effective area may be many orders of 
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magnitude smaller than the wafer surface. The forces acting on small nonuniformities 

with extra heights can therefore be in the range of hundreds of thousands of Newtons. 

This force easily bows the wafer, or even breaks it if the obstacle is too large, but it 

may also enhance the uniformity of fusion through local melting via the so called ice 

skater effect. In ice skating, the pressure of the skate knife melts the ice below it by 

moving to a different place in the water phase diagram (Pauling, 1970). The ice melts 

under pressure, rather than heat. This is a self-limiting force because as the fused area 

increases the force on individual non-uniformities decreases. 

3 . 1 .2. Fusion process sequence 

Practically all of the fusion performed in this work was done at 630°C for 20 minutes. 

Temperatures as low as 600°C were explored, but good quality fusion was observed 

only above 615°C. However, the parameter space has not been fully investigated, and 

it is entirely possible that fusion could be obtained at even lower temperatures with 

proper cleaning and pressure. A number of runs were performed with the fusion 

temperature of 650°C, but between 630°C and 650°C it was hard observe any 

difference. 

The fusion process is performed in a quartz tube with a retractable three-zone furnace 

(resistive heaters). The temperature of the samples, which were loaded in a graphite 

fixture, was monitored using a thermocouple that was located exactly below the 

fixture. The time dependence of the sample temperature is shown in Figure 3 . 1 .  The 

heating stage is quite short while a cooldown of 4°C/min was used. The sudden 

decrease of temperature at the end occurred at 250°C when the furnace was retracted. 
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Very often the furnace was simply shut off around SOO°C and then the cooldown 

started at an approximate rate of 10°C/min. 
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Fig. 3.1: Sample temperature profile during a typical fusion run. 

3 . 1 .3 .  Fixture, force. and sample size 

160 

The pressure during fusion was applied to the samples using a specially designed 

graphite fixture. In order to ensure that the pressure is approximately equal every time, 

a calibrated torque wrench was used to tighten the fixture. However, when the fixture 

force was measured using a calibrated miniature load cell (Entran, ELF-13/S-2S0), it 

was observed that the force was not consistent. It varied from run to run depending 

on the order and the manner in which the fixture was tightened. The relationship 

between the torque and the measured force used on our fixture is shown in Figure 

3.2. Even though the variation was large, it is possible to give an estimate of the force 
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used for most of the fusion runs used in the fabrication of VCLs in this work. The 

torque used was almost always 0.55 Ib-in. 
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Fig. 3.2: Measured relationship between force and the torque used to 

tighten the graphite fixture used in this work. 

The sample size was a compromise between uniformity of pressure and conservation 

of material. As discussed later in Section 3.3 . 1 ,  for small samples (3 mm x 5 mm 

and 4 mm x 4 mm) the fusion was incomplete due to nonuniform pressure in the 

fixture. Fusion uniformity dramatically improved when larger areas were used, such 

as, 8 mm x 8 mm and the largest ever used which was 8 mm by 10 mm. Practically 

all of the fusion experiments in this work were done with samples of 8 mm x 8 mm, 

or similar size. Furthermore, both samples were always made of equal size (as close 

as possible). This has made the alignment easier and the uniformity of fusion at the 

edges much better. Figure 3.3 shows side views of two fused pairs of InP to GaAs 
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in which the sample sizes were not adjusted to be equal. Furthermore, in the top case 

the GaAs substrate has been thinned down before fusion. Thinning down was 

explored for several runs, but no fusion improvement was detected. In fact, the 

cleaning of the samples after lapping was more difficult since the samples had to be 

mounted using wax. 

GaAs (500 11m) ' 

Fig. 3.3: Side view of two fused pairs of GaAs and InP substrates. 

The GaAs substrate in the top case has been thinned down before 

fusion. 
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3 . 1 .4.  Cleaning 

In general, the process of cleaning consisted of a sequence of oxidation and oxide 

removal steps. The free surface of GaAs and InP always have some oxygen present 

in form of oxides, and carbon adsorbed to the surface in the form of hydrocarbons. 

The cleaning procedure for the fabrication of VCLs using fusion was altered many 

times to find the optimum, and in many ways the procedure used was adopted simply 

because it gave more-or-Iess consistent results rather than through a full understanding 

of the surface chemistry. Most of the time, the cleaning procedure started with boiling 

tri -chloro-ethane and acetone, followed by room-temperature isopropanol rinse and 

nitrogen dry. No water was ever used after the solvent cleaning. If the samples were 

previously patterned with photoresist (in most cases they were) then at this point the 

remaining hydrocarbons were removed in a 10  minute low power oxygen plasma. A 

parallel plate plasma etcher (asher) was used for this purpose at 1 00 W and 300 mT. 

The cleanliness of this etcher was always questionable since CF./02 plasma was 

used in the same system and occasionally there was backstreaming of pump oil. After 

this step the oxides were removed using 25% HF on both samples or in 3%NH.OH . 

Hydrofluoric acid is known to be a good non-oxidizing acid for cleaning InP (Knauer, 

1989). The GaAs sample sometimes underwent oxide cleaning using hydrochloric 

acid. The problem with NH.OH is that it slowly attacks GaAs. Concentrated 

NH.oH (�30%) etches GaAs at a rate of at least 18 nm/hour (Margalit, 1 995). This 

is a problem since the cavity length of the fused VCL is directly effected. Other 

researchers who perform GaAs to InP fusion use a weak mixture of H2SO.:H202 to 

remove all of the oxides and organics (Okuno', 1995). However, the problem with 

this etchant is that it also etches GaAs. Only HF does not attack any of the surfaces. 
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However, the problem with HF is that it leaves a hydrophobic InP surface and 

perhaps some fluorine (Kissinger, 1991) .  Fusion to hydrophobic surfaces is a bit 

harder and several variations, such as diluting HF in solvents, were explored to make 

the surface hydrophilic. The danger is, of course, in the use of a solvent which may 

oxidize the surface (Barbe, 1988). This occurs if the solvent contains traces of water. 

After the oxide was cleaned, the samples were exposed to 60 minutes of ultraviolet

ozone oxidation. This process step has two functions: to burn off the remaining 

carbon from the surface, and to create a thin �5 nm oxide on the surface (Lu, 1993). 

The thickness of this oxide is not known exactly, nor was there any attempt to 

measure it. The reason for this step is to always create an oxide of fixed thickness and 

composition before the final pre-fusion oxide removal. 

Next, the samples are carried over to the fusion setup and there, just before insertion 

into the fixture and then into the furnace, the last oxide removal was performed. This 

can be done in concentrated HF or in a mixture of HF and a solvent. The mating of 

two surfaces to be fused can be performed either dry or wet. In dry mating the oxides 

are removed and dried before the two surfaces are placed in contact. Since oxygen 

reacts easily with oxide-free surfaces and hydrocarbons easily adsorb to such 

surfaces, it is necessary to perform this task in an inert atmosphere, such as a nitrogen 

glove box. The advantage of this method over wet mating is that there are no liquids 

trapped between the surfaces during fusion. However, this still does not eliminate the 

problem of liquids and gases adsorbed at the surface which desorb only at elevated 

temperatures during fusion. The wet fusion chemical of choice is concentrated HF. 
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This is a weak, non oxidizing acid and is used by most authors (Okuno, 1995, Lo, 

199 1 ,  Wada, 1994). 

3 . 1 .5.  Channels 

Both in wet and dry fusion, hydrocarbons, fluorides or water adsorbed on the surface 

must eventually desorb from the surface at elevated the temperatures. This problem 

has been observed and studied many times in connection of silicon-direct-bonding 

(Ohashi, 1986, Tong, 1990, Yamaguchi, 1995). The desorption of hydrocarbons at 

200-800'C results in bubbles and large voids in the fused junctions. One way of 

eliminating this problem, used in SDB, was to anneal the samples at high temperatures 

to drive the water or the hydrocarbons in to silicon (Mitani, 1991). 

Fig. 3.4: Large bubbles in InP epilayers after InP substrate removal. 
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In this work, it was also observed that large fused areas would very often have a 

number of bubbles and cracks on it. A photograph of large bubbles is shown in 

Figure 3.4. In addition to the large bubbles, the fused junction exhibited high density 

of microscopic voids with typical sizes ranging from 100 nm to several micrometers. 

These voids were not easily observed without stain-etching, a method for micro-void 

decoration described in later text (Section 3.2. 1.) The problem of cracks, large 

bubbles and micro-voids was solved by using an array of channels etched in one or 

both of the substrates (Babic, 1994). This method almost completely eliminates the 

bubbles and Il-voids over the. entire area of the samples ( 64mm') .  

The method consists of etching one- or two-dimensional arrays of channels that 

extend to the end of the sample. The function of the channels is to provide an outlet 

for gases that are released when the temperature of the samples is increased during 

fusion. In most of the work, only one-dimensional arrays were used, because there 

were no indications that the fusion was better with a two-dimensional array. This has 

the advantage of leaving a larger area unpattemed. The channels were patterned using 

a stripe laser mask with different stripe widths. Three different channel widths were 

used: 2, 5, and 10 Ilm, while the pitch was always 150 Ilm. Most of the time the 

channels were etched in the InP sample, but sometimes GaAs was etched. The 

channels in InP were etched using 3:1 H3P04:HCI for 20 s. This is a very viscous 

etchant and for very narrow channels a longer time may be used (30s). The etch depth 

also depended on whether there was an etch stop layer below the InP surface. When 

bulk InP wafers were patterned, the etch depth was approximately 500 nm. For 

vertical-cavity lasers the active-layer cladding thicknesses were 120 nm and 300 nm as 

described in Chapter 4. Since hydrochloric acid etches InP, but stops on any Ga 
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containing alloys, the depth of the channels etched in the VCL active layers were 

always equal to the cladding thickness. 

Fig. 3.5: Cleaved cross-section of a fused interface between an InP 

substrate and AlAs/GaAs mirror. The channel has been etched into the 

InP substrate. 

Patterned fusion has been previously used to release the stress in the fused layers. 

However, stress relaxation does not appear to be the main cause for the improvement 

in fusion observed when using channels. There are two indications that this true: 

Fusion is improved even when the channel width equals or is smaller than the epilayer 

thickness. This can be seen in Figure 3.5 where a channel has been etched in the InP 

substrate that was subsequently fused to an AIAs/GaAs mirror. The mirror on top of 

the channel does not show any significant bowing. The presence of bowing would 

indicate that there is significant stress relaxation in the fused layers. Some stress 
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relaxation may have occured along the channel edges. which in fact may be observed 

by a slight nonuniformity in the cleaved edge around the channels. Secondly. if the 

fusion improvement was a result of stress release by using channels and then one 

would expect that a two dimensional may of channels would outperform the one

dimensional array. simply because the stress energy would be reduced in both 

directions. However. no difference was observed between the use of one and two 

dimensional arrays of channels. 

Fig. 3.6: Cleaved channel opening from which a dense liquid is 

pushed out under pressure. The composition of the liquid is not 

known. 

It appears that excess hydrocarbons, water, and possibly contaminants desorbed from 

the surface of the fused materials and diffused out along the channel. If one cleaves 

the sample perpendicularly to the channels, sometimes one can observe trapped dense 
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liquid, as can be seen in the corners of the channel in Fig. 3.5. If the channel has a 

very small cross-sectional area, the liquid may be under pressure so that upon cleaving 

it is pushed out. In this case the liquid accumulates at the cleaved channel exit as 

shown in Figure 3.6. The composition of this liquid is not known, even though it 

seems very likely that it has a hydrocarbon structure. 

The fact that excess hydrocarbons and water must leave the fused junction implies that 

there is a minimum channel cross section that gives good results. The critical channel 

cross-sectional area should also depend on the sample size. Since only one size of 

fused sample was used most of the time, this issue was not investigated. However, 

during the course of this work it has been found that good quality fusion on an 8 mm 

x 8 mm sample can be obtained if channels are at least 5 !lm wide and 120 nm deep 

with 1 50 !lm pitch. Recently, this method has been used in Silicon Direct Bonding 

of large (4") wafers (Yamaguchi, 1995). The channels reported there are an order of 

magnitude deeper, wider and farther apart. 

3 . 1 .6. Orientation 

If one observes wafer fusion on an atomic scale as an attempt to match one crystal 

with another of similar lattice constant then the orientation of the two samples will be 

important. There have been very few reports on investigations of fusion of crystals of 

various orientations (Okuno, 1995a, 1995b). In this work, only (001 )  lnP and GaAs 

were fused. Even with this restriction there are two ways to orient the samples before 

fusion: In-phase and anti-phase, nomenclature taken from (Okuno, 1995). In an ideal 
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case, illustrated in Figure 3.7, the two surfaces to be fused end with atomic layers 

from different groups. In that case, realizing the right bond direction is the only 

obstacle to getting a perfect continuation of the crystal. If the bond directions at the 

two surfaces are parallel then we have in-phase fusion and the crystal is continued 

perfectly, while for 90° out of phase we have anti-phase bonding. 

bond directions 
perpendicular 

(a) 

bond directions 
parallel 

(b) 

Fig. 3.7: (a) Anti-phase, and (b) in-phase bonding between two Zinc 

BIende crystals. 
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Preliminary experiments with electrical junctions fabricated using both of these 

orientations gave contradictory results (Okuno, 1995a, 1995b) and hence it is not clear 

if it makes any difference what orientation is used in fusion. However, in (Okuno, 

1995b) (00 1 )  InP was also fused to a (Oi l )  GaAs crystal and there the difference in 

the V -I characteristics was clear: The voltage drop in this case was larger than both in

phase and anti-phase fusion of (001) wafers. 

In most of this work no attention was paid to the orientation of the wafers, and hence 

no consistent data can be given about this matter. Figure 3 .8  shows how to 

intentionally orient the wafers for a double-fused run with anti-phase and in-phase 

orientations. The basic idea is to align equivalent (Oi l )  planes of the samples to be 

fused for anti-phase fusion, while one of them has to be turned by 900 if in-plane 

fusion. This is needed because the zinc-blende crystal has S. point-group symmetry. 

2nd fusion 

1st fusion 

(a) anti-phase fusion (b) in-phase fusion 

Fig. 3.8: Orientation of wafers in double-fusion for making both 

junctions fused either in-phase or anti-phase. 
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3.2. Fused interface characterization 

There were two standard tests for fusion quality used in this work: Visual inspection 

of the fused epilayers after substrate removal, and stain-etching of the cleaved edge. 

Visual inspection was performed using an optical microscope with a Nomarski 

interferometer insert. The samples were inspected for bubbles, cracks and continuous 

fusion extending to the edges of the sample. Stain etching was used to inspect the 

fused junctions for the presence of microscopic voids. It is important to note that a 

fused epilayer that appears clean and smooth (see Figure 3.20, for an example), does 

not imply a fused surface free of microscopic voids. 

3.2. 1 .  Stain etching 

This method is most useful for determination of the presence of micro-voids in the 

junctions. On a cleaved edge, many voids were too small and too thin to locate using 

the scanning electron microscope, but if selective etching was used to decorate the 

voids they became very easy to detect. The selective stain-etching of fused junctions 

was developed as a part of this work, but it has recently come our attention that similar 

non-selective techniques have been used in characterization of directly bonded silicon 

junctions (Mitani, 1991). 

The principle of the selective strain etching is illustrated in Figure 3.9 and 3. 10. The 

cleaved facet of a fused sample cleaves along the {Oi l }  group of planes and is 

generally flat across the fused junction, as shown in Fig. 3.9a. Even if this is not the 
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case stain etching will still be very useful in decorating the junctions. To perform the 

stain-etch, the sample is immersed into a 1 : 1: 50 H,S04: H,O, : H,O solution for 90 

seconds. Sometimes phosphoric acid is used instead of sulfuric. If the fusing is 

complete then the GaAs side etches unifonnly inwards as shown in Figure 3 . 10(a), 

while if there are voids present in the fused junctions the etchant enters the void by 

capillary action and starts etching downwards, as shown in Fig. 3 . 1O(b). 

GaAs 

Fig. 3.9: Cleaved edge of a well-aligned fused junction before stain

etching. 

GaAs GaAs 

(a) (b) 

Fig. 3.10: Etch profiles of fused junctions after stain etching. (a) etch 

profile of a completely fused junction, (b) etch profile with micro

voids. 
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Even though the initial penetration of the etchant into the void is slow, as soon as the 

etched hole widens the process speeds up to the etch-rate limit present outside of the 

void. The additional feature of this method is that most of the decorated voids result 

in etched voids of roughly same size and can seldom be mistaken for some other 

crystal defect. Figures 3 . 1 1 shows an example of decorated micro-voids in a fused 

junction between an InGaAsPlInP mirror (with bulk active layer) and a GaAs 

substrate. 

Fig. 3.11: Decorated �-voids in a fused junction. 

The use of channels (Section 3 . 1 .5) has almost completely eliminated the problem of 

micro-voids. A sample that has been fused with channels will exhibit a perfect fused 

junction after stain etching, according to Fig. 3 .1  Oa. An scanning electron micrograph 

of a junction section with a channel and an adjacent fused junction is shown in Figure 

3 . 1 2. 
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Fig. 3.12: Stain-etched fused junction with a channel and a well

fused section next to the channel. 

Fig. 3.13: Stain-etched double-fused vertical-cavity laser structure of 

a laser that did not operate due to poor fusion. 
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A similar comparison can be made in a double-fused structure shown in Figure 3. 13  

where the first fused junction (between the n -type mirror and the active layer) is 

complete, while the second junction (between the p-type mirror and the active layer) 

has a large debsity of voids. The device shown in Fig. 3.13 is did not lase at room 

temperature (FI52). It has been also been observed that there is some difference in 

etch rates of p and n GaAs so the time necessary to stain n -type is bit longer (more 

than 120 sec). 

In this work, the stain etching method has been intrumental in the development of the 

repeatble fusion process. The next steps in junction characterization are electrical 

conduton and optical obsorption. 

3.2.2. Auger electron spectroscopy 

Auger-electron spectroscopy (AES) characterization was performed on one failed 

fusion run. The two fused samples were bulk InP and multilayer GaAs growth, but 

the mating surfaces were InP and GaAs. The cause of failed fusion is not entirely 

clear, but the presence of carbon and oxygen at the surface of the samples after fusion 

indicates that hydrocarbon contamination and/or inadequate oxide removal is the 

probable cause. Figure 3 . 14  shows the photograph of the two substrates after they 

have been removed from the fusion furnace. The darker regions are pitted. The 

channels. were etched only in the InP side. 
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Fig. 3.14: Pitted surfaces of GaAs and InP after failed fusion. 

Channel pitch is 150 j.lm. 

Auger electron spectroscopy was performed on both of these substrates. The samples 

were taken from the fusion setup directly into the Auger chamber. The AES spectra 

fro the two samples are shown in Figures 3 . 15  and 3. 16. The visible peaks on the 

InP sample (Fig. 3 . 1 5) reveal the presence of indium, phosphorus, carbon, and 

oxygen. The latter two indicate that the fusion was probably prevented by carbon 

contamination and/or insufficient oxide removal before fusion. There exists a 

possibility that some of the carbon seen in the scan adhered to the surface while the 

samples were transferred from the fusion setup to the Auger system. However, 

similar transfers performed on other samples resulted in much smaller carbon peak 

intensities, and therefore it is believed that the carbon seen in these scans was present 

at the junction during the attempted fusion. 
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The AES scan from the GaAs sample is shown in Figure 3 . 16. Here the peaks show 

the presence of gallium, arsenic, carbon, and oxygen. Clearly, carbon and oxygen 

contaminated both surfaces. Interestingly, the phosphorus and indium peaks are also 

present on the GaAs sample. We believe that this is a confirmation of the postulated 

fusion reaction (Sec. 3 . 1 . 1 .) in which, phosphorus desorbs from the surface of InP 

and adsorbs to both surfaces again during cooling. Meanwhile, mass transport 

enables indium to coat both surfaces. 
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Fig. 3.15: AES of InP surface after failed fusion. 

., 

The failed fusion of this type, in which the entire sample remains not fused, is quite 

rare. For this to occur, the entire surface of the sample must be contaminated. Local 

contamination does not produce such results. In fact, it was observed that a large part 

of a 8 mm x 8 mm sample can be fused even if visible photoresist contamination exist 

at the sample edges. Nevertheless, through repeated fusion runs it is has been found 
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that surface preparation is the most important factor determining the quality of the 

fusion. 
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Fig. 3.16: AES of GaAs surface after failed fusion. 
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3.3. Fusion uniformity 

3.3. 1 .  Large scale nonunifonnity 

Both InP and GaAs are relatively soft semiconductors and will deform under pressure 

at elevated temperatures. The fused samples will conform to the surfaces of the 

fixture, and for this reason it is very important to make sure that the surfaces pressing 

the fused samples are very flat. In the experiments performed in this work, the GaAs 

sample often had a polished back side, while the InP was rough. The surfaces of the 

fixture that press on the samples are typically rough and leave marks on the back the 

fused samples. If the back surface of the sample is rough, it will be difficult to see 

any marks. However, if the wafer surface was previously polished (by the 

manufacturer), then the rough graphite surfaces leave marks on the back of the fused 

wafers. This is illustrated in Figure 3.17,  where back surfaces of InP and GaAs are 

shown after the fusion (photographed using Nomarski interferometer). 

Il 
Back surface of InP Back surface of GaAs 

Fig. 3.17: Back surface of InP and GaAs after fusion. 
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One way of telling if this type of sample combination has fused uniformly over a large 

area is to look at the back of the polished GaAs wafer after fusion. The surface 

which was originally smooth has become rough and pitted in the places where the 

sample has fused. In the places where the pressure was not sufficient and fusion did 

not occur, the back surface of GaAs remained smooth. The comparison of the back 

GaAs surface for these two cases is shown in Figure 3 . 18 .  The two surfaces in this 

figure were photographed on the same sample which fused only on one side due to 

off-center pressure. The roughness shown in Fig 3 . 1 8(b) is of the same type as the 

one shown in Fig 3 . 17(b). The incomplete fusion of this sample was confmned when 

the GaAs substrate was removed down to the etch-stop layer. As shown in Figure 

3 . 19,  the upper-right half of the sample the epilayers remained floating and 

disconnected from the InP substrate, while on the lower-left half the epilayers fused. 

Fig. 3.18: (a) Polished back surface of fused GaAs wafer, (b) Back 

surface of GaAs wafer damaged by fixture pressure in the regions 

where the epilayers fused. 
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The uniformity of the pressure on the sample is very dependent on the sample size and 

the centering of the force. If a sample is too small it is very difficult to center the force 

and very often the edges or even whole sections of the sample will not fuse, as 

illustrated on a 3 mm x 5 mm sample in Figure 3 . 19. For this reason, the sample size 

is enlarged to the point where repeatable fusion of good uniformity could be 

performed. For our fixture, sample size of 8 mm x 8 mm was sufficient to give 

satisfactory results. Both of the samples to be fused are always cleaved to the same 

size, because it has been found in the course of this work and previously by (Dudley, 

. 1994) that this improves the uniformity. 

'\. ___ boundary between sections 

Fig. 3.19: Fused InGaAsPIInP epilayers after loP substrate removal. 

Due nonuniform pressure one half of the sample did not fuse. The 

sample size is 3 mm x 5 mm. 
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Perhaps the most stringent test of large scale uniformity is the fusion of the sample 

edges. This is the region where the fixture force is most likely to deviate from the 

desired value and produce poor or no fusion. Using a 8 mm x 8 mm sample in our 

process we were able to achieve uniform fusion to within 200 Ilm of the sample 

edges. An example of such fused surface is shown in Figures 3.20. The surface 

shown is the surface of InGaAsP fused to GaAs with the InP substrate removed, and 

most of the edge damage comes from undercutting during the substrate removal. 

Fig. 3.20: A corner of a sample with InGaAsP epilayer fused to 

GaAs (InP substrate removed). The epilayers are fused almost to the 

edge. Most of the edge damage is attributed to undercutting during 

substrate removal. 

3.3.2. Surface flatness 

Fusion over nonuniformities in the epilayers reveal some of the mechanical aspects of 

wafer fusion. Figures 3.21 and 3.22 show examples of fusion over a semiconductor 
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dust particle that ended up trapped between the mating surfaces, while Figure 3.23 

shows fusion over an oval defect. In both figures the bottom surface is an 

AlAs/GaAs quarter-wave mirror, while the top is an InGaAsPlInP quarter-wave 

mirror with a bulk active layer and a thick InP bonding layer. 

Fig. 3.21: Cleaved cross-section of a fused junction with a trapped 

semiconductor dust particle. 

The trapped semiconductor dust particle has produced bowing in the fused epilayers 

and a void in the fused junction. It is visible from the "as-cleaved" (Figure 3.21), as 

well as the stain-etched (Figure 3.22) scanning electron micrograph that the ordinary 

cleaving plane has been disturbed by dislocations formed by the presence of this 

particle. It is also important to note that the sample has bowed locally, and that the 

bowing is present in both the InGaAsPlInP and AlAs/GaAs epilayers. 
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Fig. 3.22: Cleaved cross-section of a fused junction with a trapped 

semiconductor dust particle. 

Fig. 3.23: Fusion over an oval defect appearing in the AIAs/GaAs 

rrurror. The cleaved edge has been stain-etched. 
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The disturbance in the fused epilayer was not as pronounced in the fusion over an oval 

defect shown in Figure 3.23. Stain-etching was used to delineate the voids around 

both cases, indicating what portion of the area around the defect has not fused: 

Approximately 5 Ilm in Figure 3.2 1 ,  and ",10 Ilm in Figure 3.23. The high fusion 

pressure seems to be important for realization of continuous void-free fusion in the 

presence of defects. Inasmuch as both fused surfaces will be grown by some epitaxial 

growth technique for device fabrication the existence of the surface defects is 

unavoidable. 

The InGaAsPIInP mirrors and active layers shown as fusion examples in this chapter 

were grown by K. Streubel for the single-fused all-epitaxial VeL structure discussed 

in Section 8.3. 
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3.4. Conclusions 

In the course of this work, wafer fusion was approached more from the applied and 

technological perspective rather than from an academic standpoint. This chapter 

illustrated several practical problems and methods of solution that have brought fusion 

to sufficient quality to fabricate working vertical-cavity lasers. However, numerous 

questions remain and need to be investigated in the future. Some of the issues that 

need to be investigated in the future are listed below. 

As set of standard tests should be introduced for characterizing the quality of fused 

junctions. In this work the standard tests were visual inspection of the fused epilayers 

and stain-etching of the cleaved fused junction. For applications in optoelectronics the 

most critical tests involve voltage-current characteristics, carrier recombination and 

light absorption. Once a set of standard test is established, the process has to be 

characterized from the standpoint of cleaning procedure, and fusion temperature and 

time. The time and temperatures of fusion has not been varied in this work, hence 

questions remain whether the conditions used were optimal. Furthermore, the 

cleaning procedure and oxide removal has been found to have a deciding influence on 

the quality of fusion and voltage characteristics. The surface preparation directly 

determines the type of bonds and contaminants that will be present at the junction. A 

number of voltage-current measurements through fused junctions have been 

performed, but no consistent model and junction character has been established. 

The most important electrical characterization that should be performed are current

voltage and capacitance-voltage measurements. Both of these methods should be 
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perfonned as a function temperature (if possible) to help identify the presence of any 

potential barriers, surface charges, and most importantly if there is a consistent value 

of a heterojunction band offset between GaAs and InP. Carrier recombination should 

be investigated by forward bias voltage-current characteristics and deep-level transient 

spectroscopy of fused junctions. Optical absorption and scattering is probably very 

weak at fused junctions, but even very small absorption influences the operation of a 

vertical-cavity laser. The fused junction absorption can be measured using in-plane 

waveguides of different length that include fused junctions. The influence of sample 

orientation on the electrical properties of the junctions is yet to be understood. 

Finally, one must develop large area fusion to be able to make wafer fusion a 

manufacturable process. 
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Chapter 4 

Laser design 

The double-fused laser structure offers the possibly of fabricating a great variety of 

vertical-cavity laser structures that have already been explored for GaAs-based 

vertical-cavity lasers. By performing two wafer fusion steps and placing two 

AI(Ga)As/GaAs quarter-wave mirrors on both sides of the InGaAsP active layer, we 

have in fact created a new epilayer structure which now can be processed in any 

number of ways used in GaAs VCLs: isolating implantation, reactive ion etching or 

Zn-diffusion (disordering). To demonstrate the concept and fabricate working VCLs, 

only the simplest index-guided post structure was fabricated. 

The design of double-fused vertical-cavity lasers is described in two parts: We first 

discuss the issues related to the design of the active layers, and then the quarter-wave 

mirrors. Special attention has been paid to the design of the p -type mirrors since it 

was found that absorption in extrinsic p-GaAs is quite high at long wavelengths. 

Prior to this work, the there had been very limited data and few consistent results on 

1 .55 �m vertical-cavity lasers. The devices reported varied in structure and choice of 

material, but the task was clear: One had to minimize the cavity losses, and the 
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electrical and the thermal resistances. In addition, one also had to investigate such 

structures that would produce working lasers without exhausting every possible 

design parameter. The philosophy underlying this work was to fabricate a robust 

room-temperature continuous-wave operating 1 .55 11m VCL. The robustness refers 

to the simplicity of the design and the fabrication, but primarily to the large freedom in 

the design parameter space left for future improvements. The room-temperature 

operating 1 .55 11m double-fused vertical-cavity lasers reported in this work use a 

single mask process and are tested without any special heat-sinking schemes. Plenty 

of room for improvement has been left in the optical, electrical and especially thermal 

performance of these lasers. Some of the techniques and structures that promise to 

improve these devices will be described in Chapter 8. 

4.1.  The double-fused vertical-cavity laser generations 

The double-fused vertical-cavity laser structure, shown in Fig. 1 .2, consists of two 

MBE-grown quarter-wave mirrors and an MOCVD-grown InGaAsP active layer 

sandwiched between them. In the course of this work, a number of runs with similar 

structures have been fabricated. Several different mirror combinations and two 

different quantum-well active layers were used. Table 4 . 1  summarizes the double

fused vertical-cavity lasers runs. This chapter first discusses the cavity design (active 

layer structure and the adjustments to cavity length for correct mode position), 

quarter-wave mirror design (primarily the optimization of the resistance and the 

reflectivity of p-type mirrors), and discusses the conditions for room-temperature 

continuous-wave operation of these structures. 
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GEN Run# Proc. n-nurror active p-mirror operation A lnm] 

I 

2 

3 

F I 23 P227 S201 KS2290* S207t RT-pulsed 1 5 1 5  

FI25 RT-pulsed 1522 

F I26 S230 RT-pulsed 1508 

F132 P236 S201 RT-pulsed 1 5 1 7  

F133 RT-pulsed 

F 1 39 P250 S250tt RT-pulsed -

FI50 P260 NO -

F I 5 1  NO -

FI60 P278 S276 NO -

FI66 P283 S276 RT-pulsed 1549 

F I67 S201 RT-pulsed 1532 

F I 70 P290 S276 KS2778H RT-CW 1 542 

F 1 7 1  P290 S276 KS278 1 H RT-CW 1558 

Table 4.1: A summary of double-fused vertical-cavity lasers 

fabricated in the course of this development. 

tS207: p-AlAs/GaAs linear grading. pulse doping 

ttS250: p -AlGaAs/GaAs parabolic grading. flat-band engineered 

tKS2290: Active layer with separate confinement regions. 

HKS2778/8 1 :  Active layer without separate confinement regions. 
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4.2. Active layer 

During the development of vertical-cavity lasers at UC Santa Barbara, various active 

layer structures were investigated. The first room-temperature pulsed operation at 1 .3  

Ilm was obtained using a 600 nm thick InGaAsP active layer (Wada, 1991 ), while the 

first wafer fused 1 .3 Ilm vertical-cavity laser used a 300 nm thick bulk InGaAsP 

active layer (Dudley, 1994). The first wafer fused 1 .55 Ilm VCL structures that 

operated by optical pumping were also fabricated using bulk InGaAsP active layer 

(Babic, 1994). There have also been numerous attempts to fabricate electrically 

pumped VCL structure with unstrained and strained quantum-well active layers, 

grown both at the Royal Institute of Technology (KTH) in Stockholm and at 

University of California at Santa Barbara. The fust success with electrically pumped 

devices was obtained using low doped p -rnirrors and strain-compensated InGaAsP 

quantum-well active layers grown at KTH. All of the active layers described in this 

work were grown at KTH. 

The general structure of an InP grown active layer for use in a double-fused laser 

consists of an active region (quantum well or bulk) embedded in an InP cladding. The 

InP cladding layers are fused to the top-most GaAs layer of the AI(Ga)As/GaAs 

mirrors. It is possible to realize fusion between (In,Ga)(As,P) alloys and GaAs, but 

in this work, the fusion was always performed between InP and GaAs. The lasers 

described in this work use two different strainccompensated active layer structures. 

They are shown in Figures 4. 1  and 4.2. In both cases the active layer had 7 

compressively strained quantum wells and 6 strain-compensating barriers. The 

structures are different in two ways: In · structure A,  the quantum-wells are 
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surrounded by 1 83 nm thick 1 .3-J..lm InGaAsP separate confinement layers, while in 

structure B the InP claddings extend all the way to the wells. Furthermore, the 

structure A was grown with the p -side down (the p-doped layers were grown before 

the n -doped layers). This is particularly difficult in MOCVD due to Zn segregation 

(zinc floats to the surface) and requires a difficult calibration procedure. Structure B 

was grown with the n-doped layers first. 

'AI 4 InP n-ciadding 

, .3-tJm InGaAsP SCH 
7 X 7 nm quantum wells 

6 x 8 nm barriers 

, .3-tJm InGaAsP SCH 
Al4 InP p-ciadding 

'AI 4 InGaAsP etch stop 

InP substrate (n)  

Fig. 4.1: Structure A;  active layer design with the 1 .3  J..lrn InGaAsP separate 
confinement regions. 

The reason structure A was grown p-side down was that this active layer was 

originally intended for a single-fused proton implanted VCL. The structure of this 

laser would be very similar to the single-fused structure shown in Figure E.4, but 

with current confinement realized with proton implantation in the top p -type cladding. 

It is well known fact that hydrogen forms a complex with Zn (or Be) in GaAs and InP 
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and that forming insulating layers in p -type is easier than in n -type InP. Since the 

semi-insulating layers created by hydrogen implantation are also known to redistribute 

and anneal out at elevated temperatures, the implantation had to be performed after 

wafer fusion. High reflectivity of the fused mirror would be ensured by using an n 

type rather than p-type AlAs/GaAs bottom mirror. 

In addition to the plans for fabricating an implanted VeL, the active layer also 

incorporated a structural adjustment for a double fused device. This involved making 

the etch-stop / contact layer (1 .42-llm InGaAsP) exactly one quarter-wavelength thick 

at 1550 nm. This fact has later become instrumental for double-fused laser cavity 

resonance tuning. 

InP p-dadding 

7 X 6 nm quantum wells 

6 x 8 nm barriers 

InP n-dadding 

AI 4 InGaAsP etch stop 

InP substrate (n) 

Fig. 4.2: Structure B; improved active layer design without the separate 
confinement regions. 
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KS2290 

material comment doping Thickness 

InP cladding A/4 N = 5 . 1018 cm-3 D 122.2 nm 

Q(1 .3um) ND = 5 . 1018 cm-3 1 83.6 nm 

InGaAsP +1% cs undooed 7 nm 

InGaAsP -0.9% ts undoped 8 nm 6 x  

InGaAsP +1% cs undooed 7 nm 

Q(1.3um) NA = 2 . 1017 cm-3 1 83.6 nm 

InP cladding A/4 N = 3 . 1018 cm-3 A 122.2 nm 

Q(1 .42um) A/4 N = 3 . 1018 cm-3 A 1 14.6 nm 

InP buffer NA = 3 . 1018 cm-3 200 nm 

lnP substrate n-type 

Table 4.2: The layer structure of KS2290 active layer (A). 

Four different active layers were characterized for use in double-fu�ed vertical-cavity 

lasers: One with separate confinement regions - structure A (wafer KS2290), and 

three without the separate copfinement layers - structure B (KS2777, KS2778, 

KS2781 ). Most of the results and the upcoming discussions are based only on the 

results from two wafers: KS2290 and KS2778. The nominal thicknesses and doping 

levels of these two epilayers are shown in Table 4.2 and 4.3. The wells were grown 

under constant As/P ratio, and it is believed that it was this fact that kept the wells 

from disordering during the extended high temperature processing (wafer fusion). 

There have been indications that strain-compensated quantum wells cannot be used in 

conjunction with wafer fusion, i.e. direct bonding at temperatures above 600°C 
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(Chua, 1994), but the strain-compensated wells in question were not grown under the 

constant As/P ratio. 

KS2778 

material comment doping Thickness 

InP cladding N, = 1 · \018 cm-3 217 nm 

InP cladding undoped 

InGaAsP (qw) +1% cs undoped 6 nm 

InGaAsP (bar) -0.9% ts undoped 8 nm 6 x  

InGaAsP (qw) +1% cs undoped 6 nm 

InP cladding N = 5 · \018 cm-3 0 3 1 3.8 nm 

Q(1 .42�m) )./4 No = 5 . \018 cm-3 1 14.6 nm 

InP buffer No = 5 . \018 cm-3 200 nm 

InP substrate n-type 

Table 4.3: The layer structure of KS2778 active layer (B). 

The room-temperature photoluminescence spectra on all of these samples was 

obtained using a 790 nm pump laser. The data is shown in Figure 4.3.  The 

photoluminescence intensity of structure B epilayers was stronger than that of 

structure A. In both designs, the quantum wells are located at least 200 nm from the 

fused junctions (Ram, 1995) and the fused junctions are located in regions where 

majority carrier flow dominates. Therefore, we do not expect to be adversely affected 

by possible minority carrier recombination at the fused junctions. 
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Fig. 4.3: The room-temperature photoluminescence spectra of 

four active layers used in this work. 

The main reason for going from structure A to B was to improve the high-temperature 

performance of the lasers. In structure A the barriers and the separate confinement 

were approximately of the same composition, letting carriers flow into the separate 

confinement regions and recombining there. The results discussed in Chapter 7 

indicate that this decreased the internal quantum efficiency at elevated temperatures. 

The elimination of the lower bandgap separate confinement regions and their 

replacement with large bandgap InP has reduced this leakage. Furthermore, the 

structure B was grown with the n -side down, thereby reducing Zn diffusion during 

the growth and subsequent fusion steps. 
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Fig. 4.4: Calculated gain as a function of the wavelength for three 
temperatures, at a constant injection level (Piprek, 1995). 

The calculation of gain in strain-compensated wells for these structures was 

performed by Dr. Joachim Piprek from University of Delaware (Piprek, 1995). The 

peak gain position has been made to fit the photoluminescence spectra by adjusting the 

well thickness. More discussion on this topic will be presented in Chapter 7. Figure 

4.4 and 4.5 show a summary of gain calculations with 4.75 nm In0 76Gao.24Aso.82P 0.18 

(KS2778). The approximate fits to the calculated gain curves are given by the 

following relations. The transparency current density is 

J,,(T) = 76.6 exp [A/cm2] ( T - 300) 
63.8 (4-1)  

where the temperature is  in degrees Kelvin. The maximum gain at a given current 

density per well is then given by 
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g(J,T) = 846 In(_l_) [cm-I] 
l,

P) 

The wavelength variation of the gain is given by a third-order polynomial fit 

g(l, T,A)  = g(l,T) + 2.66 · LlA - 0. 247 · LlA2 - 0.0017 1 ·  LlA3 [cm-I]  

(4-2) 

(4-3) 

with LlA = A - 1564 [nm]. In Chapter 7 these relations are compared to the 

measured gain-current relationship. 

"7 a 
u � 
c ·01 0/) 

2500 r-------------, 
T=296 K 

2000 

1500 

1000 

500 
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1500 1520 1540 1560 1580 1 600 

wavelength [nm] 
Fig. 4.5: Calculated gain as a function of the wavelength for three 
temperatures at a constant injection level (Piprek, 1995). 

The gain spectrum decreases and shifts towards longer wavelengths with increasing 

temperature, and consequently the threshold current of any semiconductor laser 

changes with temperature. In vertical-cavity lasers the threshold current dependence 

on temperature may exhibit a minimum at a some temperature. The parameter that is 
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most interesting for continuous-wave operating lasers is the rate at which the 

threshold current changes around and immediately above room temperature. This rate 

is suitably expressed by the local characteristic temperature To defined as 

To(T) = dT/dln(lt/t) .  (4-4) 

evaluated at 300 K. Therefore, the To values quoted for vertical-cavity lasers in this 

work are always To = dT/dIn I,h lr=300K' 
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4.3. Cavity optical length 

4.3 . 1 .  Mode adjustment issues 

Given a finished active layer structure, the most important task is to adjust the cavity 

mode to the right wavelength through two wafer fusion processes. The cavity mode 

has to be located in the region of highest reflectivity to provide lowest threshold gain 

and it also has to be placed strategically relative to the gain peak position. It has to 

appear at the long wavelength side of the gain peak since the gain spectra shift 

towards longer wavelengths as the device heats up. Heating of the active layer is 

unavoidable in electrically pumped devices and one must account for this effect when 

real devices are fabricated. Inasmuch as the gain peak shifts at a rate of about 

0.4 nmr C ,  a moderate temperature difference of 30°C degrees between the active 

layer and the heatsink will produce a shift of 12 nm. 

There are two factors that influence the mode position: The phase properties of the 

mirrors and the cavity length. The phase properties of the mirrors can be altered by 

either changing the center wavelength of the mirror or by changing the ratio of the 

refractive indexes. Neither of these two methods is as efficient as changing the overall 

cavity optical length by adding or subtracting some cavity thickness. Therefore, most 

attention was paid to the adjustment of the optical cavity length. 

As it will be shown in this section, the optical thicknesses of all of the active layers 

used in this work were always slightly shorter than required for a mode position at 

1550 nm. In order to shift the cavity mode to the desired wavelength, one had to add 
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some optical thickness to the mirrors. The fIrst designs (generation I )  did not have 

any such cavity correction. To adjust the mode in this generation of devices, we took 

advantage of the variation in the optical thicknesses around the MOCVD and the MBE 

grown wafers. However, this did not always work. out completely. as it can be seen 

from Table 4. 1 ,  where all of these lasers operated at wavelengths that are shorter than 

1550 by 25-40 nm. In the later generations of lasers the mode adjustment was 

performed by specially designing the mirrors. Since the AlAs/GaAs mirrors were 

grown in-house, modifying the mirror design to adjust the cavity length was the 

easiest way to adjust the mode position. To exactly determine by how much optical 

length the cavity should be adjusted one has to measure the cavity optical length. This 

procedure is described in the next section. 

4.3.2. Measurement of the free-standing-cavity resonance 

Since the double-fused laser cavity is to be built from three separate parts, one has the 

opportunity to characterize the optical properties of all three parts independently. The 

mirrors are being characterized by measuring the reflectivity spectra, while the cavity 

is characterized by measuring its optical length. 

In the fInal double-fused structure. the AlAs/GaAs mirrors will be fused to the two 

InP cladding layers. To be able to predict the double-fused cavity resonance one must 

know the phase properties of the two mirrors and the optical length of the cavity in the 

desired range of wavelengths. The phase properties of the mirrors are determined by 

fItting calculated to measured reflectivity spectra (fitting the center wavelength, 

refractive index, and the number of layers). The optical length of the cavity is 
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determined by measuring the free-standing cavity resonance. By free-standing cavity 

we mean a cavity without the distributed mirrors (and their complicated phase 

relationship). In our case, a free-standing cavity would be realized by replacing the 

AlAs/GaAs mirrors with ideal hard mirrors that have equal peak reflectivity and phase 

1r. (When the AI(Ga)As/GaAs mirrors are tuned exactly to the resonance, their 

phase, looking from the inside the cavity, is exactly equal to 1r). This also ensures 

that the standing wave pattern has a null at the fused junction. A simplified view of 

this standing-wave pattern is shown with the case (a) of Fig. 4.6. The approximate 

length of the free-standing cavity is 31/2 . 

To perform the free-standing cavity resonance measurements, we mount the epilayers 

on a glass slide using a transparent wax, and remove the substrate and the etch-stop 

layers from the active layers (A and B) using wet chemical etching (Sec. 5. 1 .2). The 

cavity is now formed by the one . lnP-to-air and one InP-to-wax reflection which 

dominate the other reflections in the cavity. The resonant standing-wave pattern of 

this cavity, illustrated with the case (b) of Fig. 4.6, is a complement of the pattern 

that is present at the double-fused laser resonance. This occurs because the phases of 

the mirrors are opposite: The air-InP reflection have phase zero, while the AlAslGaAs 

mirror have phase 1r. The active layer is now located at the node of the standing 

wave pattern. To apply the measurement method correctly we need to investigate the 

relationship between the resonances of the two cases. 

Consider now an ideal symmetric cavity with two mirrors that both have the reflection 

phase either zero of 1r seen from the inside the cavity, as shown in Fig. 4.6. By 

symmetric cavity we mean a cavity in which the two mirrors are identical. No 
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generality is lost by using a symmetric cavity for simplicity. Assume also that the 

cavity is uniform, namely, that the gain region, indicated by shaded areas in Fig. 4.6, 

has the same optical properties as the rest of the cavity. At resonance, the round trip 

phase is an integer multiple of 2Jr.  Consequently, the standing wave pattern inside 

the cavity is always symmetric regardless of the direction of the incident beam. The 

standing wave pattern changes into its complement when the mirror reflectivity 

changes from Jr, case (a), to zero, case (b). We shall refer to case (a) as the original 

cavity and to the case (b) as the complementary cavity. 

r<O r<O r>0 

J 1\ � 1\ . 

. i . " 1 
IJ \.J 1 \1 \1 \" \/ 

(a) (b) 

Fig. 4.6: Standing-wave patters for two symmetric 3)../2 cavities at 

resonance with different reflection phases at the mirrors. 

It is a straightforward task to show that the resonance wavelength for cases (a) and (b) 

are identical. This is exactly true as long as there are no reflections at the gain 

medium. If we include the reflections on the active layer, these spurious reflections 

will interfere with the reflections from the cavity mirrors and slightly change the 

resonance wavelength. It is important to note that the contribution to the shift of the 

resonance wavelength changes in sign when the mirror reflectivity changes phase 

from zero to Jr. The contributions are generally different in magnitude, but are equal 
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for a symmetric resonator. The result of this consideration is that the measurement of 

free-standing cavity resonance using structure (b), which is what we can easily 

perform, only approximates the resonance of structure (a), which is the true free

standing cavity resonance. Fortunately, the difference between the resonances can be 

easily estimated by performing an exact calculation using transfer matrix calculation. 
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Fig. 4.7: Standing wave pattern in the KS2290 cavity surrounded by 
air (wax). The cavity is approximately 3)../2 long, and the gain region 

is located at the node of the standing wave pattern. 
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Two measurements of reflectance are performed on all active layers used in this work: 

One with the etch-stop layer present and one with etch-stop layer removed. The 

reflectivity spectra measurement performed without the etch-stop layer yields the free

standing-cavity resonance of the complementary cavity. The cavity has a thickness of 

approximately 3)../2 . The standing-wave pattern inside the KS2290 active layer is 
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. illustrated in Fig. 4.7. The reflectance measurements on all of the epilayers used in 

this work are shown in Figure 4.8. It is evident that all of the free-cavity resonance 

wavelengths are short. The KS2290 sample bas a free-cavity resonance at 1456 nm, 

while the rest of the samples have their resonances at 1 357 run, 1380 run, and 1 385 

nm (KS2778, KS2777 and KS2781). This information is sufficient to get an estimate 

on the corrections necessary to bring the fused-cavity resonance to the neighborhood 

of 1 550 nm. 
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Fig. 4.8: Reflectance spectra measured on the free-standing cavities 
of all active layers: KS2290, KS2777, KS2778 and KS278I .  

The first parameter that needs to be determined is magnitude of the difference between 

the resonance wavelength of the original and the complementary cavities. An exact 

calculation using the approximate cavity thickness and refractive indexes shows that 
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the free-standing cavity resonance of the original cavity is approximately 30 nm longer 

than the complementary cavity. In our case, the measured free-cavity resonances are 

much shorter than the desired resonance ( 1550 nm) and this correction is easily 

included. Furthermore, the error introduced by not knowing the exact values of the 

corrections is significantly smaller than the variation in the optical thickness of the 

epilayer around the wafer. 

If the free-cavity resonance of the complementary cavity is denoted by A fr'" then the 

effective optical length of the original cavity can be found from 

Din, = 3(A,,,, + I1A<o")/2 ,  where I1A,." = 30nm. Assuming that the AlAs/GaAs 

mirror will be tuned exactly to 1 550 nm, we can shift the double-fused cavity 

resonance to 1 550 nm if we adjust the optical length of the cavity to DDF = 3ADF/2, 

where ADF = 1550nm. The difference in the optical length will be realized as extra 

GaAs layers on top of one or both GaAs mirrors. The necessary thickness of GaAs 

can be calculated from 

(4-5) 

For the four different epilayers (KS2290, KS2778, KS2777, and KS2781)  these 

thicknesses are respectively, 29 nm, 73 nm, 63 nm, and 60 nm. It appears from 

here that resonance wavelength of the generation 1 and 2 devices can be corrected by 

adding an extra 30 nm of GaAs to the mirrors, while for generation 3 devices the 

added thickness of GaAs should be at least 60 nm. For this reason the S250 p

mirror (described in the next section) had been designed with an extra 30 nm of GaAs 

on top, while the S276 n -mirror had an extra 50 nm of GaAs on top. The thickness 

on top of the n-mirror was increased from the required 30 nm to accommodate the 
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variation of the thickness across the wafers. It is always possible to reduce the extra 

optical thickness by etching, while it is much more difficult to resolve a problem of a 

too short cavity. 

These corrections worked reasonably well on the generation 2 and 3 devices. As 

shown in Table 4. 1 ,  in device F167 the cavity length was short in spite of the extra 

corrections, while F166 was matched well. The F166 device (KS2290 active layer) 

uses the S276 mirror with the extra 50 nm of GaAs, but still lases at 1549 nm. The 

reason for this is that the 50 nm GaAs layer on top of the S276 mirror has been partly 

etched off before fusion (approximately 30 nm). The mode adjustment worked best 

on the generation 3 devices, where the total added thickness equaled approximately 80 

nm (30 nm on S250 and 50 nm on S276). The lasing wavelengths ofF170 and FI71 

are within several nanometers of 1550 nm. the discrepancies are a result of the optical 

thickness variation across the wafer. 

We now turn to the reflectivity measurement with the etch-stop layer present. 

Consider the cavity (b) shown in Fig. 4.9 in which we keep the wavelength 

unchanged, but shorten or elongate the cavity by an odd integer of quarter

wavelengths at the free-cavity resonance. This in principle describes the case of the 

active layer from which the etch stop (one quarter-wave) has not yet been removed. 

The cavity is now at anti-resonance and, as shown in Fig. 4.9, the standing-wave 

pattern depends on the direction of the incident beam. 

If the added cavity thickness (etch-stop layer) is exactly an odd integer multiple of 

quarter-wavelengths thick, the resonance of the original cavity and the anti-resonance 
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of this modified cavity should coincide exactly. By perfonning this measurement, we 

can detennine if the etch-stop layer is indeed one quarter-wavelength thick. In all of 

our active layers, this condition is approximately satisfied, as illustrated in Figure 

4. 10  where both measurements (with and without the etch-stop layer) are plotted for 

the KS2778 sample. Therefore, the etch-stop layer thickness is approximately equal 

to a quarter-wavelength at 1550 nm. 

r>O r>O r>0 r>0 

L � 
m 

t\ f"\ 
> ... 

'5 
\ " I 

(a) (b) 

Fig. 4.9: Standing-wave patters for a symmetric cavity at anti
resonance with beams incident from different directions. This cavity 
was obtained by reducing the Fig. 4.6 case (b) cavity length by one 
quarter wavelength and keeping the same frequency. 

Using the free-standing-cavity resonance measurement, we were able estimate the 

corrections to the cavity optical thickness necessary to bring the lasing wavelength to 

the desired wavelength, and also to check the optical thickness of the etch-stop layer. 

