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ABSTRACT 

Design and Performance of Semiconductor Microstrip Lasers 

by Daniel A Tauber 

A novel semiconductor laser. the microstrip laser. in which the laser epi 
film sits on a thick gold ground plane rather than on a conventional 
semiconductor substrate was invented and demonstrated. The microstrip laser 
possesses advantages for high frequency and high power operation. because the 
mi:rowave propagation properties of the microstrip laser are better than the 
conventional laser. and the thermal resistance is lower. 

Microstrip lasers were fabricated in the InPIInGaAsP system by a gold 
bonding and substrate removal technique. The lasers emit light at 1.55 pm 
wavelength. Narrow ridge microstrip lasers showed threshold and efficiency 
performance comparable to conventional lasers. Because of the fabrication 
technique which inverts the grown epi. the lasers were all n-ridge lasers. with 
ridges etched through the active region to prevent lateral leakage current and high 
thresholds. 

Microstrip lasers appear to be more susceptible to the opening of 
parasitic leakage current paths than are conventional lasers. This limited the 
ultimate perfonnance of the low threshold microstrip lasers discussed above. 

Experimental results on devices in which the SCH and active region had 
not been etched away show that the thermal resistance of the microstrip laser can 
be more than 3 times smaller than a conventional laser at room temperature. 
However. because these devices had high thresholds and low efficiencies they 
did not demonstrate high power operation despite the excellent thermal 
resistance. 

The microwave propagation properties of the microstrip laser are also 
much improved relative to a conventional laser on a doped substrate. with the 
microwave loss being a factor of two smaller. and the phase velocity being more 
than twice as high. These improved propagation properties ensure more uniform 
microwave current injection to the laser. and better optical response at high 
frequency. 

The microwave propagation properties are important. because as is 
shown in this dissertation. at high frequency significant phase delays are present 
along the electrode length. Because of this. the laser behaves as a distributed 
electrical element rather than a lumped element as has been traditionally assumed. 
and the nature of high frequency current injection is modified. In conventional 
lasers on doped substrates. high frequency current is highly localized within the 
vicinity of the feed point, and the effect worsens as the frequency increases. This 
causes current rolloff that limits the bandwidth to about 30 GHz in doped 
substrate lasers. In the microstrip laser. the bandwidth limits do not become 
manifest until frequencies greater than 50 GHz are reached. 

vii 
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Chapter 1 
Introduction 

1.1 Higb performance semiconductor lasers 

1 

High performance in a semiconductor laser can be characterized in multiple 

ways. The characterization is application dependent, and high perfonnance means 

different things for different systems. One system might specify extremely low 

power dissipation. while concurrently requiring only minimal optical output power. 

An example of this is short distant optical interconnects [1]. with the laser 

performance criteria being low threshold current and low electrical resistance. A 

different application could require high optical output power. with looser restrictions 

on the power dissipation. A third application could require high speed and high 

power performance. These last two criteria are the perfonnance issues addressed in 

this dissertation. 

Applications for high power and high speed semiconductor lasers are diverse 

and abundant. A partial list includes instrumentation for laser surgery. printing and 

imaging. data storage, and communications. The applications for high power in 

communications are large. and will continue to grow as the number of tiber optic 

transmission systems grows. High power semiconductor lasers are absolutely 

essential to long distance links as pump lasers for erbium doped tiber amplifiers 

(EDFAs). Fiber optic links with periodically spaced EDFAs are the paradigm for 

long distance transmission. and there has been great commercial and research effort 

devoted towards developing efficient and compact high power pumps. The EDFA 
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can be pumped at 1.48 pm using InGaAsP semiconductor lasers, or at 0.98 � 

using InGaAs semiconductor lasers. EDF As pumped at 0.98 /JIll are less noisy than 

their 1.48 J4I1 counterparts [2] and are technologically more because of this: with 

lower noise, equivalent system performance is possible with larger EDFA spacing.  

Larger spacing means fewer EDFAs per system, which means lower cost. 

The need for semiconductor lasers in communications systems extends well 

beyond pump lasers for EDF As. Semiconductor lasers are also transmission 

sources. A wide range of performance criteria are needed to characterize a good 

source, and high speed and high power are among them. Other criteria include 

linewidth, wavelength drift, lifetime, and temperature stability. 

High power is potentially as important for sources as it is for pumps, as a 

good high power laser is capable of driving several systems at once, or can 

compensate for coupling losses that might be inherent in discrete component 

transmission systems - for example, a system that uses an external modulator. A 

wavelength division multiplexed (WDM) system might require partitioning a single 

source into multiple wavelength channels, and a high power laser helps keep each 

channel at an acceptable power level. High speed is equally important: direct 

modulation of a laser by modulating the injection current remains the simplest and 

most straightforward technique for the generation of AC optical signals. Analog and 

digital modulation are both viable techniques, and are both in [3, 4]. While 

wavelength chirping and fiber dispersion limit the maximum transmission distance 

of directly modulated lasers, direct modulation is still often the best choice for short 

or medium distance links [4]. The fundamentals of laser and amplifier dynamics are 

also well studied by investigating direct modulation, as has been clearly 
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demonstrated in recent years [5-7]. The understanding of the fundamentals derived 

from understanding direct modulation can be critically important in designing any 

number of other optical-microwave sources. 

1.2 Organization of this thesis 
The topics investigated in this dissertation are unified in a novel laser 

structure, the microstrip laser, that we have invented, fabricated and demonstrated 

during the course of this work, and that shows great promise for both high 

frequency and high power operation. A schematic of the microstrip laser is shown 

in Figure 1. The laser differs from a conventional ridge waveguide structure only in 

that the epitaxial layers sit above a 1 J.IID thick gold ground plane instead of a 

semiconductor substrate. The work presented here has been done in the loP system, 

with InGaAsP active regions emitting light at 1.55 J.lfl1. The microstrip laser is not 

restricted to this material system and can also be fabricated in GaAsllnGaAs, or in 

any other material system for which semiconductor lasers are currently made. The 

thick gold ground plane provides advantages for both high speed and high power 

performance: the microwave transmission line properties of the microstrip laser are 

vastly superior to the conventional ridge laser on a doped substrate, and the thick 

gold is a heat spreader that helps reduce the thermal resistance. The fabrication 

technique, which involves wafer fusion and substrate removal, inverts the epitaxial 

layer sequence - that is, a p-up wafer is transformed into an n-up wafer after fusion 

and substrate removal. This provides some distinct advantages for high speed and 

high power that often cannot be achieved through conventional growth methods. 
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Substrate 

Figure 1. Schematic picture of microstrip laser. 

Gold 
layer 
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Chapter 2 presents our work on microwave propagation effects in high 

frequency semiconductor lasers. It was this work which motivated the invention of 

the microstrip laser. The investigation of microwave propagation showed that 

microwave signals on a conventional semiconductor laser are subect to significant 

phase delays and high microwave attenuation. In other words. at high frequency a 

semiconductor laser is an extremely poor microwave transmission line and it 

behaves as a distributed electrical element. This analysis had never been done 

before. and it was always assumed that the diode laser responded to microwave 

signals as a lumped element with no phase delays between feed point and far end of 

the device. Chapter 2 shows that distributed effects are present and do significantly 

impact the dynamic optical response. Fabrication of high speed devices on doped 

substrates has been known for years to be a fundamentally bad design in the 

microwave circuit community [8]. because of the poor conductivity of doped 

semiconductor. which is more than two orders of magnitude smaller than metals 
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such as gold, copper, and aluminum. The propagation of microwaves in doped 

semiconductor is accompanied by enormous microwave loss that causes rapid 

attenuation of modulation signals. In the semiconductor laser, this results in the 

phenomenon that regions far from the feed point are not modulated by the high 

frequency current. Experiments on lasers fabricated on doped substrates, where the 

doped substrate acts as a poor ground plane, show that signals can be attenuated as 

much as 6 dB every 100 pm at 40 GHz. The effect is highly frequency dependent, 

worsening with increasing frequency, causing the high frequency optical response 

rolls off because the loss worsens with increasing frequency. The dynamic 

response is manifested in both the small signal [9-11] and the large signal regime 

[12, 13]. 

The microstrip laser minimizes currents flowing in the doped semiconductor, 

and is therefore an improvement over the conventional laser on a doped substrate. 