The described method for checking the cavity resonance is not the only method for 

mode adjustment used in this work. Another set of reflectivity measurements is 

performed during the fabrication: One after the first and one after the second fusion 

steps. The quarter-wave optical thickness of the etch-stop layer is needed to be able to 
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estimate the cavity resonance from these in-process reflectivity measurements of the 

cavity resonances. These measurements are described in Sec. 5 . 1 .3. 
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Fig. 4.10: Reflectance spectra measured on KS2778 with and 
without the etch-stop layer. The graphs was plotted vs. energy to 
reveal linear dependence of the reflection spectra on frequency. 

4.3.3. Standing-wave patterns 

Figures 4. 1 1  and 4. 12  show the calculated standing wave patterns in devices of 

generation I and 3, respectively. The generation 3 device uses an AlGaAs/GaAs p-

type quarter-wave mirror and for that reason the standing wave energy falls off at a 

slower rate in the left mirror in comparison to the generation I device that uses 

AlAs/GaAs mirrors on both sides. 
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Fig. 4.11: Standing-wave pattern in a generation 1 device. 
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4.4. Mirror design 

The design of any epitaxial quarter-wave mirror that is also intended for current 

supply involves the optimization between the reflectivity and the electrical resistance. 

These two parameters are connected through the free-carrier and inter-valence-band 

absorption which is associated with high carrier concentrations. 

The resistance of the mirrors depends on the ohmic resistance of the bulk doped layers 

and the heterojunction resistance arising from the large number of barriers that are 

incorporated in a typical quarter-wave mirror (anywhere between 30 and 100). The 

type of carriers will also affect the conductance because the valence and conduction 

band offsets are typically different in most materials and the mobility of electrons is 

higher than that of holes. The dominant part of the voltage drop (and hence power 

dissipation) in vertical-cavity laser mirrors comes from the large heterojunction 

voltage drops. This conduction relies on a combination of tunneling and thermionic 

emission and is hence very temperature sensitive. The electron effective mass is 

lower than that of holes, and hence for the same barrier the voltage drop will be lower 

across n -type heterojunctions. A number of techniques have been devised and 

investigated in recent years to reduce this voltage. All of the techniques rely on 

engineering the bands around the heterojunctions by combining alloy grading and 

specially designed doping distribution that either reduce, flatten or invert the barriers 

that exist at the heterojunction. Inasmuch as a large number of heterojunctions appear 

in a real structure, even very small heterojunction voltage improvements produce large 

changes in the total device voltage. 
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Most grading schemes involve relatively high levels of doping or charge accumulation 

at the interfaces. The interface or bulk doping level has to be carefully selected, 

because the presence of carriers produces free-carrier absorption (Pankove, 1971). 

N-type AlGaAs and InGaAsP quarter-wave lnirrors typically perform better than p

type mirrors. One of the reasons for this is that at a given doping level n -type GaAs 

(InP) exhibits less free-carrier absorption than p-type. For 980 nm GaAs-based 

VCLs, the typical values are aN = 5 cm-I and ap = 1 1  cm-I per 1018 cm-3 for n - and 

p-type GaAs (Peters, 1995). The adjustment between the bulk doping level, 

interface grading/doping scheme and the peak reflectivity of the quarter-wave mirror is 

the subject of the optimization discussed in this chapter. 

The origin of the high below-gap absorption in p-GaAs and p-InP is a combination 

of free-carrier and inter-valence-band absorption (Pankove, 1971). Both of these 

increase quite rapidly with the wavelength below the gap of the two materials and 

become a serious problem at optical communication wavelengths (Henry, 1983). 

There has been a number of reports on p-type GaAs and InP absorption 

measurements as a function of wavelength and hole concentration, but they do not 

cover a continuous hole concentration range. The next section describes a 

measurement of GaAs absorption and summarizes previously published data to 

provide the necessary information for mirror design. 

4.4 . 1 .  Absorption in p-GaAs 

Free-carrier and inter-band absorption dominate the absorption below the band-gap in 

extrinsic p-type III-V semiconductors. The absorption in heavily Be-doped and Zn-
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doped InP increases rapidly with the hole concentration at 1550 nm (Yokouchi, 1992, 

Casey, 1984). Since heavily doped p-type OaAs is seldom used at optical 

communication wavelengths, it was not immediately evident that the effects of inter

valence-band and free-carrier absorption would directly influence the design of fused 

long-wavelength VCLs. Therefore, in order to use p-OaAs at 1 .3 and 1 .55 �m it 

was necessary to better quantify the effects of absorption. There has been a number 

of reports of measurements and modeling of absorption in p -OaAs (Henry, 1983, 

Braunstein, 1959, Huberman, 1991). Unfortunately, the reported studies dealt with 

either very high (> 2 . 1019 cm-3) or moderate doping ( � 1018 cm-3). For this reason, a 

measurement of the absorption coefficient was performed on several Zn-doped OaAs 

substrates with nominal doping levels in between the two ranges. Only two nominal 

doping levels were investigated ( 5 . 1018 cm-3 and 1 . 1019 cm-3) because it was not 

possible to obtain small quantities of p-OaAs wafers with nominal doping below 

5 . 1018 cm-3 and above 3 . 1016 cm-3 • 

The determination of the absorption coefficient is performed by measuring the 

transmission through a substrate polished on both sides. This type of absorption 

measurement has already been used by (Casey, 1984) for p-type InP. The 

requirement for an accurate measurement of absorption loss in a layer is that the 

product of the absorption coefficient a and the thickness of the substrate L is of the 

order or greater than unity, namely, a L > 1 .  In this case the absorption loss can be 

accurately de-embedded from the transmission-interference spectra. The interference 

between the reflections inside the substrate can be made negligible if the coherence 

length of the light source is shorter than the thickness of the substrate. The former 

requirement is easy to satisfy when measuring transmission through entire wafers 
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(thicknesses greater than 100 11m) using a white light sources. In this case the 

measured substrate transmission is given by (Pankove, 1971)  

T (A.) = (I
_ R)2e-aL 

m 1 -. R2e-2aL (4-6) 

where R is the wavelength dependent reflectivity of the air-semiconductor interface. 

In the case where a L »  1 the measured transmission through the structure is 

approximately given by Tm '" T2 exp( -a L) from where it is easy to determine the 

absorption coefficient. The wavelength dependence of the air-semiconductor interface 

T(A.) for wavelengths below the energy gap is typically negligible in comparison to 

the total transmission Tm (A.) and for that reason an approximate value of T '" 0.7 was 

used. The error introduced by not using T(A.) calculated from the known refractive 

indexes of GaAs is less than 3 cm·t for a 150 11m thick substrate. The thickness of 

the substrate L is measured using a micrometer, while the transmission Tm (A.) was 

measured using a spectrophotometer in the range from 900 nm to 2400 nm and 

confirmed using a DBR laser at 1550 nm. Note that the coherence length of the 1550 

nm laser is greater than the thickness of the substrate, but the effect of the interference 

has been made negligible due to high absorption a L »  1 .  

Three GaAs and one InP wafers were measured. Measurements were performed for 

two wafer thicknesses in order to eliminate any systematic errors that would depend 

on the slice thickness. The first measurement was performed on polished and 

unthinned wafers, while for the second measurement the wafers were lapped down to 

",150 11m and the polished using Br:MeOH. A number of transmission scans were 

performed to eliminate the substrate position and distance to the detector influencing 

the measurement. The sources of error in this method are the following: For large 
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thicknesses the absorption in the substrate is very large and the output signal is often 

below the detectivity of the spectrophotometer. To remove the noise. the measured 

data with transmission coefficients below 0.5 % was discarded. Inasmuch as the 

absorption coefficient dependence on ' T  m (.�.) and T( A,) is logarithmic. the dominant 

source of error is the determination of the slice thickness. Due to uneven lapping and 

polishing. the error in the thickness determination was estimated to be ± 5 %. The 

overall accuracy of the measured absorption coefficient is estimated to be 

approximately ±IO %. The measurement results are shown in Figure 4. 13 .  The 

doping levels given in the figure are nominal doping levels reported by the 

manufacturer. It is evident that the absorption loss very quickly increases below the 

gap and that at 1 .55 �m the absorption is almost five times larger than it is around 1 

�m. Furthermore. the increase of absorption for GaAs scales is approximately as A,3 
which indicates that this is free-carrier absorption (Pankove. 197 1 ) .  The 

measurements on the InP wafer agree very well with previous measurements by 

(Casey. 1984). When this data is combined with the previously published data for p-

GaAs we can get a complete dependence of the absorption coefficient on the hole 

concentration. as shown in Figure 4. 14. In the doping range of interest (around 

1 . lOIS cm-3) the absorption coefficient at 1 550 nm follows an approximate 

dependence given by 

a '"  25cm-I .( ISP -3 )1 3 10 cm (4-7) 
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Fig, 4,13: Absorption coefficient in GaAs and InP for nominal LEC 
Zn,doped wafers determined by a transmission technique. The 
continuous curves have been obtained using a spectrophotometer, 
while the data points at 1550 nm were obtained using a semiconductor 
laser. The dashed lines follow a A? power law. 

In light of these findings the doping of mirrors with the level equal to what is 

commonly used in GaAs,based VCLs ( 1018 cm-3 ) is too high since it produces an 

absorption loss of approximately 25cm-l . This loss would produce a maximum 

reflectivity of 99.60 % if the hole distribution was uniform. To increase the 

reflectivity and make the design more tolerant to variations in the doping levels and 

free charges, we reduce the doping level in the mirror. If the light is to be taken out 

through a p-substrate, the substrate should be doped very low (less than 1018 cm-3 ) .  
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Fig. 4.14: Summary of p-GaAs absorption as a function of doping 

form published data and this work: a) data from (Braunstein, 1958), 
b) data from (Braunstein, 1959), c) (Henry, 1983), d) this work, e) 
(Huberman, 1991) .  

4.4.2. Absorption in n-GaAs 

The absorption in n -type GaAs at optical communication wavelengths is significantly 

lower and has a considerably weaker wavelength dependence than that of p -GaAs 

(Pankove, 1971 ) .  At doping concentration of 5.4 · 10" cm-3 the absorption 

coefficient at 1 .55 �m is approximately a = 35 cm-I (Spitzer, 1959). With the 

presence of this level of absorption in the substrate, a large fraction of the light can 

still be transmitted through the entire substrate, and at lower doping levels, such as 
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1 . 1018 cm-3, very high mirror reflectivities can be achieved. For these reasons, the 

n -mirror is used as the output coupler in most VCL designs, and the light is often 

taken out through the n-type substrate. Owing to the current and heat spreading the 

performance of n -type GaAsI AlAs mirrors were not as critical in the development of 

fused long-wavelength lasers as the p-mirrors. However, an estimate of the 

absorption coefficient is needed to be able to predict the reflectivity of the mirrors and 

the substrate transmittance. 

The n -type mirrors fabricated in the AlAs/GaAs system have an average bulk doping 

of 1018 cm-3 with interfaces graded and pulse doped to approximately 5 . 1018 cm-3 • 

Due to the slow increase of n-GaAs absorption with the wavelength, the absorption 

coefficient at 1 550 nm is only 10-20 % higher than it is at 980 nm. Therefore, at the 

specified doping level, the absorption coefficient in GaAs is estimated to be 

approximately aN Z 6 cm-I . The n-AlAs/GaAs mirrors show relatively low 

resistivity, sufficient for the fabrication of electrically pumped VCLs (Peters, 1995). 

Low resistivity results have been reported for the InGaAsPIInP n-type system as well 

(Streubel, 1994). 

The measurement of substrate absorption in n -type is performed using the same 

method as was used for p-GaAs in the previous section. However, since the values 

of the absorption coefficient are much smaller, one needs to use a thicker substrate for 

an accurate measurement . To determine the wavelength dependence of the absorption 

coefficient, the absorption coefficient measurement as performed on a substrate 

nominally doped in the range 1 - 3 . 1018 cm-3• Two measurements were performed: 

The first measurement was done on a single 500 Jlm thick substrate polished on both 
97 



sides, while the second measurement was performed on three such substrates stacked 

and wafer-fused simultaneously. The total thickness of the fused sample was 1 500 

�m. The measurements for two samples agreed to within 2cm-l .  A slight correction 

was introduced into the fused substnite since the polished surfaces have roughened 

from the fixture pressure (Sec. 3.3. 1). The resulting wavelength dependence of the 

absorption coefficient is shown in Fig. 4.15. The slow wavelength dependence in the 

1-2 �m range is in agreement with the previous measurements reported by (Spitzer, 

1959). In Chapter 7 we shall introduce another method for the estimate of substrate 

absorption on the actual device sample. 

20 r-----------------------� 

� 
- - - _ .. ' .... 

nominal doping level 
N = 1_3. 1018 em-3 o 

5 I- .----------, I- -- L=1500�m 

········· L = 500 �m 

1- ,  " ' " O L-����� __ ����-J 
900 1 100 1300 1500 1700 1 900 

Wavelength [nm] 

Fig. 4.15: Measured absorption coefficient of an n-GaAs substrate 
with nominal doping in the range 1 - 3 . 101• em -3 . 
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4.4.3. Bandgap engineering 

The realization of low resistance p-type quarter-wave mirrors relies on the 

minimizing the valence-band discontinuities at the interfaces between GaAs and 

Al(Ga)As. The first question that is raised in this task is: Is it possible to realize a flat 

band for an arbitrary combination of semiconductors and doping levels using a 

suitable composition grading or doping profile? The answer is: Yes, but only if both 

the desired grading and doping variation is slow compared to the lattice constant. This 

means that the solution is exact only within the continuous, effective-mass Poisson 

equation. To demonstrate this, we solve the Poisson equation with the requirement 

that the valence band be flat through a single heterojunction interface. The Poisson 

equation is given by 

1 d ( dlP) 
--- e(z)- = N(z) + p(z) 

q dz dz (4-8) 

Here N(z) = N�(z) - N;(z) is the net ionized impurity distribution that may include 

deep levels and p(z) is the hole distribution. The heterojunction is located at z = O .  

The doping levels (ionized impurity concentrations) far away from the heterojunction 

are assumed uniform and are denoted with N( -00) = N, and N( 00) = N2 • The 

dielectric permittivity e(z) is dependent on position through the changes in the 

material composition. The electrostatic potential lP is related to the valence band 

energy Ey (z) via 

-qlP(z) = Ey(z) + .1Eyf(z) (4-9) 

Here fez) is the band-offset composition function: It is a dimensionless function that 

determines the position variation of the band offset. If the band offset is linear in 

composition, as is the valence band of AlxGa'_xAs , then fez) is proportional to 
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x(z) . The conduction-band-offset composition function AlxGa'_xAs is more 

complicated, since the band changes from direct to indirect. However, once the 

composition grading x(z) is known, fez) is uniquely defined. In the case described 

here, f( -00) = 0 for GaAs and f( 00) = 1 when the composition equal the end alloy 

AlxGa'_xAs . Positive value of dfldz means the energy gap of the alloy is increasing 

with z and the valence band edge is being lowered by L1Evf(z). 

�z) ----------� 
EF - - - - - - - - - - - -
Evl L1Et- E v2 

.. 
0 

Fig. 4.16:  Energy band-diagram for an abrupt p-isotype 

heterojunction with the associated electrostatic potential profile. 

The relation -qlfJ(z) = Ey(z) + L1Eyf(z) is derived on the basis of the following 

arguments: Consider an abrupt isotype heterojunction with the valence band shown in 

Fig. 4. 1 6. The valence band profile contains both the electrostatic potential 

characteristics of the holes as well as the potential determined by quantum mechanics 

(the periodic potential of the crystal). The band offset L1Ey at the abrupt 

heterojunction is determined by the match-up the hole wave-functions in the two 

semiconductors and typically does not exhibit an observable electrostatic potential 

difference. This is so because the electrostatic dipole that forms at the junctions is 
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typically very small and in most cases is negligible. When two crystals (such as I and 

2 in Figure 4.16) are brought together. charges flow from one side to the other until 

all of the electrostatic balance out the diffusion forces. The band offset produces an 

abrupt change in the valence band. but not in the electrostatic potential. The valence 

band can then be written in terms of the electrostatic potential as 

Ev(z) = -qct>(z) - l1Evf(z). where fez) is a step function at zero. One also has to 

bear in mind that the reference potential can be set to zero any where in the structure 

and that in doing so the reference energy level for the valence band also been set. 

�z) ---------� 
EF -
E v1 -----------'-_______________ ___ E v2 

o 

Fig. 4.17: Energy band-diagram for a graded p-isotype 

heterojunction with the associate electrostatic potential profile. 

To continue. we need to show that the relation between the potential and the valence 

band edge also holds when interfaces are graded. To do this consider another 

heterojunction that uses the identical two semiconductors and doping levels as in 

Figure 4.16. but is graded. The Figure 4.17 shows such a heterojunction. Note that 

the total potential difference between the two semiconductors is also equal to the 

abrupt case. This must be true because we could in principle fabricate both junctions 

on the same chip and there. any closed loop that passes through the two 
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heterojunctions has to a have a zero potential sum. This argument was previously 

used in (Kroemer", 1985) to show that the electrostatic dipole is the same in graded or 

abrupt junctions. That the expression (4-9) holds everywhere within the graded 

junction we rely on the transitivity of het'erojunction band offsets (Kroemerb, 1985). 

This rule holds to within the accuracy of the measurements made on the heterojunction 

band offsets. 

With this knowledge, we proceed to insert this relationship into the Poisson equation. 

��(E(Z) dEv(z) 
+ L1EvE(Z) df(Z») = N(z) + p(z) 

q dz dz dz (4-10) 

We now require that the valence band be flat throughout the structure. This means 

that throughout the structure Ev(z) and Fermi level EF(z) are independent of 

position. Therefore, the occupancy of all of the impurities and deep levels is 

independent of position and consequently the net ionized impurity concentration N(z) 

can be determined exactly. Using dEv(z)/dz = 0 ,  the first term in (4-10) vanishes 

and we are left with: 

L1
q
�V � ( E(Z) d��Z») = N(z) + p(Nv(z» (4- 1 1) 

The equilibrium hole concentration depends only indirectly on position, through the 

changes of the effective density of states with the grading. If we assume uniform 

doping away from the junction, N. for z � -00 and N2 for z � 00 ,  then the ionized 

impurity distribution that achieves a flat band can be written as 

N(z) = 
Ll�v �(E(Z) df(Z»)_ N. 

Nv(z) 
q dz dz Nv• 
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This expression is exact and it gives the flat-band ionized impurity distribution that 

corresponds to a given grading function. Note that with the requested flat valence 

band we are obliged to provide exactly matching uniform doping levels on each side 

of the junction. If on side 1 the doping is N" then on side 2 we have to have a 

doping level of N, = N, (Nv,/ Nv, ) '  For AlAs the doping level has to be about 10% 

higher than in GaAs to keep the valence-band to Fermi level spacing equal on both 

sides. Furthermore, since only the ionized impurity distribution is specified, the 

impurity profile yields a flat valence band only at one temperature. 

For the AlAs/GaAs system the dielectric permittivity varies approximately linearly 

with composition and hence the Poisson equation of p-isotype heterojunction can be 

simplified using 

e, - e, (2f(z) - 1) 2 

With this simplification the equation (4-12) becomes 

(4-13) 

N(z) = LI�v (e, + e, ){d'{ _ (e, - e, )d'U -
,
1/2)' }_ N, N

v(z) 
q 2 dz e, + e, dz Nv, (4-14) 

The first term in the bracket is dominant in the shaping of the flatband doping 

distribution ( d' f / dz' ). The second term only introduces a correction due to the 

difference in the dielectric permittivities of the two materials. The prefactor 

(e, - e,)/(e, + e,) is of the order of 10%. 

The most important fact visible from (4-12) or (4-14) is that there is an infinite 

number of grading and doping distribution combinations that can produce a flat band. 

The only limitation is the practical ability to realize the required doping or grading 
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distribution. For example, an abrupt heterojunction leads to a squared delta function 

in doping which can not be realized. To illustrate the use of the above equation, we 

consider the case of linear grading which leads to delta doping. Since fez) changes 

linearly from zero to unity over a distance equal to LIz , it is straightforward to show 

that 

and 

where P '" (z) is a pulse function 

O(z - Llz/2) 
LIz 

O(z + &/2) 
LIz 

O(z + &/2) + _2P-",,_,-:;-(z�) 
LIz LIz' 

for -Llz/2 < z < &/2 
otherwise 

Using these expressions the doping profile becomes (4-18) 

(4-15) 

(4-16) 

(4-17) 

N(z) = �Ev {e,O(Z - Llz/2) - e,O(z + Llz/2) - (e, - e, ) p",(Z)} - N, Nv(z) 
q LIz L1x Nv, 

The only term that has not been clarified is the term that depends on the effective 

density of states. Inasmuch as the density of states depends on the effective masses 

the variation is not very fast, and this term can in principle be approximated with a 

linear function, i.e. using the composition function again 

The charge neutrality 
- -f N(z)dz + f p(z)dz = 0 

is conserved since from (4-18) we find that 
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-

and from f P ",(z)dz = Liz we have 

- -f N(z)dz = - f p(z)dz 

(4-2 1) 

(4-22) 

The practical realization of these doping and grading schemes for achieving a flat band 

is never perfect. A number of. researchers have investigated simple linear and double

parabolic grading schemes with very good results (Peters, 1994, Schubert, 1 992, 

Lear, 1 994). Combinations with a single-sided parabolic and a single delta-doped 

pulse are also possible. The two dominant problems with the practical realization of 

bandgap engineered junctions are: dopant diffusion and unknown composition 

variation in the grading. Some dopants, such as, beryllium and zinc, tend to diffuse 

during the 8-10 hour long growths of mirrors and completely obliterate the intended 

doping profile. This necessarily results in different, most often, inferior electrical 

properties. The situation can be greatly improved by using dopants that have lower 

diffusion coefficients. Recently, there has been a great progress in the use of carbon 

as a p -type dopant for GaAs (in InP it is an n -type dopant) and this has produced 

excellent quality mirrors for GaAs VCLs (Lear, 1994). The knowledge of the exact 

grading profile is another problem. This question is particularly important for MBE 

grown gradings since here the grading is realized as a digital alloy of varying 

composition. The growth alternates between pure AlAs and pure GaAs several · 

monolayers at a time. It is not clear to what extent does the lattice keep its form and 

the grading averages out. This problem is not so prominent in MOCVD where 
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continuous grades are possible, but the delays in reactant supply and purging have to 

be accounted for. 

In principle, to achieve low resistance one does not have to have perfectly flat bands. 

It is sufficient to eliminate the barriers, and that can easily be done by heavy doping in 

the region of the heterojunction. This method is called pulse doping and is often used 

for reducing the resistance of n-type mirrors. The drawback of this technique in p

mirror is  that heavy doping brings on a large accumulation of holes which are then a 

source of absorption. Large and thin hole accumulations can be tolerated if they are 

located at every other mirror junction; at the nodes of the standing wave pattern. At 

the peaks of the waves, it is preferred to have as low carrier concentration as possible. 

The way to achieve this is by realizing a flat band at the junctions and keeping low 

carrier concentration throughout the mirror. 

To characterize the doping profile in flat-band isotype heterojunctions one can use 

capacitance-voltage carrier concentration profiling, while the electrical characteristics 

can also be studied by performing temperature dependent voltage-current 

characteristics (Peters, 1995). 

4.4.4. Summary of mirrors used in double-fused VCLs 

There were three different n-type mirrors used in this work: S201 (Mirin), S230 

(Peters) and S276 (Mars). The silicon bulk doping level on all of these mirrors was 

1018 cm-
3 

and the interfaces were pulsed doped approximately to 5 . 1018 cm-3
• The 

center wavelength and the number of periods varied: Mirror S201 had 25 periods and 
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it was tuned to = 1 550 nm. Mirror S230 had 28 periods and was tuned to 

approximately to 1 500 nm. Mirror S276 had 28 periods, was tuned to = 1550 and had 

an extra 50 nm thick GaAs cap layer to be used for cavity optical thickness correction 

(described in Section 4.3.2.) .  The reflectivity spectra of the n-mirrors used in 

double-fused VCLs are shown in Figure 4 . 1 8. 
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Fig. 4.18: The reflectivity spectra of fabricated n -type quarter-wave 

mirrors. 

There were two p-type mirrors used in this work: S207 and S250 (Mirin). The S207 

mirror was an MBE-grown Be-doped AIAs/GaAs mirror with 24 periods. The doping 

scheme was adjusted to increase the reflectivity structure: The first 10-periods were 

doped lower to reduce the absorption. The S250 mirror was an AlGaAs/GaAs mirror 
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with parabolic grading and overall low doping of 4 . 1017 cm-3• We shall discuss the 

design details of each of these separately. 

The mirrors grown at UC Santa Barbara (Mirin) were tuned in situ using a normal 

incidence reflectorneter (Thibeault, 1994). The method consisted of growing 6 or 8 

periods of the mirror and then interrupting the growth to measure the reflectivity. 

During the measurement the wafer was never removed from the vacuum chamber and 

the temperature of the MBE sources was not changed. After the measurement was 

performed, a reflectivity model would indicate how much the grown 6 periods were 

off in wavelength and the growth rate was then accordingly adjusted. 

4.4.5. The AIAs/GaAs mirror with hybrid doping (S207) 

The increase of mirror reflectivity in a mirror with absorption is performed by 

reducing the doping level in the first few periods closest to the cavity where the 

electric field intensity is highest. In this way a section of the mirror can remain doped 

at a higher level and exhibit low resistance. We adjusted the optimum number of 

layers with low doping based on the absorption coefficient measurements and the 

mirror optical constants. For the value of absorption loss, we use the empirical 

formula (4-7) . The absorption loss in AlGaAs and AlAs was assumed to be equal to 

that of GaAs. Since the wavelength of laser light is much larger than the grading 

thicknesses and the charge distribution around it, the average absorption loss in the 

mirror was found by averaging the absorption loss as a function of position. For the 

pulse doped mirror the doping can be calculated as a weighted sum of absorption per 

period. 
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( N )1.3 ( A. )( )1.3 ( A.  )( )1.3 2d -g- + -- d NL + - - d NH 
ex = 25 

g 10'8 4nL g 1018 4nH g 1018 

�(:/ n1J (4-23) 

where the impurity concentration is given in cm-3 and the resulting absorption loss in 

cm-'. 
• 
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Fig. 4.19: Average absorption coefficient as a function of the bulk 
doping of AlAs and GaAs for five different pulse doping levels 
calculated using (4-23). 

The dependence of the average loss on the bulk doping of GaAs and AlAs (kept 

equal) and the grading pulse doping is shown in Figure 4. 19. The grading is linear 

and has a thickness of dg = 18 nm . The two values selected for the fabrication of the 

mirror are shown with the bullets. The reflectivity dependence on the number of 
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layers with low doping is shown in Figure 4.20. The number of periods selected for 

the low doped section was 10, because the reflectivity already starts to saturate at that 

point. The reflectivity of this mirror is expected to be in the neighborhood of 99.65 

0/0, which may have been higher if the mirror was flat-band engineered. (The peak 

reflectivity of a flat-band engineered mirror with uniform hole concentration of 

NA '" 1018 cm-3 is in the neighborhood of 99.6 0/0). The epilayer structure and the 

reflectivity spectra of this mirror are shown in Figures 4.2 1 ,  4.22, and 4.23. 
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Fig. 4.20: The reflectivity of a hybrid doping mirror as function of 
number of layers with lower doping. 
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Fig. 4.21: Epilayer structure of the S207 mirror with hybrid doping 
scheme. 
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Fig. 4.22: Interface grading and doping scheme for the S207 hybrid 
doping mirror. The doping in the first 10 periods is indicated with 
"LOW", while in the last 14 periods the doping is indicated with 
"HIGH" .  
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Fig. 4.23: Reflectivity spectra of mirrors S207 and S250. Both 
mirrors are tuned to approximately 1550 nm, but the bandstop widtbs 
are different because S207 is an AlAs/GaAs mirror, while S250 is an 
AlGaAslGaAs mirror. 

4.4.6. The AIGaAs/GaAs mirror with parabolic grading (S250) 

The voltage drop across the S207 mirror at room-temperature pulsed tbresholds of tbe 

lasers F123, F I25 and FI26 was greater than 10 V at threshold (see Chapters 6 and 

7). The excessive power dissipation at threshold was one of the reasons why tbe 

lasers that used the S207 mirror did not operate continuously at room temperature. 

For this reason, the next design effort was to fabricate a p -type mirror with 

reflectivity at least as high as S207, but with lower voltage drop at the expected 

threshold current densities (Jess than 4kA/cm2 ). A number of improvements were 
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implemented in the next mirror (S250): I) 67 % AIGaAs was used instead of AlAs, 2) 

the interfaces were engineered for a flat-band profile, 3) the mirror reflectivity was 

boosted with a metal reflector at the back. Aluminum gallium arsenide (67 % AI) was 

used as the low index material because the valence band offset of this composition to 

GaAs is 3 16 meV, about 33% lower than that of AlAs (475 meV). The interfaces 

were designed for a flat valence band using parabolic grading. The reason parabolic 

grading was used, was because Be redistribution was expected to smaller than in 

delta-doped gradings. Delta-doped profiles require very sharp doping variations, 

susceptible to higher diffusion. The number of periods necessary for a reflectivity in 

the neighborhood of 99.7 % was reduced by using a non-alloyed metal contact at the 

top of the last GaAs layer. 

To detennine the necessary number of layers to achieve required reflectivity, we used 

the estimate of absorption loss given by (4-7) and a measured value of the reflection 

coefficient of GaAs-to-metal interface. This reflection coefficient was measured at 

1550 nm using a Fabry-Perot technique described in Appendix D. The contact used 

on this mirror was a Til Au coating with a reflection coefficient equal to r = 0.935 . 

Using this data and the refractive index values nL = 3.045 and nH = 3.377 

(Afromovitz, 1 974) we generate a set of design curves for this mirror (Figure 4.24). 

The horizontal axis shows the average absorption in the two materials (AlAs 

absorption equal to GaAs), while the vertical axis shows the number of layers in the 

mirror in addition to the metal contact. The curves plotted are constant reflectivity 

curves. An approximate explicit expression for these curves can be obtained from the 

expressions given in Appendix B for the reduction of reflectivity of quarter-wave 

mirror with weak absorption loss: 
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(4-24) 

The factors a ,  p . .  and q are defined in Appendix B. The number of layers is denoted 

with m .  In (4-24), the peak reflectivity is assumed to be reduced by a constant factor 

(1 - A) where A is the absorptance of an infinite mirror. If one wishes to use the 

more accurate expressions in which the (reflection) absorptance varies with the 

number of layers, then expression (4-24) is no longer explicit in the number of layers 

and one must use an iterative solution to plot it. The expression (4-24) is valid only 

for the case where the first quarter-wave layer in the mirror is of high index (GaAs). 

With a selected bulk doping of N. = 4 · 10" cm -3 we estimate the absorption 

coefficient using (4-7) to be a � 8 cm-I . Since the bands are ideally flat, the hole 

concentration should be uniform throughout the structure. The vertical line in the ' 

graph on Figure 4.24 shows the available reflectivity values achievable with this loss 

coefficient. The number of periods was selected based on the curvature of the constant 

reflectivity curves: The optimum design is where the curves start to turn up vertically. 

The selected number of layers is 6 1  or 30.5 periods which would give a peak 

reflectivity greater than 99.7 0/0. The growth request for this mirror is shown in 

Figures 4.25 and 4.26, while the reflectivity spectra of the finished mirror is shown in 

Figure 4.23. It is evident that the S250 mirror has a narrower bandstop than the S201 

mirror due to the lower reflective index ratio. In order to take advaniage of a metal 

contact the last GaAs layer before the metal contact has to match the phase of the metal 

because the phase of metals on semiconductors differ depending on their optical 
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constants. The thickness of this layer is calculated from the measurement of the 

reflection phase described in Appendix D. 

99.9 % 99.6 % 99.3 % 99 % 
70 , , , , , , , , r , , , , , , 

I , , , , , , , , , , I , , , , , , , , • , , , , , 
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Fig. 4.24: Constant reflectivity curves for an A1GaAs(67%)lGaAs 
mirror. 

The estimated reflectivity values on both S207 and S250 mirrors were based on an 

approximate empirical formula for the absorption coefficient. The accuracy of the 

formula (4-7) is now known because of insufficient data. The deviations from the 

predicted reflectivity will also depend on the actual value of mirror doping and the 

precision by which the grading and the interface doping is realized. In reality, the 

doping values may be as far as 50% off and this will result in quite unknown values 

of reflectivity. The actual cavity loss will be deduced from the measurements of the 

external differential quantum efficiency of the fabricated lasers. 

1 1 6  



GaAs 1 16.2 nm 

AIGaAs 67% 129 nm 

GaAs 1 16.2 nm 

AlGaAs 67% 129 nm 

GaAs 1 16.2 nm 

AIGaAs 67% 129 nm 
� 

se are total 

� '/ 
)I' 

/ 
/ I 

� 

30 nm of 
GaAs extra 
dope heavy 
last 10 nm 

for bulk doping 
(Be) of GaAs 
and AlGaAs 
see next page 

er thicknesses -
the 
lay 
see 
for 

grade interfaces 
according to scheme I 30 periods 

grading scheme 
exact values described on next page I 

GaAs 1 16.2 nm 

AlGaAs 67% 129 nm 

GaAs 1 16.2 nm 

AIGaAs 67% 129 nm 

GaAs 204.4 nm 

� 
AlGaAs 67% 150 nm 

GaAs buffer 

undoped-GaAs 

1 /  
V 

only last 20 nm 
of GaAs should 
be doped P+ as 
high as possible 
for non-alloyed 
contact �. do not grade 
fIrst two 
interfaces 

Fig. 4.25: Epitaxial growth request for S250 mirror. 

1 17 



GaAs 96.2 nm 

Parabolic grading 

20 nm 20 nm 
.... I�.-__ .... �I AIGaAs 109 nm I .... �.-__ •• �I 

_____ -I.�I I� .1 t. 

Eg(x) 

I I I 

1 .72e18  cm-3 2.5e 18  cm-3 

Doping 
N(x) 

4e17 cm-3 

Be 

Be 
6e17 cm-3 

• 100 A ... 

Be 

Fig. 4.26: Parabolic grading scheme of S250. 

4.4.7. Resistance of p-mirrors 

The resistances of mirrors S207 and S250 were measured independently by 

fabricating pillars as shown in Figure 4.27. The p-mirrors were fused to a p+ lnP 

substrate and pillars with square cross-sections were fabricated by substrate removal 

and chlorine reactive ion etching (Sections 5. 1 .4 and 5 . 1 .5). There were two contact 
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pads (force and sense) which enable measurement of the mirror resistance without 

including the contact resistance of the pads. In addition one is able to measure the 

contact resistance without adding in the resistance of the mirrors. The voltage across 

the fused junction is included in the measurement. This type of arrangement was done 

because the p-mirrors were typically grown on semi-insulating or n -type substrates. 

top view 

-

,,,,:,�:'t;;j\...L��:;1 ;fL�:<"" 
side view 

InP 

force pad 
sense pad 

Til AulNi contact 

p-AI(Ga)As/GaAs 
mirror 

fused junction 

Fig. 4.27: Structure used for mirror resistance measurements. 

The force and the sense pads had areas of 8400 �m' and 1225 �m'. The mirror 

cross sectional area is 100 �m' . All measurement were performed using 4 probes to 

eliminate any probe resistance or contact resistance. The current forcing was 

alternated through the sense pad to confirm that the lateral conductance was higher 

than the vertical. The contact resistance was approximately 2 · 10-4 Ocm' and all the 
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measurement were done with DC currents. The measurement results are shown in 

Figure 4.28. The data show that there is approximately 2.5 times improvement in the 

voltage drop at a given current. This improvement is not as good as has been seen by 

previous reports (Peters, 1995). However, the threshold power using this mirror was 

sufficient to allow for continuous-wave room-temperature operation of these lasers. 
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Fig. 4_28: Comparison between the continuous-wave V - J 
characteristics of the two p-type mirrors used in this work. The voltage 
of the bandgap engineered S250 mirrors has been reduced by two and 
a half times in respect to the pulsed doped S207 mirror. The best fit to 
S250 voltage drop is given by V(J) ;: (JjlO12)o.4 V ,  where the 

current density is in AI cm 2 • 
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4.5. Conditions for continuous-wave operation 

With the given estimates of mirror reflectivities and the gain-current relationship we 

are able to determine the threshold currents and the conditions for continuous-wave 

operation. 

To approximately account for power dissipation on the mirror resistances and the 

nonradiative recombination in the active layer we use a constant value for the voltage 

across the active layer, and fit the V-I characteristics of the mirrors. The voltage drop 

. across epitaxial quarter wave mirrors is rarely linear. We use a fit of the form 

V DBR(J) � V R + {3 jY, where r is greater than zero. The total device power dissipation 

is then given by P = VAl + {3A J'+r, where A is the device cross-sectional area and 

V = VR + nw/q. 

The heat dissipation in the laser structure increases the active layer temperature T to 

T = T. + e P, where T. is the ambient (heatsink) temperature and e is the thermal 

trans-resistance between the active area and the heat sink. A thermal trans-resistance 

el2 gives the increase in temperature at location 1 due to power dissipation at location 

2. In our case we are interested in the increase in temperature of the active layer due 

to heat sources everywhere else in the cavity. The dominant sources of heat are the 

active layer and the p-mirror. The thermal trans-resistance at the place of the active 

layer due both of these two sources is approximately equal since all of the heat 

dissipated in the mirrors has to pass through the active layer. In other words, the 

value of the p-mirror thermal conductivity has a very weak effect on e .  
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The temperature of active layer directly influences the threshold current. This 

dependence is empirically described using the local characteristic temperature (4-4) 

evaluated at room temperature: J,h = Jo exp(T/To ) '  where Jo and To define the 

behavior of the threshold current. Continuous wave threshold is achieved when the 

following relationship is satisfied 

To In(J,h/Jo) = Th + eVAJ'h + e{3AJ::r. (4-25) 

For an arbitrary value of r, this results in a transcendental equation in J,h . To keep 

the analysis simple we linearize the mirror voltage drop the current density range of 

interest. In this case, r = 1 and the equation can be solved analytically to give the 

highest heatsink temperature T;<W) at which the device will operate continuously: 

where J,h is the threshold current density at T;<W) and is given by, 

J = �( 1 + 
8{3To 1) 'h 4{3 eV2A 

(4-26) 

(4-27) 

We now show the behavior of T;<W) as a function of device size for laser parameters 

predicted in this chapter: The S250 mirror voltage is linearized around 1 kAl cm2 and 

expressed with VDBR = 0. 5  V ,  {3 = 4. 7 · 10-4 �km2, and r = l .  We use 

nm/q = 0. 8 V and hence V = 1.3 V .  The thermal resistance is given by 

e = 91 5 · (12 /d (11m)) K/W (Sec. 6.2.), while the device area is given terms of the 

diameter with A = mi2/4. From the estimated mirror reflectivities (99.7 % and 99.8 

%) we expect a cavity round-trip loss of 0 = 0.5 %. For the active layer of structure 

B this would require an approximate threshold gain of g,h = 430cm -I . Inasmuch as 

we do not know what type of size dependent loss we can expect in this device, we 
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calculate several curves for losses that depend inversely on the diameter as 

g,h = 430 · (I + do/d) cm-I . This dependence is given only as an illustration of the 

influence of size dependent losses on the maximum CW operating temperature. The 

gain parameters are based on equations (4- 1 )  and (4-2) :  

10 = 76.6 NQW exp(g'h(cm-I )/846) A/cm2 • with NQw = 7 .  
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Fig. 4.29: Calculated highest heats ink temperature for continuous
wave operation based on the parameters given in this chapter. The size 
dependence of cavity loss is given only as an illustration. 

The results are shown in Fig. 4.29. It is evident that in the absence of cavity 

dependent losses ( do = 0) the smallest devices are expected to perform continuously 

at highest temperatures. This is expected since for a constant threshold current 

density. a reducing device diameter results in a decreasing threshold power. This 
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power reduces faster than the increase in the thennal resistance for reducing device 

diameter. With the introduction of cavity dependent losses, such as, diffraction loss 

( 8  oc tid) ) and sidewall scattering ( 8  oc l/d2 and 8 oc ljd ), the threshold current 

density increases for smaller devices and limits the highest temperature for 

continuous-wave operation. The graphs shown in Figure 4.29 show that the lasers 

fabricated using the S250 p-mirror and the KS2778 active layer should operate 

continuously for range of diameters around 10 micrometers. The graphs in Figure 

4.29 are given only as an illustration of the behavior of the highest CW operating 

temperature (4-26). The high values of ThCW) predicted by this model are unrealistic 

because the g(J,A ,T) fit has been made only around room temperature. The 

temperature dependence of nonradiative recombination and absorption losses will 

eventually reduce the To value and ThCW). 
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4.6. Conclusion 

In this chapter, we have described the design and the issues important for the 

fabrication of continuous-wave operating fused long-wavelength vertical-cavity 

lasers. The information available for this design was sparse, and therefore several 

measurements of optical properties of used materials had to be performed. Still, the 

exact values of absorption coefficients, gain, and temperature dependence of optical 

properties are not known. These parameters will have to determined in the course of 

future development of these lasers. The issue of loss contribution of different layers 

in the cavity will be addressed again in Chapter 7, when we discuss the results on all 

fabricated devices. 
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Chapter 5 

Fabrication process 

In this business, nothing is ever exact. 

Gerald Robinson 

The fabrication process for all working double-fused vertical-cavity lasers was in parts 

the same. There were three generations of laser structures, which are denoted by 

generation 1 ,  2 and 3.  The active layers and mirrors used in these samples are listed 

in Table 4.1 . The generations follow the trend of improvements in the lasers. 

Generation 1 was the first working double-fused VeL that used KS2290 active layer, 

S207 p-mirror, and S201 and S230 n -mirrors. The mirror resistance of S207 was 

too high for obtaining continuous-wave operation at room temperature. The fust task 

was to reduce the p-mirror resistance. The first mirror with reduced voltage drop 

was the S250 AlGaAs/GaAs mirror, and the lasers that used this mirror were 

designated as the second generation of double-fused vertical-cavity lasers. The active 

layer used in this second generation was the same as in the first generation, namely. 

KS2290. The laser structure of generations 1 and 2 is shown in Figure 5 . 1 .  
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Fig. 5.1: Structure of generation 1 devices (FI26). 

The next improvement in the device performance was achieved by altering the active 

layer design: The separate confinement regions were removed and hence the quantum 

wells were embedded in InP cladding layers. Furthermore, since the active layers 

were grown with the n -type layers first, the first fusion was performed to the p -

mirror, rather than to the n -mirror as i t  was done in generations 1 and 2. Two 

devices were fabricated with this new active layer (F170 and F 1 7 1 )  and were 

designated as the third generation of double-fused vertical-cavity lasers. The structure 

of these devices is shown in Figure 5.2. 
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Apart from the epilayer changes there have been a few variations in the structures, 

mostly in the coating and the contact technology. All of the generation 1 and 

generation 2 devices except Fl26 had no silicon nitride coating and no anti-reflective 

coating on the bottom. Since the generation :i and 3 devices had an AIGaAs mirror 

which oxidizes much slower than AlAs in generation 1 devices, there was no need for 

a silicon nitride coating. The process sequence described in this chapter follows the 

generation 1 and 2 device fabrication sequence. The fusion of generation 3 devices 

has a different order, but unless otherwise stated, the rest of the process sequence is 

identical to generation 1 and 2 devices. 

p-AlGaAs/GaAs 
mirror 

quantum-well 
active layer" 

I 
n-contact 

NiiAuGelNiiAu 

Ii 

p-contact 
TiiAu/Ni 

1st fused 1 / interface 

1/ 2nd fused / interface 

\ 
n-AlAs/GaAs 

mirror 

D 
Fig. 5.2: The structure of generation 3 devices. 
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5.1. Fabrication process steps 

5 . 1 . 1 .  First fusion 

The fabrication process is illustrated with the sequence of Figures 5.3.  Two MBE 

growths and one MOVPE growth are performed to provide the necessary epilayers. 

The samples to be processed are always cleaved into squares with dimensions 

8 mm x 8 mm .  The process sequence starts with the selection of an active layer 

sample and an n-mirror sample (Fig. 5.3a). This selection is based on the mirror 

center wavelength and the active layer photoluminescence peak. 

et 
InP sub 

l/ 
ch stop 
layer 

n-DBR 

n-GaAs sub 

(a) select active layer 
and n-mirror 

InGaAsP 
active 
layer 

InP sub 

II 

n-DBR 

n-GaAs sub 

(b) wafer fusion 

Fig. 5.3: Fabrication process steps (a) and (b). 

"u;; 

Fusion channels are etched into the InP sample. The width and the depth of the 

channels on generation 1 and generation 2 devices was 5 !lm and 122 nm. The depth 

was equal to the thickness of the InP cladding layers, while the channel pitch was 150 

!lm at all times. The channels always extended to the very end of the sample. This 
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was ensured by overexposing the channel mask. Before the fabrication of generation 

3 devices it became evident that channels with insufficient cross-sectional area 

sometimes produced poor quality fusion. For this reason, all of the generation 3 

devices have 10 11m wide and 300 nm deep channels (The thickness of the lnP 

cladding on the generation 3 active layers is = 300 nm). The etching of the channels is 

performed using 3:1  H)PO.:HCl . The etch rate ofInP in H)PO.: HCl and H20:HCl 

mixtures at room-temperature is shown in Figure S.4. This is a very viscous etch 

which is quite crystallographic at the 3 :  1 concentration. The etch can be made more 

isotropic (diffusion limited) by increasing the phosphoric acid concentration. A cross

section of a channel etched in InP substrate is shown in Figure 3.5. The chemistry of 

this etchant can be found in (Notten, 1991). 

10 

0 . 1  ........... ---...... """ ....... .1..-...... ---..................... 
0. 1 1 

HClIHlO. or HClIHP 10 

Fig. 5.4: The etch rate of lnP in unagitated H)PO.: HCl and 
H20: HCl mixtures at room-temperature ( 12. l N  HCl, 85%H)PO. ) .  
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After solvent cleaning and oxide removal, the n -type mirror is fused to the InP active 

layer at 630'C for 20 minutes in a hydrogen atmosphere (Figure 5.3b). During wafer 

fusion the two samples are aligned to fit each other exactly (cleaved edges are parallel) 

and uniform pressure is applied to the samples. 

reflectivity 
measurement R l  

-

n-DBR 

n-GaAs sub 

(c) InP substrate removal 

reflectivity 
measurement R2 

n-DBR 

n-GaAs sub 

(d) InGaAsP etch stop 
removal 

Fig. 5.5: Fabrication process sequence. Steps (c) and (d). 

5. 1 .2. InP substrate removal 

After a 2 hour cool-down, the samples are taken out of the furnace and the InP 

substrate is removed using 3: 1 HC1:H,O (Figure 5.5c). No attempt is made to protect 

the edges of the active layers or the mirrors during the substrate removal, since one 

side of the sample is InP and the other GaAs. The substrate etch typically lasts about 

45 minutes and it stops on the InGaAsP etch stop layer. The HCI selectivity of InP 

over GaAs and Ga containing compounds is perfect at room temperature if there are 

no defects. One may also use concentrated acid since HCI etches InP only in the 

undissociated state, however, there has been some indications that too fast substrate 
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removal promotes cracking of fused samples (Dudley, 1 994). This issue was not 

investigated. 

Fig. 5.6: Bowing of the InP epilayers into the channels after first 
wafer fusion and InP substrate removal. The channel pitch is exactly 
1 50 11m. 

Most of the time, especially if the channels were deep, at this point one can observe 

the bowing of the active layer in the places where the channels are located below the 

active layer. This can be seen on a microscope photograph using a Nomarski 

interferometer in Figure 5.6. The scale in the figure is defined by the channel pitch 

which is exactly 150 11m. 
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reflectivity 
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n-GaAs sub 

(f) GaAs substrate and AlAs 
etch stop removal 

Fig. 5.7: Fabrication process sequence. Steps (e) and (f). 

5. 1 .3 .  Second fusion 

With the InP substrate removed, a measurement of the cavity mode wavelength is 

possible because the phases of the n -mirror and the airlInGaAsP etch stop layer 

interface are exactly opposite (measurement R, in Fig. 5.5c). The existence of the 

channels cause only a small perturbation in this reflectivity measurement since their 

area makes up less than 7 % of the total area. A p-type mirror is selected to match the 

measured cavity mode wavelength and in this way we maximize the p-mirror 

reflectivity based on an in-process measurement. It is for this reason that the 

thickness of the etch stop layer has to be exactly one quarter wavelength at the design 

frequency. After the removal of the etch-stop layer with H3PO.:H202: H20 (Fig. 

5.6d) and fusion of the p-type mirror (Fig 5.7e), the cavity mode remains 

approximately at the same wavelength (Fig. 5.7f). This is confirmed a mode position 
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measurement R3 (Fig 5.7f). The match between mode position measurements R, and 

R3 is typically within several nanometers. Reflectivity measurement � without the 

etch stop layer shows an increase in reflectivity at the mode position since both the n 

mirror and the air/lnP reflections are in phase. The three reflectivity measurements 

for sample F126 are shown in Figure 5.8. 

1508 nm laser mode 

2 
complete cavity (R3) 

V> 1 .6 � 

'0 ::I 
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1 300 1400 1500 1600 1700 1 800 

wavelength [nm 1 

Fig. 5.8: In-process reflectivity measurements used to determine the 
cavity mode position and adjust the p-mirror center wavelength. 

At this point is was very important to keep track which of the two sides of the fused 

structure is p and which is n ,  because sometimes they looked very much alike. 

After the second fusion step, the back side of the n -mirror was polished using 

Br:MeOH if the devices used the S276 mirror (the back of S276 mirror was matte). 

The polishing was done by hand because it was found that mounting the samples and 
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polishing using a chuck increased the possibility of breaking them. After polishing, 

the n -type contact was deposited in a 1 mm stripe at the back of the sample. The 

contact was a standard Ni/AuGe( l 2%}/Ni/Au alloy evaporated using the electron

beam evaporator and alloyed at 400°Cin the rapid thermal annealer. For generation 1 

devices the annealing was performed at the same time as the p -contact (after the posts 

have been defined). 

Fig. 5.9: A photograph of the in-house developed spray etcher. 

5 . 1 .4. GaAs substrate removal 

After the fusion and polishing, the p-GaAs substrate is removed using 

NH40H: H,O, spray etching, and the AlAs etch stop layer is removed in 25% HF. 

Spray etching is a common technique for selective substrate removal used in GaAs 
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veL fabrication (Tanobe, 1992) and fused GaAs laser fabrication (Lo, 1993). The 

GaAs over AlAs selectivity in this etch is based on the difference in the solubility of 

Ga and AI oxides in aqueous solutions of specific pH value. When low pH values are 

used (less than 8) violent agitation in the form of a spray is used to help the 

dissolution and prevent complete oxidation of the surface. An in-house spray etcher 

shown in Figure 5.9 has been developed for this purpose. The etch rates of GaAs and 

AlAs achievable with this system are shown in Figure 5 .10. The total time necessary 

to remove the entire substrate is around 3 hours. 
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Fig. 5.10: Etch rates of AlAs and GaAs achievable with the spray 
etcher using NH40H: H,02 ( 30%NH40H , 28% H,02 ) ' 

During the two fusion steps and the subsequent substrate removal the edges of the 

samples get damaged so that areas within typically 3/4 rnm of the sample edge 
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become unusable. Note that during the first substrate etch ( HCl ). AlAs layers in the 

n -mirror and the InP in the active layer c1addings are etched from the side. while 

during the spray etching the n -substrate gets etched from the comers as well as from 

the side. The damage from substrate removal steps ultimately reduces the usable area 

on the sample to approximately 40 mm 2 • Within this area there are typically no cracks 

or bubbles. The only defects visible in the fused epilayers are those coming from the 

epilayers themselves. which are mostly oval defects in the MBE grown mirrors (see 

Chapter 3 for more details). 

p-DBR 

n-DBR 

n-GaAs sub 

(g) p and n contact 
deposition 

n-DBR 

n-GaAs sub 

(h) Chlorine reactive 
ion etching 

Fig. 5.11 :  Fabrication process sequence. Steps (e) and (f). 