The losses are shown experimentally and theoretically to be lower by a factor of 2 

Phase velocities are 2 to 3 times higher as well. The end result is that while -3 dB 

rolloff frequencies caused by distributed effects in doped substrate lasers occur 

around 30 GHz, in the microstrip laser they occur beyond SO GHz (though these 

freuqencies do depend on device length - this calculation is done for a laser 300 pm 

long). A calculation comparing a high frequency laser fabricated in the two 

geometries shows the microstrip laser to have a bandwidth of 36 GHz and the 

conventional laser to have a bandwidth of 31 GHz. The coplanar electrode laser is 

also discussed, as it solves similar microwave problems by etching down from the 

top to the n-Iayer, and placing coplanar ground electrodes close to the signal line. 

The microstrip laser is shown to be the best of all the different designs, with the 
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conventional doped substrate the worst. All these microwave issues are discussed in 

depth in Chapter 2. 

Chapter 3 moves from the high frequency domain to the DC domain, 

investigating subjects such as lateral current spreading and its effect on threshold and 

efficiency, electrical resistance, and thermal resistance. These issues are critical to 

microstrip laser performance, and are affected by its unique design. 

The microstrip lasers studied in this thesis are all n-ridge lasers. The n-ridge 

design has some advantages and some problems - the same physics that allows for 

low electrical resistance contributes to problems with lateral current spreading in the 

laser. This causes high leakage currents, and unacceptably high thresholds and low 

efficiencies that negate the otherwise positive effects of the low thermal resistance. 

Chapter 3 studies this problem in depth and shows that the lateral spreading of the 

electron current in the SCH, rather than the ridge width, is the determining factor in 

threshold current. Since the diffusion length of electrons in InGaAsP is about 10 

� any ridge narrower than that suffers from an excessive threshold increase. 

Calculations show that for a 2 pm ridge, the threshold can increase by a factor of 5. 

Efficiencies are also degraded, but not to the same extent as the thresholds. 

Degradations of about 30% are calculated The efficiency degradation is smaller 

because above threshold, camer clampbg and a fast stimulated recombination 

lifetime that helps to reduce the lateral current spreading. 

Etching through the SCH and active region solves this problem. The lateral 

spreading is eliminated, low thresholds and high efficiencies are calculated, and the 

dependence of threshold on ridge width is reestablished. In the loP system in 

particular, the low surface recombination velocity means that surface passivation of 



1.2 Organization of the thesis 7 

the sidewalls is not that critical and there is negligible increase in threshold caused by 

sidewall recombination. In contrast. in the GaAs system. there is some non

negligible effect in the n-ridge lasers. with the thresholds about doubling for a 2 pm 

ridge. Etching through the active region is still preferred. and necessary. however. 

unless an alternate method. such as ion implantation is used for current confinement. 

Electrical resistance is also calculated for the different device structures. It is 

shown that the n-ridge microstrip laser has the lowest electrical resistance of all 

lasers studied. In general. the n-ridge lasers outperform the p-ridge lasers in all 

cases. Because the majority of resistance always occurs in the p-regions of the 

device. the n-ridge microstrip laser is the best, because the hole current flow occurs 

in the wide bottom p-cladding, that is also only about 1 ,!lIll thick. In a normal n

ridge laser on a p-substrate. significant resistance occurs due to the current flow 

through the thick substrate. This is not the case in the microstrip laser. and the 

resistance of a 2 pm wide microstrip ridge laser is more than 2 times smaller than the 

conventional p-ridge laser. 

Thermal resistance is the final section of Chapter 3. Shortly after designing 

the microstrip laser with microwave performance in mind. we realized that the 

structure possessed significant thennal advantages as well. The 1 pm thick gold 

layer located just several micrometers from the active region would help heat 

dissipation. as the thermal conductivity of gold is higher than that of loP by a factor 

of 5. Further, as mentioned earlier. the fabrication technique inverts the epi layers, 

turning a wafer grown p-up into an n-up microstrip wafer. Since n-up growth in the 

loP system is fraught with difficulties due to problems of zinc (Zn) diffusion [14], 

the microstrip laser introduced some new device properties and possibilities. N-
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ridge lasers could be fabricated with very low electrical resistance, and with much 

reduced joule heating of the active region. This means a low thermal resistance, and 

a high power capability. Calculations show that the thermal resistance of the n-ridge 

laser is reduced by a factor of 3 compared to the p-ridge laser, and that the 1 IJII1 
thick gold layer can introduce a reduction of about 10% in the thermal resistance, 

depending on the proximity of the gold to the copper heat sink. 