5 . 1 .5. Top contacts and reactive ion etching 

The generation 1 devices were defined by circular Au/ AuZn/Pd/ Au/Ni contacts 

which were fabricated by a standard lift-off process (Fig. 5 . 1 1 g). The mask contained 

circular patterns with 10 different diameters ranging from 6 �m to 60 �m. Figure 5.12 
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shows the units cell of the laser mask. The dot sizes were 6, 8, 10, 12, 1 6, 20, 26, 

36, 48, and 60 11m. The laser-dot density is 24800 cm·2• 
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Fig. 5.12: Unit cell of the vertical-cavity laser mask. The pattern 
contains ten different sizes from 6 11m to 60 11m (inclusive) in an 
approximate exponential progression: 6, 8, 10, 12,  16, 20, 26, 36, 48, 
60. 

The top contacts ( p-type) were alloyed at 430°C for 20 seconds in a rapid thermal 

annealer (RTA) after the pillars were etched. The thicknesses were 3 nm Au, 100 nm 

AuZn (5%), 40 nm Pd, 100 nm Au evaporated in a thermal evaporator, followed by 

150 nm of Ni evaporated in the electron-beam evaporator. For generation 2 and 3 

devices the contact was not alloyed an consisted of a very thin Ti layer (approximately 
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5 nm), 100 nm of Au and 175 nm of Ni all evaporated in the electron-beam 

evaporator. 

300 r-

200 I-

I-

100 r-
-

I I I  I I I 

..

. . 
- _ 

.
.

.. .. 

E- •. ' 

. . 
. . . 

.
' 

......
. 

. ' 

. 

. .... !2 ..
... . .

. . . . . i5 
; .. .

. 0···· · ·· --";> 

14 

_ 12  

- 10 � 
- 8 

- 6 

- 4 

2 

� 
� 

o L..---1'I..-.....I. __ J.... ' ---11..-_..1.... ' _J....' --' 0 
o 1 2 3 

pressure [mT] 

Fig. 5.13: The etch rates of GaAs and Ni in chlorine reactive ion 

etcher at different pressures. 

The thickness of the nickel layer was critical since it was used as a mask in Cl2 

reactive ion etching. The etch rate of Ni in comparison with GaAs is shown in Figure 

5 . 13. The posts are etched in pure Cl2 plasma ( l mT/350V), and a HeNe laser is 

used for in situ optical monitoring of the etching. At these conditions, Ni etches 

approximately 3 nm/min and hence the total thickness of the last Ni layer on top of 

the contact had to be adjusted to never let the Au remain exposed to the chlorine 

plasma. Gold does not etch chemically in chlorine, but is easily sputtered off. The 

thickness of the S207 mirror was approximately 5 11m, while the S250 mirror was 7 

11m thick which is the reason for different Ni thicknesses on top of the contact. The 
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evaporation of the Ni layer was done with several cooling steps to reduce the possibly 

of exerting high stress on the rest of the (non-alloyed contact). It was observed that in 

some cases the nickel layer would peel off the contact metals if adhesion was poor. 

This was very common with silver which was investigated, but finally abandoned for 

this reason. 

Figure 5 . 1 4  shows the in-situ normal-incidence refiectometer trace for the etching 

device F170. The total times of etching for S207 were about 35-40 minutes, while for 

S250 they increased to 50-60 minutes. A very low vacuum system base pressure 

before chlorine etching was instrumental for obtaining vertical sidewalls on the posts. 

The presence of oxygen increases the selectivity between AlAs and GaAs etch rates. 

This was particularly important in generation 1 devices which uses AlAs in the 

mirrors. The etching of S250 mirror was easier since AlGaAs did not oxidize as 

easily. The typical base pressure used was below 26 1!Pa ( 2  . 10-7 Torr) .  

� 
.;;: 
.� c 
e 
.= 
'00 , c - L-------�------------------_r o 36 min 

Fig. 5.14: In-situ normal-incidence refiectometer trace for reactive 

ion etching of a F 170 device in chlorine. 

Due to the low volatility of InCll at the processing temperature « 60T) InP etches 

more than five times slower than GaAs at these conditions. The approximate InP etch 
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rate at given conditions is 40 nm/min . Therefore. the InP cladding layer serves as an 

efficient etch stop layer and enables overetching for several minutes to eliminate any 

micro-loading effects around the posts. The micro-loading effects are quite 

pronounced around the pillars as seen in Figure 5 . 15 where the InP cladding of device 

F 171 has been removed to show the width of the GaAs corner that remained after a 3 

minute over-etch. 

Fig. 5.15: The bottom edge of the FI71  post with the InP p-cladding 
selectively removed. The free-standing GaAs edge is a result of micro
loading effects: The corners next to the pillar do not etch as well as the 
open areas. 

Devices F I23 and F125 had corrugated sidewalls resulting from selective etching of 

GaAs over AlAs and roughness from interruptions during the CI, etching step. For 

the fabrication of devices FI32 and F133.  the CI, etching was uninterrupted. the 
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GaAsl AlAs selectivity was reduced by lowering the base pressure before the etch from 

50 �Pa to 17  �Pa ( I. 3 . 10-7 Torr), and after etching the devices were kept in N 2 

atmosphere to slow down AlAs oxidation. For device F126, the etching was 

performed in the same way as for devices F132 and F133, but the sample was coated 

with silicon nitride immediately after the etching. For device F126, an additional 

patterning step was used to open the contacts at the top of the mesa and the backside 

was coated with an SiO anti-reflective film evaporated in the electron-beam 

evaporator. All of the generation 1 devices were alloyed after the chlorine etch. 

A scanning electron micrograph of finished devices F126 (with silicon nitride coating) 

is shown in Figure 5 . 16. Inasmuch as all three substrates are aligned before fusion it 

is possible to cleave the samples smoothly along the {Ol l }  planes. An SEM of a 

cleave through a F126 laser post is shown in Figure 5 . l7 .  The cleaved edge has been 

stain etched with H,PO.:H202:H20 which selectively etches all the involved 

materials in a descending etch rate: AlAs -t GaAs -t InGaAsP -t InP. The dark 

regions in Figure 5 . 17  are the most deeply etched AlAs layers. The last period of the 

n -mirror has a 31./4 GaAs layer which is not crucial for the design (S230). The 

device was not cleaved exactly through the center and hence one can see the silicon 

nitride coating on the side of the pillar. The reason the silicon nitride coating edge is 

not vertical in the figure, is because the cleave through the pillar is not perfectly 

vertical. 

A magnified view of the stain-etched active layer is shown in Figure 5 . 18  (same 

device as in Figure 5. 17). Stain etching is also necessary to decorate the fused 

junctions between GaAs and InP. The presence of any micro-voids in the fused 
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junctions is easily detected using this stain etch since the etchant enters the void by 

capillary action and then increases the width of the void by etching GaAs (see Chapter 

3). In Figures 5 . 1 7  and 5 . 1 8  the n -fused junction is visible as a very faint line. The 

p-junction is barely visible because the thickness of the GaAs above the p -fused 

junction has been reduced due to stain etching: As AlAs in the first period of the p

mirror etches inwards. it opens an area above the first )../4 p-GaAs layer which is 

then thinned down very quickly. 

Fig. 5.16: Finished double-fused vertical-cavity lasers (Device 

F1 26). The ring visible on top of the mesas is the opening in the 

silicon nitride passivation. The clear areas are InP coated with 100 nm 

of silicon nitride. Large part of the processed sample is clean and 

without damage as shown in this scanning electron micrograph. 
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Fig. 5.17: Cleaved and stain-etched vertical-cavity laser (FI 26). 

Figure 5.18. Stain-etched view of the active layer. Active layer in 

this device is KS2290. 
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5.2. Conclusion 

In this chapter we have described the fabrication process of index-guided post double

fused vertical-cavity lasers. There is a large number of structures that can be 

investigated once the fused epilayers are formed and this shall be left for future 

developments. We have shown here a simple single mask process that produced 

working 1 .54 11m vertical-cavity lasers. 
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Chapter 6 

Device characteristics 

The characterization of double-fused lasers consisted of pulsed and continuous wave 

light-current, emission spectra and near-field pattern measurements. The summary of 

characterized samples is given in Table 4. 1 .  The characteristics of the first two 

generations of double-fused vertical-cavity lasers are given in Section 6. 1 . 1 ,  while the 

continuous-wave operation of generation 3 devices is described in Section 6. 1 .3. The 

polarization and transverse mode studies have been performed only on the generation I 

devices (F1 32) and are described in Section 6. 1 .2. The estimate of the thermal 

resistance of these devices is described in Section 6.2. The analysis of a number of 

other laser parameters is given in Chapter 7. 

The setup for measurement of calibrated light -current characteristics is shown in Fig. 

6 . 1 .  The sample is placed on a copper block with a 2 mm hole in the center through 

which the light is taken out. Silver epoxy (Epoxy Technology, 410E) is used to 

improve the contact between the back contact on the sample and the gold plated copper 

chuck. The back of the sample was sometimes not completely flat due to hand 

polishing of the n -side (see Sec. 5 . 1 .3 for details). The light output was measured 

using a calibrated Ge detector (diameter � 5 mm) and a matched power meter. 
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probe 
VCL sample I silver epoxy 

copper block 

• calibrated detector 

Fig. 6.1: Setup for the measurement of calibrated light-current 

characteristics. 

The measurements are performed at pulsed and continuous-wave conditions using a 

computerized test setup. The CW voltage-current characteristics are acquired using the 

semiconductor parameter analyzer (HP4145) with the simultaneous acquisition of the 

light out using a calibrated detector (Newport 835): The current through the sample 

was stepped and the voltage and the light were measured. For pulsed measurements 

the connectors had to be changed to connect the setup to the pulse generator (HP8 1 16). 

For light-current acquisition, the voltage was stepped at the pulsed generator and the 

current was read using an inductive current probe. The probe output was terminated 

with 50 ohms at the lock-in amplifier (EG&G 5209). The calibration of the current 

pulses and the locking amplifier readout (adjusting the sensitivity) was performed 

using a separate oscilloscope and a resistor. In this way the computer program directly 

measured calibrated Light-current-voltage characteristics for both DC and pulsed 

measurements. This method of calibration of pulsed measurements resulted in an 

uncertainty of ±5% in the current and voltage values. The spectrum of the laser was 
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measured by coupling the laser output directly into a multi-mode fiber that was 

connected to an optical spectrum analyzer. 

The polarization and transverse mode characteristics were measured using a slightly 

modified setup shown in Fig. 6.2. The laser output was reflected on a gold mirror and 

collimated onto a detector or an infra-red camera. The beam was passed through a 

rotatable Glan-Thompson polarizer with an extinction ratio better than 30 dB. For the 

near-field pattern measurements we used a Hamamatsu C274l camera. 

probe 
" 

,....-, LSss.... � 
{\ � camera � V \ "

d"�'cto, 

gold mirror le�s Glan-Thompson polarizer 

Fig. 6.2: Setup for measurement for measurement of polarization 

resolved light-current characteristics and transverse mode properties. 

The temperature control of the stage is performed open-loop with a thermo-electric 

coolerlheater powered from a DC power supply. The temperature readout was done 

using a calibrated thermistor (Dale I Tl  002-5) that was attached to the copper block 

approximately 5 mm from the sample. For "room-temperature" measurements the 

stage temperature was not controlled. 
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The thermal resistance of the lasers was measured by two methods. The first method 

was to monitor the shift in the lasing wavelength with temperature of the laser, while 

the other used the threshold current as a thermometer. The mode wavelength method 

was used on devices F 1 32 since at that time no continuous-wave operation was 

available. With devices that operated CW at room-temperature and above room 

temperature (F 170) it was possible to compare the CW and pulsed measurements and 

get a more direct measurement of the thermal resistance. 
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6.1. Laser characteristics 

6. 1 .  J .  Room-temperature pulsed measurements (GEN 1 and 2) 

The devices F I2S and FI23 were the first fabricated double-fused vertical-cavity 

lasers. All device diameters greater than and equal to 9 11m (nominally 10 11m) were 

found to lase under pulsed conditions (SO ns 1 SO kHz 1 2S'C). The samples FJ32 and 

FJ33 were fabricated immediately after with improved processing. On this second 

batch of samples (FJ321FJ33), all ten laser sizes on the mask (6 to 60 11m inclusive) 

operated at room-temperature under pulsed conditions (SO ns 1 25 kHz 1 2S'C). The 

voltage drop at threshold across all generation 1 devices ranges from 12 V on the 

largest to 24V on the smallest devices. This large voltage drop is dominated by the p

AlAs/GaAs mirror (S207). An independent measurement of the fused junction voltage 

drop on a 60 11m device indicates that at threshold for this device size, less than 2 V 

appears across the fused junction and the ohmic contacts combined. The current

voltage characteristic of the S207 mirror is shown in Fig. 4.28. The best performance 

in this generation was measured on sample F126. 

A large number of light-current measurements was taken to characterize the yield and 

determine the best performance. Since FI23 and FI2S were processed in parallel, 

only the better sample (FI2S) was fully characterized. The same applied to FI33 and 

FJ32 where F I 32 performed slightly better. Devices in areas highly damaged from 

substrate etching (within 1 mm of the edge), were not tested. Out of 170 devices with 

diameters greater or equal to 9 11m measured on sample FI2S, 153 lased. On sample 

FJ32, l2S devices of all diameters were tested and 120 were found to lase. On sample 
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F 126, 80 devices were tested and all lased. The overall yield is higher than 95%. The 

remaining 5% is attributed to oval defects in the MBE grown wafers which appear on 

both mirrors (Fig. 3.23), defects in the active layer, or particles trapped in the fused 

junctions (Fig. 3.21 ). Although there is the possibility of incomplete fusion within a 

device, there has been no indication that the fusion process reduces the yield of these 

lasers. A separate measurement of photoluminescence from the active layer before and 

after wafer fusion was performed, but no measurable change in position and the 

intensity of the emission spectra was observed. More investigation in this area is 

necessary to assess the long term impact of fusion on device reliability. 

50 �--------------______ � 

device F 1 3  

<:> 
device F I26 

1 1.-""-............ ....J.. __ .................................. ......J 
3 10  30 100 

device diameter £11m] 

Fig. 6.3: Median threshold current density as a function of device 

diameter for 153 devices on sample FI25, and 1 20 devices on sample 

F1 32, and 80 devices from sample F126. 
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The graphs in Fig. 6.3 summarize the median threshold current density as a function of 

device diameter for all devices that were found to lase. Due to the slight difference in 

the alignment of the cavity mode to the mirror reflectivity peak and the gain peak, the 

devices exhibit different threshold vs. temperature behavior. In all devices the lasing 

mode is located the short-wavelength side of the gain peak at room temperature, which 

causes relatively low values of the characteristic temperature To' Device F l 25 lased at 

1 522±3 run with a characteristic temperature To � 40K, device F132 lased at 1 5 1 7±2 

nm with To � 28K, while device F126 operated at 1508±5 nm with To � 23 K .  

(Characteristic temperature is defined as To == I,h dT/dI,h taken at room temperature).  

Maximum pulsed output of 14 mW was measured on a F132 device. The associated 

light-current characteristics is shown in Fig. 6.4. 
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Fig. 6.4: Pulsed light-current characteristic of a 60 11m device 
delivering up to 14 mW pulse output power (F132). 
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The trends in the threshold current density of the three runs can be explained as 

follows: On device F12S, light scattering from the post edges due to interrupted and 

selective CI, etching produced the fast increase in !be threshold current density with 

reduced device diameter. Consequently, the smallest operating device had a diameter 

of 9 11m. Once the reactive ion etching step was improved and the sidewalls protected 

from oxidation by keeping the lasers in N, atmosphere, the performance of !be smaller 

devices improved, enabling the operation of the smallest devices on the mask (6 11m) 

and reducing the lowest threshold current by a factor of three (down to 4 rnA). Since 

devices F12S and F132 were fabricated using similar mirrors and active layers, the 

threshold current density for large devices tends towards approximately the same 

value. In going from device F132 to F126, only a slight improvement was observed 

in the performance of smaller devices, while the threshold current density of the larger 

devices, where the sidewall damage has less effect, shows better than 30% 

improvement over F 1 2S and F 1 32 devices. This is attributed to the increased 

reflectivity of the bottom mirror (larger number of periods and better mode to 

reflectivity peak match). This is seen in the reflectivity spectra of S230 and S201 

mirrors shown in Fig. 4. 18.  The increased reflectivity of the output coupler (bottom 

mirror) is also confirmed by the reduction of the external differential quantum 

efficiency 11" on the large devices: From as high as 2.5% observed on devices F12S 

and F132, it decreased to 1.3% on device F126. The summary of threshold current 

measurements on device F126 is shown in Fig. 6.5, where the highest and the lowest 

measured threshold current was denoted with the top and the bottom end of the error 

bar. Some improvement in the performance of the smaller devices is attributed to the 

sidewall passivation using silicon nitride and has resulted in a number of devices lasing 

at 3 rnA pulsed at room temperature. 
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Fig. 6.5: Threshold current vs. device size on F126. The top and the 

bottom ends of the error bars show the highest and the lowest value of 

threshold current measured. 

There has been a number of attempts to fabricate generation 2 devices. The device 

F 139 used a non-alloyed silver contact on top. but during the chlorine reactive ion 

etching the silver was deeply undercut. Some lasers operated and room-temperature 

pulsed threshold current densities as low as 1. 5 kAl cm2 were observed. This was 

lower than any generation I device and indicated that generation 2 devices have lower 

cavity losses. The laser threshold voltage was about 2.5 times lower than in 

generation I devices. This was in agreement with the mirror resistance measurements 

described in Section 4.4.7. The next two attempts to fabricate this device used a non-

alloyed gold mirror (FI 5 11F152) and the laser was processed for upside down 

mounting with indium solder onto diamond heatsinks (See Sec. 8 . 1) .  However. due 
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to some contamination the fused junctions were full of voids and only very few lasers 

operated under room-temperature pulsed conditions. The stain-etched cleaved edge of 

the fused junctions on one of these devices is shown in Fig. 3 . 13 .  

The first working runs of generation 2 devices were F 166 and F 167. Two different 

n -mirrors were used on these two runs. The F167 device used the S20l mirror, while 

F166 used the S276 mirror. Based on the discussion of cavity resonance tuning given 

in Section 4.3, it was concluded that the combination S250, KS2290 and S276 

samples would have too long a cavity length. For this reason, a part of the 50 nm of 

GaAs layer on top of the S276 was etched off before fusion. This was quite 

successful since F 166 eventually operated room-temperature pulsed with a lasing 

wavelength of 1 549 nm. No such mode adjustment was used on the F167 sample 

since the n -mirror S276 already had 50 nm GaAs layer on top to adjust the mode. This 

laser operated at 1532 nm. The characteristics of these lasers were not investigated to a 

great extent, except to compare them to the F170 device which operated continuously 

at room temperature. Both F166 and F167 operated with lower threshold currents and 

threshold current densities than any other generation 1 devices. The comparison with 

F 170 is made in Chapter 7. 

6 . 1 .2. Transverse-mode and polarization properties (GEN 1) 

The analysis of the near-field patterns and the polarization characteristics of these lasers 

reveals an interesting property: The light output from these lasers is very strongly 

polarized along the [01 1 ] direction of the active layer for both single and multiple-
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transverse mode operation. Single mode operation was observed on the smallest 

devices (6 and 8 Ilm), while larger devices operated multimode already at threshold. 

The reasons for this strong polarization anisotropy are not as yet clear. The possible 

causes include the influence of biaxial stress in the active layer resulting from wafer 

fusion, and stress inherent to the MOVPE-grown active layer. Since the active layer is 

exposed between the finished devices (Fig. 5. 1 without the silicon nitride coating), a 

polarization-resolved photoluminescence measurement can be used to investigate any 

polarization coming from the active layer fused to the bottom mirror. The measurement 

was performed on sample F l 25 and no anisotropy was detected. However, the 

anisotropy may be too weak to be observed in the photoluminescence spectrum, but 

may still be large enough to effect the gain and the threshold of differently polarized 

modes. The polarization-resolved light-current characteristic of a 6 Ilm device is 

shown in Fig. 6.6. The degree of polarization of this device is 97 % at 1 5  mA o 

On some devices, the onset of lasing occurs at the edges with the light increasing in the 

center only at higher currents, as shown in the polarization-resolved light-current 

characteristics of a 36 Ilm device in Fig. 6.7. This phenomenon may be a result of the 

strain arising from the p-mirror post acting as a stressor on top of the active layer, or 

possibly current crowding. Even though the electric field intensity pattern resembles 

that of a whispering-gallery mode, the direction of the maximum output intensity 

clearly indicates that laser oscillation occurs in the direction perpendicular to the wafer 

surface. 

On most devices the lasing starts in a complex field pattern which is distributed across 

the entire device area, as shown for a 48 Ilm diameter device in Fig. 6.8. Similar 
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irregular patterns and filamenting have been observed on large area GaAs-based gain

guided VCLs at multimode operating conditions (Tan, M., 1995). It is not clear if the 

irregularity of the pattern is a result of rough sidewalls or comes from the 

nonuniformities in the current transport" over the fused junctions originating from 

random dislocations. The fact that the devices filament and that there are dark regions 

at the onset of lasing, such as is shown in Fig. 6.7 and 6.8, implies that the effective 

value of the threshold current density shown in Fig. 6.3 is actually higher for larger 

devices. However, from the shown near-field patterns it is difficult to determine the 

magnitude or the significance of this correction. 
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Fig. 6.6: Polarization-resolved light-current characteristics of a 6 �m 

device. 

158 



Fig. 6.7: Polarization-resolved light-current characteristics and 

associated near-field patterns of a 36 1lrn diameter device (FI32). 
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Fig. 6.8: Polarization-resolved light-current characteristics and 

associated near-field patterns of a 48 11m diameter device (F132). 
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The study of room-temperature pulsed performance of the first generation of double

fused vertical-cavity lasers, in particular, the size dependence of the threshold current 

density, has led to better understanding of device operation and to significant progress 

in device performance. Some of the issues that are still to be resolved are the reduction 

of p -mirror resistance and the control of the polarization characteristics. The high 

threshold power dissipation on the p-mirror and the ohmic contacts are the key 

reasons that prevent these lasers from operating continuous-wave at room temperature. 

In order to understand and possibly control the polarization characteristics of these 

lasers, it is necessary to fabricate lasers with various cross-sectional profiles, different 

types of active layers, and various epilayer orientations. Furthermore, the investigation 

of the effect of fusion on the active layer should be studied by fabricating lasers with 

varying distances between the active layer and the fused junctions. 
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6. 1 .3. Room-temperature continuous-wave measurements (GEN 3). 

Two generation 3 samples were processed (F 170 and F 1 7 1 )  and both operated 

continuously at room-temperature. The device structure is shown in Fig. 5.2. Most 

of the characterization was performed on F170 because this sample exhibited slightly 

better performance. A scanning electron micrograph of finished F 1 70 devices is shown 

in Fig. 6.9. 

Fig. 6.9: Finished F170 devices. Ten different sizes from 6 �m to 60 

�m are visible. 

Lasers with diameters between 8 �m and 20 �m operated continuously (five sizes), 

while all other sizes operated pulsed at room temperature (23°C). Typical light-current 

characteristics for the five laser sizes are shown in Fig. 6. 10. The main reason for the 
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oscillations in the light -current characteristics is the interference from the substrate-to-

air reflection. Some small irregularities are also believed to come from multiple 

transverse mode operation. The oscillations are absent in the room-temperature pulsed 

light-current characteristics since the coherence length of the laser output is reduced by 

chirping during the pulse. Furthermore, the intensity of the oscillations in CW 

operation is reduced for on smaller devices because for the beam returning from the 

substrate diffracts and the coupling back into the laser is lower. 
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Fig. 6.10: Continuous-wave operation of five sizes of 1 .54 �m 
vertical-cavity lasers. 
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Fig. 6.11: Lasing threshold in the laser output spectrum. 
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The lasing action was confirmed by a clear threshold behavior in the light-current 

characteristics, and by the narrowing of the laser Iinewidth. Fig. 6. 1 1  shows the onset 

of lasing in the output spectrum. At a current of 2.5 rnA (below threshold) 

spontaneous emission originates from the cavity mode at 1542 nm and in two small 

peaks at A < 1. 4 7 �m. These peaks correspond to the two reflection minima in the 

spectrum of the bottom mirror (S276), as shown in Fig. 4.18 .  As the bias is increased 

and threshold is reached the carrier concentration (and hence the spontaneous 

emission) is clamped while the intensity of the lasing mode dramatically increases. 

This is illustrated in the transition from 3.5 rnA to 4.5 rnA in Fig. 6. 1 1 . The dominant 

part of the spontaneous emission seen below threshold in Fig. 6. 10  comes from 

wavelengths shorter than the bandstop of the bottom mirror ( A < 1.47�m). The 

narrowest Iinewidth measured was 0.32 nm limited by the presence of multiple 

transverse modes within this linewidth. An example of the multimode output spectrum 

is shown in Fig. 6. 12. The lasing wavelength was 1542 ± 2 nm. 

I-

lasing wavelength = 1544 nm 
linewidth = 0.32 nm 

J. \ 
1538.6 nm 1548.6 nm 

Fig. 6.12: Output spectrum of a 12  �m diameter device under 
continuous-wave room-temperature operation. 
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Fig. 6.13: A summary of room-temperature pulsed and continuous
wave threshold currents for all device sizes. 

Fig. 6 . 13  shows a summary of room-temperature continuous-wave and pulsed 

threshold currents for all device sizes. The lowest continuous-wave and pulsed 

threshold currents are 2.3 rnA and 1 .8 rnA, measured on an 8 Ilm diameter device. The 

lowest continuous-wave and pulsed threshold current densities are 2.5 kNcm2 (20 Ilm 

device) and 1 .4 kNcm2 (60 Ilm device). 

The 12 Ilm devices operate continuous-wave to temperatures above 30°C. Fig. 6.14 

shows the temperature-dependent light-current characteristics of a 12 Ilm diameter 

device that operated continuously to 34°C. The continuous-wave characteristic 
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temperature To at room-temperature varies between 28 and 37 K. The temperature 

dependence of the threshold current is discusses in Section 7.2. 
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Fig. 6.14: Light-current characteristics of a 1 2  )lm device as a 
function of temperature. 

167 



6.2. Thermal resistance 

The exact calculation and the estimates of the thermal resistance of the double-fused 

laser are quite straightforward owing to the simple structure of this device. Since 

dominant heat sources are in the p-mirror and the active layer, its is possible to 

represent this structure as a disk heat source on an infinite half-space of thermal 

conductivity 1( .  The approximate thermal resistance of this structure is expressed with 

the analytic expression (Kutetanadze, 1966), 
I 

e =-Ih 21(d 
(6- 1 )  

Since the structure involves a number of layers of different thermal conductivity, it is 

not clear how to calculate the effective thermal conductivity that could be used in (6-1). 

One way of estimating the equivalent conductivity is using the effective thermal 

resistivity method of (Osinski, 1993). In our work, the thermal resistance of the 

double-fused laser structure (generation I )  was calculated using a finite element 

program (ANSYS, 1995) by (Pipreka, 1995). The calculated thermal resistance fits 

the hyperbolic relationship very well and is approximately expressed using (6- 1 )  with 

an effective thermal conductivity of /( = 0.55 W /Kcm. This conductivity represents 

the combined effect of the InP (O.68W/Kcm), InGaAsP (=  O.05W/Kcm), GaAs 

( O.44W/Kcm) and AlAs ( O.9IW/Kcm) layers that all contribute to the structure 

thermal conductivity (Adachi, 1983, 1985). The numerically calculated thermal 

resistance is then approximately given by, 

e = 915 . ( 12  ) K 
Ih d(llm) W 
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Simple thermal resistance measurements were performed on generation I devices 

(FI32) by (Margalit, 1995b) using the wavelength shift method. The measured data 

are shown in Fig. 6 .15 .  The large scatter in the data originates from the inconsistent 

thermal contact and the difficulty in determining the true mode position (due to 

multi mode operation). The measurements of thermal resistance were fit to the 

following relationship, 

e,. = 1 520. 12 K ( )1.16 
d(j.lm) W 

4000 �----------------------� 
, , " 

.' ' . ' .. . . 
, " . " 

" , , 

• measured 
. _  . . • . . . .  fit 
--- exact 

'e, • 

100 L-I ............ "'--____ ...... --' __ ......................... 
5 10 100 

Diameter [j.lm 1 

(6-3) 

Fig, 6,15: Thermal resistance of double-fused vertical-cavity lasers 
measured by the wavelength shift technique (Margalit, 1 994) and 
numerically calculated by (Piprek, 1995). 
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Strictly speaking. the wavelength shift method does not provide the thermal resistance 

of the active layer. but an averaged value that depends on the temperature of the entire 

cavity. since the mode position depends on the cavity optical length. The temperature 

that is most important for laser operation is the temperature of the active layer since that 

temperature determines the threshold current. The multimode operation of the laser 

makes the measurement very difficult since with the temperature changing some modes 

appear while others disappear. This is may be the source of the large discrepancy 

between the measurement and the exact calculation shown in Fig. 6.15. 

Since the FI70 devices operate at and above room-temperature we are able to measure 

the thermal resistance using the threshold current as a thermometer for the active layer 

temperature. The method operates as follows: We measure the threshold current and 

threshold power dependence of a device as a function of temperature in both 

continuous and pulsed operation. The pulse duration and the repetition rate are 
denoted with 7:P"/>' and j"p ' The duty cycle j"p 7:p"l" is made sufficiently low so that 

the average power dissipated at the device can be neglected. We take two threshold 
current vs. heatsink temperature curves Ipl(T", ) (pulsed) and I,w(Th, )  (CW). An 

example of this graph is shown in Figure 7.6. We select a threshold current value Irh 

that exists on both graphs and then the equation Irh = I",(Ti:» = Ipl(T::I» defines 

two heatsink temperatures Ti:) and T::I) . The active layer temperatures 

corresponding to these two heatsink temperatures are T�'w) = 8rh V},'"') Irh + r,;') and 

T(pl) - 8 V(pl)I ( � / ) + T(pl) Q 
- rh F rh . ... pulst 'fth hs • 

device (assuming that 7:rh » 7:p"I
,, ) 

Here 7:rh is the thermal time constant of the 

and T�pl) is the approximate active layer 

temperature at the end of the pulse. Since the temperature of the active layer varies 

during the pulse (approximately linearly). it is difficult to estimate the thermal 
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resistance from this information, unless one can assume that the heating during the 

pump pulse is negligible. If we average the active layer temperature variation during 

the pulse, we obtain the thermal resistance from, 

r(pl) - r(cw) 
e � h.< h' rh y« w)/ y« w)/ ( /2 ) F th - F lh Tpu1u Tth (6-4) 

In using this equation we typically neglect the heating of the active layer during the 

pulse. 

This method has several limitatioils. No matter how short the pulse, the device will 

always heat during the pump pulse. The magnitude of the active layer temperature rise 

depends on the average power dissipated in the train of pulses (duty cycle · pulse peak 

power) and the duration of the pulse relative to the active layer thermal time constant. 

To determine this temperature rise exactly, one has to numerically solve the time-

dependent heat diffusion equation for a specific geometry. This has been done for a 10 

Ilm diameter generation I double-fused vertical-cavity laser by (Pipreka, 1995). With 

a 50 ns pulse duration and 16  mW pulse power, the temperature rise at the quantum

wells was calculated to be between 2.5°C and 4°C, depending on the lateral location 

(The temperature distribution in the active layer peaks in the center. ) This active layer 

temperature increase affects the measurement of the pulsed threshold current. If the 

current pulse had a value that is exactly equal to the ideal pulsed threshold current, then 

the laser would operate only during a brief moment at the beginning of the pulse. By 

ideal pulsed threshold current we mean a measurement in which the active layer and the 

heats ink temperatures are equal, namely, the pulse does not heat the device. To 

measure light emission, one has to increase the pulse current to make the laser operate 
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for a longer fraction of the pulse. This means that measurement of the pulsed 

threshold current always overestimates the ideal pulsed threshold current 

corresponding to the heatsink temperature. Consequently, the value of r1;l) 
corresponding to a given current that was measured and used in (6-4) will be lower by 

the amount of active layer heating during the pulse. Since the threshold current is 

selected equal for both CW and pulsed measurement in our method, neglecting the 

pulse heating results in an underestimate of the thermal resistance. One can also see 

this from (6-4), where the thermal resistance value is higher if the heating during the 

pulse is included. 

The second issue is the interpretation of the measurements in the presence of backside 

reflections. As it will be shown in Section 7.4, in continuous-wave operating VCLs 

the coherence length is larger than the substrate thickness and the backside substrate

to-air reflection changes the effective reflectivity of the mirror. The same device 

operated under pulsed conditions may not experience such reflectivity modulations due 

to shorter coherence length (see Figure 6. 16). Since our method of thermal resistance 

measurement relies on the comparison between the pulsed and CW measurements of 

threshold current, an uncertainty in the value of thermal resistance is introduced 

through uncertain effective output mirror reflectivity. In addition, the interference is 

temperature sensitive because the optical lengths of the cavity and the substrate vary 

with temperature. The measurements of the continuous-wave threshold current were 

made by averaging the oscillations in the light-current characteristics. 

172 



25 � ________________ ����F�17�O�1�21�9 

20 

5 

T =16°C 
c w  

Tpl=34°C 

- - -

. . . . . ---

Current [mAl 

--------- pulsed 
-- cw 

Fig. 6.16: Pulsed and CW light-current characteristics of a 12  �m 
diameter device (F170) at different temperatures. When both the 
threshold current and the external differential quantum efficiency match 
on the pulsed and the CW light-current characteristic, the active layer is 
approximately at the same temperature. 

In the light of these issues we resort to using the thermal resistance values as an 

indicator of the relationship between measured pulsed and continuous-wave threshold 

currents, rather than as an exact indicator of the peak (or average) temperature of the 

active layer. In most of our measurements using the method (6-4), the measured 

values of thermal resistance differ drastically from the numerically detennined values. 

The reasons for this behavior are not clear. In the following paragraphs, we shall 

describe the results and discuss the thermal resistance measurements performed on 

F170 device. It is also important to note that in our measurements the thermal 
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resistance is also sensitive to the device contact to the heatsink. During measurements 

with temperatures below �14°C, the samples were completely covered with condensed 

water. Some of the inconsistent thermal contact is believed to come from these wet 

surfaces. 

With a large number of light-current characteristics taken at different temperatures ( 12 

�m device shown in Figure 7.6), i t  is  possible to match the pulsed and the continuous

wave characteristics at two different temperatures. This is shown in Figure 6 . 16  for 

three cases. It is interesting to note that matching the threshold current has also 

resulted in matching of the external differential quantum efficiency. The 12 �m 

diameter device (shown in Figure 6. 16) has a room-temperature thermal resistance of 

e,h � 1750 KjW, determined using (6-4) with V�"') = 3.7 V and I'h = 3.25 mA o 

This is quite close to the previous value measured for a 12 �m device (6-3), but almost 

twice as high as the numerically calculated value (6-2). Furthermore, the thermal 

resistance measurement yields increasing numbers as the temperatures decreases. At 

the lowest temperature measurement shown, the thermal resistance is e'h � 

2900 KjW. This large change can not be attributed to the temperature dependent 

thermal conductivity of the alloys. A relatively large scatter was observed in the 

thermal resistance values measured on different 12  �m diameter devices: Values as 

high as e'h � 4000 KjW were measured. Another data point can be obtained from 

the knowledge that a 12 �m device that operates continuously at 33°C will also operate 

pulsed up to 55°C. Since the threshold current and voltage at 33°C are 4.9 mA and 4 

V, using (6-4) we get a thermal resistance of e,h � 1 120 KjW . This is much closer 

the theoretically predicted value (6-2). All these measurements (done on the same 

device) indicate that the measured value (6-4) appears to decrease with temperature. It 
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is not clear whether this value represents the true thermal resistance, or is it an artifact 

of the measurement technique. However, the relationship between the pulsed and 

continuous-wave threshold current and mode shift with temperature seems to follow 

the large "thermal resistance" values given by (6-3) and (6-4). We illustrate this on 

another example that does not involve pulsed measurements. We consider the 

diameter dependence of the continuous-wave threshold currents. 
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Fig, 6.17: Estimated temperature difference between the active layer 
and the heatsink at continuous-wave room-temperature operation. 

We estimate the increase in active layer temperature above the heatsink for the devices 

shown in Figure 6.13 .  The exact continuous-wave threshold power was calculated 

using the known threshold voltage. We use equation (6-3) to estimate the active layer 
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temperature. The calculated temperature difference between the active layer and the 

heat sink is shown in Fig. 6.17. There are two interesting facts revealed from this 

calculation: 1 )  It is evident that the 12 11m diameter device operates with the lowest 

active layer temperature and is hence expected to have the highest continuous-wave 

operating temperature. This conclusion does not depend on the absolute value of the 

thermal resistance, but on the functional dependence of the thermal resistance on the 

device diameter which is approximately hyperbolic. 2) The highest active layer 

temperature for which there will be enough gain to reach threshold can be estimated 

from the largest (20l1m) diameter device that lased continuously. As seen from the 

graph in Fig. 6. 1 7, this maximum temperature is at least 46°C. Considering that the 

active layer of a 12  11m diameter device operates =13°C above the heatsink, it is 

reasonable to expect that the highest continuous-wave operation of this device size 

should be at least 46°C - 13°C = 33°C. This prediction is very good, since the highest 

continuous-wave operation of a 12 11m diameter device was measured to be 34°C. In 

summary, it is evident that a more comprehensive study of the thermal properties of 

these lasers is necessary to provide a consistent set of parameters for thermal 

modeling. 

6.3. Conclusion 

The improvement in the fabrication process and the laser design has resulted in the 

steady reduction in the threshold current and device threshold power dissipation, 

finally achieving room temperature continuous wave operation. A more detailed look 

at the cavity losses, efficiencies and the temperature dependence is described in the 

next chapter. 
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Chapter 7 

Analysis 

With three working generations of double-fused VCLs we are able to compare the 

performance and discuss some crucial questions regarding the laser design, cavity 

losses and efficiencies. In this section, we shall first estimate the round-trip cavity 

losses for the representative runs of all three generations, and then concentrate on the 

last (F 170) sample which has operated continuously at room temperature. Even 

though a large number of working devices were tested, there still remains a number of 

issues that are not resolved and more investigation is necessary. 

A great deal can be learned about the active layer performance by comparing 

generation 2 (F1661F167) and generation 3 (F1701F171) devices. This is possible 

because F166 and F1701F171 devices are identical except for the active layer. They 

both use S276 n-mirror and S250 p-mirror. The F167 device which has the S201 

mirror operated slightly better than F166 and was used for comparison. The 

difference between the reflectivities of S201 and S276 mirrors in devices F167 and 

FI70 is relatively small. Due to lower reflectivity of the S201 mirror, the round trip 

loss in device F167 is higher than in F170 by 0. 13  %. The total round trip loss, as 

shown below, is 1 % or higher and therefore this difference is not very significant 
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In the devices of generation I ,  the high mirror voltage drop and power dissipation 

was the reason the lasers did not operate continuously at room-temperature. The 

voltage drop has been significantly reduced by using the improved AlGaAs/GaAs 

mirror design (S250) on both generation 2 and 3 devices. The following are the 

reasons for better operation of generation 3 devices: 1 )  The active layer design was 

improved, 2) the p-mirror has lower resistance and better reflectivity using a non-

alloyed metal contact, 3) the n-mirror has more periods, 4) the tuning between the 

mirrors and the cavity was improved, 5) the sidewalls of the posts were very smooth 

since AlGaAs does not oxidize as easily as AlAs. The improvements resulting from 

these facts have been expected since the design was better. The one unexpected fact is 

the threshold voltage on generation 3 devices: It is lower by more than one volt in 

comparison with generation 2 devices. This forward bias voltage also appears to be 

lower than the sum of the independently measured mirror voltage and the photon 

energy. All these factors are discussed in the next sections. 

7 . 1 .  Laser cavity losses 

We start the discussion by estimating the broad-area cavity losses. By broad area we 

mean large diameter VCLs in which the perimeter effects can be considered negligible. 

In our case, the largest device on the mask has a diameter 60 �m. We first analyze 

this device size, and then consider smaller devices in which the threshold gain steadily 

increases with the reduced size. The external quantum efficiency of a vertical-cavity 

laser is given by 11.x = 1/iToc/8, where 8 is the round-trip loss, 1/i is the internal 

quantum efficiency, and Toe the transmission through the output mirror and the 
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substrate (C-21). The round-trip loss here includes the power that is emitted from the 

cavity. To obtain an estimate of 8, we measure 1/" on the 60 �m diameter devices at 

room-temperature pulsed conditions. Due to scatter in the data, on some samples the 

lowest threshold current density and the highest external quantum efficiency were 

measured on devices of sizes smaller than 60 �m. In this case, the best measured data 

was used in the analysis. Inasmuch as we do not have an estimate for the internal 

quantum efficiency, we maintain 1/, equal to unity unless otherwise specified. The . 

output coupling Toe is calculated from known and estimated optical properties of the 

output mirror and the substrate. This estimation requires a more detailed discussion 

and is described in the next section. The laser parameters determined in the next 

sections will be summarized in Table 7.2. 

7 . 1 . 1 .  An estimate of the output coupling 

The output coupling Toe depends on three factors: The transmission of the output 

mirror T DBR ' the transmission through the substrate which is reduced by the presence 

of the absorption exp(-aL), and the transmission through the GaAs-air interface Ts . 

The resulting transmission (or reflection) depends on the relative size of the coherence 

length of the light beam in respect to the substrate thickness. In the pulsed 

measurement, due to chirping and a broad linewidth the laser coherence length is 

smaller than the substrate thickness, while in continuous-wave operation it is longer 

than the substrate. This can be easily seen by comparing the light-current 

characteristics in continuous-wave and pulsed operation. The continuous-wave light

current characteristics exhibit oscillations due to the interference from the GaAs-air 

reflection at the bottom of the substrate, as shown in Fig. 6 . 1 0, while these 
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oscillations are not present in the pulsed measurement, shown later in Fig. 6.4. We 

desire to determine the cavity round-trip loss at room temperature and hence we 

measure the external quantum efficiency under pulsed conditions. In this case the 

transmission is given by, 

(7-1) 

where the beam reflected from the back-surface has been neglected because it's 

intensity is negligible in comparison with the transmitted beam. From the known 

refractive index of GaAs at 1550 nm ( n  = 3.377), we find Ts = 0.7 .  We calculate 

T DBR by modeling the output mirror for each device separately using known mirror 

center wavelength, optical constants of GaAs and Al(Ga)As and the lasing 

wavelength. With calculated values for T DBR and Ts , we are only left to estimate the 

transmission through the substrate exp(-aL). 

The transmission through the n -GaAs substrate is reduced by free-carrier absorption. 

Inasmuch as the doping level varies from wafer to wafer, even in the same boule, it is 

advantageous to make a measurement of the absorption coefficient on the exact wafer 

that is used for the fabrication of devices. A simple method was developed to 

estimate the transmittance through the substrate on wafers with already grown quarter

wave mirrors and on completed devices. The method consists in measuring the 

reflectance spectra of the mirror through the substrate. Consider Fig. 7 . 1  and 

reflection measurements RF and RB •  The reflectivity of the semiconductor-air 

interface is denoted with Rs, while the reflectivity of the mirror seen from inside the 

substrate is denoted with RDBR• The substrate has an absorption coefficient equal to 

a and thickness L .  
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mirror substrate 

Fig. 7.1: Illustration of the measurement of substrate transmission 

Given that the optical path through tbe substrate is longer than the coherence length of 

tbe measuring light, the mirror reflectivity measurement through tbe substrate can be 

expressed as 

(7-2) 

Within the bandstop, the reflectivity RDBR is near unity and one can determine the 

substrate absorption from (7-2) via 
. 

(1 R )2 exp(2aL)) = Rs + - s 
RB - RS 

O 3 0.5 . + ---RB - 0.3 (7-3) 

Evidently, the key factor for an accurate estimate of tbe absorption loss is the absolute 

measurement of reflectivity RB • This can be done by calibrating the 

spectrophotometer using the forward reflectance measurement RF• The procedure for 

measurement of the absorption loss goes as follows. 1)  The spectrophotometer is 

calibrated using an aluminum mirror that has a relatively flat wavelength response 

between 1300 and 1800 nm, 2) Forward and back reflectance spectra are measured, 

3) The AI mirror reflection coefficient at 1550 nm is determined using the high 

reflectivity region of the forward reflectance spectrum. The value of the aluminum 
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mirror was consistently 94 % ± 0.5 % 1550 nm. 4) Scale the forward and backward 

reflectance spectra with this value to obtain absolute reflectivity spectra RF(?.) and 

RB(?.). 5) A trial value for exp(-aL) is selected and equation (7-2) is plotted using 

RF(?.) in place of RDBR(?.) . The substrate transmission exp(-aL) is adjusted by 

hand until the calculated value (7-2) matches the measured RB(?.). This can be done 

very quickly by hand and the resulting fit is shown in Fig. 7.2. Considering that the 

RF measurement is used only for calibration, once one knows the calibration constant 

(the Al mirror reflectivity), only RB measurement is sufficient to determine the 
, 

absorption coefficient. Therefore, the measurement clin be performed on completed 

lasers by simply measuring the backside reflection spectrum and fitting the spectrum 

with the appropriate value of exp(-aL). This was done one all of the devices and the 

mirrors. 

The measured values are sl,lmmarized in Table 7. 1 (the substrate transmission 

exp( -aLl is also listed in Table 7.2). The measurements of transmission through a 

particular mirror and devices with the same mirrors agree to within 10% of the value 

quoted in Table 7 . ! .  It is also important to note that mirrors S201 and S230 were 

polished on the back by the manufacturer, while S276 was polished by hand. The 

hand polish was sufficiently smooth not to degrade the measurement accuracy. 
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Fig. 7.2: lllustration of the substrate absorption measurement. 

n-mirror L exp(-aL) ex [l/cm] 

S20 1 500 urn 0.44 1 6.5 

S230 500 urn 0.57 1 1 .2 

S276 450 urn 0.77 5 . 8  

Table 7.1: Summary of substrate absorption coefficients for the three 
n-mirrors used in double-fused vertical-cavity lasers. 
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7. 1 .2. Cavity broad-area round-trip loss 

With known output coupling Toc and external quantum efficiency 17," we now 

estimate the round-trip cavity loss for a broad-area device at room temperature. The 

parameters for three generations of double-fused VCLs are summarized in Table 7.2. 

The values listed for the threshold current density and the external quantum efficiency 

are the best measured, except where otherwise indicated. Due to the scatter in the 

values, the typical values of the external quantum efficiency are about 20 % lower, 
- . 

and hence the threshold gain is expected to be typically 20 % higher. We assume that 

internal quantum efficiency is 100%, and hence the threshold gain value quoted in 

Table 7.2 is in fact g,. / 17, . The gain enhancement factor has been calculated using 

(Corzine, 1993), 
� = 1 + 

_
si-,:n (L2

...,..
1C L...."ac:-/ J......t..) 

21C La/ J.. (7-4) 

where N qw = 7 is the number of wells, and Lqw and Lbo, are the well and barrier 

thicknesses. The nominal quantum well width for the generation 1 and 2 devices is 7 

nm, while for generation 3 devices it is 6 nm. The quantum well thickness is not 

precisely known. The value used for the generation 3 devices has been adjusted by 

(Piprek, 1995) to match the room-temperature photoluminescence spectra. The well 

thickness of the generation 1 and 2 devices has been scaled similarly since the 

luminescence peak occurs at an even shorter wavelength. However, the these values, 

as well as the estimated value of threshold gain are given only as a rough estimate. 
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Generation 1 2 3 

Run F125 F126 F166 F167 F170 F171  

Ip-mirror S207 · S250 

active KS2290 KS2778 

well thickness 5.5 nm 4.75 nm 

gain enhancement 1 . 7 1  1 .75 

n-mirror S201 S230 S276 S201 S276 

A [nm] 1522 1508 1549 1532 1542 1559 

TDBR [%] 0.25 0.0675 0.0675 0. 195 0.0675 0.0675 

exp(-aL) 0.44 0.57 0.77 0.44 0.77 0.77 

Ts 0.7 0.97 0.7 0.7 0.7 0.7 

Toc l%] 0.0770 0.0373 0.0363 0.06 0.0364 0.0364 

11" [%] 2.5 % 1 .3 % 1 .6 % 3.5 % 3.7 % 3.7 % 

8/11, [%]t 3 . 1  % 2.9 % 2.3 % 1 .7 % 1 .0 % 1 .0 % 

g,,/l1; [cm-I ]t t  2360 2200 1750 1300 670 670 

J" [kA/cm2 ] 3 2 3* 2.5 1 .25 1 .3 

To = dT/d(lnJ,, ) 40 K 28 K 23 K 37 K 37 K -

Table 7.2: Output coupler transmission and external differential 
quantum efficiencies of representative runs from all three generations. 
tRound trip loss is calculated using 8/11; = T/l1" ' 
ttThreshold gain is detennined from 2g,,�NQwLQW = 8. 

·Value may not be representative, since only a few devices were 
tested. 
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7 . 1 .3.  The break-down of round-trip cavity losses 

Table 7.3 shows the summary of the epilayer thicknesses and the losses of F 1 67 and 

F170 cavities. The thickness of the layers has been adjusted to match the lasing 

wavelength and all of the absorption coefficients, except the p-mirror absorption, 

have been taken from published and measured values. Since the round trip loss is 

approximately known from Table 7.2, the F I70 cavity absorption was fine-tuned to 

match this value. The sources of cavity absorption are not exactly known and can 

only be approximated. In particular, the p-mirror absorption, and the existence of 

scattering at the fused interfaces are not known. In Chapter 5 we designed the p

mirror with an average free-carrier absorption of a z 8 cm -I . This value will change 

depending on the actual doping level and the redistribution of the dopants from the 

bandgap engineered interfaces. For this reason, we select the average absorption in 

the p -mirror as a fitting parameter. The p-mirror absorption coefficient that brings 

the round-trip loss into the neighborhood of the value detennined from the external 

quantum efficiency (listed in Table 7.2) is a z 20cm-l. This is than two times larger 

than the design value, and results in p -mirror reflectivity of 99.4 %. This absorption 

increase would be possible if the average mirror doping doubled due to the 

temperature drift in Be effusion cell. However, doubling of the doping level is a 

quite large deviation and it may be that the average absorption coefficient increased as 

a result the redistribution of the high level pulse doping profiles at the interfaces. 

Further analysis of the mirrors should be performed to confirm these statements by 

using, for example, Secondary Ion Mass Spectroscopy (SIMS) or capacitance-voltage 

profiling, since it is not possible to detennine what the doping level is from the given 

data. It is not clear whether the fused interfaces provide any type of surface 
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scattering or absorption, since no measurements of this type have ever been reported. 

It may be instructive to note that the excessive absorption in these cavities (F167 and 

F170) can also be interpreted as surface scattering/absorption at the fused interfaces. 

If one wanted to keep the average mirror absorption at a � 8cm-l, the round-trip 

cavity loss of 1 % in F170 and 1 .7 % in F167, one could easily achieve this with a 

fused interface absorption in the range of a L1x � 0.4 - 1  %. Note that, even though 

this value seems large, that the fused junctions are placed approximately at the nodes 

of the standing waves and hence their influence is minimized. 