Chapter 4 explains in detail the microstrip laser fabrication process. The 

gold bonding process and the ridge laser fabrication process are both discussed. It 

is shown that with effective surface preparation and metal evaporation, excellent. 

uniform gold bonding can be achieved across a 1 cm2 wafer at the moderate 

temperature of 300 ·C. A metal sequence consisting of chrome, platinum and gold 

is found to be most effective. The remainder of the fabrication involves 

conventional microprocessing techniques for making ridge waveguide lasers. Wet 

etching of InP ridges is shown to be preferable to dry etching, and a saturated 

bromine water etch is shown to work well for etching through the InGaAsP active 

region. A multilayer polyimide planarization process is discussed and shown to 

have high uniformity (>90%) for ridges 5 pm wide and less. 

Chapter 5 presents the microstrip laser results. Threshold performance of 

the microstrip lasers for wide ridges is shown to be almost as good as that of 

conventional lasers. An increase of about 20% is observed for 10 JllI1 ridges, which 

indicates that decent threshold behavior is obtainable in the microstrip design. 

Spectral measurements show no wavelength shift due to bonding, suggesting that 
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any thermally induced strain brought about by the bonding process is absorbed in 

the malleable gold layer. 

Narrow ridges show good threshold behavior when the ridge is etched 

through the SCH and active region. Thresholds below 30 rnA are routinely obtained 

for ridge widths less than 3 pm and for cavity lengths below 300 pm. Compared to 

the broad area lasers, the thresholds increase by less than a factor of 2 in some 

cases. Efficiencies comparable to conventional laser efficiencies are also achieved. 

The thresholds of lasers in which the SCH is not etched away are very high, 

indicative of the current spreading problem discussed in Chapter 3. The good 

threshold lasers however, suffer from high resistance and are not practical for cw 

operation. The high resistance may be related to a doping or oxide problem in those 

particular lasers and is not intrinsic to the micros trip laser design, as some of the 

lasers with higher thresholds (unetched SCH) show excellent resistance, on the 

order of 1 ohm, and the etched active regions cannot account for the large increase in 

the devices with good thresholds. Further annealing of the lasers reduced the 

resistance, but also increased the threshold. The threshold increase may be 

accounted for by an opening of leakage paths in the device; the microstrip laser may 

be more susceptible to this than is a conventional laser. 

Thermal resistancance measurements show a factor of 3 improvement in the 

microstrip laser at room temperature. From the thermal resistance data for different 

temperatures and temperature dependent threshold data, an output power for the 

microstrip laser more than xx times greater was predicted. 

The microwave propagation properties were also superior, with phase 

velocities 2-3 times greater than the conventional laser and microwave attenuation 



1 .  Introduction 10 

about a factor of 2 smaller. Incorporating the microwave propagation models 

presented in Chapter 2 to predict bandwidth. it was shown that the rolloff frequency 

of the microstrip laser was beyond SO GHz. A high frequency laser with a 37 GHz 

intrinsic bandwidth [lS] is predicted to be limited to 31 GHz if fabricated in the 

conventional doped substrate mode and 36 GHz in the microstrip design. 

The work presented in this dissertation indicate significant advantages for the 

microstrip laser compared to a conventional laser for both high power and high 

frequency operation. Further. the work in this dissertation identifies a new 

perspective from which a high frequency laser must be studied. that of a distributed 

electrical element. and shows how different laser structures (conventional on doped 

substrate, coplanar electrodes, microstrip) can show very different performance due 

to these effects. The microstrip laser also can be thought of as representing a new 

flexibility in laser fabrication. beyond that achievable by usual growth and 

fabrication techniques. This flexibility can be categorized under the heading of 

wafer bonded lasers, and it shows that significant device improvements in both the 

thermal and microwave properties are achieved with these new possiblities. 

The remainder of the introduction will outline general designs for high power 

and high speed lasers that have been developed and can be found in the literature. 

The microstrip laser is a point of reference for the discussion. and its advantages and 

disadvantages are enunciated with respect to the other structures to illuminate 

fundamental design principles. A short discussion of in - plane lasers that have 

been fabricated with wafer bonding techniques is also included. 
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1.3 mgh power diode lasers 

High power performance necessitates bigh differential efficiency and low 

thermal resistance. Low threshold currents also help, since the excess heating that 

causes rollover in the light-current (L-I) curve happens at a higher optical power 

when the threshold is low. Nonetheless, assuming the threshold current is a small 

fraction of the total operating current. moderate increases are not as critical as poor 

efficiency or poor thermal resistance. Other factors contribute also: carrier 

confinement should be maximized to prevent reduction of the differential efficiency 

at bigh current levels or at elevated temperatures [16]. 

High efficiency is attained by minimizing optical losses in the semiconductor 

laser waveguide and by reducing leakage currents. In one direction, the waveguide 

is defined by the epitaxial growth, with the high index active region material 

surrounded by lower index cladding and separate confinement regions. The 

structure must be appropriately designed and grown so that there is minimal loss 

from free carrier absorption in doped regions or poor growth interfaces. In the other 

direction, the waveguide is defmed by material processing, and etched or buried 

ridges should have smooth sidewalls with low optical scattering. As far as the 

material is concerned, strained layer quantum well active regions are excellent. 

because the broken valence band degeneracy brings about low intervalence band 

absorption and low internal loss. In InP, narrow ridge lasers with strained InGaAs 

active regions have demonstrated output powers at or above 350 mW at both 1.3 pm 

and 1.5 pm [17]. At 0.98 pm. similar cw powers for narrow ridges were obtained 

using InGaAs active regions with InGaAsP barriers [18]. The InGaAsP barriers 
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are bigher than the GaAs barriers most often used at 0.98 � and provide much 

improved carrier confinement, thus improving the differential efficiency at high 

current levels. 

A new innovation reported in high power lasers is the broadened waveguide 

laser (BWO), in which a very wide SCH region is incorporated in the waveguide to 

mjnimjre the free carrier loss in the cladding layers. SCH widths up to 1 pm or 

more are used, and intemal losses below 2 em-I have been obtained [19]. The 
threshold also goes up because of a smaller optical confinement factor, but the 

increase in efficiency more than makes up for that. For 100 pm wide broad area 

stripes, cw powers of 6.8 watts have been reported for operation at 0.98 pm [19]. 

The broadened waveguide laser, however, is not a good structure for high speed, 

because the wide confinement regions introduce unacceptable transport delays that 

ruin the high speed performance [20]. 

The thermal resistance relates the temperature increase of the active region to 

the joule heating by t1T = Rrh Pjoult. where liT is the temperature increase in the 

active region, Rrh is the thermal resistance, and Pjouk is the dissipated power that 

heats the active region [21]. High thermal conductivity materials such as gold and 

some semiconductors contribute to low thermal resistance, so long as they are near 

the active region. Structures with high thermal conductivity paths from the active 

region to the heat sink are desirable; the buried heterostructure laser is a good 

example since heat efficiently spreads into the wide, highly conducting regions 

surrounding the active layer. Dielectric buried ridges are not as good because of the 

inferior thermal conductivity of polyimides, silicon nitride, or silicon oxide. A third 

contribution to thermal resistance is beat source location. There are essentially two 
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heat sources in a semiconductor laser. the resistive heating in the ridge, and the heat 

generated in the active region. The beat generated in the active region is caused by 

non-radiative recombination and is equal to the non-radiative current contribution 

times the active region voltage. Most leakage currents are dissipative and also 

contnbute to active layer heating. 

The location of the beat sources is critical for thermal resistance [21]. For 

example, two structures could generate the same amount of joule heat. but because 

the heat sources are in different places, have drastically different thermal resistances. 

An example of this is shown in Figure 2. In Figure 2 (a). most of the heat is 

generated below the active layer and near the heat sink; in 2 (b). it is generated above 

the active layer, far from the beat sink. The thermal resistance of 2 (b) is much 

bigher because the heat flows through the active layer before arriving at the heat 

sink. in contrast to the situation in 2 (a), where the heat flows directly from source to 

sink. Inverting the ridge doping from p to n. and the bottom cladding from n to p, 

as in a microstrip laser, can result in a lower thermal resistance because the primary 

heat source is almost always the high resistivity p-Iayer. Thus the n-ridge microstrip 

laser resembles Figure 2 (a). the conventional p-ridge laser resembles 2 (b). and the 

thermal resistance of the n-ridge microstrip is lower. As mentioned earlier, the thick 

gold layer in proximity to the active region also contributes to a reduced thermal 

resistance. 