The relatively high round-trip losses of the F167 laser may be a result of a lower 

internal quantum efficiency, since the adjustment of the cavity losses for this device 

did not produce satisfactory results. For p-mirror absorption that is approximately 

equal to that ofF170 device, the round-trip loss of 1.7 % was achievable only with an 

addition of high loss in the p-InP cladding and p-InGaAsP separate confinement 

regions. Very high absorption coefficients in these layers may be a result of high Zn 

concentration that has diffused during the MOCVD growth and later during the two 

fusion steps. As mentioned in the discussion on the increased p -mirror absorption, 

further analysis is necessary to confirm the actual impurity concentration in these 

layers. The question of decreased internal quantum efficiency, which may contribute 

to the apparent high round-trip loss of the F166 and F167 devices, will be discussed 

in a Sections 7. 1.4 and 7. 1.5. 
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Device F167 F170 

Layer index t [nm) rep. 0: [cm-I) t [nm) rep. 0: [cm-I) 

metal 0. 1 1 6 - - - -

GaAs 3.35 1 15.7 21 1 15.7 20 

AlGaAs 3.045 1 27.3 30 x 2 1  127.3 30 x 20 

GaAs 3.35 1 1 5.7 2 1  1 1 5.7 20 

GaAs 3 .35 20 2 1  20 20 

GaAs 3.35 10 1000 10 1000 

InP (p-cJad.) 3 . 1 7  1 1 1  80 1 84 24 

InP (undoped) 3 . 1 7  - - 100 2.4 

InGaAsP SCH 3.37 166.5 100 - -

InGaAsP well 3 .6 5.5 80 4.75 80 

InGaAsP bar. 3 .4 8 6 x  0 7.3 6 x  0 

InGaAsP well 3 .6  5 .5  80 4.75 80 

InGaAsP SCH 3.37 168.5 0 - -

InP (n-cJad.) 3 . 1 7  1 1 1  8 262 8 

GaAs (n) 3 .35 - - 50 6 

GaAs 3.35 1 16. 1 25 x 6 1 15.7 28 x 6 

AlAs 2.89 1 34.5 4 1 34.0 4 

GaAs (sub) 3.35 500�m 16.5 450�m 5.8 

Table 7.3: Epilayer structure of Fl67 and F170 devices with relevant 
optical parameters. Round trip cavity losses for devices F167 and 
F170 are 0 = 1.7% and 0 = 1.0%. 
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Based on these observations, one can give some indication on what should be done to 

reduce the cavity losses and increase the external quantum efficiency. I )  The 

absorption in the pmirror should be investigated and the mirror reflectivity should be 

optimized. 2) The presence of any fused interface absorption should also be 

investigated. 3) The substrate absorption can be reduced by either thinning the 

substrate and/or using a lower doped substrate. 

7 . 1 .4. Gain-current relationship 

The gain-current density relationship of an vertical-cavity laser active layer can be de

embedded from the measured external quantum efficiency and threshold current 

density in a similar manner as it is done for in-plane lasers. In an in-plane laser one 

uses the threshold gain variation with the varying cavity length to obtain 

measurements of the threshold current corresponding to different values of gain. In 

our VeL we rely on the threshold gain varying with the lateral size of the device. The 

origin of cavity loss dependence on the diameter is not important for this 

measurement, but is believed to be a result of sidewall scattering and diffraction. The 

active layer gain is related to the external quantum efficiency via, 

(7-5) 

By measuring the room-temperature pulsed external quantum efficiency and the 

threshold current density measured on a particular device we obtain a pair of numbers 

(g" / 1/; , I,, ) ,  As devices of different sizes are measured, both the threshold gain and 

the threshold current density vary. Ideally, this variation draws out the g - I 

relationship for a particular active layer. However, there are several difficulties 

connected with this method: First, we do not precisely know the value of the internal 
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quantum efficiency which, as seen in equation (7-5), scales the value of gain. For our 

consideration we shall assume 1); = 1 .  Secondly, nonradiative recombination at 

defects in the active layer introduces scatter in the threshold current density. For this 

reason, a large number devices were measured and only the devices with the lowest 

threshold current density for a given size were considered. The fact that the selection 

was representative was confirmed by the fact that these devices also exhibited the 

highest external quantum efficiency, namely, lowest round-trip loss. This 

experiment was performed only on the F170 and FI26 devices. The functional 

dependence of the round-trip loss calculated from the external quantum efficiency is 

shown in Fig. 7.3. The data for FI70 show a round-trip loss variation between 1 and 

2 %. The values calculated from FI26 are quite high; almost three times higher. 

This would require unrealistically high gain values from the quantum wells: For 

15 = 6 %, the gain value should be in the neighborhood of g '" 3600 cm -I . 
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Fig. 7.3: Round-trip loss vs. threshold current density for samples 
F170 and F126. 
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Considering the active layers of generation I and 3 have the same number of quantum 

wells of similar thickness, it is very unlikely that these two active layers would exhibit 

so vastly different g - ' characteristics. The high value of the round-trip loss is then 

attributed to lower internal quantum efficiency of the active layer used in the first two 

generations of lasers. 

'8 

4� r-------------�------------, . .... · .. 0 
o.;t('·· - FI26 with Tj. = 100 % 

3000 

. . 

0 .. : . . 

.. .0 I 

KS2278 theoretical gain 

'-. - - - :."..--� _.- .-.."" .. .. .. .. ..  .. 

� 2000 
..

. 

� 
/ . . . -_.-." 

• .A. � 
. .. .. 

:v / . . .. '. 0 . .  .. ;._� . - - loganthmic fit c ... OIl 

1000 

.: o.,c<·� to F170 gain 

: � FI26 with Tji = 55 % 

f--- F170 with Tj. = 100 % 
J I 

O L.OL.._ ......... ....L...o ................... -.J... ......... __ ........L ...................... 
o 5 10 15 20 

Current density [kNcm2] 

Fig. 7.4: De-embedded g - ,  curves for FI70 and FI26 lasers. 

If a certain value of the internal quantum efficiency is assumed, the graphs from Fig. 

7.3 can be re-calculated to show gain vs. current density. This is shown in Fig. 7.4. 

We assumed a 100% internal quantum efficiency for the F170 data and fitted the 
resulting graph to a logarithmic gain-current dependence g = go In(' / NQw'o) with 

go = 726cm-1 and '0 = 72 A/em' ( NQw = 7). The F126 gain data can be brought in 
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to the neighborhood of the F 170 gain data by assuming a lower internal quantum 

efficiency. If 17, = 55% is assumed for F126 active layer, then the two groups of 

data can be described with a single logarithmic fit, as shown in Fig. 7.4. 

The physical origin of the reduction of the internal quantum efficiency lies in the 

current leakage in to the 1 .3 Ilm InGaAsP separate confinement regions that were 

used only in generation l '  and 2 lasers. It is important to note that the internal 

quantum efficiency of the F126 active layer was used here only as a fitting parameter 

to make the g - '  data of the samples F126 and F170 match. The current dependence 

of the internal quantum efficiency has been ignored, and we have not taken into 

consideration that lower internal quantum efficiency leads to higher threshold current. 

Considering these simplifications and the uncertainty in the estimated and measured 

parameters that were used to determine the gain-current relationship, this fitting does 

not constitute a proof that the internal quantum efficiency has in fact been reduced. 

Further discussion of this question is undertaken in the next section. 

The most significant fact presented here is that the de-embedded gain-current 

relationship obeys a logarithmic dependence as is expected from a quantum-well 

active region, and that this dependence agrees with the theoretical relationship 

calculated by (Piprek, 1995). The theoretical gain-current density relationship of the 

KS2778 active layer with 4.75 nm quantum wells and 7.33 nm barriers at 1542 nm is 

approximately expressed with go = 836cm-1 and '0 = 92 A/cm2 and is shown in 

Fig. 7.4 for comparison. 
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With the known g - J relationship we are in the position to determine the optimum 

number of quantum wells for the F 170 laser. Consider that the round trip gain is 

given by 

(7-6) 

where the gain current relationship is given by g,h (1'h ' NQw )  = go In(1'h/ NQwJo) '  The 

gain enhancement factor depends on the number of wells via equation (7-4): 

where a = 2n"if(Lqw + Lbo,)/ Ao and b = 4,,/(Lqw + Lbo,) '  Here "if = 3.5 is the 

average cavity index and AD = 1550nm. 

20 �� __ � ________________ � 

/)=1.5 % (round-trip loss) 

0.5 "--__ -"'" __ ........................ .0.1-____ '"-..... 
1 10 

number of quantum wells 
30 

Fig. 7.5: Plot of room-temperature pulsed threshold current density 
as a function the number of wells. 
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We select several values of the round trip cavity loss, and plot the threshold current 

density as a function of the well number. These graphs are shown in Fig. 7.5. It is 

evident that for a I % round trip loss (F170) the optimum number of wells is seven, 

which was indeed used. This means that the round-trip cavity loss should be reduced 

before active layers with a smaller number of quantum wells are fabricated. 
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7.2. Temperature dependence of laser parameters 

The characteristic temperature To = dT / d(ln l,h) of the room-temperature pulsed 

threshold current for all fabricated samples is summarized in Table 7.2. The 

difference between the between the To values for different samples is attributed to 

different gain-to-mode alignment in the lasers, the absolute value of threshold gain 

and carrier leakage. To compare the temperature dependence in more detail, consider 

the threshold current dependence temperature of 12  11m F 167 and F 1 70 devices 

shown in Fig. 7.6. The lasing wavelengths of these two samples are close (F167 

. operates at 1532 nm and F170 at 1542 nm), but the Fl67 sample has a better gain-to-

mode tuning, which can be seen from the appearance of a threshold current minimum 

around 5°C. It is evident that the threshold currents on the F167 are substantially 

higher than on F170 device. For example, at room temperature the threshold current 

of the F 1 67 device is almost three times higher than on the F 170 device. Using the 

graph in Fig. 7.4 we can easily verify that this higher threshold current agrees with 

the increased threshold gain. The room-temperature threshold gains and current 

densities of the devices from Fig. 7.6 are g,h � 1), l lOOcm-1 and J'h � 1. 7 kA/cm' 

for F 170, and g,h � 1); . 2000 cm -I and J'h � 5 kA/ cm' . Placing these data points on . 

the graph in Fig. 7.4 we find that the g'h/1); value for F167 is slightly higher than the 

graph. This indicates that the internal quantum efficiency of the F167 device may be 

less than unity. 

Consider now Fig. 7.7 which shows the temperature dependence of the external 

quantum efficiency 1)," as function of temperature for F167 and F170 ( 12  11m 

device). The dependence is plotted against 1000jT. At temperatures lower than 
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room temperature, 1)" is approximately constant and equal to 3.5 % for F170 and as 

high as 3.0 % for F167.  However, as the temperature rises above room-temperature 

the efficiency of the F167 laser rapidly decreases, while the falloff of the F170 laser is 

much slower. 

10 � ______________________ � 
F1671205 
F1701219 

o .
' 

.
0'" F167 pulsed 

.
' . ' 

!I' 
:' F170 CW 

• • - .,,0 

••
•• .C] 

.. .. .. .. 

••• .o/FI70 pulsed 
•• 0 - · 0 

,.... .8 

. /., 
(J:I' O 

1 I I I 
o 10 20 30 40 50 

Heat sink temperature [0C] 
60 

Fig. 7.6: Threshold current dependency on temperature. 

To investigate the reasons for this temperature behavior we first consider the 
temperature dependence of the photon efficiency 1)ph = Toc/D. The cavity 

temperature variation effects 1) ph through the temperature dependent absorption and 

temperature dependence of the refractive indexes in the mirror. Since in GaAs/AlAs 

mirrors an increasing temperature increases the refractive index difference (Piprek, 
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1994), the output coupler transmission and hence the 7Jph will be reduced with 

increasing temperature. Using the values from (Casey, 1978, Grimmeiss, 1971), 

dn l 
� 10-4 

dT AIM (7-8) 

we can easily calculate that over a 50°C temperature range the bottom mirror 

transmission decreases to 80 % of its initial value. The temperature coefficients for 

absorption in p-type GaAs and InP at 1018 cm-3 doping levels can be estimated from 

the graphs in (Henry, 1983) and are given by, 

� da l 
� 0.004 � da l � 0.002 a dT GaM . a dT InP (7-9) 

Over a 50°C temperature range this absorption can raise the cavity losses at most to 

120 % of its starting value. From these simple estimates we see that 7Jph can decrease 

at most down to 2/3 of its initial value over a 50°C temperature range. The effect of 

these two dependencies is shown also in Fig. 7.7 with a full line. Evidently, the 

temperature dependence of the absorption and refractive index estimated here is not 

sufficient to explain the decrease in the external quantum efficiency. To fit the data for 

F170 above room temperature the temperature coefficient of the average absorption 

loss in the cavity would have to be, 
� da l 

� 0.07 a dT cavity 
(7-10) 

However, this is still very far from being able to account for the sudden decrease in 

the external quantum efficiency of the FI67 device. One possible origin of this high 

absorption is the intervalence band absorption in the quantum wells. The other 

possibilty is the higher current leakage in the generation 1 and 2 active layer. This 

active layer has a separate confinement region into which carriers are injected and 
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recombine. Since these separate confinement regions have been eliminated in the 

generation 3 devices, the leakage current has been reduced. 
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Fig. 7.7: Temperature dependence of the external differential 
quantum efficiency. 

In order to confirm this statement we have searched to observe the 

electroluminescence from the barriers and the separate confinement regions. Two 

devices, one from generation 2 (F167) and one from generation 3 (FI7 1) were biased 

with DC current densities up to 10 kAl cm 2 and the emission spectra were recorded. 

Note that in this experiment the F171 device lased, while F167 did not since it does 

not operate at CW room temperature. The emission spectra of these two samples are 

shown in Figures 7.8 and 7.9. In both devices the spontaneous emission extended 
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from 1 .3  I!m to 1 .47 I!m, but no excessive emission was observed at the barrier or 

separate confinement transitions ( 1 .3 I!m) in neither of the active layers. This implies 

that if substantial leakage current exists in the F167 devices it is predominantly non-

radiative. 

O������--�����--UY 
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Fig. 7.8: Spontaneous emission from a 12  I!m diameter F167 device 

at IOkA/cm2 CW showing the cavity mode at �1530 nm and the 

emission from above the output mirror bandstop. 
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Fig. 7.9: Spontaneous emission from a 10 I!m diameter F17 1  at 

IOkA/cm2 CW showing the cavity mode at z1540 nm and the 

emission from above the output mirror bandstop. 
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In summary, Fig. 7.7 illustrates that using an active layer with a better carrier 

confinement was instrumental for obtaining continuous-wave room-temperature lasing 

since in the real laser the active layer is at a higher temperature than the heatsink. 

The difference between the active layers of generations 2 (KS2290) and 3 (KS2778) 

can be attributed to partial disordering from Zn diffusion into the KS2290 quantum 

wells during the extended heat treatments. Furthermore, the KS2778 quantum-wells 

were grown directly on the binary alloy and hence resulted in higher optical qUality. 
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7.3. Device diameter dependence of laser parameters 

7.3 . 1 .  Cavity losses 

In Section 7.1 .4. we used the dependence of the threshold gain on the device diameter 

to determine the gain-current relationship. In this section we discuss the possible 

sources of cavity loss as function of laser diameter. To this end we measured the 

external quantum efficieny as a function device size, and from there calculated the 

threshold gain dependence on the device diameter. The results are shown in Fig. 

7 . 10. All of the generations show a very slow increase in the cavity losses with the 

decreasing diameter, according to an exponent between 0.35 and 0.6. This low 

exponent indicates that the loss mechanism is not directly related to scattering at the 

post sidewalls, since it has been shown that this type of scattering leads to an inverse 

quadratic behavior (Thibeault, 1995). 

The diffraction estimate has been made using the fit (B-1 12), 

(7- 1 1)  

where the X = 2Loa,A/nco, + XD. Here XD is the diffraction range (B-1  13) of the 

AIAs/GaAs mirror at 1 550 nm and equals XD = o. 87 11m2 . Using LCD> = 0.705 11m 

and nco, = 3.2 we have .fi = 1. 25 11m . The calculated values of loss using equation 

(7- 1 1) are shown in Figure 7.10 compared to the round-trip cavity losses. Evidently 

the effect of diffraction does not account for all the increase in cavity loss for small 

diameters. 
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Fig. 7.10: Plot of round-trip loss as a function of device diameter for 
FI26 and F170. The functional dependence is given for the sections 
that approximately obey a power law. 

7.3.2. Threshold current density 

The graphs in Fig. 7 . 1 1  compare the room-temperature pulsed performance of the 

FI70 run to F I67 and generation I devices. Apart from overall lower room

temperature pulsed threshold current density for all sizes, the most notable difference 

between the generation 3 and generation I devices is in the functional behavior of the 

pulsed threshold current density J'h with the device size. The increase in J'h is much 

more sudden for small diameters for FI70 than for any generation I device and 
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consequently threshold current densities as low as 2 kA/cm2 were measured for 

small devices (=10 11m). 
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Fig. 7.11: Summary of threshold current density for all three 
generations. The values .listed for FI67 and FI70 are best measured. 
Only the trends in the median threshold current density are shown for 
generation I devices. 

The threshold current variation on the device size is closely related to the variation of 

the external quantum efficiency described in the previous section, and hence hides the 

same unknowns. Slow power-law dependence of the threshold current on the device 

diameter as was observed for the generation I devices, has been previously reported 

by (Mori, 1992). They have observed an approximate d-<J·8 dependence of the 

threshold current and attributed it to scattering loss. 
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One alternative interpretation of the threshold current increase with the reducing radius 

is the current spreading around the pillar. Such phenomena is driven by the perimeter 

to area ratio and hence should lead to a hyperbolic dependence in both the threshold 

current and the internal quantum efficiency. However, the threshold current density 

of the F170 devices does not exhibit a hyperbolic dependence in the same diameter 

range as the threshold gain. Therefore, from the data provided in this example, it 

appears that current spreading is not the dominant effect determining the increase of 
Dj 1), with reducing diameters. 

Since the p-mirror post acts as a stressor on top of the active layer, and its influence 

is diameter dependent, it may me necessary to investigate the effect of stress as a 

possible source of optical loss and gain variation with the device size. 
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7.4. The effect of backside reflection 

In continuous-wave operation, the linewidth of the laser output is sufficiently narrow 

that the coherence length is larger than the substrate thickness. For this reason the 

output coupler reflectivity seen from the cavity is modified by the substrate-to-air 

interface reflection. Depending on the relative phase between the two reflections, the 

equivalent output mirror reflectivity may increase or decrease in value. The two end 
values are denoted by r;q and r;q , which correspond to constructive and destructive 

interference between the mirror and the back surface of the substrate, 

(7-12) 

Here r DBR ( tDBR) and r� are the quarter-wave mirror reflection (transmission) 

coefficient and the effective reflectivity of the substrate-to-air interface. The reflection 

coefficient r� contains the effects of substrate absorption and diffraction, as illustrated 

in Fig. 7. 12, and both of these tend to reduce the reflection coefficient. 

mirror 
transmission 

coupling 
loss 

due to 
diffraction 

Fig. 7.12: Illustration of losses involved in the backside reflection 
interference. 
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The reflectivity R; = r;' can be approximately expressed using (B-1 12) as, 

R' = R exp(-2aL) 
S S ( AL JUS 1 + 3. 7  -, . nd 

(7-13) 

It is seen that the effective substrate reflection is decreased by the presence of 

substrate absorption. Since the output beams of smaller devices diffract faster than 

those of large devices it is intuitive that the effective substrate reflection R; will also 

reduce for smaller devices. 
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Fig. 7.13: Output-mirror reflectivity modulation due to backside 
reflection. 

Using this expression we predict the depth of output-mirror reflectivity modulation of 

mirror S276 as a function of the device size. The reflectivity and the transmission are 
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99.8 15  % and 0.0675 %. Using expressions (7-12) and (7-13), we obtain graphs of 

the effective reflectivity of the output coupler for the constructive and destructive 

interference case (shown in Fig. 7 . 13). Under CW operation the device heating 

produces slow wavelength changes which then over the long optical length of the 

substrate make the effective reflectivity oscillate between the two curves shown. 
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20 

I 2 3 4 5 6 7 8 
Current [mA) 

Fig. 7.14: Continuous-wave light-current characteristic of a 12  Jlm 
diameter measured at 1.5°C. 

Since the wavelength shift is almost linear with the dissipated power (and 

approximately current), the oscillations are nearly periodic, as shown in Fig. 7. 14. 

It is also visible that the difference between the reflectivity values, and hence the 

round trip losses increase with the diameter as a result of a reducing diffraction loss. 
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Considering that in these devices the round-trip loss increases with the decreasing 

devices size, the effect of the backside reflection monotonically reduces with the 

decreasing device size. This has been observed in many light-current characteristics 

and can also be seen from Fig. 6. 10  where the oscillations in the light-current 

characteristics grow stronger for larger devices. The variation of the effective output 

coupler reflectivity and transmitivity produces changes in both the threshold current 

and the. external quantum efficiency. For this reason, the best way to detennine the 

continuous-wave external quantum efficiency is to take the average of the oscillations 

or deposited an anti-reflective coating. An anti-reflective coating will also alter the 

effective reflectivity, as shown in Figure 7.13 .  
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7.5.  Voltage-current characteristics 

We turn now to the question of power dissipation in the devices. Consider the DC 

voltage vs. current density relationship measured on 10 11m and 12 11m diameter 

devices on runs F166, F167, F170, F171 shown in Fig. 7 . 15. There are two 

interesting fact about these measurements. 

First, it is immediately evident that the voltage drop at a given current density is very 

different for the two generations of VCLs. The generation 2 lasers (FI661F167) have 

a voltage drop that is more than one volt larger than the voltage across the generation 3 

devices F1701F171 .  This is  quite unusual since all of the devices have the same p

mirror (S250 ) and n-mirror (S276). Only device F167 has a different n-mirror 

(S201), but it does not seem to have an effect on the V-J characteristics. 

A second point is the comparison between the mirror and device voltages: Figure 7. 1 5  

shows the CW voltage drop measured across the S207 and S250 mirrors (fused to p' 

InP, as shown in Sec. 4.4.7.) with full lines. The dashed continuation of the full lines 

are pulsed measurements at 50°C. Both of these measurements include the contact 

resistance (approximately 2 · 10-4 Qcm2). The voltage-current relationship for the 

S250 mirror without the contact is also shown (data from Figure 4.28). The S250 

mirror voltage (contact included) is quite low in the low current density range 

( < 1 kA/ cm2 ), but becomes comparable to the total device voltage in the higher 

current density range (> 1 kA/cm2 ). (The laser CW threshold current density is in 

the range 3 - 4 kA/cm2 ). It quite evident from Fig. 7.15 that sum of the two parts 
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(the photon energy and the S250 mirror with the contact) is larger than the voltage 

drop across the finished device. 
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Fig. 7.15: Voltage-current characteristics of generation 2 and 

generation 3 devices (10 �m and 12 �m diameter devices combined). 

The origin of the smaller voltage drop on the generation 3 devices and the discrepancy 

between the mirror and device voltages is not certain. It can be attributed to a number 

of reasons. 

In the third generation of devices (FI701F17 1 ), the p -mirror and the 

p - GaAsj p - InP fused junction undergo the fusion step two times: 630°C for more 

than 20 minutes each time. Since the surface of the p -mirror (S250) contains a 10 nm 

thick Be-doped layer with high concentration (>  2 . 1019 cm-3) ,  it is possible that Be 

diffused during this time and doped the fused junction resulting in a lower barrier. 
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The question remains, whether a two times larger diffusion time, and the 

corresponding .,fi times larger diffusion length would be able to produce such a 

dramatic decrease in the voltage. 

Another interesting fact is the apparent correlation between the InP doping levels at the 

p - GaAsj P - InP fused junction with the voltage-current characteristics. Consider 

that in going through the three measured structures (S250 resistance measurement, 

generation 2 and generation 3 devices), the doping level of the surface of InP that was 

fused to p-GaAs is decreasing: In the first experiment, S250 mirror was fused to a 

highly doped InP surface ( 5 . 1018 cm-3 nominal Zn doping). In generation 2 

devices, the p-cladding of KS2290 was doped 2 - 3 . 1018 cm-3 with Zn, while in 

generation 3, the p-cladding of KS2778 was Zn-doped to 1018 cm-3 • From this data 

it seem as if the fused junction voltage decreases with the InP doping. 

The mirror voltage measurement may also be influenced by a varying contact 

resistance, even though the S250 current-voltage characterization described in Sec. 

4.4.7. and all of the fabricated lasers used the same p-type contact (TilAu). 

Within the acquired data there evidently is not enough information to claim with 

certainty what is the physical origin of the reduced voltage drop. However, it is quite 

certain that this reduced voltage drop was one of the main causes for the reduction of 

the threshold power and the final realization of continuous-wave operating devices. 

2 1 1  



7.6. Conclusion 

The progress in understanding wafer-fused vertical-cavity lasers and the 

improvements in the fabrication techniques have led to the realization of the first 

room-temperature continuous-wave operating 1 .54-llm vertical-cavity lasers. With a 

large number of working lasers of different sizes and structures, a vast amount of 

information can be deduced about the problems and the possible future improvements. 

Still, a number of questions remain to be answered and are left for future 

developments. Several important issues are: 1)  The absorption properties of extrinsic 

(Al,Ga)As at long wavelengths must be assessed, since at the moment they seem to be 

the limiting factor in the achievement of lower threshold gains. 2) An investigation of 

the temperature dependence of the internal quantum efficiency and active layer design 

improvements are necessary to lower the threshold current densities. 3) Further 

reduction in the thermal resistance and device voltage drop is necessary for the 

realization of efficient double-fused long-wavelength vertical-cavity lasers. 

By demonstrating the continuous-wave operation at room temperature using vertical-

cavity lasers fabricated by two wafer fusion steps, we have shown that wafer fusion 

is a viable technique for fabricating surface-normal optoelectronic devices. However, 

numerous questions are still remaining regarding the physics of fusion. An 

investigation of nonradiative recombination in and near fused junctions, as well as 

optical scatter at the fused junctions is necessary for to be able to explore the full 

potential and properly design optoelectronic devices based on such junctions. The 

development of wafer-size fusion processes will then be the last frontier of bringing 

long-wavelength vertical-cavity lasers to commercial availability. 
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Chapter 8 

Future work 

In the previous chapters we have described various aspects of the design and 

fabrication of long-wavelength vertical-cavity lasers by wafer fusion. Even though 

wafer bonding as a technological procedure is not new to the semiconductor 

fabrication field, the bonding of GaAs and InP is largely undeveloped. A large 

number of questions are still to be answered, and the process repeatability is yet to be 

verified on wafer-size samples suitable for large scale production. The future 

development of this field therefore holds numerous tasks, out of which the most 

immediate is the full understanding of the physics of bonding. The particular issues 

that need to be addressed and the methods that should be applied are described in the 

conclusion of the Chapter 3. 

A separate set of issues surfaced with the use of GaAsl AlAs mirrors at long 

wavelengths. Inasmuch as these two materials have seldom been used in the 

wavelength range suitable for optical communications, the published data on 

absorption is sparse. Therefore, the absorption in p-GaAs had to estimated using a 

simple measurement. In the long run, more exact data are necessary to be able to 

develop accurate models for these lasers. If the current was to be passed through the 
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p-type mirror one must continue with the development of (Be or C-doped) band-gap 

engineered mirrors. Even in the lower doped mirrors used in this work, the major 

voltage drop originates at the heterojunction barriers rather than from the ohmic 

resistance of the bulk mirror layers. This indicates that there is room for mirror 

resistance reduction by bandgap engineering. The next step is to optimize between the 

mirror resistance and the absorption loss by continuing the task drawn out in Section 

4.4. 

Finally, the analysis of laser performance described in Chapter 7 has left many 

questions unanswered. This is largely due to insufficient data and the large scatter in 

the data measured. Only two active layers were used, and only one operated 

continuously at room temperature. Large part of the loss remains unaccounted for, 

especially in generation 1 and 2 devices. The situation is complicated even more by 

the unusual threshold current and external quantum efficiency dependence on the 

device diameter (Section 7.3) and the unusually low forward bias voltage only on 

generation 3 devices (Section 7.5). New devices have to be fabricated to improve the 

performances and reveal the underlying physics. One of the critical issues is the 

thermal resistance and the question of available power under continuous-wave 

operation. These issues, especially thermal resistance, have been with every vertical-

cavity lasers designer since their invention. 

In the rest of this chapter we shall discuss some improvements to present devices and 

show several device structures that were investigated, but due to lack of time or 

suitable material at the time of investigation, never resulted in working devices. 

However, with the advent of understanding of the material requirements for long-
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wavelength vertical-cavity lasers. these structures may become practically realizable 

and may further improve the performance of long-wavelength vertical-cavity laser in 

terms of high temperature operation or fabrication process simplicity. 
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8 . 1 .  Top down mounting 

The first step towards increasing the thermal conductance of the double-fused vertical

cavity lasers is to mount the lasers top down on to diamond heatsinks. as shown in 

Fig. 8 . 1 .  The silicon nitride coating on the device is necessary to insulate the gold 

coating from the exposed p-InP cladding. With the silicon nitride coating. the laser 

structure is similar to the one shown in Figure 5.1 .  The gold coating on the pillar can 

be done using rotating angled evaporation and then by liftoff. The overhang on the 

photoresist profile has to be several micrometers deep to provide efficient liftoff in this 

case. An example of angle-evaporated gold coating is shown in Figure 8.2. where the 

liftoff mask is realized using a two layer photo resist. 

n-contact pad 

coating 

gold 

indium 

diamond heatsink 

Fig. 8.1: Top-down mounting of double-fused vertical-cavity lasers 
on diamond heats inks using indium solder. 

Diamond heatsinks for this task have been fabricated. A pattern that accepts 16 

vertical-cavity lasers in two rows is shown in Figure 8.3 .  The contact pattern is 
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realized using TijPtj Au , while the indium bumps are 6- 10 �m tall. The VeL mask 

used to match the heatsink is more sparse than the mask shown in Figure 5 . 1 2  to 

provide enough space for chip sawing. 

Fig. 8.2: Vertical-cavity laser post with rotated-angle evaporated 

gold. 

Fig. 8.3: Gold contact pattern and indium solder bumps on a 

diamond heatsink. The contact pads are 1 60 �m wide. The 

photographs was take using a Nomarski interferometer which 

accentuates the roughness of the diamond substrate. 
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This type of arrangement for efficient heat sinking has been a subject of many studies 

(Shimizu, 1993, Piprek, 1994a, Kajita, 1994, Peters, 1995) and appears to be a 

necessary technological step towards achieving low thresholds and high output 

powers from these lasers. The thermal resistance of the double-fused lasers is 

expected to reduce by a factor of two by top mounting. 
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8.2. Current and mode confinement 

The lateral confinement of current and the optical field is necessary to minimize the 

perimeter effects of the VCL cavity, such as scattering and surface recombination. 

Three methods for achieving this are described. 

8.2 . 1 .  Lateral ALAs oxidation 

Recently, there has been a tremendous progress in developing ultra-low threshold and 

high efficiency GaAs-based vertical-cavity lasers using lateral current and mode 

aperturing (Lear, 1995, Hayashi, 1995, Yang, G. M., 1995, Choquette, 1994, 

Huffaker, 1994). Since the mirrors of double-fused vertical-cavity lasers contain AlAs 

they are suitable for lateral oxidation. The lateral oxidation creates a current aperture 

which provides gain localized away from the post edges. If the oxidized aperture is 

made very thin and placed at a node of the standing wave the impact on the transverse 

mode will be minimized and the guiding will be provided by the presence of gain (gain 

aperturing). One of the methods for mathematical analysis of such structures is given 

in Appendix C (Babita, 1994). 

exit to atmosphere 

sample 

diffusion tube 
(450°C) 

/ thermometer 

� nitrogen 
(0.8 lit/min) 

bubbler 

Fig. 8.4: Oxidation system setup. 
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An investigation of laterally oxidized single-fused structures has been performed, but 

not lasers have been fabricated. The AlAs oxidation was performed in steam at 450°C 

for several minutes. The oxidation system schematic and the typical process 

parameters are given in Figure 8.4. 

Fig. 8.5: Laterally oxidized AlAs layer at the bottom of a 

AlGaAs/GaAs mirror fused to InP. 

Figure 8.5 shows a p-type AlGaAs/GaAs mirror fused to an InP substrate. The last 

mirror period has a layer of AlAs which is oxidized. Stain-etching using hydrochloric 

acid is used discriminate AlAs from the aluminum oxide ( AlO,), since HCI etches 

AlAs, but not AlO, . The apertures realized by lateral oxidation can be made very 

small. A close-up view of a =2 11m aperture is shown in Figure 8.6. It has also been 

suggested that AIO, layer that forms in place of the AlAs is thinner by approximately 

10%. The fact that this is true can be observed in the case when entire AIAs/GaAs 

mirror is oxidized and hence the total mirror thickness reduction is easily visible in a 
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Nomarski microscope photograph shown in Fig. 8.7. A great potential for achieving 

low threshold, low resistance, and hence high wall plug efficiency of a fused vertical-

cavity lasers using this technique. 

Fig. 8.6: A close-up view of a 2 �m aperture realized by lateral 

oxidation of AlAs. 

Fig. 8.7: Top view of laterally oxidized AIAs/GaAs mirrors. 
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8.2.2. Wet chemical ulldercut of AlAs alld Ill? 

Another technique for current and mode confinement is by using wet chemical 

undercut in place of the AlAs oxidation . .  Consider the double-fused vertical-cavity 

laser structure shown in Fig. 5.2. There are two layers that can be undercut by wet 

chemical etching. One may use a AIGaAs/GaAs mirror with one (last) AlAs layer and 

undercut this layer with a dilute hydrochloric acid. The structure required for this 

process is identical to the one used for oxidation, except that the AlAs is not oxidized 

but removed by hydrochloric acid and can be used for any GaAs-based vertical-cavity 

laser. The reason the HCI solution has to be sufficiently dilute is to prevent significant 

etching of the exposed InP cladding (For etch rates, see Figure 5.4). 

Fig. 8.8: An extreme case of wet chemical undercutting (Device 

FI7 1). The 16 !lm diameter AIGaAs/GaAs mirror (S250) is supported 

by a 2 !lm wide InP post. 
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The InP cladding. exposed in double-fused lasers. can also be undercut using 

hydrochloric acid. To achieve this without etching the pillar. the top mirror must not 

contain any AlAs (InP etches much slower than AlAs at all concentrations of HCI). A 

wet chemical undercut experiment has been performed on the F17 l  sample. The F 171 

sample operated continuously at room temperature before the HCl etching. but after 

the InP layer was undercut the threshold current increased and very few devices 

operated at room temperature. This was attributed to the increased recombination at 

the exposed quantum wells exactly at the edges of the undercut pillar. Note that once 

the InP cladding is removed. the quantum wells of the KS2778 active layer remain 

exposed to air. To achieve a threshold reduction using this technique. an etch-stop 

layer should be introduced in the active layer just above the quantum wells. In spite of 

degraded performance. the undercutting has been successfully realized. An extreme 

case of undercutting is shown in Figure 8.8 where a 16  Ilm diameter pillar is 

supported by a 2 Ilm InP post. 

The hydrochloric acid etching is very crystallographic. as can be seen from Figure 8.9 

where a 12 Ilm diameter post reveals the square shape of the InP post. The sides of 

the square are oriented along the [100) and [010) directions. The fact that InP etches 

crystallographically in hydrochloric acid and GaAs isotropically in sulfuric-peroxide

water solutions is visible in Figure 8.10 where the fused junction serves as boundary 

between the types of etch profiles. The appearance of these profiles is a result of 

etching GaAs pillar after undercutting InP. The profile of InP is square. while the 

GaAs etching follows the circular shape of the mask. 
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Fig. 8.9: A broken -off 12 11m top mirror showing the shape of the 
undercut InP post. 

Fig. 8.10: Side view of an undercut post (F171) .  The fused junction 
serves as a boundary between crystallographic and isotropic etching. 
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Wet chemical etching is an alternative method for achieving current and mode 

confinement in vertical-cavity lasers. The refractive index variation and the thickness 

of the undercut layers are larger than in the oxidation method and hence their influence 

on the optical mode will be more pronounced. The appearance of recombination has to 

be considered when exposing to air the epitaxial layers that are adjacent to the active 

layer. The backfilling of the etched regions with polymers for mechanical stability is 

also possible. 

8.2.3. Proton implantation 

Creating insulating regions by proton bombardment is a very popular method for 

realizing current confining schemes in which there are no abrupt refractive index 

variations (Chang-Hasnain, 1991, Wipiejewski, 1993). The application of this 

method to double-fused lasers is shown in Figure 8 . 1 1 .  The use of proton 

implantation is attractive because it leads to a planar fabrication process, better thermal 

conductivity and top emission. The thermal conductivity is increased because the heat 

dissipated in the active layer can spread though the top and well as the bottom mirror. 

Furthermore, gain guiding in this structure ensures results in slowly diffracting 

beams. 

A single fused proton implanted laser structure, shown in Figure 8 . 12, was also 

investigated and devices were fabricated. However, none of the devices lased. This 

development was performed before it was realized that p-GaAs absorption was 

limiting the p-mirror reflectivity. The top mirror in this device was an electron-beam 
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evaporated 3.5-period Si/Si02 mirror. The proton implantation energy and dose 

were 200 ke V and 3 . 1014 cm -3 . The mask for ion implantation was realized using a 

3 Ilm thick gold layer, which was lifted off using a deep UV resist stripper. 

p-contact proton Impla,ntt�d insulating regions 

p-AI(Ga)As/GaAs 
mirror 

InGaAsP 
active layer 

n-AIAs/GaAs 
mirror 

Fig. 8.11: Proton implanted double-fused vertical-cavity laser. 

dielectric mirror proton implanted insulating regions 

n-contact 

��i�����I��
= InGaAsP 

active layer 

__ i-"lI- p-AlAs/GaAs 
111[' mirror 

Fig. 8.12: Proton implanted single-fused vertical-cavity lasers. 
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Fig. 8.13: Completed single-fused proton-implanted vertical-cavity 

structure (dummy device on silicon). The semi-transparent lip around 

the edges of the mirror is a result of mirror liftoff. 

Fig. 8.14: Proton-implantation mask uses 3 �m thick gold on top of 

2 �m thick deep UV photoresist. 
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8.3. Single-fused all-epitaxial vertical-cavity laser 

Free-carrier and inter-valence band absorption in GaAs, InP and related alloys is a 

major obstacle in realizing high reflectivity p-type mirrors using materials with small 

reflective index difference, such as InGaAsPlInP and AlInGaAs/AlInAs systems. For 

this reason most of the research on InGaAsPlInP mirrors for long-wavelength 

applications has concentrated on n-type mirrors (Tadokoro, 1992, Streubel, 1994, 

Fisher, 1995), with only a few recent reports on p-type mirrors (Miyamoto, 1994). If 

one mirror is the epitaxial InGaAsPlInP mirror, the other mirror can be realized either 

by dielectric deposition or by wafer fusion. The structure of the wafer fused VCL 

with one InGaAsPlInP mirror is shown in Figure 8.15 .  

n-InGaAsPlInP mirror 

InGaAsP active layers 

Laterally oxidized 

p-AlAs/GaAs 
ffilrror 

n-contact 

transparent substrate 

D 

fused interface 

p-contact 

Fig. 8.15: Single-fused 1 .55 !-tm vertical-cavity lasers with one 

AlAs/GaAs and one InGaAsPlInP mirror. Current confinement may be 

enhanced by lateral AlAs oxidation or wet chemical undercut. 
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Fig. 8.16: Completed single-fused all-epitaxial vertical-cavity laser 

structure. The undercut is a result of chemical etching during methane

hydrogen-argon reactive ion etching. 

Devices with this structure have been fabricated, but none lased. The AlAs/GaAs 

mirror was grown by MBE (Mirin), while the lnGaAsPlInP was grown by MOVPE 

(Streubel). The fabrication of this structure is quite straightforward: After fusion and 

lnP substrate removal, the laser mesas are defined with metal patterns and then the 

mirrors are etched in CH./H,/ Ar reactive ion etching down to the first AlAs layer. 

Aluminum arsenide does not etch in this chemistry, hence it serves as an etch-stop 

layer. In fact, since CH./H,/ Ar deposits a hydrocarbon polymer on all surfaces that 

do not etch, the etching comes to a complete stop on the first AlAs layer. At that point 

the polymer is removed with oxygen plasma and the slightly oxidized AlAs should 
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removed using NH40H/H20. Figure 8.16 shows a completed device of this type. 

The active layer in this device was bulk InGaAsP. The conical shape of the pillar is a 

result of chemical undercut during the four-hour long CH4/H2/ Ar etching. The 

etching conditions were CH4 = 4 sccm', H2 = 20 sccm, and Ar = 10 sccm, pressure 

75 mT and 500 V self-bias. The shape of the undercut can be improved by 

implementing an alternating etching scheme in which the methane-hydrogen is 

alternated with oxygen plasma. The purpose of the oxygen plasma is twofold: It is 

used remove the polymer from the mask thereby keeping the mask size constant, and 

to oxidize the sidewalls of the pillar and inhibit further lateral etching. The resulting 

pillars have vertical sidewalls (Schramm, 1994). Other possible methods for 

obtaining vertical sidewalls include controlled mask erosion during reactive ion etching 

(Streubela, 1994). 

Current and/or mode confinement can enhanced by lateral oxidation of AlAs. In this 

case the shape of the pillar has less influence on the cavity losses. Since the methane

hydrogen etching stopped on AlAs, after the NH40H/H20 clean-up the first AlAs 

layer in the p-mirror can be laterally oxidized to reduce the current aperture. The 

oxidation is performed at 450°C for a few minutes and hence the post should be 

oxidized before n-type contact deposition. Room temperature operation of the 

epilayer structure to be used in his type of device has been demonstrated using optical 

pumping (Babic, 1994). However, due to the low n-mirror resistance (Streubela, 

1994) and the good thermal conductivity of the binary mirror on the bottom, this 

device holds excellent potential for continuous-wave operation at room temperature. 

At the time of writing this devices has not fabricated with low doped p-type GaAs 

mirrors. 
230 



8.4. Conclusion 

The work presented in this dissertation describes the development of the first 1 .54 !lm 

vertical-cavity lasers operating continuously at and above room-temperature. During 

the course of this work, a number of theoretical models and physicai phenomena that 

were relevant to this research and vertical-cavity lasers in general have been 

investigated. Naturally, many new questions regarding wafer fusion and the laser 

operation have been raised. Hopefully, future work will provide the answers to these 

questions. 
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Appendix A 

Transverse-field matrix method 

This appendix illustrates the calculation of plane-wave reflection and transmission 

coefficients from multilayer structures. Most of this mathematical formalism can be 

found in a number of books (Macleod, 1986, Yeh, 1988, Thielen, 1989). This 

material is a supplement to the theory described in this dissertation and is based on the 

transverse field matrices (Thielen, 1989) rather than transmission matrices (Yeh, P., 

1 988). To the best of our knowledge, the extension of transverse field matrices to 

lossy interfaces and sheet gain is original. 

If a dielectric slab is parallel to the xy-plane and has a finite thickness in the z 

direction, the field pattern inside can be written as a linear superposition of two 

waves: the forward and backward traveling waves. To introduce the matrix 

formalism, we first find the linear relation between the transverse fields at beginning 

and the end of the thin film (or section of a film) and then calculate the total reflection 

coefficient for a multilayer stack. This is done for two polarizations s and p 

separately, then the multilayer matrix is introduced and the formulas for the 

calculation of s-parameters. 
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A. I .  Transverse-electric incidence (s-polarized waves) 

Consider the case where the electric field points along the y-direction while the 

magnetic field points along the x and z directions. The phasor of the forward and 

backward propagating waves at the at any place along the z-axis is denoted with 

E+(z),E- (z) . The amplitudes of the two waves at any place along the z-axis are 

given by matrix L(z): 

[E+ (Z)] = 
[eXP(ik,Z) 0 ][E+ (0)] 

E-(z) 0 exp(-lk,z) E-(O) (A-I) 

L(z) = 
[eXP(ik,Z) 0 ] 

o exp( -ik,z) (A-2) 

Note that L is unitary and that D' (z) = L( -z) . From here on, short-hand notation 

E' = E'(O) will be used. By making use of Maxwell's equations 

v x E = iWjiH V x H = -iweE 

we fmd the electric and magnetic fields at any point to be 

E = E+ + E-
1)okoH = f+ x E+ + f- x E-

£<I) = E+ + E-
ji,1)okoH(1) = -k,E+ + k,E-

(A-3) 

(A-4) 

(A-S) 

The transverse electric field at any place along the z-axis can be determined from the 

linear transformation given by matrix Q, where s stands for s -polarization: 
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(A-6) 

Q, = 
[ I I ] 
-k,/koJi, kJkoJi, 

(A-7) 

We relate the transverse fields at the origin ( z  = 0) to the transverse fields at some 

location z .  This can be expressed in matrix form as: 

(A-8) 

The matrix that related the transverse field for a single film or a section of a film of 

thickness z of an s -polarized wave (TE incidence) is denoted by M, and it is given 

by: [ cosk,z 
M,(z) = Q, L-' (z)Q;' = k i�sink,z 

koJi, 

For normal incidence we have 

M(n. ¢) = [ cos¢ 
insin ¢ 

. I . '"] I;SIO ,/, 
cos¢ 

235 
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k ' 

, 

cosk,z (A-9) 
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A.2. Transverse-magnetic incidence (p-polarized waves) 

The transverse magnetic field is written in terms of the forward and backward 

traveling waves as (anywhere): 

HII) = H+ + H-
koe, E'O = -k H+ +k H-
110 

" (A- l l )  

We can normalize all of the magnetic field to the.electric field values by multiplying by 

the free-space impedance 110 ' 

(A-12) 

Q
'_' = .!.[-koe'/k, I] 
p 2 koe,/k, 1 

(A-B) 

The matrix Q; has a prime because it relates the transverse fields to the incident and 

reflected magnetic fields rather than electric fields, as in (A-6). The spatial evolution 

of the forward and backward propagating magnetic field amplitudes is identical as 

given for the electric field: (A-2). The relationship between the transverse fields in 

this case is: [ cosk,z 
Mp (z) = Q; D'(z)Q;-' = k e i...LLsink Z 

k ' , 
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In order to be able to express the electric (or magnetic) field reflection coefficient for 

both s and p -polarized waves, we need to have the definition of the Q matrix in 

terms of the electric (or magnetic) fields only. This relationship is obtained via the 

medium wave impedance 1/ = 1/o�f.1,/f:,. The magnetic and electric fields are related 

though: 

(A-IS) 

The Q matrix for p waves is then 

For normal incidence the equations simplify into 

i�f.1' sin(koz�f.1,f:, ) f:, 
cos( koz� f.1,f:, ) (A-17) 
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A.3. Lossy interfaces 

The important fact to note in (A-17) is the symmetry between jl, and E,. It is this 

symmetry that makes the transmission matrix approach sensitive to the origin of loss 

in a layer: whether it is electric or magnetic. We can this fact to model lossy 

interfaces, such as, scattering or absorption. The intent here is to introduce the loss 

phenomenologically, rather than determine the degree of scattering with the surface 

profile. 

To derive the lossy interface matrix we consider an infinitely thin conductive sheet as 

a boundary between two lossless dielectric media: 1 on the left and 2 on the right. 

The transverse electric field across a conductive (or a current ) sheet is continuous, 

while the magnetic field exhibits a discontinuity equal to the linear current density. 

The boundary conditions across the interface is given by 

E(I) - E(I) 1 - 2 
H(I) - H(t) - J - H(I) - a E(I) 1 - 2 ( - 2 t 2  

Which leads to a transverse field matrix: 

(A-19) 

(A-20) 

where a, is the linear conductivity of the sheet. The fact that the origin of the loss is 

a result of electric field interaction manifests itself in the asymmetry of this matrix. As 

a check, we will bring the matrix (A-17) to the form of (A-20): We first write ¢ = koz 

in (A-18) and then take the limit in which ¢ becomes small. Now we have 
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M = [ I iP,¢] 
ie,¢ I (A-2 1) 

Since the losses originate from current flow in a sheet of conductivity a, we replace 

e, --? e, + i a/ eoW to get: 

M = [ . '" �
I Po 

iP
I
,¢] 

le,'I' - -az eo (A-22) 

If we let the thickness of the film go to zero, then ¢ goes to zero but the linear 

conductivity at = a z remains constant in this limit. In this limit of equation ( l2e) 

evidently becomes identical to (A-20). Similar procedure could be performed on the 

magnetic susceptibility, in which case the upper-right element of the transverse field 

matrix would be real and non-zero. The case of an infinitely thin sheet of finite 

elecuical (and/or magnetic conductivity) is the simplest way to introduce interface loss 

into the multilayer calculation. Surface roughness produces scattering and will be 

treated in the next section. 
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AA. Scattering on interfaces 

Consider an interface that is rough or in some other way produces loss of power at an 

infinitely thin interface the interface. If the scattering depends on the electric field 

intensity the transverse field matrix should have the form (A-20). 

M = [
_
1
0 
�] 

(A-23) 

To check the meaning of 0 ,  we suppose that the scattering interface has a finite width 

Llx and the propagation across this region could be given in a form similar to (A-2), 

but with a complex propagation wavenumber. Using (A-7) and (A-23) we can de

embed the equivalent propagation matrix: [1 - 0/2 
Li,,(z) = 

0/2 
-0/2 ] 

1 + 0/2 (A-24) 

Comparing (A-24) with (A-2) and assuming that the loss at the interface is small 

( 0  « I), we see that the relationship between the absorption coefficient of this layer 

and 0 is aLlx = o . The reason 0 appears in the off-diagonal elements is to account 

for loss enhancement and inhibition due to the standing wave pattern. Namely, if the 

forward and backward propagating waves interfere constructively at the interface then 

the absorption will be doubled, while if the interference is destructive there will be no 

absorption. In similar manner we can introduce a sheet of gain in to the interface. 

To make this model more general, we phenomenologically introduce both electric and 

magnetic scattering into the transverse field matrix as follows: 

M = [ I -Om] 
-0 1 , 
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This interpretation is interesting if we know what the reflection and the transmission 

coefficients of some lossy interface are and we want to introduce these number into 

the model. Starting from (A-2S), we derive the relations for the reflectivity and the 

transmission of a lossy interface. 

Suppose that the incident and exit mediums have refractive indices n, and �.  Using 

(A-7) and (A-l 3) we have for the electric fields, 

and for magnetic fields 

[Ht] 1 [-n, 
H,- = 2n2 n, 

(A-27) 

From here, the electric field reflection and transmission coefficients are given by 

r = n, - � + n,�8m - 8, t = ___ .=2:.:.n,,--::---=-
, 

n, + � + n,n28m + 8, ' II, + � + n,�8m + 8, (A-28) 

and for the magnetic field we have r. = -r" and t. = (�/n, )t,. The inverse 

expressions for the electric and magnetic losses at the interface can be obtained from 

(A-28) and are quite simple: 

8 = n,(1 - r,)- n2t, 
, 

t . , 
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�t, (A-29) 



Note that in general the loss will depend on the standing wave pattern. If the electric 

field node occurs at the interface the loss will be affected only by 0.. . By summing 

the power reflectivity and transmitivity we obtain the scatterance (equivalent of 

absorptance) of the junction. 

(A-30) 

If the scattering is only electric field related then 

A _ 4n1o, 
s 

- [nl + n, + 0, r (A-3 1) 
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A.S. Multilayer structures 

Consider now the case where we have calculated the total transverse field matrix for 

an entire multilayer of m layers. the transverse field matrix for polarization 

A. E (s, p) is given by 
m M. = TIM. (i) 

;::1 (A-32) 

This will relate the transverse fields at the beginning and the end of the stack. Once 

this relationship is known we can detennine the relationship between the incident and 

the reflected fields at both sides using the Q matrices again (s and p suppressed): 

[E+] [E+] = �I MQ. E- i=O e- i=, (A-33) 

Here subscripts zero and e = m + 1 refer to the incident and the exit mediums. If we 

denote this matrix by N = �l M\M2M3 . . .  M.,Q, then 

(A-34) 

For the magnetic field we need to use the conversion described in equation. (A-16). 