Some examples of good high power laser design include a buried 

heterostructure InGaAsllnGaAsP (buried with an n-InGaP blocking layers) laser 

operating at 0.98 pm (350 mW) [18]. a buried heterostructure InGaAsllnGaAsP 



1. Introduction 

Primary 
heat source 

Active area 

Heat sink 

(a) 

14 

Primary 
heat source 

Active area 

Heat sink 

(b) 

Figure 2. Schematic showing how thermal resistance can depend on the location of 
the heat source. The thermal resistance in (b) is much bigher. although the same joule 
heat is dissipated as in (a). 

(buried with semi-insulating (SO InP) operating at 1.5 pm (325 mW) [17]. an n

ridge v-groove inner stripe (VIPS) laser with a bulk active region and SI InP 

blocking layers operating at 1.3 pm (230 mW) [22]. and a polyimide buried reverse 

mesa ridge with an InGaAs active layer surrounded by a graded InGaAsP SCH and 

InGaP cladding layers (350 mW) [23]. Note that all these lasers are mounted p-side 

down - that is. the high resistance p - layer is placed in proximity to the heat sink so 

that the heat generated there does not flow through the active region [24]. For all 

lasers except the n-ridge VIPS. the p-side down mounting involves additional post

processing. The n-ridge microstrip laser shares the same advantage of the n-ridge 

VIPS laser: no additional post-processing is needed because the best thennal 
resistance is achieved from a structure mounted junction side up. All the structures 

have ARIHR coated facets - one facet has a high reflectivity coating above 95%. and 

the other a low one around 5%. This maximizes the single facet output power while 

still maintaining good threshold performance. 

Catastrophic optical damage (COD) has limited output powers in 

GaAsI AlGaAs lasers for years. InPIInGaAsP lasers have not suffered from this 
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because of the low surface recombination velocities in that system. Some advances 

have been made with respect to COD, including the use of At-free materiaIs for laser 

fabrication at 0.98 pm [19] and novel injection techniques - for example, having a 

non-injection region near the facet [25]. Facet passivation remains an important area 

of research in short wavelength high power lasers. 

The thermal properties of the microstrip laser would further benefit from a 

burying layer around the active region, as in the VIPS laser. However, with the 

fabrication technique used for this work. regrowth must be done before fusing 

because it is done at temperatures for which the bonded gold diffuses throughout the 

structure, destroying the bond integrity and shorting out the diode. A fabrication 

technique in which gold bonding was the final step, rather than the initial one, would 

pennit the fabrication of a buried microstrip laser. The differential efficiency of a 

buried microstrip laser would also improve, as excess optical loss from the etched 

active region could be mjnimjzed. 

1.4 High speed diode lasers 

The bandwidths of high frequency directly modulated semiconductor lasers 

have surpassed the 40 GHz frequency range in recent years [26]. Several factors 

have contributed to the progress that led to this achievement These factors include 

advances in the understanding of the fundamental carrier dynamics of quantum well 

lasers, improvements in materials growth and design capabilities, along with the 

improvements in electrode structure that minimjze the harmful effects of microwave 

propagation, as has been briefly discussed and will be discussed in detail in Chapter 

2. The 40 GHz bandwidth has been measured in strained InGaAs/GaAs quantum 
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well lasers. These lasers emit at a wavelength of 0.98 J.IlIl where the attenu�.Jn and 

dispersion of the fiber significantly limits the maximum transmission distance. The 

performance of InGaAsPIInP lasers emitting at 1.55 JlIIl. critical for fiber optic 

systems, has lagged behind the GaAs lasers, and the highest measured bandwidth to 

date is 30 GHz [27]. 

Through the early 199Os, the maximum bandwidths of semiconductor lasers 

were still limited to below 25 GHz. This was true despite the fact that p-doped 

strained quantum well lasers had been predicted to have bandwidths as high as 60-

90 GHz [28]. An 18 GHz single quantum well laser was reported in the InGaAs 

system in 1 991  [29], and a 23.5 GHz [30] bandwidth in a device with 4 strained 

quantum wells was reported later that year. In the InGaAsP system, the maximum 

reported bandwidth was 24 GHz in a device emitting at 1 .3 J.IlIl using a bulk active 

region [3 1] .  By early 1992 Lester and others at Cornell demonstrated a laser with 

28 GHz bandwidth [32], improving the previous 23.5 GHz result by implementing 

a constant index separate confinement heterostructure (SCH) region as opposed to a 

graded index (GRINSCH) structure that bad been used in the earlier result. The 

current 40 GHz record bandwidth result from the group at the Fraunbofer Institute in 

Freiburg, Gennany is in a device with 4 strained lno.3sG80.65As quantum wells [26]. 

The active region in that structure is undoped; a similar structure with a p-doped 

active region bas a bandwidth of 37 GHz limited by heating [26]. 

The bandwidths in the loP system have not progressed as much as the GaAs 

bandwidths, yet this system is technologically more important because of the lower 

dispersion and loss in optical fibers at 1.55 J.IIll - critical issues in large bandwidth 

systems. The record bandwidth for a 1.55 J.Illl loP strained quantum well laser is 30 
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GHz [27]. This is a DBR structure, with an active region buried in Fe-doped semi

insulating InP. The DBR allows the gain to be detuned off the peak to the long 

wavelength side, which increases the resonance frequency, and may circumvent the 

usual K-factor damping limit [27]. For a Fabry-Perot laser lasing at the gain peak, 

the record bandwidth has remained 25 GHz for several years in a structure also 

buried with SI InP, and with a strained, p-doped quantum well active region [33]. 

This bandwidth is limited by the mounting and device parasitics, and the intrinsic 

bandwidth is on the order of 40 GHz. Other work bas indicated intrinsic 

bandwidths as high as 68 GHz for undoped strained layer distributed feedback 

(DFB) lasers, but the bandwidths bere were also limited to only 16.5 GHz by the 

parasitics [34]. A strain compensated, p-doped structure with 16 wells bad a 

bandwidth of 1 7  GHz [35]. The authors state that this bandwidth is limited by 

rolloff in the output power caused by leakage currents. Based on the values of 

resistance and capacitance quoted by them, and the fact that these lasers were 

mounted p-side down (which tends to increase the mounting capacitance), it is likely 

that the electrical parasitics limit the device performance also. 

While the ultimate limits on bandwidth are set by the active region material 

properties, many other factors need to be considered in fabricating a structure that 

will allow those bandwidths to be realized. The non-active region factors can be 

categorized in 3 groups: ( 1) laser waveguide properties (2) microwave parasitics -

lumped element and distributed effects (3) power consumption and device beating. 

The specific requirements for high bandwidth lasers are listed in Table 1 below. 
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Wavegl!ide �roperties �crolVave structore POlVer cODSumption 

Short photon lifetime LolV capacitance LolV resistive heating 

'tD 

Large photon density in Low resistance LolV thermal resistance 

cavity 

Single spatial mode LolV distributed Good heat sinking 

lVaveguide microlVave loss technology 

Table 1. Critical factors, apart from active region properties, for high speed laser 
performance. 

Waveguide properties 

The dynamic solution for the small signal modulation of the photon density 

is a second order transfer function, characterized by a resonance frequency and a 

damping factor. Maximizing the resonance frequency and minimizing the damping 

factor leads to high bandwidths. The waveguide design, through its contribution to 

the resonance frequency, has a large effect on bandwidth. This can be understood 

by looking at some equivalent expressions for the resonance frequency: 

(J), is the resonance frequency -z: is the stimulated carrier lifetime, 't'p is the photon 

lifetime, v, is the group velocity of the mode, g is the differential gain, S is the cavity 

photon density, r is the optical confinement factor, 11; is the internal quantum 
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efficiency, (1-1,,,) is the bias current above threshold, q is the basic electron charge 

and V is the active region volume. Intuitively, one necessity for modulation of the 

optical power is the fast removal of photons from the system (short photon lifetime). 

Absolute minimization of the photon lifetime, however, is not an independent 

benchmark for maximum bandwidth, because a short lifetime also reduces the 

photon density. As shown by the rightmost expression of equation I, a small 

threshold current. brought about by a high reflectivity cavity, results in higher 

resonance frequencies. Mar, et al. [36] examines this issue in detail and concludes 

that the conditions for high frequency operation are a highly reflective, short cavity, 

small volume device. If the laser facets do not have a high reflection coating, longer 

devices may be necessary in order to minimze the thresholds and to maximize 

differential gain. 