So the matrix is given by 

(A-35) 

(A-36) 
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In order to determine the s-parameters of this system we consider the Poynting Vector 

S = E x it . Since for either waves (s or p) the field vectors are already defined 

orthogonal we can set 

S+ - E+H+' o - 0 0 
So = EQHo' 

S+ = E+H+' , " 

(A-37) 

Set n = F and r = n�/n; . We investigate the case with a wave incident from port 

o E; = H; = O.  Then given by 

For waves incident from port e we have E; = H; = 0 and: 

S+ = NI2 N;2 S-
� N11N;t � 

(A-38) 

(A-39) 

Now one can define s-parameters by replacing S with a = .JS. However, one must 

make sure that the incident and the exiting medium are lossless, otherwise the factor 

r will be complex. If r is real then we can define the scattering matrix 

N S - -" 1 1 - Nl 1 
N S _ _ _ 12 

,, - Nl1 (A-40) 

The sign convention between Sl 1 and s" is adjusted to agree with the electric field 

reflection coefficient. 
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Appendix B 

Optical properties of quarter-wave 
. 

illlITOrS 

The efficient and reliable fabrication of high reflectivity mirrors is instrumental for the 

realization of practical vertical-cavity lasers. The requirement for a high value of 

reflectivity ( R  > 99%) to a great extent dictates the choice of materials and device 

structure of vertical-cavity lasers. Reflectors for electromagnetic radiation can be 

realized using both metal or dielectric-multilayer coatings. However, in 

semiconductor lasers metal mirrors are not used by themselves, but only in 

conjunction with dielectric mirrors. The reason for this is that metal-semiconductor 

interface reflectivity in the near-infrared and visible wavelength range is not sufficient 

for use in vertical-cavity lasers ( R  < 99%). Furthermore, metal mirrors can not be 

used as efficient output couplers since they have poor or no light transmittance. For 

these reasons, laser mirrors are most commonly realized as multilayer interference 

coatings employing low loss dielectrics. The simplest and most commonly used 

structure is the quarter-wave mirror (Siegman, 1986, Herbelin, 1981) .  The quarter

wave mirror provides high reflectivity only over a limited frequency range, but can be 

fabricated with reflectivities as high as 99.999% (Rempe, 1 993). In some cases, 

when larger mirror bandwidths are required, two quarter-wave stacks with 
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overlapping bandstop regions can be used (Turner, 1966) or the thicknesses of the 

mirror layers can be staggered in an arithmetic or geometric progression (Heavens, 

1 966). 

Vertical-cavity laser mirrors are almost always realized as quarter-wave dielectric 

mirrors using either single crystal semiconductor materials or amorphous dielectrics 

deposited by a low temperature dielectric deposition technique. The use of hybrid 

mirrors in which metal is combined with a dielectric multilayer coating is also 

widespread. The metal coating is used to increase the reflectivity of a dielectric mirror 

or to replace a number of dielectric layers while ke7ping the same peak reflectivity. 

This Appendix is devoted to the description of the optical properties of quarter-wave 

mirrors relevant for their design and application in vertical-cavity lasers and other 

surface normal optoelectronic devices. The theoretical analysis of quarter-wave 

mirror given here is general, but the practical examples are directed towards 1 .55 IJ.IIl 
vertical-cavity lasers. 

B.l .  Introduction 

B.I.I. Quarter-wave mirrors - background 

The term quarter-wave stack or multi-section quarter-wave transformer encompasses 

a large number of structures which are used in a variety of band limited impedance 

transformation applications (Collin, 1955, 1966). For applications in optics these 

structures are realized as quarter-wave layered media with the section impedances 

varied by using non-magnetic materials with different refractive indices. The most 
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common uses here are anti-reflective (AR) coatings and high reflectivity (HR) 

mirrors. The quarter-wave section refractive indices of an AR coating vary 

monotonically with some mathematical progression, typical examples being the 

Binomial and Chebyshev transformers (Collin, 1955, 1966). A very high reflectivity 

coefficient at the design frequency can be achieved by using a structure in which the 

refractive index of every subsequent layer alternates in magnitude. In this way all of 

the reflected waves interfere constructively at the design frequency and produce a high 

reflection coefficient with a phase exactly zero or 1t. The structure that is most 

commonly referred to as the quarter-wave mirror (QWM) is a multi-section quarter

wave structure in which the section refractive indices alternate between two fixed 

values: high nH and low nL • This is the most efficient structure for the realization of 

high reflectivity mirrors, since each of the interface reflections is maximized. Very 

high peak reflection coefficients at optical frequencies can be practically achieved in 

this manner. Unity reflection coefficient can not be achieved neither with finite 

(Haus, 1984) nor infinite number of layers due to the presence of material loss and 

scattering. Due to its simplicity and periodic nature the QWM structure is the most 

common realization of HR coatings in optics and is of primary interest in this work. 

In semiconductor optoelectronics HR reflectors appear as in-plane and vertical 

structures. In-plane reflectors constitute Distributed Feedback (DFB) and Distributed 

Bragg Reflector (DBR) lasers, and are typically fabricated by e-beam lithography and 

holographic means. The resulting refractive index variation in these structures is 

. typically graded and very weak, and can therefore be efficiently analyzed by 

perturbation methods such as Coupled-Wave Theory (CWT) (Kogelnik, 1974, Haus, 

1 984). The fabrication of vertical HR reflectors involves deposition of quarter-wave 
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layers of alternating refractive indices by epitaxial growth, evaporation, or plasma 

deposition. The large variety of materials used for mirror fabrication yields in a large 

range of available refractive index values and the interfaces are typically abrupt even 

though they can be graded. 

The refractive profile of two quarter-wave mirrors with the relevant parameters is 

shown in Fig. B.! .  At the center (design) wavelength, all of  the layers have 

thickness of one quarter-wavelength and the reflectivity spectrum exhibits maximum 

reflectivity . 

nH 
nl r 

nL 

(a) 

n1 

1 
nL 

nE 

(b) 

Fig. B.I: The refractive index profile of two quarter-wave mirrors. Mirror 
(a) has a reflection phase 1r at the center wavelength and mirror parameters 
a = ndnH ' P = n[ /nH , and q = ndnE ' while mirror (b) has phase zero and 
parameters a = ndnl ' P = nl/nH , and q = nE/nH . (Electromagnetic 
radiation is incident from the left). 
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The reflectivity spectrum will exhibit a region of high reflectivity every time the phase 

across each layers becomes an odd integer multiple of tr/2 or in the immediate 

neighborhood. In an ideal situation where there is no refractive index dispersion, i.e. 

no frequency variation of the refractive index, the spectrum will be perfectly periodic: 

The high reflectivity region will appear at 0)" 30)" 50)" and so on. Inasmuch as all 

dielectric materials exhibit some degree of dispersion in the transparent region and at 

least one absorption region, this periodicity, if at all observable, will never be exact. 

If one uses dielectrics well below the fundamental absorption edge, such as, using 

SiO, and Si3N4 in the infrared range, then an approximate periodicity can be 

observed. This is shown for a SiO,/SiN, mirror (a) in Fig. B.2. 
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Fig. B.2: Measured reflectivity spectra on two SiO,/SiN, ( x  = 4/3) 
quarter-wave mirrors deposited by reactive sputtering: Mirror (a) is a 
6-period mirror tuned to 1300 nm, while (b) is an 8-period mirror 
tuned to 460 nm. 
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The mirror (b) is fabricated using the same material combination, but is tuned to a 

visible wavelength (blue). The width of the high reflectivity region depends on a 

number of parameters but is largely determined by the refractive index ratio 

ndnH .The number of minima (or zeros) between any two high-reflectivity regions 

( 00, and 300" for example) equals the number of layers in the mirror. 

I r----r'==-'"---,�--., 41t 

r. I , . '. 0.8 r ...... . 
r (\ .... . r . 

0.6 r ' . ...... 
0.4 

0.2 -

.. ..... .. .... ...... .. -. ........ -.. " '. '. 

._ - -21t --. '" '-. . 

o &.....o ............ _I0...1' ..... _..l' ...................... ' .................... -41t 
0.6 0.8 1 1 . 2  1 . 4  

,.J).. 
o 

Fig. B.3: Calculated amplitude and phase reflectivity speCtrum of a 

5-period quarter-wave mirror in the high reflectivity region. The 

refractive indices are nJ = 3.2, nH = 3.5 ,  nL = 2.0 and nc = LO .  For 

simplicity, no absorption loss or material dispersion is considered. 

The quarter-wave mirror has a very complicated amplitude and phase spectrum due to 

its distributed (multi-reflection) nature. A numerically calculated amplitude and phase 

spectra of a 5-period SifSi)N. mirror are shown as an example in Figures B .3 and 

B .4. The peak reflectivity depends on the number of layers and all of the refractive 
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indexes involved: the incident and the exit medium, and the two materials constituting 

the high and low impedance sections. The phase characteristic exhibits almost linear 

phase within the bandstop region and then changes very rapidly outside it. The slope 

of the phase characteristics of a linear system is called group delay. It is almost 

constant around the center of the bandstop and increases away from it. If the group

delay is constant, an optical pulse with frequency (J), incident on a quarter-wave 

mirror will be delayed by the value given by the slope of the phase characteristic. 

Any phase variation of higher order than linear produces pulse broadening and 

distortion (group delay dispersion). 

25 �--��------------��� 
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Fig. B.4: Calculated reflection delay and dispersion of the quarter
wave mirror shown in Fig. B.3. 
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In ultra-fast laser applications, high reflectivity interference coatings are sometimes 

used for pulse shaping (Szipocs, 1 994) since dispersion of both signs can be 

achieved. In semiconductor lasers the modulation bandwidths are sufficiently small 

that dispersion has a negligible effect on· the laser high speed performance. Its only 

side effect is the introduction of nonlinear longitudinal mode separation, which does 

not have any detrimental effects on the performance of vertical-cavity lasers. 

B.l.l. Motivation and the scope of the analysis 

The quarter-wave mirror exhibits high reflectivity only at the center and in the 

immediate neighborhood of the center of the bandstop. This is the portion of the 

spectrum that is of most interest for vertical-cavity and distributed Bragg reflector 

(DBR) laser operation. Therefore, most of the analysis of quarter-wave mirrors for 

these applications is concentrated on the mirror properties at and in the vicinity of the 

bandstop center. The key parameters that characterize the quarter-wave mirror are the 

peak reflectivity, the bandstop width, the penetration depth and the mirror diffraction 

properties. The penetration depth and diffraction in the mirror are subjects of 

particular interest in this dissertation and have hence been studied more thoroughly. 

There are several reason for this interest: 

(a) The observation that at the center of the bandstop the mirror exhibits a linear phase ' 

immediately led to the interpretation that the reflection appears as to have happened 

from somewhere within the actual mirror. The distance from the first mirror interface 

to the location of the apparent reflection was named penetration depth. Inasmuch as 

the penetration depth concept was fust used in conjunction with DBR lasers where the 
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refractive index variations were small, another intuitive interpretation became popular: 

The penetration depth was defined as the depth at which the standing wave energy 

falls to l/e of its initial value. Due to the small size of the refractive index 

perturbation in DBRs, these definitions were more or less equivalent and exact 

expressions for the penetration depth were obtained using Coupled Mode Theory 

(Kogelnik, 1 974, Koyama, 1 983). However, it was not until mirrors with large 

refractive index variations came to use (in vertical-cavity lasers) that it became 

necessary to clarify these definitions and rigorously analyze the physical quantities 

associated with them. (Coupled mode theory can not be applied to problems with 

large refractive index variations.) A detailed investigation of the "penetration depth" 

approximation showed that, in general, the two definitions do not lead to the same 

"penetration depth" ,  and exact analytic expressions for both quantities were given 

(Babic, 1992). 

(b) The clarification of the penetration depth concept and subsequent formalism has 

led to a number of original analytic expressions for physical quantities related to the 

penetration depth: the group-delay, scattering parameters, absorptance and reduction 

of peak reflectivity due to small absorption loss. All of these make the design of the 

quarter wave mirrors simpler and enable the study of physical quantities without the 

use of massive numerical calculators. The primary examples of surface-normal 

devices that utilize quarter-wave mirrors and benefit from this study are all vertical

cavity lasers, Fabry-Perot modulators and resonant cavity photodetectors. 
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B.1.3. Lumped mirror model 

The penetration depth in quarter-wave mirrors is a very useful concept that provides 

both an intuitive picture and a simplified inathematical treatment of quarter-wave 

mirrors near the center frequency. The basic idea lies in the replacement of the very 

complicated phase behavior of a quarter-wave mirror with a single lumped mirror 

placed at a suitable distance deeper into the original mirror. The lumped mirror model 

describes the distributed mirror exactly at normal incidence and center frequency, and 

can be adjusted to approximate the mirror behavior in the vicinity of the resonance. 

The actual location of the lumped mirror depends on which physical quantity we wish 

to conserve when going from the exact mirror and the lumped equivalent. The 

conserved quantities can be time, energy or diffraction (free-space propagation). 

Consider time as the conserved quantity first: It is well known from signal and system 

theory that a linear system with a constant amplitude and a linear phase characteristic 

does not introduce any distortion to the signal except for a change in amplitude equal 

to the transfer function amplitude and a delay equal to the slope of the (linear) phase 

characteristic. The QWM approximately satisfies this constant amplitude I linear 

phase requirement at the center frequency. The constant amplitude is modeled by a 

fixed reflection coefficient (fixed amplitude and fixed phase), while the delay is 

modeled by placing the lumped mirror at a suitable distance from the reference plane. 

The distance at which the lumped mirror has to be placed and the fixed phase that this 

mirror has to have depends on the group delay and center wavelength of the quarter

wave mirror. These parameters have to be adjusted so that the frequency response of 

the equivalent construction is identical to the original QWM when seen from the some 
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reference plane. This constitutes a lumped-mirror equivalent a quarter-wave mirror 

that is time- or phase-conserving. We can similarly introduce energy and diffraction 

conserving models: In the energy conserving model the lumped mirror is placed at 

the location within which all of the quarter-wave mirror electromagnetic energy would 

be contained if the energy did not attenuate with the number of layers. In the 

diffraction conserving model, a reflected light beam has diffracted by the same 

amount as it would if it propagated freely over a distance equal twice the diffraction 

equivalent distance. All three of these equivalent constructions will be valid for 

frequencies (and angles) close to the center of the bandstop (normal incidence). 

The most important fact is that the equivalent distances based on the phase, energy 

and diffraction conserving models are generally not equal to each other. For this 

reason care must be taken when the term penetration depth is used, since it must be 

clear what is the conserved quantity. These three models are discussed in detail in 

sections B .4., B.6. and B.9. 

B.I.4. Appendix outline 

We proceed now with a step by step analysis of the quarter-wave mirrors at the center 

wavelength relevant to small vertical-cavity optoelectronic device design. The 

reflectivity and the bandwidth are discussed in Sections B.2 and B.3. We continue 

then by discussing the reflection delay which is crucial to the understanding of phase 

penetration depth (Section B.4). After introducing the mirror energy capacity and the 

energy conserving model of a quarter-wave mirror in Section B.6 we compare the 

two models in Section B.7. Both models are very efficiently used to determine the 
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effect of weak absorption loss on the absorptance and the peak reflectivity reduction 

described in Section B.8. In Section B.9 we describe the diffraction conserving 

model of quarter-wave mirrors. 
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B .2. Peak reflectivity of loss less quarter-wave mirrors 

The calculation of the amplitude and phase characteristics of the quarter-wave mirrors 

and other multilayer structures can be performed exactly using transmission matrices 

(Yeh, 1988) or transverse field matrix calculation (Thielen, 1989, Appendix A). The 

peak reflectivity of a lossless quarter-wave mirror at the center wavelength can be 

determined analytically using quarter-wave transformation formulas (Haus, 1984). 

However, an elegant substitution using tanhO function originally introduced by Ran 

H. Yan (Yan, 199 1 )  provides a simple way to determine the reflectivity of 

combinations of quarter-wave and half-wave multi-layer structures at the resonant 

frequency. We shall illustrate use this substitution to calculate the peak reflectivity of 

the quarter-wave mirror of a QWM. For more general applications with non-abrupt 

index profiles and half-wave layers, the reader is referred to (Corzine, 199 1 )  where 

the tanh substitution has been discussed in detail. 

Fig. B.5: Partial reflectivities of a quarter-wave stack. The reflection 

coefficients of individual interfaces between two layers are denoted by 
ri (seen from the left), and the cumulative reflection coefficients of i
layer structure are denoted by rio 
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Consider the reflection of a single quarter-wave layer structure TI in Fig. B .5. In 

terms of TI and To , TI is given by 

Using the substitution 

and the hyperbolic tangent addition formula 

we arrive at: 

h( b) 
tanh a + tanhb 

tan a + = ------
1 +  tanh a . tanhb 

(B- 1 )  

(B-2) 

(B-3) 

(B-4) 

The relation for the peak reflectivity of the entire stack can be derived by repeated 

application of (B-1) ,  (B-2) and (B-3): 

IT21=  tanh(s2 + SI + so) (B-5) 

(B-6) 

The summation goes over all interfaces in the structure: for m layers there are m + I 

interfaces. Each interface is characterized by a factor Si which can be expressed in 

terms of material indices at the interfaces: Using (B-2) we write, 
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and find that Si is given by, 

1 - nLi 
nHi 

1 +  nLi 
nm 

I (nLi ) s, = -- In -
2 nHi 

The reflectivity of the entire structure is then given by 

r = I - bm m I + b  m 

(B-7) 

(B-8) 

(B-9) 

with bm being the product of the refractive index ratio for all interfaces in the stack: 

(B-IO) 

(Note that 0 < bm < I) .  For an arbitrary quarter-wave structure or half-wave structure 

the coefficients bi are all different. Inasmuch as the quarter-wave mirror is a structure 

with some incoming index nJ , exit medium nE , and a periodic sequence of layers 

with alternating indexes nL and nH one can write a simpler relationship for the 

reflectivity. Four parameters are sufficient to achieve this: a ,  p,  q and the number of 

quarter-wave layers m .  The parameters a ,  p,  and q are refractive index ratios at the 

three types of interfaces that characterize the mirror, and are shown in Figure B. ! .  All 

of the ratios are taken as low/high, i.e. a ,  p, and q are real numbers smaller than 1 .  
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(B- l l )  

Factor q is the ratio of the refractive indices at the interface between the incident 

medium (subscript l) and the first QWM section, factor a is the ratio of the refractive 

indices at the last QWM section and the exit medium (subscript E), and factor p is the 

ratio of the refractive indices of the two materials that constitute the QWM structure. 

This very elegant notation has been introduced by Scott Corzine (Corzine, 1993) and 

will be used extensively in this dissertation. The reflectivity of a quarter-wave stack 

expressed using (B-6) and (B-S) or by 

1 - qapm-' 
R =  ( )2 

1 + qapm-' (B-12) 

This expression is valid only for lossless materials, but can also be used for quarter

wave mirrors with metal cladding, as described in Section B .S.6. When weak 

absorption loss is present in one or both of the materials the reflectivity can be 

approximated using expressions given in section B.S. 
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B.3. Bandstop width 

The bandstop width is the approximate wavelength range over which the quarter

wave mirror exhibits high reflectivity: There is no definition of the bandstop width 

that is practical and exact at same time. A practical definition, such as the full width at 

half maximum (FWHM) depends on too many parameters (all of the refractive 

indexes involved and the number of layers) and is too complicated to determine and 

use analytically. A definition that is most commonly used is the bandstop of an 

infinite mirror. This quantity can be determined analytically and depends only on the 

refractive index ratio ndnH ' but only approximately describes bands tops of finite 

mIrrors. 
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Fig. B.6: Measured reflectivity spectra on two 1550 nm quarter· 

wave mirrors: (a) 8-period electron-beam deposited Si02/Ti02 

mirror, (b) reactively sputtered 3·period SijSi02 mirror. 
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A large refractive index ratio results in a large bandstop width. This is illustrated in 

Fig. B.6 where a Si/SiO, mirror ( nL/nH '" 1.46/3.5) is compared to SiO,/TiO, 

mirror ( ndnH '" 1.46/2. 1) .  We shall use the mirror bandstop width as a figure-of

merit when discussing the necessary precision of the mirror fabrication process and 

the ability to tune the laser wavelength to a specified value. The reason for this is that 

the behavior of the phase characteristics of the mirror within the bandstop depends on 

the bandstop width. We shall first discuss the character of an infinite quarter-wave 

mirror and derive an exact expression for the bandstop width, and then discuss its 

relevance for practical finite mirrors. 

B.3 . 1 .  Quaner-wave mirror as a photonic bandgap structure 

The infinite quarter-wave stack represents the simplest form of a photonic band-gap 

structure (Yablonovitch, 1 990). A photonic band-gap structure structure is one 

within which the propagation of electromagnetic radiation is suppressed in a range of 

frequencies (forbidden gap) and allowed to propagate for frequencies above and 

below this range (energy bands). The occurrence of energy bands and bandgaps is 

observed in crystalline solids where they play an important role in the conduction of 

electrons (or holes). The propagation of photons in photonic-bandgap structures is 

analogous to the propagation of electrons in crystals, except for the difference in the 

free electron and free photon dispersion relation. Photonic band-gap crystal can be 

made to efficiently suppress electromagnetic wave propagation in one (the quarter

wave mirror), two (Philal, 1 99 1 ,  Gerard, 1994, Villeneuve, 1 992) and three 

(Yablonovitch, 1991) dimensions. It is important to note that the photonic-bandgap 

crystals are not the only structures capable of suppressing electromagnetic wave 
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propagation: A waveguide operated below the cutoff frequency will behave in the 

same way. The interest in photonic bandgap crystals in recent years arose from a 

number of experiments and potential applications that were and could be performed 

by creating spaces which were devoid of all radiation (in a certain frequency range). 

Experiments with spontaneous emission inhibition and enhancement were the most 

popular (Martorell, 1990, Yablonovitch, 199 1 ,  Ram, 1995a). 

In an infinite quarter-wave stack, the propagation of electromagnetic waves for 

frequencies within the bandstop is suppressed in one direction. At the wavelength at 

which the phase across each of the layers is an odd integer multiple of 7r/2 all of the 

indi vidual interface reflections add up in phase and no wave can propagate. This 

happens at the center of the forbidden gap of an optical crystal created by an infinite 

quarter-wave mirror. At the edges of the forbidden gap are the first extended states in 

which light can propagate (reflectivity is zero). This edge is sometimes called, the 

mobility edge, from the electron propagation analogy. The is an infinite number of 

modes that light can propagate through in this crystal. The existence of these modes 

can also be observed in the reflectivity spectrum of a real, finite mirror shown in 

Figure B.6. Every minimum in this curve represents an extended state in which the 

photon� propagate through the mirror. As the number of independent states always 

equals the number of layers, by increasing the number of periods, the modes become 

more dense. When the mirror becomes infinite, the band becomes continuous. The 

dispersion relation of an infinite quarter-wave mirror can be determined using the 

Kronig-Penney model of propagation through a periodic potential as described in 

many textbooks (Liboff, 1980). We apply this model to a quarter-wave stack and use 

it to determine the bandstop width. 
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Consider a periodic structure in which each period consists of two layers across 

which the phases equal 4>, and 4>2' The length of the period is equal to d = Ao/2n, 

where Ao = 27rc/mo is the mirror center wavelength (frequency), and n is the 

average refractive index in the mirror defined by 2/n = Ifn, + If� . The dispersion 

relation for this structure is given (Liboff, 1980) by 

where 

_
n.!..., -_n"-2 r =  
n, + n2 

(B- 13) 

(B-14) 

is the amplitude reflectivity of a single interface that constitutes the mirror and K is 

the Bloch wave number. Since at m = mo the layers are one quarter-wavelength thick 

4>, = 4>2' one can write the dispersion relation for an infinite quarter-wave stack as, 

(B-15) 

Here 4> = (7r/2)(m/mo) is the phase change across a single quarter-wave film and 

() = Kd is the normalized Bloch wave-number. This dispersion relation is illustrated 

in Fig. B.7 for three values of r :  Around K = 0 the propagation is largely unaffected 

by the periodic index perturbation and the dispersion curve is linear with a slope 

determined by the average index of the mirror m ;:  (c/n)K . As the Bloch vector 

approaches the Bragg wave number Kd = 7r the dispersion relation becomes sub

linear and a gap is formed at Kd = 7r. To determine the width of the forbidden gap 

264 



,1w we set 41, = 412 = 11:/2 + 8 ,  where 8 = 11:,1w/4wo is the fractional gap width. 

Introducing this into (B- I 5) we obtain 2 sin 2 8 = (1 + r2 ) ± (1 - r2 ) .  When cos kd = 1 

each of the layers is one half wavelength thick, sin 8 = ± I .  The band edge occurs 

when coskd = -1 (the period is exactly one half-wavelength thick) and is given 

exactly by sin 8 = ±r, or 
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Fig, B.7: Infinite quarter-wave stack dispersion curve calculated for 

three different refractive index ratios. The bandstop width is denoted 

with ,1w. 

The standing wave pattern at the mobility edge of an infinite quarter-wave mirror is 

shown in Fig. B.8. It resembles the probability density function for an electron in a 
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period crystal, due to the analogy of propagation. The wave with more energy in the 

low index material ( n  = I )  has higher frequency. 
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Fig. B.8: Standing wave pattern in an infinite quarter-wave mirror at 

the band edges approximately depicted using a 30 period AlAs/GaAs 

ITUrror. 

The number of minima between any two high-reflectivity regions equals to the ' 

number of quarter-wave layers in the mirror. This fact can understood if one 

considers that a stack of m quarter-wave layers operated at twice the mirror center 

frequency ( 2wo) in fact represents a stack of m coupled half-wave resonators. It is 

well know that the resonance peak of a resonator splits into two when coupled to a 

second resonator. Similarly, the frequency response of m coupled resonators will 

have m resonances. (In our case we have m identical resonators.) The mode 
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splitting is illustrated in Fig. B.9 where the transmittance spectra of one, two and 

three layer quarter-wave stacks are shown. In order to exaggerate the effect the 

coupling between the resonators was made weak by setting nH = IOnL• The dots 

above the graphs indicate the locations of the resonance peaks for stacks with the 

number of layers varying from one to eight. 
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Fig. B.9: Transmission spectra of one, two and three layer quarter

wave stacks illustrating the resonance splitting as a function of number 

of coupled resonators (half-wave layers). 

The location of the minima has been determined exactly when all of the reflections 

have equal strength, i.e. q = a = p .  For this case the minima in the quarter-wave 

mirror reflectivity spectra occur at 

sin
2

8 = r2 + (l - r2)Sin2(�) " m + l  
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where n is the serial number of the minimum starting with n = ±I for the minimum 

adjacent to the bandstop and ending with n = ±m with minimum adjacent to the next 

higher (or lower) bandstop. The frequency deviation of the nth minimum OJ. is given 

by 

(B- 1 8) 

If the first and/or the last reflections are weaker ( q,a  < p), the exact frequency 

deviation will be larger than the one calculated by (B-17), and similarly if q,a > p ,  

the exact deviation will be smaller. These deviations from exact predication are result 

of the departure from the perfectly periodic index profile for which the Kronig-

Penney model applies. 
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Fig. B.10: Reflectivity spectrum of a 30-period AIAs/GaAs mirror 

with n[ = nL = 2.893, and nE = nH = 3.377. 
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mirror shown in Fig. B. IO. 
269 



An example of the standing wave patterns in the first three resonances of a 3D-period 

AlAs/GaAs quarter-wave mirror (reflectivity shown in Fig. B . IO) is shown in Fig. 

B . I I .  

B.3.2. Bandstop width and practical quarter-wave mirrors 

There are two reasons why the knowledge of the bandstop width is relevant for cavity 

design: (a) the bandstop with is the approximate wavelength range within which the 

reflectivity is high, and (b) the reflection coefficient phase changes by approximately 

2lr over this range. For this reason no matter what cavity length is used on 

conjunction with a quarter-wave mirror, there is always one mode within the 

bandstop (B-I4). What makes the difference in cavities with misaligned mode is the 

fact that the peak reflectivity of the mirror always varies slightly over the bandstop, 

and this is what sometimes makes very large changes in the value of threshold gain. 

The mode adjustment is very important in VCSELs and the phase variation of the 

quarter-wave mirror directly influences the precision necessary for the fabrication of 

quarter-wave mirrors. If the bandstop is narrow it will be very hard to place the mode 

exactly at the center of the quarter-wave and one will have to rely on increasing the 

number of mirror periods to achieve high reflectivity over a larger frequency range 

within the bandstop. This requirement places more stringent demands on the precision 

of epitaxial growth (or other deposition techniques) since the reflectivity reduces if the 

mirror chirped or mistuned. The fractional bandstop width is a figure of merit that 

indicates how difficult is it to practically use a quarter-wave mirror when one is to 
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make a laser cavity. Mirrors with wide bandstops are very forgiving to errors in the 

thicknesses and refractive index values and are hence easy to fabricate and use. Very 

narrow bandstops such as in InGaAsPlInP system at 1 .3 11m operation are not 

practical due to the very large number of layers necessary to achieve sufficient 

reflectivity at the center and large susceptibility to errors. 
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B .4. Reflection delay 

At the center of the bandstop of a losses mirror with no material dispersion, the 

dispersion is zero and the reflection delay is at a minimum. Both quantities increase 

in magnitude for frequencies away from the center. The reflectivity amplitude and 

phase spectra of an a - Si/Si3N. quarter-wave mirror are shown as an example in 

Fig. B.3.  Fig. B.4 shows the reflection delay and dispersion dependence on 

frequency in the neighborhood of the band-stop frequency. We shall describe here 

the derivation of the reflection delay at the center frequency for the QWMs with no 

material loss or dispersion. 

B.4. 1 .  Reflection delay recursion relation 

The frequency and time response of dielectric mirrors is described by its complex 

amplitude reflectivity spectrum: 

TUn) = T(co)eiB(Q) 
(B- 19) 

where T(co) and 0(co) are real functions. (The tilda - denotes a phasor). The 

QWM exhibits a real impulse response, and hence T(co) is an even function, while 

the phase 0( co) is an odd function of the frequency. For a lossless mirror with no 

material dispersion this is also true around the center frequency ' COo where as a 

consequence the phase characteristic has an inflexion, as seen from Fig. B.3. For 

continuous signals at frequency COo the QWM can be characterized by two parameters: 

the reflectivity T( coo) and the phase, which for a QWM stack is either zero or 7r at the 

center frequency. When the carrier is modulated both the reflected signal amplitude 
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and the phase are determined by the portion of the mirror reflectivity spectrum that 

overlaps with the modulated signal spectrum. As seen from FiguresB.2 and B.3, for 

very narrow modulation bandwidths close to the center of the mirror band-stop the 

relevant portion of the spectrum can be assumed to have uniform amplitude and a 

linear phase: 

(B-20) 

where 't is the reflection delay at frequency Wo given by 

'l' 
= 

ae(w) 1 
aw "="0 (B-2 1)  

The quantity 't is  the time by which an input pulse will be delayed upon reflection 

(Silvestri, 1984a), also called group-delay time. The fixed phase term e(wo) present 

in equation (B-19) has been included into the amplitude rewo) of equation (B-20) for 

simplicity of upcoming mathematical derivations. The sign of rewo) can then take 

both positive and negative values depending on the orientation of the stack. (The 

phase of the QWM stack at the Bragg frequency can be determined from the phase of 

the first reflection, since all of the reflections are in phase at the center frequency. 

Refractive index sequence HL at the first interface gives rewo) > 0 ,  while the 

opposite sequence LH gives rewo) < 0.)  

In order to calculate reflection delay 'l' we will derive a recursion relation between the 

reflection delay 'l'm of an m-section stack and the group delay 'l'm_l of an (m - 1) 

section stack. Let 2m_, be the input impedance of the ( m  - I) -section structure shown 

in Fig. B. 14. We now proceed building the stack by adding a quarter-wave layer to 

the top. The refractive index of the added layer must be of the proper relative 
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magnitude so that the indices of the overall structure alternate. (It is irrelevant which 

of the two material indices is being used, as long as the phase is properly adjusted). 

Once the refractive index of the m-th layer is specified, by knowing 2"_1 one can 

easily determine Tm_, :  the reflectivity of the (m - 1) -layer stack as seen from within 

the added quarter-wave layer, and 2m the input impedance of the m -layer stack. 

Witb tbe next quarter-wave layer added we will can determine the reflectivity T., and 

2m+!' and so on. The reflectivities T., and Tm_, are tben related by: 

m-th layer 1 st layer Exit medium 

-rm rm 
' i Y 

Z m Z m_1 

m m-l 1 o 

Fig. B.14: The structure and notation used in the derivation of the 

group-delay recursion relation. Figure shows on O-section quarter

wave stack witb one quarter-wave layer added on top. 

t = m r - t e-j2Ok1, m m-I 
1 - T- e-j2Ok1, 

Tm m-I (B-22) 

where r m is the amplitude reflectivity of the interface between the quarter-wave layers 

m + l  and m ,  and .11' is one quarter period time, 4/.11' = 1  ( /  is the band-stop 

center frequency). Using equation (B-20) we express Tm and Tm_, .  
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(B-23) 

We now simplify (B-22) using the tanh substitution (B-2): 

(B-24) 

Using the tanh(z) addition rule (B-3) we obtain: 

Tm = - tanh(sm + 5m_l ) (B-25) 

By differentiating (B-23) and (B-25) with respect to 00 and evaluating at 000 w e  

obtain: 

(B-26) 

(B-27) 

Here we have used the fact that r m (00) is maximum at 000 and that 000.1 '!" = 7r/2 . 

Equating (B-26) and (B-27) we obtain a recursion relation for the reflection delaY '!"m 

in terms of the delay '!"m-I and the associated reflection coefficients rm and rm_l : 

(B-28) 

where factors y; are given by: 

(B-29) 
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For quarter-wave mirrors, the factors y; are always of the same sign since the phase 

of the reflection coefficients T; alternates between zero and 1t:. This recursion 

relation can be easily applied to mirrors in which each layer has thickness of n 

quarter-wavelengths where n is odd. In this case, we would replace L1-r with nL1-r. 

When m = 0 the quarter-wave structure reduces to a single interface between the 

incident and exit medium: There is no reflection delay and we can set -ro = O.  By 

repeated application of (B-28) we can find the reflection delay of a QWM of an 

arbitrary number of layers. The recursion relation (B-28) leads to the sum: 

m-I 

1 LY; 
-r = - . �  m 

2/ Ym (B-30) 

Since we have not in any way specified the individual quarter-wave section 

impedances (indexes), equation (B-30) is exact for any multi-section quarter-wave 

transformer at the design frequency. In the case of matching transformers the value 

of Tm is ideally zero while the T; (i < m) are in general non-zero. Equation (B-30) 

then implies that the reflection delay time is infinite which means that the signal never 

returns, which is indeed the goal of perfect matching. It is possible to generalize this 

derivation, starting with equation (B-22), to arbitrary structures that involve both 

quarter-wave and half-wave layers and this has been done in (Tan, 1992). However, 

in this paper we will concentrate only on the QWM structure and refer the reader to 

reference (Corzine, 1991)  for a more detailed treatment of the tanh substitution and 

its application in calculating reflectivities of more complex quarter and half wave 

structures. 
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B.4.2. Reflection delay for a quarter-wave stack 

For the case of a QWM structure the expression (13) can be reduced to an explicit 

relation due to the simplicity of the relations for the partial reflectivities ri and the 

factors Yi. The phase of the reflectivity of every subsequent quarter-wave section 

alternates between 0 or 1r, and therefore no generality will be lost by setting: 

ITI  Y - , i - 1 _ r2 , 

By substituting (B-9) into (B-3 I )  (m  replaced with i) we get, 

l - b
2 

Y - , i - --:v;-
, 

. The expression (B-30) now becomes a sum of two series: 

m-I ( I ) L - - bi I i=O bi . Tm = 
-2/ .:.::;(r-_-"-I 

-'-_-bm-),f-. b .. 

(B-3 I )  

(B-32) 

(B-33) 

The coefficients bi are all different, but can be expressed in a simple way using (B-

10) and (B- l l) .  For i < m we have 

and at i = m we have 

b _ (nu )(nL )m-l( nu )_ m-I m - - - - - qp a 
nH1 nH nHE • 
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Introducing these variables into (B-33) we are left with a sum of two finite geometric 

series which after some manipulation yield the expression: 
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(B-36) 

Fig. B.13: A family of curves illustrating the functional dependence 

of the reflection delay - center frequency product j1: on material 

properties. The values used in this plot are nJ = 3.2 (lnP), nE = 1 .0 

(air), and nL = 1 .46 (Si02) .  The refractive index nH was varied 

continuously from 1 .46 to 4.45 for illustration. Multiple curves 

correspond to different number of periods. 

Equation (B-36) is the exact relation for the reflection delay of a lossless quarter-wave 

mirror with an arbitrary number of sections and material indices at the mirror band-

stop center frequency. An important fact to note is that the reflection delay from the 

front and the back of a QWM is in general not equal, since it depends on the incident 
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and exit medium indices. The functional dependence of equation (B-36) is illustrated 

in Fig. B . 13  for several number of layers and a continuous variation of the refractive 

index nw The general trend in Fig. B . l 3  shows that mirrors with large index 

differences produce short delay times. The small reduction in the delay for very small 

index difference occurs because the reflection at the exit medium interface starts 

dominating (the exit medium in Fig. B . l3  is air). A fact not apparent in this figure is 

that any decrease in the refractive index difference for a fixed number of periods will 

also decrease the maximum reflectivity of the mirror. 

For a large number of periods the curves approach that of an infinite QWM. The 

reflection delay of an infinite mirror (unit reflectivity) is the maximum delay a QWM 

can realize at the center frequency and it is obtained by taking the m � 00 limit in (B-

36). (The second term in the product tends to unity.) For a mirror in which the 

incident medium refractive index nJ is lower than that of the first layer nH we have, 

(B-37) 

If the first layer has index nL lower than the incident medium nl we have 

(B-38) . 

For the special case when the incident medium has the same refractive index as one of 

the mirror materials, namely, nl = nL in (B-37) and nl = nH in (B-38), the group 

delay becomes equal for both mirror orientations: 2f1:. = nL/(nH - nL) . This 

equation has previously been derived (Seeley, 1964) in an analysis of the resolving 

power of Fabry-Perot interferometers with distributed mirrors. 
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B.4.3. Partial group-delay times 

Using the expressions (B-33)-(B-36) one can determine the expected time a light 

pulse spends in the material of low or high index. These two times will be called 

partial group-delay times: r L and r H ' and the total reflection group-delay is given by 

the sum: r = r L + r H' This separation does not mean that the electromagnetic wave 

spends more time in one layer type. but is states what is the contribution of each type 

of layer to the total group delay time. To derive the expressions for the partial group 

delays we explicitly denote the dependence of the group delay on the refractive 

indexes of the layers using a dimensionless group delay: 

(B-39) 

From the recursive relation (B-28) and the expressions (B-32). (B-33) and (B- l l )  we 

see that if we change the sign of one of the refractive indexes. for example nL• that 

the individual time contributions in (B-28) change sign if the delay has occurred in the 

layer of refractive index nL• Therefore. four combinations of group delays are 

possible: 

(B40) 

Using any two linearly independent expressions from this set we detennine the partial 

group-delay times: 

tPL = tP(nL>nH) +  tP(nL.-nH) 
2 

tPH = tP(nL>nH) - tP(nL.-nH) 
2 (B41 )  

Partial delay times can be used when one needs to estimate a physical quantity that 

depends on times spent in the two layers of the DBR. We shall use this concept in 

section B.8.  to derive an approximation for the reduction of peak reflectivity from 
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loss, in section B.9. To estimate the properties of quarter-wave mirrors for wave 

with small off-normal incidence. 

B.4.4. Phase penetration depth 

The reflection delay in a distributed reflector is most commonly associated with an 

apparent depth of penetration into the mirror. The interpretation of the delay time with 

distance is potentially misleading since one needs to know the velocity of propagation 

in the medium. Nevertheless, for the practical use of the penetration depth concept 

one never needs the real propagation constant in the medium. The idea behind the 

penetration depth approximation is that the group delay time (strictly defined by the 

mirror) is interpreted as a reflection from a lumped, fixed phase mirror at some 

distance in to the mirror. The distance to the lumped mirror depends on the value of 

the refractive index we use for the medium that precedes the lumped mirror. If the 

quarter-wave mirror is adjacent to a cavity then it only makes sense to use the cavity 

refracti ve index for this extension. In this way there are no extra reflections at the 

mirror/cavity boundary that need to be considered - the cavity is simply extended by a 

distance equal to L, .  

The penetration depth depends on what is the refractive index of the material used in 

front of the mirror. This fact is of crucial importance for proper use of the concept: 

The quarter-wave mirror detennines the group delay time, but the refractive index of 

the cavity in front of the mirror determines the group velocity of the wave to be 

reflected. Only with both of these quantities defined can we speak of penetration 

depth into the quarter-wave mirror. To make things clearer, it does not make sense to 
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ask for the value of the penetration depth of a particular mirror without specifying the 

group velocity in the medium in front of it. 

(a) quarter-wave mirror 
operated at the center 
wavelength has 
approximately contstant 
reflectivity and linear 
phase 

(b) equivalent model 
that has approximately 
same reflection coefficient 
behavior around center 
wavelength 

.. reference plane 

phase penetration depth 
.. - .. 

mirror with constant / 
reflection coefficient 
and phase 

Fig. B.14: Interpretation of phase penetration depth. 

The interpretation of the penetration depth concept is illustrated in Figure B. 14: A 

wave is incident from a medium with refractive index n, onto a distributed mirror 

with linear phase. Its reflection is delayed by 'l" and scaled by the value of the 

reflectivity r .  The equivalent model for the distributed mirror is realized by 

extending the incident medium beyond the reference plane and by placing a lumped 
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mirror with a fixed phase eo at depth L, . To the observer placed to the left of the 

reference plane, the mirrors will appear equivalent if the reflectivity and the phase 

characteristics of the two cases are equal. This is satisfied if: 

(B-42) 

where L, is the phase penetration depth. The use of the equivalent lumped mirror 

model is completely transparent to any calculations involving the mirror phase as 10!lg 

as the QWM can be assumed to have a uniform amplitude and a linear phase in the 

spectral range of interest. Introducing (B-36) into (B-42) we obtain: 

(B-43) 

(B-44) 

283 



B.S. Transmission delay 

A lossless quarter-wave mirror is a reciprocal linear network and therefore the 

frequency behavior of the transmission coefficient is determined from the reflection 

coefficients seen the incident and exit ports (Haus, 1984). This means that from the 

knowledge of the reflectivity and the reflection group-delays from the two ports we 

can determine all the scattering parameters for a quarter-wave mirror, which is a 

useful tool when we want to apply circuit analysis models to multi-cavity resonators 

that employ quarter-wave mirrors in the neighborhood of the center frequency. 

B.S. l .  Scattering parameters of a lossless quarter-wave mirror 

We determine the scattering parameters from knowing the complex amplitude 

reflectivities from both sides Sl l and S22 : 

SIl = rexp[-j(W - Wo)fll -Nil ) (B-4S) 

(B-46) 

Here Wo is the center frequency and ¢ii are the fixed phases of the mirror at the center 

frequency seen from port i .  This phase depends on the orientation of the stack and 

can be either zero or 7r ( ¢I l and ¢22 are generally different). We assume that the 

mirror is lossless and hence S21 and SI2 are equal due to reciprocity. The s 

parameters are related through (Haus, 1984), 

(B-47, 48,49) 
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From here we quickly find that find that 

s21 = Sl2 = � exp[-j(ev - evO)'I"21 - j1/'>21 ] 
(B-SO) 

where if 1/'>1 1 = 1/'>22 = 0 or 7r then 1/'>21 = 7r/2 ,  and if 1/'>1 1 = 0 and 1/'>22 = 7r then 

1/'>21 = O .  The transmission-group delay '1"21 is the average of the two reflection-group 

delays: 

(B-S 1) 

Using (B-36) in (B-S 1) we arrive at an analytic expression for the transmission-group 

delay of a lossless quarter-wave mirror at the center wavelength: 

(B-S2) 

With equation (B-12) for the reflectivity, the equation (B-36) for the two reflection

group delays, and the equation (B-S2) for the transmission-group delay, we have a 

completely analytical definition of mirror scattering parameters of a lossless quarter-

wave mirror operated near the center frequency. 

B.S.2. Transmission-delay time and causality. 

A careful inspection of the formulas given in Section B.S . 1 shows that the 

transmission group delay (B-S2) can be many times smaller than the time a light pulse 

needs to traverse the physical distance equal to the thickness of the mirror. This 

implies that light travels faster than c in the mirror and that (relativistic) causality is 

hence violated. Even though this may appear impossible, the fact that the pulse delay 
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through a quarter-wave mirror can be shorter than the physical thickness of the mirror 

is true and it has also been experimentally confirmed (Steinberg, 1993). The 

phenomenon in question is associated with tunneling of light through the quarter

wave mirror forbidden gap. Consider a .pulse incident on a quarter-wave mirror at the 

center frequency. The pulse linewidth is assumed to be much narrower than the 

mirror bandstop in order to observe an approximately constant transmission-group 

delay, and the pulse rise distance (time) is assumed to be longer than the mirror. The 

rising edge of this pulse passes through the mirror unattenuated because during this 

beginning time the multiple reflections and the standing wave in the mirror have not 

had a chance to set up and attenuate the signal. The time necessary for the standing 

wave to set up is determined by the mirror transmission-group delay. By the time the 

head and the tail of the pulse appear the field in the mirror has been established and 

the rest of the pulse is attenuated. Therefore, at the output side of the mirror only the 

rising edge of the pulse has emerged with some appreciable amplitude while the rest 

was attenuated. The exact delay of the rising edge depends on the properties of the 

mirror and can most certainly appear before the head of the pulse that would travel 

through vacuum. Hence, causality is not violated. 

An experiment of the photon tunneling time through the forbidden gap of a 5.5-

period TiO, /SiO, quarter-wave mirror has confirmed that the transmission-group 

delay time is the most realistic estimate of the delay in transmission through quarter

wave mirrors (Steinberg, 1993) . Here we briefly illustrate experiment results and use 

equation (B-52) to obtain the transmission-group delay. A TiO,/SiO, mirror with 

indexes given by nH = 2.22 (TiO,) and nL = 1.41  (SiO,) is tuned to 692 nm. The 

time it takes light to propagate a distance equal to the thickness of a symmetrical 
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quarter-wave mirror with N + 1/2 periods in vacuum is given by '1",",= 

(N/nL + N/nH + l/nH )/4/, while the time it takes light to propagate through the stack 

based on the mirror optical length is 'l"qwm = (2N + 1)/4/ . The transmission-group 

delay is given by (B-52) with m = 2N + I . These times can be very different for long 

mirrors, since the group delay saturates for large number of layers. Fig. B . 1 5  shows 

the comparison between these times as a function of the number of periods. The value 

of 1 .47 fs measured for 5.5-periods is also included showing that the transmission

group delay gives the best estimate. 
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Fig. B,lS Comparison between different propagation times 

through a Si02/Ti02 quarter-wave mirror at 692 nm. 
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B .6. Quarter-wave mirror energy capacity 

When a plane wave is incident on a quarter-wave mirror at the center frequency a 

standing wave of decreasing intensity sets up within the mirror, as shown in Fig. 

B. 16. In this section we shall derive exact analytic expressions for amount of energy 

stored in a lossless quarter-wave mirror at the center wavelength and relate it to the 

energy density in front of the mirror, namely, the incident power. We shall use these 

expressions in later sections to determine the absorptance of quarter-wave mirror in 

the limits of small material absorption. 

B.6. 1 .  Dimensionless energy capacity of a quarter-wave mirror 

In Fig. B. 16  we show the energy density distribution in a QWM at the center 

frequency. The total electromagnetic energy in each quarter-wave layer is constant 

(electric and magnetic), but we only show the electric field intensity. We first 

introduce a dimensionless mirror energy capacity A as the ratio of the total amount of 

energy within the mirror Wr to the energy contained in the quarter-wavelength of 

space in front of the mirror W·. 

A = Wr 
W· (B-53) 

The meaning of A is illustrated graphically in Fig. B.16: The total area under the 

monotonically decreasing waves of electric field intensity is now contained in a 

uniform (wavy) distribution vanishing abruptly at depth of A quarter-wavelengths. 

The standing wave pattem in the model does not oscillate in with the same periodicity 

as the original field intensity because it is determined using the refractive index of the 
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incident material. In order to determine A we first find the expression for the total 

energy WT • The Poynting vector magnitude in each section Si vector is given by 

- - n· 2 S. =I£. x HI= -' 1£. 1  ( l - R ) )  
, , , 2 ' ,-. 0 (B-54) 

where 20 is the characteristic impedance of vacuum, ni the refractive index of section 

i and R,�) the power reflectivity of the i - I-section quarter-wave mirror seen from 

the section i .  The energy contained in section i is obtained by integrating the energy 

density over one quarter-wave period: 

n. 2 W. = -'-1 £, 1  (I + R  ) ) 
, 4/20 ' ,- (B-55) 

In a QWM with no loss the Poynting vector is constant throughout the structure: 

Si = S .  This condition gives us the means of connection between (B-54) and (B-55) 

yielding: 

(B-56) 

The total energy in the mirror is now a sum of all Wi' We just need to sum (B-56) for 

all sections in the mirror. Using the tanh substitution again with (B-3) and (B-9) we 

have: 

(B-57) 

The energy capacity A is then given by the sum, 
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(B-58) 

Introduction a ,  q and p after some manipulation we arrive at, 

(B-59) 

The general behavior of A as a function of mirror refractive indices is very similar to 

the one shown for Ir in Fig. B. 13. 
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Fig. B.16: Energy distribution inside a quarter-wave stack at the 

band-stop frequency f. The horizontal axis is normalized to the 

optical path so that all layers have equal width and the energy-per-layer 

distribution falls monotonically. 
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B.6.2. Fraction of energy in two mirror materials 

Using the idea of partial group-delay times described in Section B.4.3, we can 

similarily determine fraction of energy present in each of the materials (H and L). 

Consider the relation (B-58): the total energy in the mirror is a sum of partial energies 

in each quarter-wave layer. The total energy A+ as a sum of two terms: the energy 

present in the two materials A+ = AL + AH, where AL and AH factor give the 

fraction of the total energy that is present in the materials with indexes nL and nH • At 

the center wavelength a standing wave establishes itself in the mirror and the energy is 

not distributed equally betWeen the two materials, but clearly depends on the optical 

parameters of the mirror. In order to determine AL and AH analytically we first 

express the explicit dependence of A given by (B-59) on the two refractive indexes 

by A(nL>nH) .  From the expression (B-57) we see that if we change the sign of one 

of the refractive indexes, for example nL, that the individual energy contributions in 

(B-57) change sign in the layers of refractive index nL • By changing nH or both 

indexes we can obtain four combinations of A : 

(B-60) 

Using two of these four expressions, one can obtain AL or AH' 

(B-61) 

The partial energies in a DBR serve as a basis to an excellent approximation for the 

prediction of the absorptance of a quarter-wave mirror due to small absorption loss 
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(Section B.8 . l ). The fraction of energy in the two materials constituting the mirror 

are shown in Fig. B . 17. 
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Fig. B.17: Calculated distribution of total energy in the mirror 

between the two mirror materials: The top material always contains 

more energy. 

B.6.3. Energy penetration depth 

Expression (B-59) is exact for an arbitrary QWM at the center frequency. We now 

define the energy penetration depth with the dimensions of distance as: 

(8-62) 

Its physical interpretation can be inferred from Fig. B . 16. Similarly to the definition 

of the phase penetration depth, L, depends on the wavelength and the refractive index 

of the medium in front of the mirror, since the same medium is assumed to extend 

past the physical boundary of the mirror to the equivalent lumped mirror. 

292 



B .7. Phase and energy penetration depths - A comparison 

By taking the ratio of equations (B-62) and (B-36) one can see that for a finite m ,  L, 

is always greater than L, . 

(B-63) 

The two penetration depths become practically equal if 2a2 pm-l « 1 and the 

difference between them decreases with the degree by which this condition is met. 

This means that either the number of layers is large, in which case pm « I ,  or the 

last interface in the mirror dominates the reflectivity: a «  1 .  Note the similarity 

between the expressions (B-36) and (B-59): The difference arises from the fact that 

loss of energy through transmission reflects differently on the group delay and the 

energy stored in the mirror. To illustrate this difference, consider a single quarter

wave layer sandwiched between identical media ( a  = q = p and m = 1) . The ratio 

between L,j L, is given by (B-63), 

L, = 1+ 2p2 
L, (1 + p4 ) (B-64) 

The highest ratio between these two numbers equals 2 and it occurs when p --+ 1 ,  

namely, when the refractive indexes become negligibly different. For p ;:  1 the 

energy distribution in the layer is uniform and therefore L, --+ L .  Since the reflection 

delay is an average of reflections from all interfaces, it is natural to expect that 

L, --+ L/2 in this limit. 
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B.7. 1 .  Unified expression 

Using the expressions derived in Section B.7 and B.8 we can derive some unified 

expressions for the phase and energy· penetration depths and the associated partial 

reflection times and fractions of energy in different materials. Note that L, and L, 

can be written in a unified way: Letting the exit medium index change nE -t inE gives 

L, -t L" since, 

(B-6S) 

This means that the difference between the phase and energy penetration depths 

originates only from the presence of the exit medium. To develop a unified formula 

for all the partial times ( 4> L' 4> H) and energy capacities (A  L ' A H) that is suitable for 

programming, we introduce several integer variables: Variable s determines whether 

4>L or 4>H (AL or AH) are calculated: s = I for 4>L and s = -I  for 4>H . Variable e 

determines the index of the first layer in the mirror: e = 1 if n, = nL, and e = -1 if 

n, = nH • In order to avoid using imaginary arguments required to distinguish 

between 4> and A ,  we set d = 1 for group delay and d = -1 for energy capacity. 

The unified formula is then (B-66): 

4>- ( a) - (l + p) + se(l- p) 
,Ed q,p, - q 

2(1 - p2) 
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cp- - cp- = ...EL cpz + cp� = -q-L H l + p  1 - p 

B.7.2. The small refractive index difference limit 

(B-68, 69) 

A special case of interest is the behavior of Tm when the index difference between all 

of materials involved is very small nl ' nE , nL' nHz n ,  and .1n = nH - nL « n. In 

this case the reflection delay (and the penetration depth) can be found by 

differentiating the phase of the expression for the DBR reflectivity obtained by CWT 

(Koyama, 1983): 

T = n tanh(lCL) 
c 1C (B-70) 

where L is the thickness of the mirror (length of the grating) and 1C is the coupling 

coefficient. For a: square index perturbation 1C = 2.1nJ AD , where AD is the design 

wavelength ( AD = 2nc/ wo ). To verify the analytic expression given in (B-36) we 

show that equation (B-70) can be derived from (B-36) by applying the noted 

assumptions about the values of the refractive indices. To this end we let 

nH = n + .1n/2 and nL = n - .1n/2 , and set qa := a2 := p .  The equation (B-36) then 

reduces to: 

(B-7 1) 

The factor pm can be approximated by pm := (1 - .1n/n)m, while the thickness of the 

mirror is related to m by L = mAo/4n. We let .1n become very small while keeping 

ICL constant: 
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m = lim (1 - 21CL)"' 
= -2KL P m -t.... e 

m (B-72) 

Using (B-7 1 )  and (B-72) we easily arrive at (B-70), which shows that in this limit the 

equation (B-36) and the results of the Coupled-Wave Theory agree. The importance 

of equation (8-36) then lies in its application to abrupt multi-layered structures with 

large index differences such as amorphous dielectric media, where the coupled mode 

theory can not be applied. 

Using the same method we can show that the phase penetration and energy 

penetration depths become: 

L = 
tanh ICL 

and , 2 IC  
L = tanh(2 1CL) 

. , 
2 IC 

(B-73) 

As shown here even in the small refractive index limit, applicable to DFB and DBR 

structures the two penetration depths are not equal. However, the difference between 

them has little practical significance since the energy penetration depth is rarely used. 
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B .8.  Absorptance and other sources of peak reflectivity reduction 

The reflectivity of a quarter-wave mirror is reduced by the presence of absorption and 

scattering losses. The analysis of mirrors with absorbing materials is done in a 

straightforward fashion using transverse field matrices (Appendix 1 ), whereas the 

treatment of scattering losses can be quite involved (Stover, 1990). In this section 

we present a first order approximation to the values of the peak reflectivity, 

transmission and the absorptance of quarter-wave mirrors with weak material 

absorption operating at the center wavelength. We will give analytic expressions for 

all of these parameters that are exact in the limit of small loss. 

B.8 . I .  Total absorptance 

An electromagnetic wave is incident on a quarter-wave mirror. The fraction of the 

incident power that is neither reflected nor transmitted, but is lost in the mirror, is 

specified by the mirror absorptance (Macleod, 1986): A = Pd;,,/ P;.c ' Here Pd;" and 

P;.c are the total power dissipated in the mirror and power incident on the mirror. In 

order to differentiate between the reflection and transmission absorptances, introduced 

in later text, this absorptance will sometimes be referred to as the total absorptance. 

The power balance in the mirror is given by R + T + A = I ,  where R and T are the 

reflectivities of the lossy mirror. A good estimate of the total absorptance is obtained 

by integrating the power loss in the mirror determined from the knowledge of the 

absorption coefficient and the electromagnetic field energy at each location. This 

model is applicable if the loss has a negligible effect on the standing wave pattern in 

the mirror. Fortunately, this is largely the case in practical high reflectivity mirrors. 
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As long as the extinction coefficients of the mirror layers are much smaller than the 

refractive indexes the individual interface reflection coefficients will remain un-

perturbed leaving the standing wave pattern largely intact. The total dissipated power 

in the mirror is given by the weighted integral of the energy distribution in the mirror: 

L dW = _cS a(x)w(x) dx 
dt 0 n(x) 

L 
WT = S w(x)dx 

o 
(B-74) 

The integrals are to be taken over the entire length of the mirror ( 0  � L). Here a(x) 

and n(x) are the position dependent power loss coefficient ( l /length) and the 

refractive index within the mirror. The energy density per unit length is denoted by 

w(x) and the total energy present in the mirror by WT • Taking into account the 

periodic nature of a(x) and n(x) in the quarter-wave mirror we quickly arrive at, 

(B-75) 

where WL and WH are the amounts of energy present in the two materials. The 

material extinction coefficients are denoted by kL and kH • (The extinction coefficients 

are related to the absorption coefficients via a = 4trk/ A.).  To determine WL and 

W H as functions of the incident power P;" and the physical parameters of the 

quarter-wave mirror we fIrst relate the energy in the quarter-wavelength in front of the 

mirror W· to the incident power P;" , and then relate W L and W H to W· using the 

fractional quarter-wave mirror energy capacities AL and AH " The energy stored in 

one quarter-wavelength of incident medium in front of the mirror can be found from 

(B-56) by setting i = m + 1 .  
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w' =..£ . I +I?" 
4/ I - I?"  (B-76) 

Where I?" is the reflectivity of the complete lossless mirror given by (B-12). The 

Poynting vector can be related to the incident power via S = Pi,,(l - I?,, ) ,  which 

introduced into (B-76) and together with the definitions given in Section B.6.2 yields 

an analytic expression for the absorptance: 

(B-77) 

In the limit of small loss nj » kj this expression gives the correct value of the QWM 

absorptance for any combination of refractive indices and number layers. For very 

long mirrors (m  -7 00), the energy capacity saturates at A = q/( l - p) and with 

known orientation of the quarter-wave sequence we can obtain the maximum 

absorptance of quarter-wave mirrors. For the two infinite mirror orientations, we 

have: 

(B-78) 

These two expressions are known approximate relations for the absorptance of the 

quarter-wave stack in the presence of small loss given in (Macleod, 1986). The 

equation (B-77) is a general result applicable to quarter-wave mirrors of any number 

of layers (odd or even) and optical parameters of both the mirror materials and the 

surrounding media. The absorptance of a quarter-wave stack with weak absorption 

was also estimated by (Hemingway, 1973) using a different method. Their approach 

yielded two absorptance expressions that differed depending on whether the total 
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number of layers is odd or even, and assumed that the incident and the exit medium 

refractive indices equal to one of the mirror material indices. Both of the absorptance 

expressions given in (Hemingway, 1973) can be obtained from equation (B-77). 

B.S.2. Reflection and transmission absorptances 

Besides the information on how much energy is lost in the mirror, one often needs to 

know how much does this energy loss influence the reflection or the transmission 

coefficients. The absorptance A only provides the information on what is the total 

power lost to the mirror. It does not provide the information on how does this loss 

effect the reflectivity or the transmission seen from two ports. The reason it does not 

make this distinction is because of the way we chose to estimate it, namely, through 

the energy stored in the standing wave. In order to estimate the reduction of 

reflectivity due to absorption loss we take a slightly different approach: We consider 

the time the electromagnetic wave spends in the mirror rather than the energy stored. 

With known loss rate and time spent in the mirror we have yet another estimate of 

dissipated power. However, the advantage of the latter approach is that it is port 

specific. The reflection-group delay provides the information on what time does a 

signal, that eventually reflects, spend in the mirror. Consider a mirror which in the 

absence of loss has reflectivity � .  A fraction of the power that enters this mirror is 

lost to absorption. Since we know the loss rate a(x)v.(x) in every layer of the 

mirror and the amount of time the electromagnetic wave appears to spend in the mirror 

(reflection-group delay) we can estimate the amount of dissipated power. 
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, 

Pdi" = pi"f a(x)v, (x)dt 
o (B-79) 

To first order, the reflectivity of the mirror is given by R == Ro(1 - AR), where AR is 

called reflection absorptance and it is defined as the fraction of the incident power 

which is lost to absorption, but would otherwise be reflected. The reflection 

absorptance AR is generally different from the total absorptance A .  We similarly 

define transmission absorptance Ar , using T =  To(1 - Ar ) .  These three quantities 

satisfy the following energy balance relation: 

(B-80) 

In a quarter-wave mirror the rate of power dissipation depends on how much time the 

electromagnetic wave appears to spend in each of the two mirror materials. As pointed 

out, to estimate the reduction of reflectivity this is precisely what we are interested in: 

The apparent influence of the mirror delay times on the reflection. Inasmuch as the 

two materials have different absorption coefficients we use the partial reflection-group 

delay times 'r L and 'r H to obtain an analytic expression for the reflection absorptance, 

(B-8 1 )  

where 'r = <1>/2f was used. This equation and the idea for the reflection absorptance 

was originally suggested by Scott Corzine and given in (Corzine, 1993). Here we 

have discussed the physical rationale behind the reflection absorptance and the role of 

the material-specific delay time of propagation in the mirror. To appreciate the 

significance of equation (B-8 1), one needs to remember that previous analytic 

expressions for the reflectivity of low-loss quarter-wave mirrors were based on an 
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arbitrary split of the total absorptance between the reflectance and transmittance based 

on the value of R and T (Macleod, 19S6), (Giacomo, 1961 ), (Babic, 1992): 
R = Ro(I - A) and T = To(l - A) . These expressions provide very good 

approximation for the peak reflectivity when the number of layers is very large 

(m  � 00 ), since then AR � A ,  but discrepancies surface when the number of layers 

is small. It is for low number of layers that expression (B-S I )  provides a better fit. 

The expressions (B-77) and (B-SI)  become identical when the number of layers tends 

to infinity ( Ro  = I). This is expected since the is no transmission and the dissipated 

power equals the difference between incident and reflected powers. For this limiting 

case equations (B-7S) can be used to estimate the reflection absorptance. 
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Fig. B.18: Graph of exact and analytically calculated A ,  AR and AT 

for an AIAs/GaAs quarter-wave mirror as function of number of 

layers. The full lines are exact solutions, while the dots represent the 

approximate values given by equations (B-77), (B-SO) and (B-S I).  
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Figure B . 1 8  shows the comparison between exactly calculated and analytically 

determined absorptances A ,  AR and AT for an AlAs/GaAs mirror. The mirror 

transmission is most susceptible to errors in using A instead of AR and AT ' 

B.8.3. Optimal-pair mirror 

Fig. B.19: The reflectivity spectra of a periodic multilayer with 

constant resonance frequency. Each period has two layers and the 

thickness of the high index material is expressed as a fraction of the 

wavelength, i.e. when the fraction is 25% then the multilayer is a 

quarter-wave stack. The high index material is lossy amorphous 

silicon ( nH = 3.6 - iO.Ol)  and the loss index is losses silicon nitride 

( nL = 2.0 ) .  
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The maximum reflectivity of mirrors in which one of the materials has a higher 

absorption loss than the other, generally occurs at a frequency that is slightly detuned 

from the mirror center. The reason for this is the following: As the wavelength 

changes from the center towards one df the band edges, the energy within the mirror 

(already unevenly split between the materials) tends to shift towards one of the two 

materials. For higher frequency the energy distribution shifts to the low index material 

(and vice versa) as can be seen from the standing wave pattern at the edge of the 

forbidden gap in Fig. B.8. This opens possibility for designing quasi-quarter-wave 

mirrors where the thickness of the layers have been slightly altered to achieve highest 

possible reflectivity with a given loss coefficient. The peak reflectivity value and the 

detuning at which it occurs varies occurs at a different detuning is a complicated 

function of the optical constants of the materials and the number of layers. A 

multilayer stack that is has its quarter-wave layers adjusted to maximize the peak 

reflectivity is referred to as the optimal pair stack. An example of the variation of the 

peak reflectivity with the thickness of the layers while the mirror center frequency was 

kept constant, is shown in Fig. B.19 .  

B.8.4. Scattering in mirrors 

Besides the bulk material absorption, light energy in the quarter-wave mirror can be 

lost by scattering. By scattering we mean that the light energy is redirected from the 

useful (laser) mode of propagation into other directions. The scattering of 

electromagnetic waves occurs in optically inhomogeneous bulk materials and on 

rough interfaces between two media with different homogenous optical properties. 

304 



For use in dielectric coatings were are primarily interested in weak scattering in the 

long wavelength regime where the size of the scatterers is small compared to the 

wavelength, such as, Rayleigh scattering. Bulk scattering can be treated similarly as 

bulk absorption, by introducing an imaginary part of the refractive index (Jackson, 

1986). Scattering at the interfaces between two media is of particular interest in 

quarter-wave mirrors for near-infrared and visible light applications because the 

typical roughness of the deposited or grown dielectric layers may produce significant 

reduction in the peak reflectivity of these mirrors. In amorphous films deposited by 

e-beam, reactive sputtering, and plasma enhanced chemical deposition techniques the 

defects in the mirrors occur from contaminants and dust, as well as three-dimensional 

nucleation of deposited materials. In epitaxial films the interface scattering will be 

affected by oval defects, dislocations and compositional non-uniformities. One of the 

important factors determining whether an epitaxial multilayer structure is adequate for 

surface-normal optoelectronic device, is the relative size of the device and the defect. 

Large defects, such as, pinholes in deposited films or oval defects in epitaxially 

grown materials have sizes comparable to optoelectronic devices and their presence 

directly influences the yield. Uniformly distributed micro-roughness on height and 

lateral extend of several nanometers degrade the performance of all optoelectronic 

devices. It is the latter type of surface roughness that sets the true limit of reflectivity 

and the application of a particular multilayer scheme. 

There are a number of ways to characterize the optical properties of rough surfaces. A 

measurement of the angular distribution of the scattered light from a sample yields 

information about the surface roughness and the lateral surface variation (Stover, 

1990, Gourley, 1991) .  The surface roughness can be directly measured using 
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Atomic Force Microscopy (AFM), and then the interface reflectivity can be calculated 

from this information (Bennett, 1961). The reduction in reflectivity of quarter-wave 

mirrors can approximately determined using analytic expressions of (Arnon, 1 977) or 

using the transverse matrix approach described in Appendix A. 

B.8.S. Layer thickness and refractive index variation 

The fabrication of high reflectivity quarter-wave mirrors often requires the deposition 

of a large number of quarter-wave layers. The requirement for the realization of a 

perfect quarter-wave mirrors is that all of the layers have the exact thickness. 

However, this is rarely the case because the deposition I growth rate varies with a 

large number of process parameters, some of which are very difficult to control. The 

factors that influence the deposition I growth rate are the temperature variation, base 

pressure and source depletion. Random variations of mirror parameters typically has a 

detrimental effect on the peak reflectivity of the mirror and also changes the phase 

properties, as has been investigated theoretically by several authors (Weber, 1990, 

Law, 1 993). Systematic variation of the thickness of the layers due to process 

variation with change the mirror center wavelength and reduce the peak reflectivity. 

The temperature variation of the refractive index may have a similar result (Dudley, 

1992), but may also increase the reflectivity of the mirror (Piprek, 1994). 

B.8.6. Metal clad quarter-wave mirrors 

It is a common practice to use non-alloyed metal reflector on top of an epitaxial 

quarter-wave mirror to provide and ohmic contact and to boost the reflectivity of the 
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mirror and thereby reduce the number of periods of the quarter-wave stack necessary 

to achieve some given reflectivity value. In order to increase the overall reflectivity of 

the mirror, the last layer in front of the metal has to adjust the phase of the metal 

reflection to match the phase of the quartet-wave mirror at the design wavelength. 

The thickness of this phase-matching layer depends on the phase of the metal 

reflection, while the increase of the overall mirror reflectivity depends on the 

reflectivity of the semiconductor-metal interface. In order to simplify the calculation 

of the reflectivity of metal-clad quarter-wave mirrors and the number of periods 

necessary for a certain reflectivity the metal-clad quarter-mirror is replaced with an 

equivalent dielectric structure as shown in Figure B.20. 

(a) metal-clad quarter-wave mirror 

nl I 
nL 

ne 

(b) equivalent dielectric mirror 
(quarter-wave mirror of same reflectivity) 

Fig. B.20: Refractive index profile of metal-clad and all-dielectric 
quarter-wave mirrors. 
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The phase matching layer and the metal reflector are replaced with a single dielectric 

interface which gives the same phase and reflection strength at the quarter-wave 

position. Hence, at the mirror center wavelength the reflection coefficient of the 

quarter-wave mirrors is equal to the one that would be obtained if the phase matching 

layer and the metal were considered. This equivalence, however, works only at the 

center wavelength. It does not work for any other wavelength, i.e. it can not be used 

to determine the penetration depth of the DBR exactly, but only approximately. In 

this case one either ignores the extra phase in the phase matching layer when 

calculating L, or ignores the extra energy stored in the phase matching layer when 

calculating L£ . The relative size of the equivalent index of the exit medium depends 

whether the phase matching layer is of index nH or nL • If the phase matching layer is 

of the high index (typically it is - GaAs), then the effective index n, should be lower 

than nH . The rigorous definition of n, is 

!-Irl 
/l = n  --, H 1+lrl (B-82) 

where r is the reflection coefficient of the semiconductor to metal interface. If we 
wish to determine n, using the bulk optical constants of the metal n" - ik" and the 

phase matching layer n" we equate the reflectivity of the actual metal-semiconductor 

interface R with the reflectivity of the semiconductor - effective exit medium interface 
R, : Set R = R, . 

R = 
(n, -n,f + k� 
(n, + nj + k� 

and solve for n, exactly: 

R, = 
(/l' _n, )2 
ns + n� (B-83) 
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where z is a new variable given by z = (n;. + n;, + k�)/nmns ' The exact reflectivity of 

the metal interface is given by R = (z - 2)/(z + 2). Most good metal reflectors the 

effective index of the exit medium is approximately equal to: 

(B-85) 

With these two expressions we can use (B-12) to find the peak reflectivity of a 
lossless mirror. If loss is present we can use R = Ro(l - AR) as an approximation. 

Note that the use of effective exit medium index (B-82) in AR we are neglecting the 

additional delay in the metal phase matching layer. For mirrors with a large number 

of layers this omission does not produce significant errors in the reflectivity. 
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B .9. Diffraction properties of quarter-wave mirrors 

In this section we develop a diffraction conserving lumped mirror model for a quarter

wave mirror. The model is developed for an infinite lossless quarter-wave mirror and 

is only approximately applicable to mirrors with a finite number of layers and 

absorption loss. The model is based on representing propagation and reflection on a 

quarter-wave mirror as a case of free-space propagation over a specified distance 

determined by the optical properties of the mirror. This distance is n.amed: diffraction 

equivalent distance, because the spatial evolution an electromagnetic wave during the 

reflection from an infinite lossless quarter-wave mirror can be well approximated with 

simple free-space propagation. The use of an unit reflectivity quarter-wave mirror 

greatly simplifies the analysis because in this case the reflection conserves energy in 

the same sense as free-space propagation. 

B.9. 1 .  Reflection operator for paraxial waves 

Consider a single frequency paraxial light beam propagating in free space. The beam 

propagates in the +z direction with wave-number k = n{w/c . We observe the 

transverse field profile on surface S, positioned at an arbitrary location z ,  as shown 

in Fig. B.22. The surface S, is perpendicular to the propagation direction and j5 is 

the coordinate on the surface, j5 E S,. If the mode pattern is known at z = 0 ,  the 

diffraction of the beam is governed by the Fresnel Transformation (Haus, 1984, 

Kojima, 1975, Aoyagi, 1 973) f -7 T(z)f given in real-space coordinates by: 

(B-86) 
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where the integration is performed over the entire So plane, This transformation is 

applicable only for small diffraction angles, in which case the observation distance z 

can be made arbitrarily small. If we express the initial transverse field f(15) in terms 
of its angular spectrum (Goodman, 1968) 'F(kp ) ,  

F(kp) = f d2p f(15)e -if, p 
(B-87) 

then the k -space representation of the free-space paraxial propagation operator is 

given by - ( ez ) T(z) = exp ikz - i ;
k ' (B-88) 

Here kp is the transverse wave vector. 

f(x,y) 

T (z)j(x,y) 

z 

Fig. B.22: Free-space propagation of a beam with transverse electric 
field profile f(x,y), 
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Consider now the case in which we place an infinitely long lossless quarter-wave 

mirror parallel to surface So at z = O .  We consider the case where the observation 

frequency w is near the center of the bandstop and the electromagnetic wave is 

incident with an angle sufficiently small so that the magnitude of the reflection 

coefficient is still unity, but the phase varies with the angle and the detuning. The 

angular-reflection spectrum is then written as, 

RDBR = rn" exp i¢m · exp i¢ .. (kp )  
(B-89) 

where rn" is the real and positive amplitude reflection coefficient at the mirror center 

( r  m, = 1 for an infinite mirror), and ¢n" is the mirror fixed phase (either zero or n) . 

At the center wavelength the normal incidence reflectivity is given by (B-20): 

¢ .. = n(w/w, - I)CP .  The factor CP ,  given by (B-40), does not directly depend on 

the mirror center frequency, but only on the refractive indices, namely, the reflection 

strength of the layer interfaces in the mirror. The magnitude of the reflection 

coefficient for frequencies within the bandstop of an infinite quarter-wave mirror is 

unity for normal incidence. The dimensionless group delay of an infinite mirror is 

given by cP- = q/(l - pl . Since the propagation angle is different in layers of 

different refractive index at off-normal incidence, the mirror is no longer tuned as a 
quarter-wave stack. This implies that both the center frequency w, and the 

dimensionless group delay cP will vary with the increasing angle. It is the variation 

in the phase of the reflection transfer function that is off interest for diffraction 

modeling. The angUlar-phase spectrum of (B-89) can be written as 
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(B-90) 

Here m, and m; are the center frequencies of the mirror at normal incidence and at 

some small angle, respectively. In order to simplify the kp dependence (B-90) we 

consider the two terms: m,/m;(kp) and t1J(kp),  separately. The first term indicates 

how much does the mirror center wavelength change with the angle, while the second 

term shows how much does the dimensionless group delay change with the angle. 
We expand the ratio m, / m; in powers of k; . The expression that relates the shift of 

the mirror center frequency and the transverse wave number is obtained from the 

requirement that the phase shift across a single period of the mirror stack in the z 

direction equals 7r at the new mirror center frequency m;: 

We solve for k;2 explicitly, 

e I --P- +  
n2k'2 L , 

e I - --P-
n2 k'2 H , 

and expand the result to first order in k; / k; to obtain 

m, = 1 - A (kp )2 
m; - 2 k, 

(B-91)  

(B-92) 

(B-93) 

where the mirror refractive indexes have been merged into 2A = l/nz + l/n1 . The 
factor t1J(kp) dependence on kp is twofold: (a) The change in the angle of 
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propagation though each layer alters the reflection strength at each interface. The 

factors p and q vary as 

(B-94) 

The direction of the correction also depends on the polarization of the incident beam: 

r = + 1 for s (TE) and r = -1 p (TM) polarized waves. (b) The optical thickness of 

the layers at the new resonance frequency are not equal to a quarter wavelength: The 

low index quarter-wave appears thinner, while the high index layer appears thicker. 

The exact expressions for the change in the quarter-wave time are given below, 

(B-95) 

Note that the sum of these two times is equal to a half wave time at the new frequency 
(B-91) .  The estimate of tP(kp) dependence on kp due to unequal times in the two 

mirror materials is based on correcting the partial group delay times tP L and tP H 

before adding them to obtain the total group delay time . We shorten tP L and prolong 

tPH by scaling with (B-95) to obtain the total group delay time: 

(B-96) 

where 2B = l/n� - l/n� . The partial group-delays tPL(kp) and tPH(kp) still depend 

on kp because we did not yet introduce the correction due to individual reflections (B-

94). To do this we derive the angular variation using (B-94), 
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{ [  
( )]( )2} _ _ Eq r 1 1 1 1 kp tPL - tPH = -- 1 - - B+eA-E-2 +- --- -

1 + p 2 nl nH nL nH k, 
(B-97) 

Bringing it all together and keeping only terms up to the second power in kp / k, we 

get 

tP(k ) = _q {1 - V(kp )2} p 1 - P 2 k, 

Finally, the phase of an infinite quarter-wave mirror changes as 

(B-98) 

(B-99) 

at this point we discard the term containing V, because ill » ill - ill, while A and V 
are of the same order. By doing this we also eliminated the polarization dependence of 

the phase. We argue that for paraxial waves the polarization dependence can be 

ignored, namely, none of the terms preceded by r or smaller should enter the final 

expression. With these approximations the phase change becomes 

(B- lOO) 

Introducing (B-1  00) into (B-89) the mirror reflection function can be written as 

RDBR( ill, kp) = r,,, exp i( ¢m - ikz + (ill - ill, )'1"_ ) . exp (ikZ - i ;: ) (B-IO I)  
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with 

(B-102) 

We identify two terms in the transfer function, the reflection if (OJ) which represents 

a lumped mirror and the free-space propagation term T(OJ,kp )  which represents space 

in front of a lumped mirror. The free-space propagator T(OJ,kp) is only approximate 

since the frequency appears in the numerator rather than the denominator, however, 

OJ ;: OJ, and this difference can be ignored. The distance at which the lumped mirror 

is located is given by LD = z/2 . From (B-I02) using (OJ2/OJ;) ;: I we quickly find 

(B-I03) 

(B-I04) 

A very important fact is revealed here: The reflection of electromagnetic waves from 

an infinite quarter-wave mirror (at near-normal incidence and small detuning from the 

center wavelength) can be treated as a case of free-space propagation over a fixed 

distance determined by the frequency and the optical parameters of the quarter-wave 

mirror. An intuitive understanding of this effect is obtained if one represents the 

action of the operator (B-I04) by a lumped mirror of unit reflectivity and a fixed 

phase placed at a suitable distance away from the beginning of the original quarter

wave mirror. The distance at which the equivalent lumped mirror should be placed is 

named diffraction equivalent distance and it is given by LD = {3c'r./2n, . 

A few noteworthy characteristics of (B-I04) are: Only at the center frequency or at 

normal incidence can one split the (B-I04) operator into a lumped mirror with fixed 
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reflectivity and phase and free-space propagation. As soon as one lets the frequency 

vary at the same time as the angle this separation is no longer possible unless the 

factor f3 equals unity. Therefore, the penetration depth model of the quarter-wave 

mirror leads to two different penetration d
e
pths L, 

a
nd LD depending on whether one 

considers time or diffraction as the conserved quantity in the pumped mirror model. 

All of this analysis has been carried out for paraxial beams with a linewidth that is 

small compared to the mirror bandstop. The hard mirror model has been shown 

(Ram, 1995b) to be very applicable in the case of spontaneous emission from atomic 

systems within cavities that used distributed mirrors and emit into all directions. The 

use of lumped (hard) mirror approximation to determine effective models for cavities 

with distributed mirrors and analytic expressions for the spontaneous emission rate 

and factor has been described in a paper by Rajeev Ram (Ram, 1995). In this work 

we study only paraxial wave reflection on quarter-wave mirror that is applicable to 

vertical-cavity lasers. 

The paraxial reflection operator of a quarter-wave mirror was derived for an infinite 

lossless mirror (unit reflectivity). Real quarter-wave mirrors have finite numbers of 

layers and their reflectivity is reduced by absorption loss. The inclusion of all of 

these other effects into the above formalism would severely complicate the 

mathematical approach and introduce additional mirror parameters. In subsequent 

calculation and comparisons between exact and approximate formalism, we show that 

very good agreement can be obtained with a first order approximation in which the 

reflection operator (B-l04) is simply scaled by the value of the actual peak reflectivity 

of the quarter-wave mirror. This means that the angular and polarization dependence 
of Irool which is strong for r." < I ,  is neglected. The lowest non vanishing order of 
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kp in the expansion of I r.,l is two. We also use the actual value of the reflection-

group delay in (B-89). These corrections for finite mirrors have proven to be very 

good approximations in the high reflectivity region, which is interesting for VCSELs 

applications. Numerical calculation of modal reflectivity of finite lossles quarter-wave 

mirrors performed in this work (Babic, 1993) and by (Ram, 1995) show that the 

noted approximation provides sufficient accuracy for practical use. 

B.9.2. Free-space modal reflection and its scaling 

The quality factor of open resonators, described in more detail in Appendix C, is 

directly influenced by the diffraction of electromagnetic waves. These resonators 

typically exhibit some form of lateral beam shaping that involves either aperturing or 

spatial beam filtering by finite mirrors. A beam that left an aperture has to eventually 

enter back though this aperture and reinforce itself in order to continue the oscillation. 

In this process, some power is lost because if the beam has any chance to propagate 

unguided it will never come back to itself exactly, there will always be some shape 

change present and the beam will not couple back into itself with unity coupling 

coefficient. The topic of this section is discuss the properties of the coupling 

coefficient of paraxial beams coupling back into themselves after free-space 

propagation. Inasmuch as we have shown in the previous section that mirror 

reflection can be modeled as free-space propagation the same characteristics will apply 

to the coupling coefficient after a reflection from a quarter-wave mirror. This in turn 

will offer means for treating the diffraction properties of all quarter-wave mirror on 

equal footing, using a single analytically determined parameter called diffraction 

range. The diffraction loss arising from non-ideal coupling will be a monotonic 
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function of the diffraction range and will serve as a means for comparison between 

mirrors of different wavelengths and optical properties. 

Consider a paraxial beam of transverse mode shape fCp) at z = 0 propagating in +z 

direction. This beam fIrst propagates over distance z12, then it reflects from a lumped 

mirror with a fIxed phase and reflectivity ( rh = ro exp(i4>o)' ro and 4>0 real constants 

and 0 :::; ro :::; 1) .  It travels back over the distance z12, and fInally couples back into the 

original mode shape We evaluate the coupling of the reflected mode into the original 

mode at z = 0 by taking reflection coeffIcient back into itself is given by the overlap 

integral (Snyder, 1983), 

f d'p fRCP)f' (15) 
K = .... ...,-----f d' P f(15)f' (15) . (B-I0S) 

Here the subscript R refers to the reflected fIeld pattern. Using Parseval's theorem 

and (B-88) the overlap in the frequency domain is given by, 

(B-106) 

where 

For a plane wave at normal incidence all F(kp)  are zero except for kp = 0 where the 

reflection coeffIcient becomes K = rh exp(ikz). It is evident that if we exclude the 

intrinsic properties of the hard mirror (setting rh = 1 ) ,  the coupling coefficient 

depends on two factors: the geometric phase exp(ikz) and the integral which we write 

as 
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(B-107) 

The importance of this representation is that for a particular mode pattern /(o(X) 

depends only on the normalized variable 

x = Az/n 
(B-108) 

where n is the refractive index of the material through which the mode is propagating 
and A is the free space wavelength ( k  = 2nnJA ). The dimension of X is distance 

squared. The coupling loss is defined as o(X) = 1 - /(' /(. It does not depend on the 

geometric phase and can therefore always be written as a function of X. 

To take this one step further, consider a set of mode patterns which are scaled 
versions of each other. If for some characteristic radius ao the field and its angular 

spectrum are given by fo Cj5) and Fo (kp)  , then for all other modes in this set the field 

pattern and its angular spectrum are given by fUi) = fo(p/y) and 

F(kp) = Y Fo(ykp ) .  Since the characteristic radius of any other mode in the set is 

a = yao '  the coupling coefficient can always be expressed as a function of the 

Fresnel Number N = a'n/ AZ: 

/(o(N) = A f d'kp IFo(kp)I' exp(-ik�a�/4nN) 
(B- I09) 

The power coupling loss is then expressed as ON(N) . This property is known as a 

part of a more general set of equivalence relations for spherical mirror resonators 

(Gordon, 1964). Note that we have used the original definition (Siegman, 1986) of 

the Fresnel Number arbitrary to a multiplicative constant, whereas in general it 

depends on the mode and structure geometry (Kogelnik, 1966), (Fox, 1961), (Iga, 

320 



1984). Modes of cylindrical dielectric waveguides can not be scaled, unless they are 

far from cutoff and practically all of the energy is confined in the core (Snyder, 

1983). In this case they scale approximately with the waveguide diameter and 
consequently /Co can be written as a function of the Fresnel Number. (For 

rectangular waveguides two Fresnel Numbers are needed (Fox, 196 1 ,  Vainstein, 

1963). Cylindrical metal waveguides and Laguerre-Gaussian beams have scalable 

mode patterns. For a Gaussian beam, the coupling coefficient can be obtained 

analytically by solving of the Fresnel-Kirchoff integral in two dimensions. Assuming 

that the minimum mode waist occurs at z = 0 we obtain, 

/C (N) - -:--.,.,1-:--:-: o - 1 - i/41CN o (N) _ 1 N - 1 + (41CN)' 
(B-l lO) 

where N = s'/x and s is the initial beam waist defined (Iga, 1984) by 

E' E - exp( - r' / s') .  

Fig. B.22 shows the functional behavior of oN(N) for the Gaussian beam and other 

modes considered in this work. The two lowest order modes of a dielectric 
waveguide far from cuttoff are denoted with q - TEMoo and q - TEMIO which 

approximately corespond to the case of index-guide post VCLs. The mode 
discrimination of the free-space reflection for q-TEMoo and q- TEMIO modes is 

approximately a factor of three and their coupling loss is an order of magnitude higher 

than for a Gaussian beam. The large size of this ratio for a Gaussian is partly a 

consequence of the Fresnel Number definition used (Iga, 1984). The fundamental 

mode of the cylindrical metal waveguide is TE" and as seen in Fig. B.22 it diffracts 
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very quickly. The reason for this is the presence of the abrupt field variation at the 

edge of the waveguide. The same situation occurs for the TMol mode. The field 

pattern of the TEO I mode does not have any abrupt changes and hence it diffracts 

slower. The TEO I mode of the metal waveguide is equivalent to the TEO I mode of the 

dielectric waveguide (Snyder, 1983) and can be obtained by the superposition of two 
q- TEMiO modes rotated by ,,/2 .  The metal waveguide mode is, however, more 

sharply confined to the core. This is the reason why the free-space coupling loss of 
the TEol mode in Fig. B.22 is only slightly higher than that of the q- TEMiO mode. 

All of the curves show an approximate power law dependence 8 - N-a over the 

region plotted. For the Gaussian beam a � 2 as seen from (B-1  I 0). For q- TEMoo' 

q-TEM,o' and TEol we find a � 3/2, for TE" and TMol a � lf2 . 

0.01 
'" 
'" 
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bJ) \ .S P.. \ ::J 
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Fresnel Number N = a2/x 

Fig. B.22: Coupling loss after free space propagation 
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For a Gaussian beam, the coupling loss can be expressed analytically by introducing 

No into (B-1 10): 

(B- l l l) 

The coupling loss of the dielectric waveguide modes, which are most interesting for 

this work, is approximately given by 

o = 
1 

TEMoo 1 + 7.23 NU8 
o = 

1 
TEM "  1 +  2.94 Nl.54 

B.9.3. Modal reflection on an infinite mirror - diffraction range 

(B- 1 12) 

The reflection coupling coefficient for any multilayer structure depends on the rate of 

diffraction of a particular mode pattern in a homogeneous medium between the 

reflections and the strength of individual reflections at the multilayer interfaces 

(considering the polarization as well). In the Fresnel diffraction limit we neglect the 

polarization dependence of the interface reflections and for an infinitely long lossless 

DBR we can separate the diffraction and the reflection phenomena by representing 

"OBR as "(Xo) .  Here "(X) is the coupling loss for free space propagation reflected 

at a unit reflectivity hard mirror located at z/2 = nx/2A which, most importantly, 

depends only on the mode shape. The argument Xo is called the diffraction range of 

the DBR, and it depends only on the optical properties of the mirror and the center 

wavelength. Therefore, a hard mirror with unit reflectivity positioned at 
Lo = nXo/2A away from the So plane exhibits the same coupling coefficient as the 

infinite DBR at z = O .  The coupling loss is then given by o(Xo) ' Since o(X) is 
323 



monotonic in X, the diffraction range X D is a useful quantity in comparing different 

DBR mirrors independ.ently of the mode shape and the wavelength. If the mode 

shape is scalable, XD can be replaced by the Fresnel Number and the coupling loss 

written as 0N(ND) .  in (B-89). By normalizing the round trip 2LD as in (B-I08), 

we obtain the diffraction range of the DBR: 

XD = 2A.LD = A.A., (J,+J,)-q-
ni 4 nL nH 1 - p . (B- 1 13) 

Here A. is the free space wavelength of the beam, while A., is the center (free-space) 

wavelength of the DBR. By combining (B-88) and (B-89) we can determine the 

coupling coefficient at an arbitrary location in front of the mirror za by using 

R = T(za)RDBR T(za ) '  The usefulness of XD lies in the fact that it is a single 

parameter that characterizes the mirror diffraction to first order. It can therefore be 

used for quick analytic estimates and comparisons between different DBR structures. 

Since the expression of XD is analytic it also provides insight in the sensitivity of the 

coupling loss to various mirror parameters. If we denote the maximum reflectivity of 

an m -Iayer mirror by R", then the maximum possible coupling magnitude is 

approximately given by R;�odal) :; R" I IC(XD)I' . This is a very good approximation in 

the high reflectivity region of DBRs, which is interesting for VCSELs applications. 

Before we conclude this section, it will be useful to illustrate how to use the 

knowledge of XD to evaluate the coupling loss and compare different mirrors. First, 

in designing mirrors to be used with no lateral guiding (as index -guided post devices 

Figure 5 . 1 )  the goal should be to minimize the distance of unguided propagation and 

minimize the diffraction range XD' since this implies minimum coupling loss. 
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Second, to detennine the actual coupling loss of a particular mirror structure one must 

know the shape of the mode that will be incident on this structure. With the known 

mode pattern and using a suitable numerical or analytic calculation we can detennine 

the free-space propagation coupling loss 8 as a function of X (Equation (B-I05)). 

We then evaluate this function at XD and to obtain the coupling loss for the DBR. 

Consider a beam launched from a dielectric waveguide that propagates for some 

distance equal to L/2 before it reflects on a mirror with reflectivity R and diffraction 

range X D ' The beam propagates back another distance L/2 and then couples back 

into the waveguide. The coupling loss for the fundamental mode is approximately 

given by (B- 1 14) with N = a2/x and X = AL/n + XD '  For a Gaussian mode the 

coupling loss is expresses analytically and hence one can directly introduce X or XD 

into (B- l l l) .  The coupling of a Gaussian beam after reflection on a AlA/GaAs mirror 

was calculated by (Frateschi, 1995) using scalar beam propagation, and shows 

excellent agreement with the analytic expression (B-l l l). 
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B. I0. Conclusion and future work 

Due to their periodicity and the possibility of exact treatment, the properties of 

quarter-wave mirrors possess numerous peculiarities. The topic of this chapter was 

to address some of these characteristics which are pertinent for the design and use of 

small surface-normal optoelectronic devices, and also to provide a different 

perspective on the physics involved. Future work in this field would include 1)  the 

determination of approximate analytic expressions for the increase in mirror 

dispersion around the center wavelength, 2) the behavior of the reflectivity as a 

function of the angle, and 3) the reduction of reflectivity due to rough interfaces. The 

introduction of polarization dependence in the diffraction characteristics is also a topic 

of interest. 
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Appendix C 

Resonators with distributed mirrors 

The operation of semiconductor lasers is determined by the efficiency of the 

electron/hole supply, the interaction between light and charge carriers, and 

subsequent extraction of light from the cavity. To maximize that interaction, the 

starting point of any laser design is the realization of a good overlap between the 

gain and the electric field. In a vertical-cavity laser the critical optical design issues 

involve producing a high quality resonator in which the electromagnetic field 

oscillates in the direction perpendicular to the wafer surface. The primary concern 

of electrical design is the efficient delivery of electrons and holes to the gain region 

and their subsequent confinement at that location to recombine radiatively. An 

efficient thermal design implies effective dissipation of heat generated from the 

electrical resistance and the non-radiative recombination in the laser. 

The mathematical modeling of the VeL operation is a very complex problem 

because it involves the interaction of a wide range of physical phenomena. Optical, 

electrical and thermal properties of materials and structures have to be considered in 

a self-consistent solution to provide a complete model of the laser's operation. 

There have been numerous studies reported in literature that describe such modeling 
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(Fox example, Scott, 1993, Shimizu, 199 1 ,  Piprek, 1996). No such complete 

solution is attempted in this work, but rather a survey of important factors 

determining the laser's performance is given. 

electrons 

output coupler 

n-cJadding 

active layer 

p-cJadding 

back reflector 
holes 

Fig. C.l: Schematic illustration of a vertical-cavity laser. 

The VCL mirrors are flat multilayer coatings with high reflection coefficients 

fabricated from semiconductor or insulating amorphous materials. The laser cavity, 

shown schematically in Figure C. I ,  is in most cases fabricated by planar epitaxial 

growth and consists of the active layer, which produces optical gain when holes and 

electrons recombine in it, and cladding layers which are used to confine the carriers 

in the active layer and through which the carriers are supplied. The fundamental 

transverse-mode electric-field pattern, shown in Figure C.2, is at maximum in the 

center of the cavity and therefore efficient interaction of light and charge interaction 

requires lateral carrier and current confinement. The active layers are realized as 
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either bulk semiconductor or multiple quantum-well structures with the lowest 

transition being near the desired oscillation wavelength of the laser. The electron 

and hole confinement is achieved by using barriers provided by heterojunctions at 

the interface between the cladding and the' active layer or by multi-quantum well 

barriers. 

In order to maximize the overlap between the charge and the electromagnetic field. 

one must first consider the effects that determine the shape of the oscillating modes 

in a veL and then the type of charge supply and confinement that can be realized in 

conjunction with the particular optical confinement scheme. 

position 

Fig. C.2: Lateral electric field intensity variation for the fundamental 
mode in the cavity shown in Fig. c. l .  

The determination of  oscillating modes in a real vertical-cavity laser i s  quite 

complex since it involves the solution of three-dimensional open resonator problems 

which also may include non-linear effects such as non-uniform current injection. 
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spatial hole burning, and/or gain guiding. It is however, possible to separate VeL 

structures by the dominant type of transverse-mode defining scheme. These 

categories are shown in Figure C.3 and are (a) index guiding, (b) gain guiding or 

(c) aperturing. The horizontal lines in the figilre illustrate the approximate shape of 

the phase fronts. Only in an index guided resonator shown in case (a) are the phase 

fronts approximately flat. In the case (b) and (c) the light beam is not laterally 

guided and freely diffracts, leading to curved phase fronts. In real vertical-cavity 

lasers, the mechanism of gain-guiding is by far more complex than what can be 

inferred from using an imaginary refractive index: It also involves index guiding, 

arising from the change of the refractive index due to temperature and carrier 

concentration. These are in turn strong functions of the electrical current and light 

intensity. 
high index 

¥ / I�V low index 

, 
, 

, ". . 

-' (a) Index guided resonator 

imaginary refractive index (gain) 

(b) Gain guided resonator 

(c) Apertured resonator 

Fig. C.3: Three mode defining schemes in vertical-cavity lasers. 
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In a gain-guided laser the lateral placement and size of the gain region has a strong 

effect on the mode shape. In index guided and apertured resonators, the mode 

defining mechanism is typically stronger than the perturbation introduced by the 

lateral extent of the gain region. This effect can then be used to independently 

define the transverse modes and the gain they experience from a suitably positioned 

active layer (Moriki, 1987). In all of the mentioned cases the current may be 

injected through the mirrors, in which case the mirrors have to be conductive, or if 

the mirrors are insulating, the current has to be supplied from the side. Whether the 

laser mirrors are conductive or insulating is probably the most significant fact 

influencing the vertical-cavity laser structure, as shown in Figure CA. This is 

primarily due to the fact that in cavities with insulating mirrors the lateral current 

flow requires ring contacts and potentially leads to higher resistance to conduct the 

current to the active layer. Furthermore, the cavity length has to be large enough to 

allow for lateral current paths. With conductive mirrors there is no limit to the 

length of the cavity other than the lasing wavelength. Short cavity length is 

necessary to minimize absorption and diffraction losses. The overlap between the 

electric field intensity and the gain region depends on the spatial profile of both the 

field intensity and the gain distribution. The fundamental transverse mode has a 

peak in the center of the cavity, while the shape of the gain profile is a strong 

function of the current injection scheme and the position dependent recombination. 

The gain profile may exhibit a minimum at the edges caused by surface 

recombination, or a minimum in the center, caused by spatial hole burning or non

uniform current injection (Scott, 1993, Wada, 1992, Shimizu, 1990). The problems 

arising from non-uniform injection are not only limited to poor gain overlap and 
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providing more gain to higher order modes, but with higher resistance and heating 

arising from current crowding. 

There are number of lateral current confinement schemes that have been 

investigated up to date. They include, a) wet chemical undercutting of the active 

layer (Wada, 199 1 ,  Dudley, 1994) or a layer above the active layer introduced for 

this purpose (Scott, 1 993, Chapter 8), b) lateral oxidation of AlAs as a confining 

layer (Choquette, 1995), c) regrowth of insulating Fe:lnP semiconductors (Baba, 

1 993), and d) insulating hydrogen or helium implantation. The use of a current 

confining scheme is closely related to the type of mirrors used in the cavity. 

(a) current injected 
around the mirrors 

(b) current injected 
through the mirrors 

Fig. C.4: Vertical-cavity laser structures with conductive and 
insulating mirrors 

The heating of the device due to resistances and/or non-radiative recombination 

during continuous wave operation sets up a temperature profile in the device. This 

influences the operation of the laser in several ways: As the temperature increases, 

both the peak gain value and the peak wavelength decrease. This occurs because of 

the changes in the tails of the Fermi-Dirac probability distributions and the lattice 
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expansion with temperature. Furthermore, Auger recombination which is a 

dominant source of non-radiative recombination in long-wavelength lasers increases 

with temperature. In unguided portions of the vertical-cavity laser the temperature 

distribution, which typically exhibits a . strong peak in the center of the device, 

produces a lateral index variation and effectively forms a waveguide. This effect, 

known as, thermal lensing, helps guiding and reduces diffraction losses, but is 

difficult to control since it depends on the device pumping and power dissipation. 

The analysis of vertical-cavity lasers will here be separated into axial and radial 

design. The axial design deals with the issues that related to plane wave propagation 

in the cavity: design of mirrors, active layers, cavity absorption, standing wave 

pattern, and the charge confinement scheme. The radial design deals with the 

transverse mode definition, current confinement scheme, and other three 

dimensional issues, such as thermal and electrical resistance. Only optical 

properties are considered in this Appendix. 
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C.1. Axial design 

In this section we shall first examine the. threshold condition for gain and 

wavelength, and the external differential quantum efficiency for a simplified Fabry

Perot cavity with two different mirrors. We then extend the discussion to real VCL 

cavities which involve multilayer structures and non-zero thickness gain regions. 

output mirror I 

\ 
gain sheet 

� output mirror 2 

I 

.. 
a] s2] b2 .. 

t 2 .. / '\ V '\ r] sl1 s22 r2 .. , .. ./ I, .. ./ 
t ] b1 s12 a2 

Fig. C.S: One-dimensional Fabry-Perot resonator with a gain sheet. 

C.l.l.  Threshold of a classical planar resonator 

Consider a Fabry-Perot resonator shown in Figure C.S. The gain region is 

vanishingly thin and the two mirrors are different. The sheet gain is represented as a 

layer with negative conductance 8.  The transverse electric fields are continuous 

across this sheet, while the magnetic fields have a discontinuity proportional to the 

gain value, as 
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(C-l)  

The gain medium is  described with s -parameters as follows, [bl ] 1 [y l ][al ]  
b, = 

1 - Y 1 Y a, (C-2) 

where y = 8/2n and n is the cavity refractive index. The phase that the light 

acquires in traversing the free-space distances between the gain and the mirrors are 

included into the complex mirror reflectivities. Using the mirror complex 

reflectivities al = r,b, and a, = r,b" we obtain resonator equations: 

b = yr,b, + r,b, 
I 1 - y  1 - y  b, = r,b, + y r,b, 

1 - y  1 - y  (C-3) 

subtracting these two equations we get b, (1 + rl ) = b, (1 + r, ) .  At threshold, all of 

the fields can be determined from any single field amplitude, but for the sake of 

symmetry we use a new symmetric field amplitude tP = b, (l + r, )  = b, (1 + r, ) .  To 

determine the threshold condition for this resonator we find the denominator of the 

resonator transmission and set it to zero. The threshold condition is, 
1 - rlr, y (C-4) 

We require that the gain value is always real. Since the reflectivities are generally 

complex, we have to adjust the cavity length or any one complex reflectivity to 

make the gain real. To emphasize this we write the threshold gain as 
1 1 l + y = -- + --

1 + rl 1 + r, 
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and require that the imaginary part of the right side of the equation must be zero. 

Im(_1 ) + Im(_1 ) = 0 
l + r, l + r2 (C-6) 

In the case of arbitrary complex reflectivities this leads to a complicated, but 

explicitly solvable equation. 

The power that is dissipated in the gain sheet comes from the excess current above 

threshold: 
nm Pd = TJ;11ph -(l - Ith ) ,  q 

(C-7) 

where 1), is the injection efficiency and TJph the photon efficiency . The photon 

efficiency of port 1 is given as the ratio TJ�� = tJ.P,/tJ.Pd • The relationship between 

the power dissipated in the active layer Pd and the powers outputted from each 

mirror, P, and P2 can be written as 

(C-8) 

where R, =Ir/ and T, =It/. Note that in general, the output mirrors are lossy so 

R, + T, < I .  Expressing the field amplitudes in terms of tP we have 

_P_d = 1 - R, + -C.I_-.c...�L;
I tPI2 I I + r/ I I + r/ 

P, _ T, P2 _ T2 
I tPI2 - I I  + r/ ItPI2 - 11 + r/ 

The final expression for TJ�� is 

( I )  _ T, TJph - 1 I + r  I' , 
I 

l - R, + 1 - �  
l 1 + r/ 1 1 + r/ 

(C-9) 

(C-l O) 

where the efficiency from the other port is obtained by cycling the port index. The 

photon efficiency depends on the phases of r, and r, because the interaction with 
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the gain medium depends on the standing wave pattern. If in addition T, and T2 are 

different, the power gain will be different for the forward or backward propagating 

wave. To simplify this expression, let us assume that the active layer is positioned 

optimally - exactly at the peak of the standing wave. If the cavity is more than one 

half-wavelength long, there will be more than one location to place the active layer. 

In each of these cases, both T, and T2 will be real and positive and the photon 

efficiency will always be given by 

( I)  _ I T, . 1 + T2 
1)ph - -

2 1 - T,T2 1 + T, . (C-l l )  

In vertical-cavity lasers, the reflectivities of the two mirrors are very close to unity 

and hence 1 + T, == 1 + T2 == 2 .  The photon efficiency becomes, 

( I)  _ 1 T, 1) h -
P 2 -1 - T,T2 (C-12) 

This also means that the power gain seen by the forward and the backward traveling 

waves is very close to being equal. 

We shall now use this fact to our advantage to derive (approximate) expressions for 

gain and gain enhancement factor that are commonly used in the analysis of 

vertical-cavity lasers. We start the analysis with a slightly different gain region s 

parameter matrix (C-2). We keep the gain region at the standing wave peak, and 

hence both reflectivities are real, positive and very close to unity. The field b2 

consists of two parts: The transmitted a, and the reflected a2 field, 

b2 = a, /(1 - y) + a2 Y /(1 - y) . Since a, and a2 approximately equal, we shall 

simplify the matrix by replacing a, field with a2 and obtain b2 = a, (1 + y)/(1 - y) . 
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This replacement simplifies the mathematics and still keeps the track of the gain 

enhancement. The s-parameter matrix is now, 

(C-13) 

and the threshold gain is given by 

(C-14) 

The photon efficieny from port I is given by 

(C-15) 

Now let us compare expressions (C- I I) and (C-15) with the expression that is 

commonly used for in-plane lasers. In in-plane lasers the gain medium extends 

through the cavity and the gain reflections are effectively included into the mirror 

reflectivities. Furthermore, the reflectivities are real and can be very different. To 

model this, we neglect the reflections at the gain sheet described by the matrix (C-2) 

and (C-13) and obtain s-parameter matrix, [bl ] I [0 
b2 

=
l - r  I 

The threshold of this resonator is 

r = I- �rlr2 
while the photon efficiency now takes the form, 

( I ) TI I 
1]ph 

= I - RI I +  .JR: ( I - R, ) 
{R; I - RI 
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which is exactly expression (C-15). Compare now expressions (C- I l )  and (C- 15). 

The difference occurs from the exclusion of the reflections at the gain sheet. Since 

in in-plane lasers the two mirror reflectivities can be very different (using coatings), 
the ratio r2/(rl + r2) in the expression for 1)�� (C-1 5) can be substantially different 

from 1/2 . In vertical-cavity lasers, rl == r2 == I and hence (C-l l)  and (C-15) lead to 

practically identical values of photon efficiencies. Therefore, for vertical-cavity 
lasers the expression (C-12) provides the most accurate estimate of 1)ph .  The error 

in using this expression is smaller than the error made by neglecting mUltiple 

reflections at the active layer and claddings. To solve for the photon efficiency 

exactly we need to use the transverse field matrix method (Appendix A). Let us 

look at some other simple situations involving vertical-cavity lasers. If the 
resonator is symmetric rl = r2 = r and we have 1)" = Tj(l - R)j2 for a single mirror 

in both cases. If in addition the output mirrors are not lossy we have 1);�) = 1/2. If 

r2 = I ,  the output efficiency of the other port is 1);�) = TI 1(1 - R1 ) .  

Consider now the case i n  which the cavity medium has a small absorption 

coefficient a. The absorption coefficient is sufficiently small so it does not perturb 

the fields in the cavity. The reflectivity of the mirrors is reduced by approximately, 

rl � rl exp( -aI, ) , where � is the distance between the mirror I and the gain 

regIOn. Introducing this into (C-12) we have 
( I)  _ 1 TI 1) h -p 2 1 - exp{ln(r1r2) - aL} (C-19) 

where L = � + L, is the total cavity length. Considering that the losses are small 

and that the reflectivities are close to unity we may use the expansion exp(x) � 1 + x 

for small x ,  and obtain 
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( I) _ TI 7)ph - 2aL - ln(RJs) (C-20) 

which is a well known expression for the photon efficiency and can be summarized 

in words as 
Port transmission 7) h =  p Round trip loss (C-2 1)  

Consider now the threshold phase condition (C-5) or (C-6): If  the gain sheet is 

located at the standing wave peak, both 'I and " have to be real and positive to 

provide constructive interference at the gain location. Lets look at what happens 

when the gain medium is shifted towards one of the mirrors. The position change 

can be simulated by a phase change in the reflectivities: While the phase of one 

mirror increases, the other decreases. The exact relationship between the two phases 

has to be determined from equation (C-6), because the threshold condition has to be 

satisfied at all times. This problem is tractable, but quite cumbersome to do 

analytically. To illustrate the effect of gain enhancement we can simplify the 

mathematics by making the resonator symmetric. In this case the two mirror 

reflectivities will be replaced with 'I = ,exp(i¢) and " = ,exp(-i¢) , where the 

shift of the gain sheet from the center is expressed in terms of the phase of the 

propagating light. With these assumptions the threshold phase condition (C-6) is 

always satisfied and the threshold gain equals 

1 - ,  1 
Y = - . ----,,-----

1 + ,  1 - 4, sin' (¢j2) 
(1 + ,)' 
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Evidently, as the gain sheet moves it changes the interaction strength between the 

gain and the electromagnetic field. The functional dependence of equation (C-22) is 

illustrated in Figure C.6. 
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Fig. C.6: Threshold gain dependence on the position of the gain 
sheet in the cavity. 

Now we can compare the expressions for threshold gain derived for both VCLs and 

in-plane lasers. The three expressions are (C-4), (C-14), and (C- 17). For vertical-

cavity lasers, where the mirror reflectivities are real, positive and close to unity 

expressions (C-4), (C-14) give approximately equal gain r == (1 - r,r, )/4 , while (C-

17) leads to twice larger gain r == (1 - r,r, )/2. This discrepancy is a result of 

neglecting the effect of the standing wave in the cavity. In in-plane lasers the gain 

medium is very long compared to the wavelength of light in the laser and hence 

encompassed a large number of standing waves, Since the standing wave oscillates 
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between zero and maximum with an approximate functional dependence of sin 2 x , 

the interaction with the gain medium is averaged to 1/2 . In vertical-cavity laser, the 

gain medium can be placed exactly at the peak of the standing wave and hence the 

interaction is maximized. One may say then that, due to averaging, the usable gain 

in in-plane lasers is reduced by a factor of 2. However, since in-plane lasers were 

investigated before vertical-cavity, it has been common practice to speak of this 

effect as gain enhancement vertical-cavity lasers. Gain enhancement has been 

investigated for quantum well vertical-cavity lasers by (Corzine, 1988). 

We shall relate the dimensionless gain r to the fractional gain (gain-per-pass) given 

to the wave by the gain sheet. The round-trip loss is given by 2(1 - r,r, ) and we 

know that when two waves are amplified independently, the threshold gain is 

r ;:  (1 - r,r, )/2 with r = 812n . Therefore, round-trip loss is 281n and the 

fractional gain per pass that the gain sheet gives to each wave propagating through 

is equal to 81n . If the gain sheet was a quantum well of thickness L, then the gain 

is g = 81nL, where nL is the optical thickness of the gain medium. 

C. 1 .2. Planar vertical-cavity resonator analysis 

The relations derived in Section C. I . I  are exact, but they were developed for an 

idealized classical resonator with an infinitely thin sheet gain. Real VCL resonators 

have gain sheets of finite thickness which may be comparable or even larger than 

the wavelength. Furthermore, the resonators are constructed with a large number of 

layers with different refractive indexes and loss coefficients. This introduces 

numerous reflections in the cavity which can be treated exactly, but is very 
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cumbersome to do by hand. Computer programs, based on transmission (Yeh, 

1 988) or transverse field (Appendix A) matrices, are used for this purpose. 

Satisfying the threshold condition requires finding both the value of gain for which 

the transmission diverges and the wavelength for which the round trip phase is an 

integer multiple of 2n.  An infinite transmission coefficient implies that with a 

finite input, the resonator delivers infinite output. This is equivalent to the classical 

definition of threshold which says that with an infinitesimal input, in the form of 

spontaneous emission, the output increases without bounds until it becomes limited 

by the charge supply. The refractive index profiles and associated standing wave 

patterns of three different structures used for long-wavelength vertical-cavity lasers 

are shown in Figures C.7-C.9. (All of the structures are shown with a quantum well 

active layer). It is seen that in all of the structures the active layer is positioned 

exactly at the peak of the electric field intensity. 
1 
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Fig. C.7 Standing-wave pattern in an etched-well vertical-cavity 
laser with two SijSiO, mirrors. 
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The etched-well structure, shown in Figure C.7, uses SijSi02 or similar amorphous 

mirrors on both sides of the resonator. The field intensity falls of very rapidly in 

these mirrors due to the large refractive index ratio. Since amorphous silicon is 

lossy it is advantageous to start the mirror with silicon oxide because it has a lower 

absorption coefficient than silicon. 

It can be shown using the analytic expressions for peak reflectivity of lossy mirrors 

derived in Appendix B,  that for a given amount of loss in one of the layers the order 

in which the layers are deposited may make a substantial difference in the 

reflectivity. The fact that the gain region has to placed at the peak of the electric 

field pattern to maximize the interaction with the electromagnetic radiation in the 

cavity, one desires to minimize the effect of any lossy layers on the cavity quality 

factor. For this reason, one places the lossy layers at the nodes of the standing 

wave. The best examples are placing rough interfaces or interfaces with high 

absorption at the nodes of the standing wave patterns. This is a common technique 

in engineering of doped epitaxial mirrors where for the reduction of electrical 

resistance the heterojunction interfaces have to be doped heavily to reduce the 

voltage drop across the mirror. In fused vertical-cavity lasers, the fused-

heterojunction may contain voids or other sources of scattering; it may also be the 

site of increased absorption. Therefore, it is advantageous to place the fused junction 

at the node of the standing wave pattern. This has been the practice in all of the 

fused vertical-cavity lasers reported in this work. Figure C.S shows the refractive 

index and the standing wave pattern of a single-fused vertical-cavity laser that uses 

one AIAs/OaAs mirror and one Si/Si02 mirror. Except for the quantum-well active 

layer and a thinner first OaAs layer, the index profile corresponds to the single-
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fused VCL fabricated by (Dudley, 1994). Here one can also note that the fused 

junction has been placed at the node of the standing wave. The last index profile 

corresponds to a structure that uses one InGaAsPIInP and one SijSi02 mirror. The 

energy fall-off in the InP mirrors is quite slow due to the small refractive index 

difference. The index profiles of the fabricated double-fused VCLs were discussed 

in Chapter 4. 
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Fig. C.IO: Threshold gain vs. active layer thickness. 

As shown in the previous section, when the active layer thickness becomes small in 

comparison with the wavelength, the location of the active layer in respect to the 

standing wave pattern becomes critical. As the thickness of the active layer is 

increased the layer encompasses more of the standing wave pattern and eventually 
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experiences an averaged gain value. The functional dependence of the threshold 

gain for a simple Fabry-Perot cavity with the active layer placed at the node and at 

the peak of the standing wave pattern is shown in Figure C. 1 0. The cavity is 

symmetric and the mean power reflectivity of the mirrors is 98%. Extrapolated to 

zero thickness gain region. the average gain becomes approximately twice the value 

a thin gain region would experience at the same place. 
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Fig. C.Il: Functional dependence of threshold current as a function 
of the active layer thickness for a given reflectivity. 

From Figure C.1O it may seem that with the increasing active layer thickness one 

can also reduce the threshold current to arbitrary low values. However. the 

threshold current does not follow the functional behavior of the threshold gain 

because the volume of the gain region increases when the active layer thickness 

Increases. Furthermore. due to non-radiative recombination and gain saturation the 
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gain--{;urrent relationship is sub-linear. One can illustrate the typical behavior of the 

threshold current as a function of the active layer size by assumes a sub-linear 
material gain dependence as g(J) = go In(J/ Jo) ,  where go and Jo are fitting 

parameters. A qualitative dependence of the threshold current on the active layer 

thickness is shown in Figure C . 1 l .  There always exists an optimum active layer 

thickness which gives lowest threshold current. The increase of threshold current for 

smaller than optimal values is very sharp, while for larger values of active layer 

thicknesses the threshold current increases more-or-less linearly. It is evident from 

here, that if the cavity loss is not precisely known, it is always better to make the 

active layer thick. The drawbacks of this method is the possible nonuniformity of 

the carrier profile in the active layer. The electron and hole diffusion lengths may 

be very short in materials with high non-radiative recombination, such as, long

wavelength InGaAsP material. Furthermore, as the laser is biased to higher powers 

the stimulated emission lifetime drops further reducing the carrier diffusion length. 

When the carrier diffusion length becomes compared to the thickness of the active 

layer the distribution of carriers in the active layer (bulk or multi-quantum well) 

becomes non-uniform in the axial direction. This again results in lower gain at given 

current. The non-uniformity on injected carrier distributions have been investigated 

in connection with high-power PIN diodes (Ghandi, 1977). 

C. l .3 .  Threshold gain and mode positions 

The calculations of threshold gain presented in Section C. 1 .2. have been performed 

exactly using the transverse field matrix method described in Appendix A. The 
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threshold gain and the lasing wavelength was solved using a suitable searching 

technique. 

An important feature of the index profiles shown in Figures C.7-C.9 is the fact that 

all the layers in involved are adjusted so the reflections at their mutual interfaces 

increase the cavity finesse. This means that each of the layers, with the exception of 

the active layer and the neighboring cladding, is an odd integer multiple of quarter

wavelength thick. The thickness of the active layer (and the cladding) is determined 

by the number of quantum wells and the round trip cavity loss. The sum of the 

active layer and the cladding optical thicknesses has to equal to an integer multiple 

of quarter-wavelength at the lasing wavelength. Based on this observation we 

divide the laser resonator into separate sections, each of which will be 

approximately treated depending on their primary function. The resonator is 

divided into two mirrors and the cavity: The distributed mirror will be replaced with 

a lumped mirror according to the approximations described in Appendix B ,  while 

the remainder of the cavity is simplified by ignoring any spurious reflections at the 

cladding/active region or any other interfaces. The problem with these reflections is 

that they are not always in phase with the mirror reflections and they slightly alter 

the cavity resonance and the gain and is correctly accounted for in the exact 

calculations presented in the previous section. Since the cavity is fabricated using a 

single epitaxial technique where the refractive index variations are not very large, 

the reflections at these interfaces are weak in comparison with the reflectivity of the 

mirror. More importantly, the error made by ignoring is them less than the 

uncertainty one has in all other cavity parameters. We process now to determine the 

threshold gain and resonance of this simplified cavity. 
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Fig. C.12: (a) Vertical-cavity laser refractive index structure, and (b) 
and equivalent cavity with lumped mirrors. 

Consider a planar laser cavity with two different distributed mirrors shown in Figure 

C . 12(a). The top mirror may also include a metal coating to boost the reflectivity. 
The cavity has a gain medium of thickness La with refractive index na, gain 

coefficient g and loss coefficient (Xa ' The thicknesses, refractive indexes and 

absorption coefficients of the claddings are denoted with Li '  ni and (Xi ( i  = 1 ,2) .  

The expected lasing mode wavelength and the center wavelengths of both mirrors 

are close and hence the distributed mirrors can be replaced with their lumped 

equivalents as described in Appendix B and shown schematically in Figure C.12(b). 

Each mirror has a constant reflectivity and a linear phase. 

r,( w) = ri exp[ -j(w - W)"ri + Qi,j 
(C-23) 
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Here r, are the complex amplitude reflectivities, and r, are peak reflectivities the 

mirror at the center frequency (taken as real and positive), OJ, are the mirror center 

frequencies ( OJ, = OJ, for the linear phase model to apply), and 7:, are 7:, the mirror 

group-delays at the center frequency. The phase of the mirrors at the respective 
center frequencies can be either 0 or 1t and for both mirrors and are denoted by: ¢I, . 
The threshold condition is achieved when the round-trip amplitude and phase of 

plane wave signal in this resonator remains unchanged. Two independent 

parameters .are necessary to achieve this. Both the amplitude and the phase 

conditions must be satisfied. The amplitude condition is, 

�g'hL. = a.L. + a,� + a,L, - In.,jr,r, (C-24) 

The factor � is the gain enhancement Jactor that accounts for the overlap between 

the active layer and the standing wave pattern. If the active layer is narrow 

compared to the wavelength and placed at the peak of the standing wave, � = 2,  

while if the active layer thin, but i s  placed at the node we have � = O.  For active 

layers centered exactly at the peak of the standing wave and thicknesses 

comparable to the wavelength the interaction is calculated from the overlap and is 

given by (Corzine, 1993). 

� = 1 +  sin(2It'Lo /A.) 
21t'L. I A. (C-25) 

where A. is the wavelength in the cavity material. The round-trip phase has to be 

equal to an integer multiple of 21t':  
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where m is the integer mode number, wm the m th mode frequency. The 

penetration depth of the two mirrors are L'I = crl/2nl and La = cr2 /2n2 and cavity 

mode frequencies are given by, 

_ c  2nm + wlrl + w2r2 - ¢lI - ¢l2 W - _ .  m 2 naLa + nl(� + L'I ) + n2([, + La) (C-27) 

The denominator is the effective optical length of the cavity D'I! = 

naLa + nl (� + L'I ) + n2([, + L'2) '  If we may assume some unique value of 

refractive index in the cavity n'l! then we can define effective cavity length as 

L'I! = D'I! In'I! ' The effective cavity length is a very popular quantity used to 

characterize the length of cavities with distributed mirrors, but it is misleading for 

the same reasons as the penetration depth is as described in Chapter 2: The physical 

quantity that enters expression (C-27) is the time of propagation rather than 

distance, and hence one needs to specify the velocity of propagation to be able to 

associate time with distance. The effective cavity length is arbitrary because the 
value of n'l! is arbitrary. Even with the linear phase mirror approximation in real 

multilayer cavities, the usefulness and the physical meaning of the effective cavity 
length is at best only approximate. Only if we may set nl � n2 � na = n'l! does the 

effective cavity length equal to the sum of the cavity and the penetration depths of 
the mirrors: L'I! = La + � + L'I + [, + L'2 '  The other important fact to note in 

equation (C-27) is that the fixed phase of the equivalent lumped mirrors (WI rl and 

w2 r2 )  as well as the fixed phases of the original quarter-wave mirror ( ¢II and ¢l2) 
enter in the expression for the mode frequency. Omitting the lumped mirror phase 

is probably the most common error encountered in using the penetration depth 

concept in Fabry-Perot cavities. In other words, a simple replacement of the 
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physical cavity length La + � + L, by the effective cavity length L'1f will never 

give correct mode frequencies unless a fixed phase equal to roi Til is not given to the 

mirrors of the new (effective) resonator (see Appendix B for discussion). 

The mode separation is given by LiroVCL = cn/ii'lfL'If ' where ii = n +  rodn/dro is 

the group index. Using the typical values for VCL cavity length of 3 !lm, from this 

expression one would expect that the mode separation would be approximately 

=100 nm. However, this expression was derived assuming a linear phase 

relationship for the distributed mirrors and this approximation holds only for 
. frequencies close to the center wavelength. In reality, the mode locations are 

determined by phase characteristic of the distributed mirrors which become non

linear phase characteristics away from the center wavelength. For this reason 

expression (C-27) only has limited applicability: It works very well for determining 

the lasing wavelength, because that wavelength, hopefully, occurs very close to the 

center wavelength of both mirrors. Its applicability in finding the wavelengths of 

the other modes is very limited. Only if the other modes fall well within the 

narrowest bandstop of the two mirrors will equation (C-27) give accurate prediction 

for the mode wavelength. This restriction can be expressed in other words as: 

Equation (C-27) can be used to determine modes other than the lasing mode, if the 

product of the mode number m and the fractional bandstop width of the narrowest 
quarter-wave mirror Liro/roo is greater than unity. To find the true cavity modes 

one has to use exact calculation (Appendix A). In a single-longitudinal mode 

cavity, the longitudinal mode closest to the lasing mode will be at the edge of the 

bandstop of the mirror with the narrowest bandstop. This can very nicely be seen in 
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the reflection spectra of a single-longitudinal mode resonator with one AlAs/GaAs 

and one InGaAsPIInP mirror shown in Figure C. 13 .  

"::' 99 % 
'2 :I 

� :; 90 % 
:� 
� c:: 

AlAs/GaAs mirror 
bandstop edges 

1420 nm - 1570 nm 
InGaAsPlInP 

mirror bandstop 
1460 nm-1550 nm 

cavity 
mode 

e O % ���----�----�----�--�----� 
1350 1400 1450 1500 1550 

wavelength [nm] 
1600 1 650 

Fig. C.13: Reflectivity spectra of a cavity that has one AlAs/GaAs 
and one InGaAsPlInP mirror. 

Existence of multiple longitudinal modes is not an inherent disadvantage. The 

problems arise when more than one longitudinal or transverse modes experience 

threshold or near threshold gain. The key cavity parameters that determine whether 

this will happen are 1)  position and the spectral width of the active layer gain 

relative to the mode wavelengths, 2) the mode dependent losses (frequency and/or 

spatially dependent), and 3) gain enhancement fact of particular mode (if thin active 

layer is used). The spectral width of the gain of semiconductor active region is 

typically less than 1 00 nm and can be estimated from the photoluminescence 

spectra. For cavities with short effective lengths, at most one or two of the vertical-

cavity longitudinal modes may fall within this range and experience the gain. 
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Vertical-cavity lasers are typically built to have very short cavities, with only one 

(lasing) longitudinal mode within the mirror bandstop. The modal losses of all 

other modes are typically too high that they never lase. The situation is quite 

different with transverse modes of vertical-cavity lasers, which are very often 

observed to lase simultaneously. 
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C.2. Radial design 

C.2. 1 .  Open and lossy resonators 

There are two sources of decay of the energy stored in the oscillating 

electromagnetic field in an unpumped resonator. The radiation can be either 

absorbed within the resonator or given off to the outside world, and therefore, the 

resonator quality is determined by both the amount of absorption and the degree of 

output coupling. A lossy resonator is a resonator with intra-cavity absorption, while 

an open resonator is a resonator that is coupled to the outside world. Lossless 

resonators are idealized structures which do not occur in nature, and closed 

resonators are not practical since no energy can be extracted from them. 

Nevertheless, the mathematical analysis of these idealized cases is often much 

simpler than that of real resonators, and they are often used as approximate models 

for lossy and open resonators. The electromagnetic energy that emanates from an 

open resonator can be collected and used. However, there is always some loss 

associated with this collection: scattering and diffraction losses. In an ideal open 

resonator, all of the energy emanating from the resonator is collected and used. 

It is important to define the terms: scattering and diffraction. The removal of energy 

from an incident beam and subsequent redistribution of the a portion of that energy 

is called scattering (Hecht, 1 974). If the direction of redistributed energy is 

collinear with the incident wave we speak of reflection and transmission, and 

refraction if the exit medium is of different refractive index. Under the term light 

scattering, we typically understand the phenomenon in which the redistributed 
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energy is dispersed in many directions, such as non-specular reflection from rough 

surfaces and reflection form a large collection of particles with sizes of the order of 

the wavelength. The interference and the subsequent propagation of scattered light 

is called diffraction. It has originally been studied as "deviation from rectilinear 

light propagation" ,  but generally means the interference of many waves produced by 

obstructing an incident wave with either transparent or opaque obstacles (Hecht, 

1974). In vertical-cavity resonators, scattering will occur at intra-cavity obstacles. 

The resultant fundamental mode will be determined by the diffraction of the light 

scattered, reflected and refracted at the sharp edges of mirrors, waveguides and 

other intra-cavity structures. It is hard to give a separate definition of scattering 

losses and diffraction losses, since scattering and diffraction occur simultaneously in 

any propagation problem that involves boundaries. The discrimination between the 

phenomena that will be used in this dissertation is based on the fact that diffraction 

loss is associated with light propagation, while scattering loss is associated with 

light interaction with boundaries (matching boundary conditions at interfaces). 

Therefore, if the rate of energy loss from cavity to the outside world can be 

controlled by changing the physical size or shape of the cavity, such as, length, 

width, and any other free-space propagating distance, it is called diffraction loss. 

On the other hand, if the rate of energy loss can be altered by changing the shapes 

of dielectric interfaces, the loss is by scattering. 

Open resonators with spherical and plane mirrors (Kogelnik, 1966, Siegman, 1 986) 

have been extensively studied since the introduction of the Fabry-Perot laser 

resonator (Schawlow, 1958). The fundamental issue in the study of open resonators 

is the determination of the normal modes and their associated propagation constants. 
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This is a difficult problem to solve exactly even for simple geometries because it 

involves the solution of boundary problems in an infinite three-dimensional space. 

Therefore. the analysis of open resonators has been numerically intensive (Fox. 

1 961 .  Barone. 1 963. Li. 1965. Checcacci. 1966. Lotsch. 1968. 1969). Analytical 

expressions can be given only for some simple structures that approximately 

describe real resonators: If the mirrors are spherical the resonator can be treated 

approximately as an ideal resonator and leads to Gauss-Hermitian mode patterns 

(spherical resonator). Analytical expressions for the propagation constants and the 

mode patterns have also been derived for the parallel plane mirror resonator with 

finite mirrors (Vainshtein. 1963). 

C.2.2. The "Fox and Li" problem 

In order to appreciate the complexity of the open resonator problem. consider the 

simplest plane parallel mirror resonator shown in Figure C. 14. The mirrors have 

unit reflectivity. The beam of light traveling from the bottom towards the top mirror 

diffracts and when it arrives at the top mirror part of the energy reflects back 

towards the bottom mirror. while a fraction continues past the mirror. In steady 

state solution of this resonator the resonator "mode" is an excited radiation mode. If 

the mirror diameter is very large and the mirror separation very small compared to 

the wavelength. the diffraction of the light beam will be relatively small - only a 

small fraction of energy will be lost with each pass of the wave. This mode has a 

complex propagation constant because the resonator mode involves irreversible 

power loss resulting from the excitation of states in the outside world. The 

resonance in this cavity occurs at a higher frequency than in the plane wave case 
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which would be expected from the separation of the mirrors, because of the lateral 

mode confinement. Furthermore, this resonator is not an ideal open resonator, 

because the power emanating from it is difficult to collect. Note however, that if a 

laser was built using this type of resonators, coherent radiation and threshold 

behavior would be observed in the output and the diffracted beams. This circular 

plane mirror resonator has been the subject of numerous studies, both numerically 

(Fox, 1961, Barone, 1963, Li 1965) and analytically (Vainshtein, 1963). 

L 

a 

C :.::> mirror 1 
---,----

c ___ ..--_-:.::> mirror 2 

Fig. C.14: Circular parallel plane mirror open resonator. 

The simplest solution of the modes of this resonator is obtained by an iterative 

solution of the Fresnel-Kirchoff integral (Fox, 1 961) .  An example of the electric 

field profile at one of the mirrors calculated in the same manner as in (Fox, 1961), is 

shown in Figure C.15 .  The solution of this resonator problem is used as a check in 

this work for scalar (two-dimensional) Beam Propagation Method and scalar plane 

wave expansion (similar to the one described in (Babic, 1 993) always yielding the 

same results for diffraction loss. Note that the electric field amplitude does not go 
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to zero at the edge of the mirror. This indicates that a fraction of the energy has 

been lost upon reflection. The discontinuity in the reflected electric field profile 

produces higher order ripples in the pattern visible both in the amplitude and the 

phase characteristic. The ripples appear in the exact solution (Fox, 1961), but not in 

the approximate analytic solutions of (Vainshtein, 1 963, 1969) because there the 

calculation is bandlimited. A survey of techniques used to analyze these resonators 

is given in (Kogelnik, 1966, Lotsch, 1968, 1969). 
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Fig. CIS: Electric field amplitude and phase at a resonator mirror 
for resonator shown in Figure C.14 with mirror to mirror separation 
of 3 11m and mirror diameter of 10 11m. The wavelength was 489 nrn 
( 1550 nm / 3.2). The calculation was done by numerical integration 
of the Fresnel-Kirchoff integral as given in (Fox, 1 961). The number 
of iteration was 700. 
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C.2.3. Applicability of Fresnel diffraction limit 

Historically, laser cavities were large compared to the wavelength and the mirror 

diameter small compared to the mirror separation. It was therefore possible to 

employ scalar diffraction theory and the Fresnel approximation to solve for the 

cavity modes. Semiconductor optoelectronic devices, on the other hand, have 

dimensions of the order of a wavelength and often require rigorous treatment of the 

electromagnetic wave propagation that considers the vector nature of the 

electromagnetic field as well. 

Real vertical-cavity lasers are lossy open resonators. The optical losses arise in 

varying degrees from both scattering and diffraction, depending on the cavity 

structure. Inasmuch as all dimensions in VCL cavities are of the size of a 

wavelength, any imperfections, sharp edges and unguided wave propagation will 

result in either light scattering or increased diffraction loss in the resonator. The 

structure of a VCL cavity is a compromise between the optical, electrical and 

thermal requirements and is often less than ideal from the standpoint of diffraction. 

The normal modes of such three-dimensional problems are difficult to determine 

exactly, and a general formalism is hard to give in a simple form since there are 

many different structures presently used for the fabrication of VCSELs. The 

transverse field profile of the oscillating electromagnetic wave in the cavity is 

shaped by spatial and angular frequency filtering. In high-quality vertical 

resonators, the transverse mode behavior is well described by Fresnel (near-field) 

diffraction. In order to support this statement, we note that: (a) The lateral and 

longitudinal size of vertical-cavity lasers is of the order of the wavelength. 
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Therefore, if free-space beam propagation existed within the resonator, geometric 

optics would not be sufficient to accurately describe the wave propagation within 

the resonator, (b) The other limit, Fraunhofer diffraction, occurs for distances 

larger than d2 /4A (Hecht, 1974), where d is .the lateral size of the resonator, and A 

the wavelength in the resonator. For a typical vertical cavity laser where the lateral 

sizes are of the order of a few micrometers and wavelength of the order of one 

micrometer, Fraunhofer diffraction can be considered only if the unguided fraction 

of the resonator length is larger than several micrometers - this is rarely the case in 

practical vertical-cavity lasers. Consequently, the most commonly used method for 

analysis of such structures is the scalar (Yevick, 1990, Feit, 1 978, Chung, 1991a, 

Shimizu, 1991) or vector beam propagation method (Chung, 1991b, Huang, 1992). 

The motivation for analysis of diffraction and open resonator comes from the need 

to understand the optical properties of vertical-cavity lasers. All the effects that 

involve diffraction and scattering, and are difficult to evaluate, represent sources of 

cavity loss which must be minimized. There are then two reasons why one needs to 

study the effects of diffraction in vertical-cavity laser resonators: (a) Estimation of 

the diffraction loss to design better laser cavities, and (b) study diffraction for the 

purpose of transverse mode discrimination. Higher order modes diffract faster and 

hence the fundamental mode can be selected by simply making a cavity whose 

quality is limited by diffraction loss. 

In the course of the development of long-wavelength VCLs, diffraction properties of 

VCL resonators have taken an important role. In comparison with the GaAs-based 

VCLs, the wavelength was up to 50 % longer, and because of technological 
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difficulties the structures were different, typically longer with larger unguided 

sections than in GaAs-based VCLs. For these two reasons, diffraction of the cavity 

modes within the cavity was expected to play a more pronounced effect on the 

overall cavity loss. Up to the writing of this work, no experimental quantification of 

the diffraction effects in long-wavelength VCLs had been given in the literature. 

Part of the reason for this is the paucity of such lasers, and hence of data available 

for such studies. However, with the advancement of this technology, this 

information will surface and more correlation between modeling and experimental 

evidence of diffraction will be established. For this reason, in this work, diffraction 

. is studied only theoretically; the most important contribution being the estimate of 

the single reflection coupling loss of a mode emerging from a dielectric waveguide 

reflection from a quarter-wave mirror and returning back into the waveguide. These 

results are described in the next section. 
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C.3. Index guided resonators 

The structure of the double-fused vertical-cavity lasers fabricated in the course of 

this work is that of a post index-guided laser shown in Figure 1 .2. The 

determination of propagation modes in this cavity is quite difficult since it involves 

numerous waveguide junctions. This implies that for the analysis one has to work 

with large sets of orthogonal modes (guided and radiation) to a get a realistic field 

distribution in the cavity. Most researchers have employed simplified optical 

solution in order to be able to include other effects, such, as spatial hole burning 

(Shimizu, 1991) ,  and heating (Scott, 1993, Piprekb, 1994). The most interesting 

sources of optical loss in this type of resonator are sidewall scattering and 

diffraction loss. The roughness at the waveguide sidewalls produces scattering 

losses and the free-space propagation though the unguided fraction of the bottom 

mirror produces coupling losses. We discuss these losses separately. 

C.3 . 1 .  Scattering losses 

Even a perfectly smooth vertical waveguide, such as is shown in Figure 2.5, 

experiences power loss through electromagnetic radiation from abrupt refractive 

index variations. A sidewall profile of an AIAs/GaAs etched in Chlorine reactive 

ion etching is shown in Figures C . 16. There are two sources of sidewall 

corrugation: Etching undercut and AlAs oxidation. The undercut comes from the 

difference between the etch rates of the two materials that constitute the mirrors. 

The darker regions in Figure C.16 are oxidized AlAs. 
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The degree to which the sidewalls effect the propagation of the electromagnetic 

wave through the waveguide is determined by the energy density that is present at 

the edges of the waveguide. Consequently, smaller devices will suffer from 

scattering losses more than large devices. The exact mathematical treatment of this 

loss mechanism is quite difficult and hence in this section we only estimate the loss 

for a vertical post-mirror. More importantly, we show, based on simplified 

modeling, that the functional behavior of the scattering is 1/ aY where a is the post 

radius and r is approximately 2 but may be higher. The magnitude of loss depends 

on the corrugation depth. 

Fig. C.16: A sidewall of an AlAs/GaAs mirror etched in Cl,reactive 

ion etching. 
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Consider a cylindrical post with a quarter-wave mirror shown in Figure C . l7. Due 

to etching undercut or oxidation, one of the layers is narrower. Even though the 

actual shape of the corrugation is irregular as shown in Figure C.16, the shape will 

be modeled as rectangular. . There are two approaches one can take to estimate the 

energy loss of a wave propagating along this waveguide: 

2a 

, . , , , , , --. � , , t. a  

Fig. C.17: Cylindrical post with corrugated sidewalls. 

The first approach models the propagation as occurring in an effective waveguide 

with an absorbing ring. This idea is based on the fact that the waveguide sections 

between two adjacent interfaces are thin compared to the wavelength (one quarter 

wavelength) and that therefore the energy is carried from one interface to the other 

by both guided and leaky modes. One may then assume that the light actually 

propagates through an effective waveguide of some average radius a and that the 

portions of the field pattern in the rough regions are lost to radiation. The simplest 

way of modeling this is to phenomenologically introduce lossy regions of some 
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width Lla around the edges of the waveguide. This was done using the fundamental 

and first higher order mode of a cylindrical dielectric waveguide. The modes were 

determined by solving the scalar Helmholtz equation in cylindrical coordinates, the 

solutions being Bessel functions inside and Modified Bessel functions outside the 

waveguide. The refractive index was taken to be the average between GaAs (3.377) 

and AlAs (2.893), and the width of the absorbing region was made equal to the 

corrugation depth. Even though the model is very crude it shows that the losses at 

each interface, and hence the entire mirror, vary as, 
Lla 85 o< --,-g a · (C-28) 

The second approach to estimate the scattering losses assumes quite the opposite: 

Even though leaky and high order modes propagate through the quarter-wave 

sections they eventually radiate out after many reflections (in a high reflectivity 

quarter-wave mirror there is a large number of reflections). The only mode that 

carries the energy is the fundamental mode of the waveguides. Since the 

·waveguides ( 1 )  and (2) have different radii and different refractive indexes the 

modes will not look exactly the same. There will be imperfect coupling between 

these modes at each junction. We can easily calculate what this coupling will be as 

a function of the waveguide radius and the corrugation depth. Again, this was done 

using the scalar waveguide solutions. The coupling loss was calculated for a single 

interface of a 1 .55 !Lm AIAs/GaAs mirror/waveguide as a function of the radius and 

the results show that the functional dependence of the single interface coupling 

approximately obeys, 
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(C-29) 

where .1ao is the corrugation depth which produces lowest coupling loss. The 

reason this value is not zero, as one would intuitively expect, is because the mode of 

the lower index waveguide is spread out slightly more so the coupling coefficient 

happens to be better when that waveguide is made a bit narrower (in this case 
.1ao = 14. 5 nm). In order to estimate the reflectivity of the quarter-wave mirror we 

model each of the junctions as a interface between two dielectrics ( n, and n,) that 

has loss equal to (C-28). Multilayer calculation using transverse field matrices was 

used to estimate the reduction on reflectivity. At each junction a matrix is added to 

include loss, as described in the Appendix A. This calculation shows that the cavity 

loss depends inversely on the radius squared. 

The numerical calculations performed here indicate that the scattering loss 

calculated from the overlap model is more sensitive to the assumed corrugation 

depth, than the absorption model. Based on this fact and calculated absolute values 

of interface loss for the two methods, we conclude that for strong sidewall 

perturbation the overlap model dominates the scattering loss, and that, consequently, 

for weak sidewall perturbation the scattering is better described using the absorption 

model. However, these conclusions are somewhat hypothetical, since the models 

are over-simplifications of the real phenomena. The experimental study of 

sidewall scattering performed by (Thibeault, 1995) indicates that for AIGaAs/GaAs 

posts etched in CI, plasma, the scattering loss dependence on the diameter is 
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approximately 1/ a2 • This observation seems to indicate that, possibly, the overlap 

model seems to model the scattering better. 

Note that the perturbation depth L1a can be used as a fitting parameter to real data 

that scales the loss using both methods. One must, however, keep in mind that the 

rectangular corrugation profile is a clear oversimplification of the real scattering 

profile and that the estimate of interface loss given by (C-28) and (C-29) should not 

be used to estimate the absolute value of mirror reflectivity. 

C.3.2. Diffraction loss 

The second source of optical loss based on the structure geometry is the imperfect 

coupling of the wave reflected from the bottom mirror in a post index-guided 

structure. The interesting part of this problem is the reflection in a multilayer 

structure - the quarter-wave mirror. Even when we ignore the fact that the top 

waveguide has a quarter-wave mirror in it, and treat it as a cylindrical waveguide, 

the exact solution of the waveguide junction problem requires a numerical solution 

that includes all the guided, evanescent and radiation modes of the structure 

(Jackson, 1 986, Snyder, 1 983). A solution of this type of problem has been 

performed for the reflection of a slab waveguide on a cleaved edge by (Ikegami, 

1972). The main difficulty in solving this problem exactly is the determination of 

the field profile in the junction. In this work, we simplify the analysis by assuming 

that this field is completely determined by the sum of two waves: the forward and 

backward propagating fundamental mode of the waveguide. Furthermore, we 

assume that the transverse modes of this cavity are completely determined by the 
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waveguide, while the laterally infinite quarter-wave mirror only introduces a power 

loss to the propagation constants. An important simplification of the problem is 

achieved by ignoring the reflections at the junction between the two sections. We 

approximate the solution by applying boundary conditions between the two sections 

that are similar to Kirchoff boundary conditions (Jackson, 1986) and are given as: 1) 

Across the surface where the mode is  assumed significant (calculation surface) the 

field distribution of the incident wave and its derivative are exactly the same as they 

would be in the absence of the interface, and 2) On the part of the boundary surface 

that lies outside of the calculation surface the field distribution and its derivative are 

identically zero. This implies that there is no mode conversion nor any radiation 

loss due to impedance mismatch at the junction, but only due to the reflection at the 

mirror. The amount of light that couples back into the waveguide after the 

reflection is determined from the overlap integral between the incident and reflected 

mode profiles (Jackson, 1986). We therefore concentrate our study on the behavior 

of the coupling coefficient K as defined in Appendix B ,  which we also refer to as 

the modal reflection coefficient. A similar study of coupling loss has been 

performed for quarter-wave mirror facet coating for long-wavelength in-plane lasers 

(Ohtsu, 1983). 

The purpose of this analysis is to be able to compare different mirrors (GaAs and 

InP based) adjacent to an identical waveguide (top section). For this reason, the core 

of the waveguide is assumed homogeneous with the refractive index equal to that of 

InP. Assuming that the cladding index is unity (air) the confinement of this mode is 

so high that it makes a little difference if the index of the core is 3 . 17  (InP) or GaAs 

(3.5). In fact the average index of AlAs/GaAs mirrors falls in the vicinity of the InP 
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in this wavelength range. In practice there are many options for the cladding 

material, such as, air, polyimide, metal, or regrowth, and by proper selection of this 

material one can achieve low beam diffraction. We are interested in studying the 

worst possible cases: the air and the metal Cladding. In both cases, the fundamental 

waveguide mode will be far from cutoff since the practical sizes of etched posts are 

greater than 4 j.lm. This furthermore implies that the electromagnetic field 

components normal to the mirror surface are small compared to the transverse and 

that the field pattern in the waveguide does not significantly change shape in the 

transition from the top to the bottom section of the cavity. In a dielectric waveguide 

with air cladding the electric field at the edges of the core is small compared to its 

maximum value, hence the mode pattern can be determined by solving the scalar 

wave equation. We consider the two lowest order modes of the dielectric 

waveguide: q -TEMoo and q - TEMIO (quasi-TEM). We determine the fields 

patterns analytically and assign pure linear polarization to the them. This 

approximation agrees well with the experimentally observed polarization states of 

VeSEL transverse modes (Chang-Hasnain, 1991). In the analysis of the dielectric 

waveguide, we concentrate on two core diameters: 5 j.lm and 10  j.lm. These two 

core sizes will be quite representative since for diameters larger than 10 j.lm the 

diffraction loss will become very small, whereas the smaller diameter is at the brink 

of violating the paraxial requirement (D - lOA for A = 1. 55 j.lm in InP). The 

boundary conditions at the edge of the metal waveguide are quite different than in 

the dielectric, since for some modes the electric field magnitude can change 

abruptly at the edge of the guide. Here we consider the three lowest order modes: 

TEol ,  TE" and TMol for which the field patterns are given exactly (Harrington, 

1961 ). 
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The numerical calculation of the modal reflectivity is performed using plane-wave 

vector expansion which is described in detail in (Babich, 1993). The analysis was 

performed for three practical semiconductor and one amorphous mirror with their 

optical parameters given in Table c. 1 .  Mirrors M l  and M2 are AlAs/GaAs mirrors 

at two wavelengths 0.98 11m and 1 .3 11m. The refractive indices given for AlAs and 

GaAs correspond to A = 0.9811m (Afromovitz, 1974). When the wavelength is 

changed to 1 .3 11m, the indices of both materials will change, but the index 

difference will remain almost the same. We intentionally used the same refractive 

index values for both mirrors to single out the effect of the wavelength change on 

the coupling loss. Long wavelength mirrors are typically fabricated using 

InGaAsPlInP or AlInGaAsl AlInAs materials, and the refractive indices of these two 

quaternaries lattice matched to InP are very similar at 1 .55 11m (Mondry, 1992). 

Hence we only analyze the InGaAsPlInP system (Mirror M4). Mirror M3 is a 
Si02/Si3N. quarter-wave mirror, which is a low loss alternative to the Si02/Si 

material combination. 

ID Material A [nm) Phase ni nL nH n, XD [ l1m
2) 

M l  AlAs/GaAs 980 0 3.52 2.95 3.52 3.52 0.243 

M2 AlAs/GaAs 1300 0 3.52 2.95 3.52 3.52 0.428 

M3 Si02/Si3N. 1300 0 3.17 1 .45 1 .95 1 0.557 

M4 InGaAsPlInP 1550 Tr 3 . 17 3 . 17  3.47 3 . 17  1 . 147 

Table C.I: Numerical data for modeled quarter-wave mirrors. 
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Fig. C.1S: Modal reflectivity of three practical quarter·wave mirrors 
as a function of number of layers. 

With the mathematical apparatus described in Appendix B we investigate two 

topics: I )  We calculate the modal reflection coefficient for select beam patterns on 

practical OBRs and 2) We compare different mirrors, and estimate the reflection 

coefficient using the parameter XD in an analytic approach to the diffraction 

characterization of OBRs (confirm analytic predictions from Appendix B). We 
first calculate the modal reflection for the q. TEMoo mode for the semiconductor 

mirrors M I ,  M2 and M4 listed in Table c . l .  The results of the numerical 

calculation for two mode diameters are shown in Figure C . 1 8 .  Mirror M I  

(AIAs/GaAs 0.98 /lm) has the smallest diffraction range and hence the modal 

reflection is very high even for diameters as small as 5 /lm. When we change the 
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wavelength from 0.98 �m to 1 .3 �m and model the M2 mirror (AlAs/GaAs 1 .3  

�m), the modal reflectivity decreases because the mode size has decreased in 

respect to the wavelength in the material. The effect of the wavelength change can 

also be seen from the Equation (B- 1  1 3): Xo depends on the square of the 

wavelength. We can estimate the coupling loss for any of the mirrors in Table C. l :  

We take the calculated values of Xo from this table and the radius of a particular 

mode to calculate N = a' /XO. Then we read the coupling loss from the graph in 

Figure B.22. The maximum modal reflectivity of a finite DBR is approximated by 

R�modal) == Rm (1 - o(N)) and it is shown in with the dashed lines in Figure C . 18. The 

accuracy of this prediction is approximately 10% of the coupling loss value and is 

limited by the calculation error. The remarkable fit between the numerical and our 

semi-analytic approach using the equivalent hard mirror concept illustrates the 

importance of the parameter Xo in characterizing paraxial beam reflection on 

DBRs. If we now change to mirror M4 that is tuned to a longer wavelength and has 

a smaller refractive index difference, the diffraction range increases drastically. The 

coupling loss for mirror M4 is an order of magnitude larger than in mirror M I .  This 

limits the range of mode sizes that can be used in long wavelength mirrors 

fabricated using the quaternary alloys AlInGaAs or InGaAsP: They can not be used 

without lateral guiding for mode diameters below - 1  0 �m. This limitation should 

be considered in addition to the difficulty in the practical realization of high 

reflectivity long wavelength mirrors and the relatively narrow bandwidth. The 

coupling loss of AlAs/GaAs mirrors is so small that it is difficult to observe the 

difference between the operation of guided and unguided mirror structures. If very 

narrow mode diameters are used, the laser threshold current was typically 
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dominated by other mechanisms that depend on the laser size, such as, surface 

recombination and scattering at the waveguide junction. 
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Fig. C.19: Coupling loss vs. waveguide diameters 

In Figures C. 19  and C.20 we show the coupling loss calculated for the mirrors in 

Table C . l  as a function of the waveguide diameter. We also calculated the coupling 

loss by using XD and the free-space coupling loss shown in Figure B .22. In Figure 

C. 19  the two calculations overlap to within accuracy of the numerical calculation 
over the range shown for both q- TEMoo and q- TEMlO modes. The mode 

discrimination is approximately a factor of three for all radii and the uncertainty in 

the data is better than 1 0% of the coupling loss value. In Figure C.20 we show the 

coupling loss. for mirrors M2 and M3 for all modes described in section II. It is 
evident that the SiO, /Si3N 4 mirror shows higher diffraction loss than the 
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AlAs/GaAs mirror. The reason for this is faster diffraction of the beam in the 

mirror with a low average refractive index. The deviation from the pure power law 

visible in the range of small diameter arises from violation of the paraxial 

approximation. Note that this transition for mirror M2 happens at approximately 

two times smaller diameter than in mirror M3. The limit of the paraxial 

approximation from this figure corresponds to d/ J,. - 5 .  and the equivalent hard 

mirror concept breaks down for smaller diameters. 
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Fig. C.20: Coupling loss vs. waveguide diameter. 

Long-wavelength mirrors lattice matched to InP (InGaAsPlInP) exhibit large 

diffraction range. This in tum produces serious limitation on the smallest size of a 

mirror with no lateral guiding one can employ in long-wavelength VCLs. 

Evidently. the structures that need to be used with mirrors have to be laterally 
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guided or another material system should be used. Using the AlAs/GaAs mirror is 

clearly a good choice because of the larger refractive index difference. 

Based on these calculations we have also seen that coupling loss can also substantial 

on a dielectric mirror, if the refractive index difference is small and the average 

index is low. Typically, in amorphous mirrors ( Si/Si02 ) large refractive index 

differences produce a very short penetration depth and hence negligible diffraction. 

The knowledge of the diffraction range enables analytic comparison between these 

mirrors and it has correctly predicted their relative performance in respect to 

diffraction loss. 
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CA. Apertured resonators 

The other type of transverse mode determination in VCLs, that is becoming very 

interesting in recent years is by lateral oxidation and or wet chemical undercutting, 

with structures to be shown later in Chapter 8. In this case the mode is apertured by 

large refractive index change. The weakly-apertured resonator, discusses in Section 

C.S, is of special interest here, since it effectively models a vertical-cavity laser 

with a thin oxidized layer for current confinement placed at the node of a standing 

wave pattern. 

Let us first define what we mean by aperturing: A resonant mode in a resonator is 

fundamentally determined by a combination of spatial and spatial frequency 

filtering. The two processes are conjugate to each other in the same sense as gating 

in time is conjugate to frequency filtering. 

An aperture is a electromagnetic wave scatterer that produces spatial filtering. Its 

aperture function is given by its position dependent transmission and/or reflection 

coefficient. For the sake of simplicity, in this work, an aperture is infinitely thin and 

conforms to the approximations associated with Kirchoff diffraction theory. The 

position dependent reflection and transmission coefficient varies slowly enough to 

be able to neglect the fringing evanescent fields. For simplicity, the aperture 

function has no angular dependence. In addition, in this work an aperture includes 

an opening or an obstacle in a semi-transparent screen as well. 
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The spatial frequency or angular spectrum filtering is the conjugate of spatial 

filtering. It is used to selectively attenuate or transmit plane waves depending on 

the angle of incidence. The best example is the quarter-wave mirror, which reflects 

the near-normal incident waves, while transmits waves incident at angles larger than 

the critical angle. The quarter-wave mirror is an angular spectrum low-pass 

reflection filter. 

aperture 
mirror 1 mirror 1 

L 
aperture 

X 

mirror 2 mirror 2 

(a) (b) 

Fig. C.2I: Two types of apertured resonators. 

The following sections present a simplified treatment of resonators with infinitely 

thin apertures. The spatial filtering realized by an aperture and angular filtering 

realized by a multilayer structure is represented and manipulated by linear operators, 

which act on the mode. There is a number of resonator types in which apertures are 

used to define and select the transverse modes, and couple in or out of the 

resonators. In this work we are primarily interested in open resonators with plane 

mirrors and at least one aperture. Figure C.21 illustrates two types of apertured 

resonators (simplified) which are interesting for vertical-cavity laser resonators. We 

discuss these cases in more detail. 
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CA. I .  Asymmetric aperture resonator 

In the case (a) of Figure C.2 1 ,  two laterally finite mirrors are separated by free-

space. The electromagnetic field in this cavity can be viewed as a wave packet 

oscillating between the two mirrors. This implies that the propagation is determined 

by an infinite set of screens (Fox, 1961) through which the wave propagates as 

being iteratively shaped. The apertures are now complementary to mirror shapes. 

The period of the sequence contains two apertures per period, because there are two 

different mirrors in the original resonator. A simpler system can be obtained if one 

of the mirrors is much larger than the other so its influence on the mode shaping can 

be ignored. This equivalent model in principle illustrates the simplest mathematical 

method of solution, i.e. the power method of iterative applying the system operator 

to the state until it converges. This is called asymmetric aperture resonator. The 

operator equation that defines the modes of this resonator is given by 

(C-30) 

where i is the free-space propagator over distance L, S, are the aperture functions 

and A is the eigenvalue. At resonance the eigenvalue is real, and at threshold it is 
unity. The important fact to note is that S, and L do not commute, i.e. [I, S, 1 * O .  

The k -space representation of L is given by (B-88): 

i = exp(-ik�L/2k) 
(C-3 1) 

while the aperture function is  a top-hat function and in position representation is 

given by, 
_ { I for p < I} 
S(p) = o for p > I 
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which in k-space is denoted by a s(akp ) = J, (akp )/kp (Goodman, 1 968). The 

simpler cases of this resonator are when the two mirrors are identical (symmetric 

apertured resonator) and when one mirror is much wider (single-apertured 

resonator). These operator equation for the symmetric resonator is given by 
A<P = (i" m  05)2 <P (C-33) 

while for the single-sided resonator we have 

A<P = i;, o5 <P.  (C-34) 

To get from (C-30) to (C-34) we have used the property that similar matrices have 

identical eigenvalue spectra (Ortega, 1987). (The meaning of <P changes depending 

on the resonator shape.) We consider these two cases are interesting because the 

solutions of the single-sided resonator are a subset of the solutions of the symmetric 

resonator. Since the (C-33) represents a symmetric problem we can slit it into in 

±..JI <P = is <P and have the following k -space representation 

(C-34) 

where 1C = kpa .  Similarly, the single-sided resonator operator equation can be 

written as 

(C-35) 

Evidently, the solutions of the single-sided aperture resonator with cavity length L" 

are a subset of the solutions of a symmetric resonator with cavity length L"'m = 2L". 

The most important fact evident in these equations is that the eigenvalues and the 

eigenvectors are determined by a single variable L/2a2k, where L corresponding 

cavity length. This dimensionless parameter that completely characterizes any 

resonator of this form is called Fresnel number, and is given by 
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F =  LA 
a'n (C-36) 

There are many definitions of Fresnel number depending on the resonator structure. 

The use of Fresnel number characterizes resonator problems in the Fresnel 

diffraction limit. In the case of rectangular apertures (mirrors) and Fresnel 

diffraction limit, the separation of variables yield a simplification of the 
mathematics. We have S, (x,y) = S,x(x)S,,.(y) and l1>(x,y) = I1>x(x)l1>,.(y) . It is easy 

to show now that this equation splits into two independent relations: 

(C-37) 

(C-38) 

The eigenvalue of the problem is A = AxA,. . The propagation 10 symmetric 

rectangular aperture resonators c r, = 9,) can be completely described with two 

Fresnel numbers, one for each propagation direction. This has been used by (Fox, 

196 1 )  in rectangular shaped open resonators and by (Shimizu, 1991 )  to obtain an 

estimate of diffraction loss in vertical-cavity lasers. 

C.4.2. Aperture-coupled resonator 

In the case (b) of Figure C.2 1 ,  two laterally infinite mirrors separated by free-space 

and a semi-transparent aperture. This resonator is in fact two resonators coupled 

through a semi-transparent aperture. We call this resonator aperture-coupled 

resonator. 
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A large number of vertical-cavity laser cavities are structurally similar to the 

aperture-coupled resonator with the laterally infinite mirrors. The mirrors are 

quarter-wave stacks with widths much larger than the characteristic width of the 

aperture. Since the quarter-wave mirrors 'are effective angular spectrum filters, the 

complexity of the resonator has increased since we have now a combination of both 

spatial and angular frequency filtering in the resonator. A similar problem appears 

in the single-aperture resonator shown in Figure C.21 if the bottom mirror is 

replaced with a quarter-wave mirror. In a real vertical-cavity laser the laterally finite 

mirror (in Figure C.21) can be a quarter-wave mirror, and in this case the aperture is 

no longer infinitely thin and becomes a waveguide with an embedded multilayer 

such as was described in Section C. 1 .4. 

The problem of a wave bouncing back and forth between spatial and angular 

filtering is a problem encountered in signal and system theory with a signal that is 

passing though' an infinite sequence of time gates and sharp low pass filters. The 

exact solution of this problem is involves spherical-prolate functions (Slepian, 

1961) . The solution of the apertured resonator problems, as shown in Figure C.21 ,  

i s  much more complicated, but has one significant simplification: For high Q 

resonators with planar mirrors, low diffraction loss can be achieved only with beams 

of very low divergence. The angular bandstop of quarter-wave mirrors in use in 

surface-normal optoelectronic devices is much larger than the diffraction angle of 

the resonator beams. Therefore, only the very narrow portion of the quarter-wave 

mirror angular spectrum needs to be considered in the analysis of these resonators. 

In this chapter, we shall use the analytic behavior of practical quarter-wave mirrors 

under the single reflection of a real veL waveguide mode, and also the behavior of 
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a DBR in a resonator. We shall show that the difference between quarter-wave 

mirror angular spectrum and a constant reflectivity (but variable phase) angular 

spectrum is negligible for all practical purposes. This realization has enables a 

substantially simpler treatment of quarter-wave mirrors and resonator that employ 

them. However, even with this simplification, the case shown in Figure C.2 1 (b) is 

quite complicated because it involves two resonators coupled with an aperture. We 

will set up an operator equation defining the modes of this resonator that includes 

all of the reflections, but will not solve it for the general case. In Section C.S we 

shall numerically solve the special case of a weakly apertured resonator. 

The operators defining the mirror reflections are R, and is and the aperture 

transmission and reflection functions are given by ? and f .  The free-space 

propagation in front of the mirrors is included into the mirror reflection operators, 

since the free-space operator commutes with the mirror reflection operator. The 

mirror reflection operator and free-space propagation are eigen states of plane wave 

functions: 
Rilk) = R,(k)lk) 

while the aperture operators are eigenstates of the position eigenstates. 

?Ix) = ?(x)lx) fix) = ((x)lx) 

(C-39) 

(C-40) 

To derive the operator equation that specifies the resonator modes we first write the 

system equations as similarly as in section 3.2. 1 ,  except that in our derivation, now 
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we have to watch that some of the operators do not commute. [I.R. ]"*  0 and 

[P.R. ] "* o .  

(C-41) 

Subtracting these equations we get the symmetric field function. 

(C-42) 

and also lP = 1(�f2 + RJ.l .  Now we add equations (C-4 1 )  and after some 

manipulation get the final operator equation that defines the resonator: 

(C-43) 

Inasmuch as none of the denominators ever become zero for finite mirrors. this 

system can be solved. For scattering at a single dielectric interface. we have 

P + I = I and the operator equation reduces to 

with the substitution 

(C-46) 

The solution of this problem now has to performed numerically. Note that to obtain 

threshold there have to exist values of P that have gain otherwise (C-45) will never 

be satisfied. 
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A special case of the aperture-coupled resonator is where the aperture becomes so 

weak that the multiple reflections can be neglected. namely. the coupling is so 

strong that it behaves as a single resonator rather than as two coupled resonators. 

This provides a simple means for modeling· of gain guiding. even though in reality 

gain-guiding involves thermal lensing and anti-guiding due to refractive index 

depression with carrier presence. A resonator of this type can also be realized by 

aperturing the current with an oxidized or chemically undercut layer that is thin 

compared to the wavelength and placed at a node of the standing wave. In this way. 

the influence of the oxidized aperture on the wave is minimized. The gain sheet 

should then placed at a standing wave peak nearby to maximize the interaction with 

the electromagnetic wave. The region with gain (laterally confined is what then 

performs the aperturing). 

To further motivate this analysis we show that in the weakly-apertured resonator. 

the aperture does not have to weak if the mirror reflectivities are high. as in vertical

cavity lasers. In Section C. I .  I .  we have seen that the intensity of a beam passing 

through an active layer has contributions from the amplified (transmitted) and the 

reflected beam. In vertical-cavity lasers. due to high mirror reflectivities. these 

contributions are practically equal in size. Consider now the approximation 

performed in going from the exact s-parameter matrix (C-2) to the approximate (C-

13) .  The matrix (C- 13) includes the gain enhancement. but approximates the 

reflected beam with the transmitted since they are approximately of the same size in 

vertical-cavity lasers. In this way. the reflections are approximately accounted 

without neglecting their magnitude. In the next section. we numerically analyze this 

case. 
386 



C.S. Weakly-apertured resonator 

Most gain-guided veSEL cavities are high finesse, open resonators with flat 

mirrors, and therefore the output beams of these lasers diffract very slowly. These 

lasers can therefore be analyzed accurately using the paraxial approximation, and 

that their geometry can be described using a Fresnel number. In order to realize this 

simplified picture, we reduce the large number of parameters used to describe the 

DBRs (center wavelength, number of layers and refractive indices of all materials 

involved) by approximating the DBR reflectivity spectrum with that of an 

equivalent hard mirror (constant reflectivity and fixed phase) as shown in Appendix 

B.  By combining the phase- and diffraction-conserving models of the DBR, the 

cavity is replaced with an equivalent hard mirror resonator. The separation between 

the hard mirrors in this cavity is called the diffraction effective cavity length and is 

used in the definition of the Fresnel number. This hard mirror gain-guided 

resonator is shown to be completely specified by two parameters: the mean mirror 

reflectivity and the Fresnel number. For vertical cavity lasers the mean 

reflectivities are very high (greater than 98%) and under this additional condition 

the resonator can be completely specified with a single parameter: the ratio of the 

Fresnel number to the passive cavity finesse. All of the resonator variables - the 

threshold gain, the frequency spectrum, and the transverse mode patterns are 

functions of this ratio. We verified these scaling laws by a self-consistent solution 

for the two lowest order modes of a two-dimensional (the direction of propagation 

and one transverse dimension) vertical cavity with distributed mirrors. By 

performing a two-dimensional rather than a three-dimensional calculation we have 

significantly reduced the computation requirement, without reducing the generality 
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of the analytic approach. In this section we present an analysis of diffraction and 

cavity loss mechanism as starting point for a normalized theory for vertical cavity 

laser operation. In practical vertical cavity lasers the transverse mode definition is 

also influenced by thermal lensing and spatial hole burning. These effects depend 

on the material properties and the cavity structure details, they may have to be 

treated individually as deviations from the presented theory. 

� 
�� �I�· 

2a L] 
- -

0. nO 

� �  
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R2 
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Fig. C.22: a) Two-dimensional vertical cavity structure with 
distributed mirrors 1 and 2. The gain region is an infinitely thin strip 
of width 2a and the mirror-to-mirror separation is equal to � + L, .  
b) Equivalent hard mirror cavity with diffraction equivalent cavity 
length equal to Lc = LDI + � + LD2 + L, . 
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C.S . 1 .  Analysis 

The simplified VCSEL cavity structure used in this model is shown in Figure 

C.22(a). The gain region is infinitely thin, while the shape of the gain is defined by a 

real localized function Sex/a) of characteristic width 1 .  In this analysis, we use a 

uniform aperture function defined by Sex) = 1 if IXI< 1 and zero otherwise. Two 

counter-propagating waves in the cavity are amplified independently, each of them 

experiencing field amplification equal to 1 + g . The total gain is 2g , and the 

fractional power gain is � gaLa ' (Gain that would have to be achieved with a gain 

region of thickness La' gain per length ga ' and gain enhancement factor � located 

at the same position). The transverse mode field l/f(x) is selectively amplified in 
- -

the gain region according to l/f(x) -7 Gl/f(x), where G = 1 + gS(x/a) .  The 

evanescent fields produced by sharp edges of the gain profile are confined to the 

immediate neighborhood of the gain region. The spatial region over which the 

reflected and the amplified beams interact is limited to half a wavelength in the 

material (Goodman, 1968). After passing the gain region, the beam enters the 

DBR. The shape of the reflected mode l/f,(x) is determined by decomposing the 

incident mode pattern l/f;(x) into plane waves, reflecting each plane wave 

component from the DBR and then reconstructing the real space field by linear 

combination of the reflected waves. The reflection coefficient of each plane wave 

component is calculated using the transmission matrix approach and is given for 
each mirror ( m  = 1,2) by rm(k,I\.) ,  where k is the transverse wave-number and I\. 
is the free-space wavelength. This reflectivity spectrum is different for s and p 

polarizations, and it includes the spacer layer of thickness Lm in front of mirror m .  

The field reflected from mirror III is given by l/f, = r m l/f; where r", is a linear 
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operator given by f'm 1jf;(x) = p-I {rm(k),,) - F{1jf/x)}} ( Findicates Fourier 

Transform). The transverse modes of the entire structure are then described by the 

integral equation Y 1jf, = f',Gf'/; 1jf,. where Y is the round-trip propagation 

eigenvalue. By neglecting spontaneous emission the threshold condition becomes 

Y = 1 .  The solutions of this equation for symmetric 0.98 /lm AIAs/GaAs cavities 

with two different cavity lengths and three values of the peak mirror reflectivity are 

shown in Figure C.23. 

0. 1 ...... ---.,...----------� 

c 'OJ � � -01) 0.01 " "0 ::s .<::: 99.42% 0.. , �  § - � -

03 � c lA-cavity � 
, � 99.86% .9 0.001 

] 
, 

- � � 

0.0001 L..-_____ .............. ....J.._ ....................................... 
1 10 100 

Gain region width [/lm) 
Fig. C.23: Threshold amplitude gain of symmetric U and 10,1. 
cavities with three different AIAs/GaAs mirrors plotted as function 
of the gain region width. The refractive indices are: cavity 
no = 2.95. nH = 3.52. nL = 2.95 and substrate n, = 3.52. The 
number of periods (peak reflectivity) for the three mirrors are 14 
(97.65%). 18 (99.42%). and 22 (99.86%). 

390 



We now restrict the study to paraxial beams and follow the formalism described in 

Appendix B to replace each of the distributed mirrors by a hard mirror, as shown in 

Figure C.22(b). The k -space representation of the mirror reflectivity operation is 

then simplified to: (C-47) 

T.,(k,).. ) = Trn exp( -ik'(LD., + L., )/kono + i2no (ko - k,,, )Lp., + i2nOkOLm + i8m ) 

The peak reflectivity amplitude is real and positive ( 0  < Trn < 1 )  while the fixed 

phase is absorbed in the 8., term. The free-space wave-numbers of the oscillation 

and the mirror centers are denoted by ko and k,m' The distances Lp., and LDrn are 

the phase penetration depth and diffraction equivalent distance of the quarter-wave 

mirrors, which can both be determined analytically (Appendix B). We denote the 

diffraction effective cavity length by Lc = LDJ + LD2 + � + � and the phase-effective 

cavity length by LE= Lp,+ LP2+ �+ �. The plane wave resonance wave-number 

kn is given by 2nOknLE= 2no(k"Lp, + k" Lp,)+ nn- (8, + 8, ) ,  where n is the 

longitudinal mode number. The fractional resonance offset is denoted by 
0 =  (ko - kn)/kn . The resonance of any laterally confined mode will be slightly 

detuned ( 0 )  0) from ·the plane wave resonance. In general, the equivalent hard 

mirror resonator (Figure C.22(b)) will be asymmetric ( R, "" R, and 

LDI + � ¢ LD, + �). A significant simplification of the integral equation is 

obtained by restricting our study to the case where the active region is placed in the 

center of the diffraction effective cavity (LDJ + � = LD, + �). This is not a strong 

restriction since to first order, the position of the gain region has no effect on the 

threshold gain, provided that is placed at the peak of the standing wave. The integral 

equation is now separated into two symmetric parts similarly as in Section C.4 . 1 ,  
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one for each half of the cavity and the reflectivity angular spectrum of each half is 

given by 

T(k,A) = (-y..JR exp(-ik'a'/4JrN + i¢/2) 
(C-48) 

The Fresnel number is defined by N = (1 + o)a'no/ LeA , R = TIT, is the mean 

mirror power reflectivity and the resonance offset rp = 2onok,LE• Setting X = x/a 

a n d  Y =  1 we obtain a transformed integral  e quat ion 
'f'(x) = [f(X: R,N, rp)G(X:g)]

, 
'f'(X) in which the operators depend only on g,  ¢ ,  

N and R .  For every pair of N and R ,  this equation yields a pair of g and ¢ ,  and 

a family of mode patterns described by the eigenfunction 'f'(X) . To proceed with 

the introduction of scaling we note that for paraxial beams the angular spectrum is 
narrow Llk' « 2kono/ Le and that the plane wave cold cavity finesse 

F = Jr..JR/(l - R) of vertical cavity surface emitting lasers is large. We define go 

as the gain of a infinitely wide gain region resonator (for a given reflectivity value 

R(l + go)' = 1), and note that under the established conditions the resonance offset 

o and go are both very small compared to unity. By expanding the exponential 

function in (C-48), the integral equation can be written in terms of the product Ngo' 

the normalized gain g/go ' and the normalized resonance offset rp/go . Rearranging 

the terms and merging into exponential functions the integral equation is given 

approximately by, 

(C-49) 

( S, (ka) and 'f',(ka) are Fourier Transforms of S(x/a) and 'f'(x/a) , and 181 

indicates convolution). Since for small go the finesse is given by F = Jr/2go the 

ratio Nj F becomes the single parameter necessary to completely describe any 
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resonator. The effect of this scaling is illustrated in Figure C.24, where. the gain 

curves of the six AIAs/GaAs cavities shown in Figure C.23 have been reduced to a 

single curve by simply plotting the normalized gain versus the ratio N / F .  The 

smallest gain region width considered was equal to one wavelength. 

100 100 . . . . 
LP1 

. . . . . 

10 10 0 OJ) -
c.o 

0 LPo <l 
� ...JUl 

< c � 0 c 
1 . . 1 N . . 

• 

. . > . . . . . . 
.. . 

0. 1 0. 1 
0.001 0.01 0. 1 1 10 100 

N / F  
Fig. C.24: Normalized threshold amplitude gam g/ go and the 
normalized mode spacing between the two modes 4n,18 noL£ /?. go 

for two-dimensional gaincguided cavities plotted as a function of 
N / F.  The lowest order even and odd modes are denoted with LP 0 

and LP, .  

In order to verify the scaling for a different wavelength, we have determined the 

modes and propagation constants of 1?. and 1O?. cavities with two InGaAsPlInP 

DBRs tuned to 1 .55 11m. The results are also shown in Figure C.24, since the 
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scaling of the threshold gain and the mode spacing was confirmed in all studied 

cases to within the numerical accuracy of our calculation. The widths of the field 

!:!.xl a ,  the mode angular spectrum Mia , and the uncertainty product !:!.xM were 

more susceptible to the violation of the paraxial requirement (small N), but have 

exhibited very little error even for the smallest gain region widths. For s and p 

polarized modes in the 10;" AlAs/GaAs cavity !:!.xM differed by less than 10% at 

2a = O.SJlm, while L1x,1k for the equivalent hard mirror cavity was 20% larger than 

the s polarized mode for the same gain width. The scaling laws have been 

numerically verified for two-dimensional cavities, but due to the scaling property of 

the Fourier transform and the radial symmetry of equation (C-49) this analysis is 

fully applicable to three-dimensional cavities. 

C.S.2. Derivation of scaling for weak-aperture coupled resonator 

To derive the scaling for a symmetric weakly-apertured resonator, consider the 

structure shown in Figure C.22(b). The gain operator g is defined via position 

dependent aperture function: 

gix} = g S(x)ix} (C-SO) 

where g is a constant and Sex) is the shape function. The equations defining the 

system are derived similarly as in (C-4I) . 

fl = (I + g)rd2 + g rJI f2 = (I + g)rJI + g rd2 (C-S I )  

Threshold i s  obtained when the eigenvalue y = I in  equation 
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(C-52) 

In order to get a representation with a single operator equation we subtract the two 

equations (C-5 1 )  and get (1 + ;\)1, = (1 + 1',)1, . This equality represents the total 

transverse field in the center of the cavity. We now define the symmetric field 

cP = r,j, + 1',1" and quickly obtain the resonator equation that resembles (C-45). 

1 - 1'/, CP = 'CP 
1',(1 + 1',) +  1',(1 + r,) 

g (C-53) 

Equation (C-53) is the starting point for the introduction of scaling laws. First note 

that close to resonance I' = 1 - e where IlecPll « iicPii ,  and that for the same reason 

II g cP II « II cP II · Now we can express the mirror reflectivities in terms of reflection 

amplitude T; and propagation exp(-ix'IN) : 

r; = T; exp( -iX' IN;) (C-54) 

With this we have selected the representation of the operators to be in k -space. the 

integral equation is now: 

where X = ka and 1/ N = 1/ N, + 1/ N, . The numerator of the left-hand side operator 

has a phase that varies much faster with I( than the denominator. This is 

instrumental to the introduction of scaling. 

1 . T,T, 1(' 
+ l --'--=---

1 - T,T, 1 - T,T, N 
T, + T, + 2T,T, 

. 
1 - il(,{T,/N, + T,/N, + 2T,T,/N} 

T, + T, + 2T,T, 
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We place the gain region exactly at the center of the effective cavity, but leave the 

mirror reflectivities different. Since T's are close to unity (at resonance) the 

operator can be approximated by 

I - TIT2 
l + i l _�IT2 � _ 1 - TIT2 ( . I /(2 ) 

2 = exp I 
4 l _ i 3/( 4 I - TIT2 N 

4N 
Finally, using R = TIT2 the integral equation becomes 

exp i L .  - <PCX) = -g SCX) ® <P(X) ( 2 I ) 4 
N I - R  I - R  

It is possible to approximately relate this scaling to the cavity finesse 

F
· 

_ 1<...fR _ 
1< 

- I - R = I - R  
since R = I, then 2 R »  1- R and 

I F 
N' 1<N 

then (C-58) becomes 

C.5.3. Practical significance of scaling 

, 4 F g = -
g 

1< 

(C-57) 

(C-58) 

(C-59) 

(C-60) 

(C-61 )  

The use of  the paraxial approximation i s  instrumental to a simplified analysis of 

weakly-apertured vertical-cavity resonators with distributed mirrors. We have 

shown that in the absence of other mode determining mechanisms these resonators 

can be completely described by a single number: the ratio between the Fresnel 

number and the cold cavity finesse. The origin of the scaling arises from the 

simplification of the wave propagation in the cavity to two mechanisms: beam 
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diffraction and loss of energy to the mirrors. The ratio N / F describes the 

competition between these two mechanisms in determining the transverse modes 

and their propagation constants. There is a unique mode shape of every order 

associated with each value of N / F .  As shown in Figure C.2S, in the region where 

N >  F the gain is dominated by the mirror loss, the effect of diffraction is 

negligible and hence the confinement factor is near unity. For N < F the diffraction 

within the cavity broadens the mode, which in turn reduces the confinement factor 

and causes the increase in threshold gain. 

The practical significance of the N / F scaling can be appreciated in the following 

examples. For minimum threshold gain the laser should be designed so that N >  F .  

This ensures that the confinement factor is close to unity and that most of the gain is 

used for supporting the mirror and cavity losses. However, this regime provides a 

very weak transverse mode discrimination. Since the mode discrimination improves 

and the threshold gain of the fundamental mode increases for N < F ,  the optimum 

design for low threshold single transverse mode gain-guided VCLs will evidently lie 

in the range where N � F .  In the neighborhood of this breakpoint, the 

confinement factors of higher modes change much faster than for the fundamental 

mode thereby producing fast increase in the mode discrimination while only weakly 

affecting the threshold gain of the fundamental mode. 

The next step in this analysis is the extension to three-dimensional cavities and the 

vector-plane wave expansion. , and experimental verification of the scaling. 

Hopefully, with the advance of laterally oxidized vertical-cavity lasers this may be 

possible. 
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Fig. C.25: Transverse mode profiles for a) N = lOF and b) N = F/5 .  
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Appendix D 

Characterization of metal mirrors 
on GaAs 

It is a common practice to use nonalloyed metal reflector on top of quarter-wave 

mirror to boost the reflectivity of the mirror and thereby reduce the number of periods 

of the quarter-wave stack necessary to achieve some given reflectivity value. In order 

to increase the overall reflectivity of the mirror. the last layer in front of the metal has 

to adjust the phase of the metal reflection to match the phase of the quarter-wave 

mirror at the design wavelength. The thickness of this phase-matching layer depends 

on the phase of the metal reflection. while the increase of the overall mirror reflectivity 

depends on the reflectivity of the semiconductor-metal interface. In this appendix 

we describe a Fabry-Perot technique for the determination of the reflection coefficient 

(amplitude and phase) of the interface between GaAs and several metal contact 

structures: Til Au . Au and Ag deposited by e-beam evaporation and Pdl Au 

deposited by thermal evaporation. 

The structure that was used to characterize the metal-semiconductor interface is shown 

in Figure D. l .  The incident medium has the reflective index no' while the cavity has 
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index n, . The exit medium can be either a dielectric with a real refractive index n" or 

a metal with complex refractive index nm - ikm• 

ns 

metal (nm,km) 
or 

dielectric (n.) 

Fig. D.I: A Fabry-Perot cavity formed by the phase matching layer 
of index n, and the metal (or dielectric) coating. The reflection 

coefficients seen from the cavity are denoted by Tl and T2 , while the 
total reflection is T, . The reflection 2 can be either metal or dielectric. 

I 
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Fig. D.2: The measured reflectivity spectra on sample P247-MI .  

The phase measurement is illustrated. 

The reflection spectra of this structure when terminated with metal and a dielectric are 

periodic: An example is shown in Figure D.2. The depth of the Fabry-Perot fringes 
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depends on the strength of the reflections of the two interfaces, while the offset 

between the extrema of the semiconductor/metal trace and the semiconductor/wax 

trace depends on the phase of the semiconductor-metal reflection (GaAs-wax 

reflection phase is zero - see later text). 

D.l .  Measurement of the fringe ratio and reflection phase 

To determine the reflection strength quantitatively we measure the fringe ratio of the 

Fabry-Perot reflectivity spectra. Consider a Fabry-Perot interferometer shown in 

Figure D. l .  We set '2 =Ii) and 'I = i\ , since no and n, are real. The phase of the 

semiconductor/metal reflection rpm is  absorbed in the round-trip phase term 

(J = 2{3L + rpm' where the wave number in the cavity and the length of the cavity are 

denoted by {3 and L. The power reflectivity R( (J) = I " ((J)12 of the resonator is then 

given by 

R( (J) = '1
2 +

2'i2 -
2'1'2 cos (J 

1 + 'I '2 - 2'1'2 cos (J 

The extrema of this reflectivity function occur when (J = 0 and (J = 7r. 

(D-I )  

(D-2) 

The f,inge ,atio is defined by p = R,.;./ R.oax ,  where R,.;. is the reflectivity at the 

resonance (bottom of the valley in the reflectivity curve), and R.n", is the reflectivity at 

the anti-resonance if anti-resonance would occur at the same wavelength. This, of 

course, never happens so we calculate R.oax as the average of the two neighboring 
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anti-resonances. The relation between the fringe ratio and the reflection coefficients 

rl and r 2 is given by: 

1 - {P _ 
1 +{P 

- r2 (I - r� )  
rl (1 - ri) 

±I 

(D-3) 

The exponent is adjusted so that the fringe ratio is always less than unity. With the 

known (assumed) value of rl and the measured value of p ,  this relation can be 

solved analytically to yield the value of r2 • It is important to note that the presence of 

loss in the semiconductor decreases the obtained value of r 2 ' What is in fact measured 

is 

r� = r2 exp( -foLa(X)dx) (D-4) 

where a(x) is the position dependent absorption loss in the cavity. This equation 

holds for the case where the absorption is weak enough not to perturb the fields in the 

cavity; n, is approximately real. Therefore, one must account for the presence of 

loss in the layers preceding the metal to correctly determine the metal reflection 

strength. 

The measurement of the metal reflection phase is obtained by comparing the shift 

between the reflection spectra of a known reflection (semiconductor to dielectric) and 

the cavity with the metal mirror. Figure D.2 illustrates how the data is extracted from 

the graph. The minima of the reflectivity spectra are offset by exactly the amount of 

the metal reflection phase. As an example, consider the case where an ideal metal 

with the reflection phase equal to IT is compared to the dielectric reflection which has 

zero phase. In this case the minima of one curve would coincide with the maxima of 
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the other. Since real metals are not nearly perfect at optical frequencies this phase is 

offset from 1 80' down to the 130-170' range. 

D.2. Fabrication and characterization 

The samples were fabricated in the following way: A structure shown in Figure D.3 

was grown using MBE and sample of 10 x 8 mm was cleaved. The desired metal 

was evaporated on one half of the sample (Figure DA) in order to make reflection 

measurements on two places which were close enough so the epilayer thickness can 

be assumed equal. 

phase 
matching 
layer 

etch stol 

0.8pm p-GaAs 3 .el 7 l /cm3 

0.2pm p-GaAs > 1 el 9 l /cm3 

0.1 5pm p-AIAs 

GaAs substrate undope 

Fig. D.3: MBE grown structure S234 for characterization of GaAs

metal interface. The S235 epi structure is identical to S234 except that 

it was capped with 10 nm of highly p-doped GaAs. 

I' 
,L�aporated meta 

GaAs samPlEr I 

Fig. D.4: A half of the sample was covered to evaporate the metal. 
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After the evaporation, the sample was mounted on a glass slide for GaAs substrate 

removal using NH40H:H,O, spray etching with pH 8.3. The etch stop layer (AlAs) 

was removed using NH.OH:H20 and HF: H20 mixtures. The first of three 

reflectivity measurements is performed at this time (measurement 1 ) .  The GaAs 

layers were subsequently etched in 1 : 1 :50 HJPO.:H20,:H20 for 4 minutes to 

remove = 280 nm ( lst etch) and then for 2 minutes to remove = 130 nm (2nd etch) of 

GaAs. The reflectivity was measured after each of these two etches (measurements 2 

and 3). This was done to observe the fringe strength and phase measurements 

dependence on the thickness of the epilayer. In fact, this additional etching and 

measurements were instrumental to obtaining accurate measurements of the 

reflectivity . 

GaAs sample back surfacE 

metal crystal wax 

glass slide 

Fig. D.S: Substrate removal using NH.OH:H202 spray etching. 

Inasmuch as there is a 200 nm thick highly doped layer in the structure (Figure D.3) 

the reflection coefficient of the GaAs-metal interface r2 was reduced due to 

absorption loss, which resulted in an erroneous reading of the reflectivity. An 

accurate measurement was accomplished by comparing the three measurements: The 

1st measurement is includes the lossy layer, while the 2nd and the 3rd measurement 

do not, since the rest of the GaAs is doped very low ( 3 . 1017 cm-J ) .  All of the 

reflectivity measurements were performed at two places on the sample: One over the 

metal and one over the wax. The GaAs to wax reflection is assumed to have phase 
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zero. This is true for wax that has very low loss in the wavelength range of interest. 

Using a transmission measurement through a 1 mm thick slab, the IR absorption in 

crystal wax was measured to be below 30 cm-' in the entire wavelength range of 

measurement. Table 0.1  contains the surrimary of samples that were analyzed along 

with the results of the measurements. 

D.3. Results and discussion 

Using these measurements we have obtained an estimate of the metal-semiconductor 

interface reflection strengths for PdlAu, Ti/Au, Au and Ag. Using three reflectivity 

measurements (and two etching steps) we were able to eliminate the influence of loss 

and get a consistent measurement of the reflection coefficient. Figure 0.6 shows an 

example of the three reflectivity curves for sample P249M 1 .  As seen from Figure 

0.3, the high absorption region extends only over the first 200 nm of the measured 

epilayer. To account for the absorption in the lossy layer we compare the three 

reflection measurements: The reflection coefficient of the metal with the absorbing 

layer is r; = r, exp( -aL) where L = 200 nm and r2 is the reflection coefficient of 

GaAs-metal interface. Once the lossy layer is etched off we perform the second 

measurement which yields r, since we are assuming that the loss in the remaining 

layers is negligible. If this in fact were true, then the third measurement (after the 

second etch) should yield equal value of r, . This is in fact what can be very easily 

seen from the data in Table 0. 1 :  The r, measurements 2 and 3 are approximately 

equal and are consistently higher than the first measurement for all samples. 
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From these measurements we can estimate the absorption coefficient of GaAs at 1 .55 

�m using a = In(r2/r� )/L .  The estimates of this coefficient are also listed in Table 

D. l showing that measured a values fit in the range of published values for p-GaAs 

absorption at 1 .55 �m ( 800 - 1400 cm·') .  Note that for most samples the phase 

measurement is independent of the presence of the absorption layer, which is to be 

expected since the absorption is still to low to produce any significant changes in the 

phase. The two Ag/GaAs measurements P249-M11M21M5 and P249-M31M41M6 

were done on slightly different epi structures: The structure of S234 is shown in 

Figure D.3. The structure of P249(S235) is the same except that the 10 nm next to the 

metal is very highly doped, which could explain some of the difference in the fringe 

ratio. 
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Fig. D.6: The three reflectivity measurements on the silver coated 

sample P249M1 .  

The comparison between the measurements and the published data is shown in Figure 

D.7. The discrepancy may originate from a number causes: surface preparation and 
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roughness, presence of oxide on the semiconductor prior to evaporation and finally 

the quality of the evaporated metal. Nevertheless, the agreement with the published 

values is not so critical here. The importance of this method lies in that it can be used 

to characterize the reflection strength of a metal scheme as it will be made in the 

finished device - including the effects of surface roughness, cleaning, and metal 

deposition. 

1 80 r--.-----rr! , ' !, T !, T !,-'!, ��==�==� 
. i i i i i i 0 this work 

:: =:T:::::ln1ff:tJl - -140 _ ........ TilAu .......... ' .. U ... Lj ..... �.L ...... i ............. i .................. _ 

1 30 �.�.��.� .. 0�· .... t··r··f···t···l·····1······t········�· .. · .. · .. ····t···· .. · .. ······ .. ·-
1 20 L-� ____ -LLL�-L-L-L __ � __ � 

70% 90% 99% 
GaAslmetal power reflectivity 

Fig. D.7: Reflectivity and phase of GaAs/metal interface at 1 .55 J..lm 

compared to values calculated from published optical constants of Ag 

and Au. 
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sample # epi thick 

[!lm] 

P245-Ml = 1 .0 

P245-M2 1st etch 

P245-M3 2nd etch 

P247-MI = I 

P247-M2 1st etch 

P247-M3 2nd etch 

P249-MI 0.94 

P249-M2 0.66 

P249-M5 0.54 

P249-M3 = 1 

P249-M4 1st etch 

. P249-M6 2nd etch 

P256--M l  = 1 

P256--M2 1st etch 

P256--M5 2nd etch 

P256--M4 1st etch 

P256--M6 2nd etch 

epilmetal 

S234-TilAu 

. . .  

. .  . 

S234-TilAu 

. .  . 

. .  . 

S234-Ag 

. .  . 

. .  . 

S235-Ag 

. . . 

. . . 

S234-Au 

. . .  

. .  . 

S234-PdlAu 

. .  . 

thick. 

[nm] 

2/160 

· . .  

· . .  

21170 

· . .  

. . .  

120 

. . . 

. . . 

120 

. . .  

· . .  

100 

· . .  

. . .  

3/100 

· . .  

P/<I>m P/<I>m = 0.  r2 

1 .55 !lm 1.3 !lm cm-l 1 .55!lm 

0.59/- 0.58/- 0.9177 

0.70/- 0.64/- 1380 0.9434 

0.70/- 0.64/- 0.9432 

0.59/134' 0.551125' 0.9 1 77 

0.67/137' 0.59/1 1 8' 940 0.9367 

0.66/137' 0.591127' 0.9333 

0.761150' 0.761152' 0.9561 

0.86/153' 0.83/- 960 0.9756 

0.851152' 0.831150' 0.9739 

0.741140' 0.73/128' 0.9520 

0.85/128' 0.8211 15'  1060 0.9737 

0.84/- 0.8 11120' 0.97 1 1  

0.70/166' 0.691163' 0.9434 

0.801166' 0.76/165' 1 100 0.9641 

.801172' 0.761163' 0.9645 

0.62/1 37' 0.541120' - 0.925 1 

0.611130' 0.54/- 0.9234 

Table D.1: List of samples. The fringe ratio has been rounded to two 

and the phase to three significant digits. 
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Appendix E 

Long-wavelength vertical-cavity lasers 
at UCSB (A personal log) 

. The invention of the vertical-cavity laser was a result of an effort to fabricate single-

mode monolithic semiconductor lasers that was conducted in the mid-seventies at the 

Tokyo Institute of Technology under the guidance of Professors Yasuharu Suematsu 

and Kenichi Iga. In the course of development of such lasers, a number of 

structures, such as etched facet lasers and Distributed Feedback lasers were explored. 

It was one night in March of 1977, according to Professor Iga (Igab, 1995), he had 

the idea of making a laser in which light oscillates in the direction perpendicular to the 

wafer surface. This type of device could be fabricated monolithically and with a short 

cavity could operate in a longitudinal single mode. He noted this idea in his 

notebook, which he would take home with him just for cases like these, and the 

concept of surface-emitting laser, as Professor Suematsu later named it, was born. 

The technological and application promises of surface-emitting lasers were many. 

Since it could be fabricated monolithically and its lateral structure defined by 

photolithographic means, it held many of the manufacturing advantages of light

emitting diodes and other monolithic semiconductor devices, in addition to some 

inherent performance advantages over in-plane lasers. 
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The long-wavelength VCL research at UCSB started in 1988 as a joint effort of 

Professors John Bowers and Evelyn Hu. James Dudley, one of Professor Bowers' 

first graduate students, started this effort at Santa Barbara by developing optical 

coatings and the fabrication process for etched well VCLs operating at 1 .3 Ilm. At 

that time there were no growth facilities at UCSB that could be used for growing 

phosphides. The MOVPE system was purchased and installed two years later. The 

active layer materials were provided by several groups outside of UCSB: Dr. Barry 

Miller from AT&T Bell Laboratories in Holmdel, NJ and Prof. Gary Robinson from 

Colorado State University. In 1988 Dr. Deborah Crawford joined Prof. Bowers' 

research group as a post-doctoral researcher, while I joined in 1989 as a graduate 

student on ajoint project with Professors Bowers and Hu. While James and Deborah 

were developing the fabrication process for an etched-well VCL, I was developing 

high reflectivity mirrors. My first project involved customizing a donated 

commercial sputtering machine for deposition of Si/SiN A mirrors. I spent several 

months developing a multi-tasking software that would automate this machine and 

enable flexible programming that was needed for making mirrors and various optical 

coatings (Babic', 1991) .  Using this machine we started depositing 8 to 10 period 

mirrors SifSiN A for the first 1 .3 Ilm VCLs. 

Our efforts came to fruition with the visiting researcher from OKl Electric (Japan), 

Hiroshi Wada, who arrived in 1990 and eventually built the first 1 .3 Ilm VCL at 

UCSB. This was an etched well vertical-cavity laser with Si/SiN A mirrors on both 

sides of the cavity, that operated at a record low room-temperature pulsed current of 

50 rnA (Wada, 1991).  The structure of this laser is shown in Figure E. 1 .  
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N-contact 
(AuGeNi) 

P-contact 
(AuZn) 

8-pair SiNISi mirror 

Polyimide 

n-InP (d=2Ilm) 

p-GaInAsP active 
(d=0.6Ilm) 

p-InP (d=1 .5Ilm) 

p-GaInAsP etch stop 

p-InP Sub. 

5-pair SiNISi mirror 

Fig. E.1: The structure of the first long-wavelength vertical-cavity 

laser fabricated at University of California, Santa Barbara (Wada, 

1 991) .  

Many interesting issues relevant for the future direction of UCSB long-wavelength 

VCL research surfaced in the characteristics of these lasers. Hiroshi Wada noticed 

that the threshold current density increased with the increasing d.iarneter of the devices 

(Figure E.2). This was attributed to nonuniform current injection resulting from ring 

contacts and lateral current flow through poorly conductive p-type region (Wada, 

1992). Furthermore, with high current densities, and hence high gain, at the edges 

of the active layer, one would expect the higher order transverse modes to reach 

threshold before the fundamental mode. However, even on the largest device (20 

11m) the near-field pattern and the spectrum revealed a single mode, and this mode had 

only one lobe with the maximum in the center (Figure E.3). This fact turned our 

attention to diffraction which results in mode selective cavity loss. Since the cavities 

of these resonators had to be rather long to provide for lateral current flow, they could 
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not be scaled to very small sizes without increasing the diffraction loss. Scaling 

devices to small volumes was advantageous for reducing active layer operating 

temperature. This issue was very important since the thermal properties of etched

well VCLs were very poor owing to the low. thermal conductivity of the amorphous 

mirrors. Looking at the very low external quantum efficiency of these lasers which 

was less than 0.5 % we concluded that the cavity losses were still too high than we 

expected. It was subsequently found that amorphous silicon used in our mirrors was 

quite lossy, as high as as; = 1000cm-1 at 1 .3 �m (Babic, 1992), which limited the 

reflectivity of our SijSiN, mirrors to 99.0 % at 1 .3  �m. 

� '" 
E 

200 �--------------------� 

150 . . ' 

. . . . 

1000C 
A 

(J'C � 100 

50 

O �����--����--� 

o 100 200 300 400 500 
Active region area [�m21 

Fig. E.2: Threshold current density dependence on device area 

(diameter) indicating that nonuniform current injection is present 

(Wada, 1992). 
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At this point our efforts branched off to several directions; a new type of device had to 

developed. The year 1992 saw the departure of Hiroshi Wada and Deborah 

Crawford, and the arrival of a new visiting researcher, Mitsuaki Shimizu from Tokyo 

Institute of Technology. Dr. Shimizu concentrated on numerical modeling of etched

well VCLs with regrown active layers to find the conditions for continuous wave 

room temperature operation (Shimizu, 1993). I started working on reducing loss in 

amorphous silicon by hydrogenation, i.e. silicon sputtering in Ar/H2 plasma. 

Hydrogenation did not produce good results because the refractive index of silicon 

was reduced in the hydrogenated layers and the reduction in absorption coefficient 

was not as high as was expected. Using a large refractive index ratio, such as, 

Si/Si02 seem to be the only way to fabricate better mirrors using the existing 

technology. For this purpose, I converted our sputtering machine to an RF source. 

Now we were able to perform RF and DC sputtering simultaneously of silicon, 

silicon nitride and silicon oxide. Furthermore, Thomas Reynolds from UCSB and I 

installed a 1 .3 �m laser reflectometer on the machine. To accomplish this we designed 

a hollow anode with a window through which the laser beam could be normally 

incident on to the wafer. Using this system were we able to perform in-situ optical 

deposition rate calibration and tuning of mirrors (Babic, 1991).  Most researchers in 

other institutions that were investigating long-wavelength VCLs were using electron

beam evaporated amorphous mirrors (Imajo, 1990, Oshikiri, 1991,  Tadokoro, 1 992, 

Baba, 1993), while we were using RF reactive sputtering. This was done because of 

the greater control over the deposition rates that was achievable with our computerized 

sputtering machine. Furthermore, we did not have an in-situ monitoring system for 

the electron-beam evaporator. 
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During the first years of graduate school, I devoted a lot of time studying theoretical 

aspects of quarter-wave mirrors. In Fall of 1 990, while playing with numerically 

calculated penetration depths of quarter-wave mirrors, I noticed that for some special 

cases the penetration depth depended inversely on the difference between the 

refractive indexes of the two mirror materials. This relationship led me to believe that 

maybe there was an analytic expression for this parameter. I pursued this for a few 

months until I fimilly derived an analytic expression for the group delay and the 

penetration depth of arbitrary quarter-wave mirrors at the center wavelength (Babic, 

1991 ). With the help of Y oungchul Chung and Scott Corzine I expanded the concept 

to diffraction quarter-wave mirrors (Babic, 1991)  and with the help of Rajeev Ram to 

resonators with distributed mirrors (Babic, 1993). The latter idea was later fully 

developed by Rajeev Ram (Ram, 1995). 

Fig. E.3: Near-field pattern of a 20-llm diameter device showing 

single-lobed field intensity profile (Wada, 1992). 
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My interest in laser fabrication centered on building a 1 .55 �m vertical-cavity laser 

with InGaAsPlInP mirrors with either implantation or regrowth used for current and 

mode confinement (structure of the type shown in Figure 1 .2(b)). I experimented 

with methane-hydrogen-argon etching 'of these mirrors for mode confinement 

(Section 8.4). 

James Dudley, on the other hand, was searching for completely new ways of making 

mirrors. One of the things he tried were air-bridge mirrors (Ho, 1990), but this did 

not seem to be easily manufacturable. Finally, he ran across recent interesting results 

on wafer fusion (Liau, 1990, Lo, 1 99 1), a method for bonding InP to GaAs or 

silicon by forming what was believed to be a covalent bond. Provided that this bond 

was optically transparent and thermally and electrically conductive, James thought, 

one could make a VCL using InGaAsP active layers and AIAs/GaAs mirror tuned to 

long wavelengths. This was a revolutionary idea because it completely avoided all the 

problems that we had with epitaxial or amorphous mirrors. Using an AIAs/GaAs 

mirror on at least on one side would improve the thermal and electrical properties of 

the laser. James made the first fusion experiments at UCSB in the discarded LPE 

furnace using weights with Masayuki Ishikawa, a visiting researcher from Furukawa. 

They first made fused in-plane lasers and then demonstrated the high temperature 

operation of a single fused VCL structure with one AIAs/GaAs mirror and one 

SijSi02 mirror using optical pumping (Dudley, 1992b, 1993). The active layers for 

these devices were grown by Dr. Barry Miller from AT&T Bell Labs in Holmdel, 

while the AIAs/GaAs mirror was grown by Richard Mirin at UCSB. With this result, 

Richard Mirin became the official supplier of GaAs mirrors for fused long

wavelength vertical-cavity lasers. 
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After the demonstration of the fused optically pumped VCLs, Rajeev Ram, a first year 

graduate student in John Bowers' group went to work as a summer intern in Hewlett

Packard, Palo Alto. The group at Hewlett"Packard Laboratories in Palo Alto, Dr. 

Kent Carey and Dr. Long Yang, had similar interests. They also felt that wafer 

fusion may be a good way to fabricate long-wavelength vertical-cavity lasers. This 

started a collaboration between UCSB and HP Labs in developing wafer-fused VCLs 

that is active to present day. Rajeev Ram spent the summer with Dr. Long Yang at 

Hewlett-Packard experimenting with fusion of InP to GaAs and other materials and 

made the first studies of the electrical and optical quality of the junctions (Ram, 1993, 

1995b). They also developed a cleaning procedure, which with some modifications, 

has been being used to date at UCSB. 

Meanwhile, many of the potential sources of InGaAsPIInP mirrors that I needed for 

my project were losing interest. The mirrors were too thick ( 15  !lm) to be grown by 

GSMBE, and too difficult to control the wavelength. I was very fortunate that I met 

Dr. Klaus Streubel from KTH, Stockholm in Spring of 1 993, while he was visiting 

UCSB for a QUEST workshop. We quickly realized that our common interest is the 

fabrication of 1 .55 !lm VCLs using InGaAsPlInP mirrors at least on one side of the 

resonator. Unlike many others, Klaus was able to grow these mirrors using MOVPE 

with astonishing control of the center wavelength and composition. We decided to 

collaborate on building 1 .55 !lm VCLs, and Klaus started sending material to UCSB 

for me to fabricate lasers. The design I decided to pursue used an n -InGaAsPlInP 

post and p-type GaAs/AlAs mirror on the bottom bonded by wafer fusion, as shown 

in Sec. 8.4. 
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The end of summer of 1993 brought the first electrically-pumped wafer-fused VCL 

(Dudley, 1994). This device used an n -type AlAs/GaAs quarter-wave stack as the 

bottom mirror and a SijSiO, mirror on 'top (Figure E.4). The current and mode 

confmement was realized by wet chemical undercut of the active layer. Later the same 

year I demonstrated the first photopumped operation of a single-fused all-epitaxial 

1 .52 11m VeL (Babic", 1994). 

o p-InGaAsP 
InGaAsP contact Layer 

active region 
Dielectric mirror 

Fused '" Polyimide junc�on � / 
� � , 

n-GaAs Substrate 

Fig. E.4: The structure of the first fused vertical-cavity laser 
fabricated by James Dudley at UC Santa Barbara (Dudley, 1994). 

The following year passed in unsuccessful attempts to fabricate continuous wave 

operating lasers using wafer fusion. In Fall 1994, after having fabricated several 

more runs of fused VCLs, James graduated and left UCSB for Hewlett-Packard 
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Optoelectronic Division in San Jose. Before departing he made one try in fabricating 

a double-fused vertical-cavity laser. The double-fused vertical-cavity laser promised 

to outperform all other long-wavelength VCL structures due to its optical, electrical, 

and thermal properties. The idea for this device came across in one of our weekly 

VCL meetings in 1993. The record of this invention is noted in James' research 

notebook and the first attempt to fabricate this device is described in his dissertation 

(Dudley, 1994). Dr. Long Yang at Hewlett-Packard tried to fabricate this device as 

well. However, none of these attempts produced working lasers, and the reason why 

became clear only later that year. 

The origin of the problem was in the insufficient reflectivity of the p-AlAs/GaAs 

mirror. Free carrier and inter-valence-band absorption, which in extrinsic p -GaAs 

increase very rapidly for wavelengths below the energy gap, reduced the reflectivity 

of the mirrors. I ran into the same problem wanting to use p -AIAs/GaAs mirrors in 

conjunction with an n -InGaAsPlInP mirror for the all-epitaxial VCL (Sec. 8.4). 

Before this fact became evident, all of us kept designing p-mirrors with the same 

doping level as for 980 nm VCLs. This doping level (zle I8) was too high and all of 

the mirrors had too low reflectivity due to absorption. The first indication that the p

AIAs/GaAs mirrors may be the problem was in spring of 1994 when Klaus Streubel 

visited UCSB to perform optical pumping on his 1 .55 Ilm VCLs. Klaus brought 

with him a selection of completed lasers with bulk and quantum well active layers 

with one InGaAsPlInP and one SijSi02 mirror (Streubela,b, 1994). The quantum

well lasers (with the SijSi02 mirrors) operated photopumped at room-temperature 

using the 1064 nm line of Nd: YAG laser. I performed an interesting experiment 

then: I took an unpatterned quantum-well sample that we knew lased at room 
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temperature, removed the SijSi02 mirror and fused to it a p-AIAs/GaAs mirror. To 

our surprise, no lasing was observed even though the cavity mode was almost at the 

same wavelength (reflection spectra shown in Figure C. 13) .  Evidently, the 

reflectivity of the p-mirror AIAs/GaAs was lower than the reflectivity of the 3.5-

period SijSi02 mirror that was originally used on the same sample. I subsequently 

researched the topic of below-gap absorption in extrinsic semiconductors, and made 

absorption coefficient measurements (Section 4.4. 1.) to confirm that there in fact was 

between three and five times more free carrier absorption in p -GaAs at 1 .55 11m than 

at 0.98 11m. This required a special design of the p-AIAs/GaAs mirror for use in 

future fused VCL designs. 

Wanting to get electrically pumped results with my all-epitaxial VCLs, Richard and I 

decided to try a hybrid doping scheme in which the 10-periods of the p-AlAslGaAs 

mirror were doped very low ( 3 . 1017 cm-3 ), while the rest of the mirror ( l3-periods) 

were doped higher ( 1018 cm -3 ) .  We made no attempt of engineering the 

heterojunction interfaces and hence the electrical resistance of this mirror was very 

high. Nevertheless, it was with this mirror and the newly grown strain-compensated 

quantum-well active layers obtained from Sweden (KS2290) that I built the first 

double-fused vertical-cavity laser (Babita, 1995). The performance of this laser set 

new records for room-temperature pulsed operation of 1 .55 11m VCLs. The fact that 

there did not seem to be any indication that wafer fusion is limiting the development 

of these lasers, but the quality of the mirrors and the active layer, made us believe that 

continuous-wave operation could be obtained with the double-fused structure. 

Following the first success of the double-fused laser, we proceeded developing lower 

resistance p-mirrors to reduce the threshold power dissipation. A discussion with 
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Professor John Bowers resulted in the idea to redesign the active layer without the 

separate confinement regions. In May of 1995 I went to the Indium Phosphide and 

Related Materials Conference that was held in Sapporo, Japan. I met Klaus Streubel 

there, and as he handed me a box with three 'newly grown wafers of active layers, he 

said: "This is CW room temperature". He was right. 

With a newly designed AlGaAs/GaAs mirror and the improved active layer, on June 

18,  1995 I measured the first room-temperature continuous-wave operating 1 .54 !lm 

(double-fused) vertical-cavity lasers. This was reported only a week later at the 10th 

International Conference on Integrated Optics and Optical Fibre Communications in 

Hong Kong (IOOC'95). It was quite hot and humid in Hong Kong, but these new 

lasers operated continuously at temperatures as high as 33°C, and hence became the 

first Hong Kong street-temperature continuous-wave operating 1 .54-J1m vertical

cavity lasers. 

Further improvements of laser characteristics are now under way. The project is 

being taken over by a new student of Professor Bowers, Near Margalit, whose first 

fabricated double-fused lasers (ever), operated continuously at room temperature. 

Prof. Joachim Piprek from University of Delaware is currently developing 

comprehensive models for these lasers, while long-wavelength transmission 

experiments and modulation characteristics are being measured by Peter Blixt, a 

visiting researcher from KTH in Stockholm. 
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