High photon density is intimately connected to high power, which requires 

large current levels and low thermal resistance. The discussion in the high power 

laser section has covered the design principles for this subject, and will not be 

discussed here further. 

Microwave parasitics 

Another very important issue is the microwave properties of the device from 

a circuit element perspective. The device parasitics (resistances, capacitances, and 

inductances) set bandwidth limits and must be minimized. These issues are related 

to the subject of Chapter 2, and represent the low frequency, lumped element 

approximation of that problem. 
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The simplest circuit model of a semiconductor laser is a series resistance in 

parallel with a capacitance. Figure 3 shows a schematic of a device and points out 

the sources of resistance and capacitance. In addition to the resistance and 

capacitance another significant parasitic component is an inductance from the 

bondwire used for electrically contacting the device, also shown in Figure 3. Short 

thir.k bondwires are generally used to minimize the inductance in packaged devices. 

Device geometries that can be directly probed at high frequencies are not uncommon 

and eliminate the bondwire inductance completely. Direct probing, however, is not 

realistic for packaged devices. 

Fundamentally, high speed performance requires the minimization of the 

laser series resistance and capacitance, since the bandwidth will always be limited by 

the parasitic RC time constant. In general the laser impedance is quite low, on the 

order of several ohms, and the laser is driven at microwave frequencies by a 50 n 

source impedance that acts as a near-ideal current source. 

Figure 3. Schematic of a ridge laser structure showing the sources of the parasitic 
circuit contributions. 
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Series resistances can be made low by making metal contacts t o  bighly doped 

semiconductor layers and by grading heterostructures to reduce potential barriers. 

Typical p-type meta)]jzations are titanium (Ti)lplatinum (Pt)! gold (Au), or some 

sequence containing Au and zinc (Zn), or perhaps AufZn alloy [37]. A metal1iution 

sequence using Zn should be alloyed at temperatures in the vicinity of 400 °C in 

order to drive the Zn dopant into the contact layer. 

Buried structures can have lower resistance than ridge structures because 

wide contact layers can be regrown above the ridge. For example. the structure in 

references [33] and [38] has a IS J.lID wide contact layer regrown over a ridge that is 

only several pm wide. The resistance contribution from the contact layer and the 

heterojunction step are therefore significantly smaller than those in which the contact 

layer is the same width as the ridge. This structure is shown in Figure 4 (a). 

The second issue is low capacitance. The metallization over the dielectric or 

regrown region is a major source of capacitance. Since high speed lasers typically 

have ridge widths on the order of microns. a wider metal region is needed for 

bonding and probing the device. The overlayer metal is usually 10 to 20 pm wide. 

with a large fraction of that on top of the dielectric or the regrown layer. For ridge 

structures surrounded by a dielectric, the key to minimizing the capacitance is to 

have a thick dielectric layer with low dielectric constant. Polyimide is commonly 

used for this purpose. The dielectric constant of polyimide is about 3 at microwave 

frequencies which is a small improvement over silicon oxides or silicon nitride. that 

have dielectric constants of 3.5 and 3.9 respectively. 

Regrown structures are found generally only in the loP based system 

because of the difficulties of regrowth of AI containing compounds. and have the 
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advantage that a deeply buried ridge can be surrounded by thick semi-insulating 

layers of Fe-doped InP. Figures 4 Ca), Cd), and Ce) are examples of such a device. 

In these devices the capacitance is small because of the thick Fe-doped layer. In 

contrast to ridge lasers where the ridge height fixes the thickness of the surrounding 

dielectric upon which the metal sits, the thickness of the Fe-doped InP is determined 

by growth issues, and is often significantly thicker than the dielectric layers in ridge 

structures. The Fe-doped layers can be as thick as 3-4 pm [39], [40]. 

The bondpad capacitance is of the same nature as the overlayer metaIlization 

capacitance and adds an additional capacitance based on the area of the bondpad. 

Practical bondpads are about 50-100 pm per side square pads. If the bondpad is 

fabricated above a semi-insulating substrate with an air-bridge contact to the ridge its 

capacitive contribution will be very smaIl. In this case, the overlayer metal can be 

the same width as the ridge, and therefore will be low capacitance. 

Figure 4 summarizes some of the best high frequency structures fabricated to 

date. Figure 4 (a) is the capped mesa buried heterostructure (CMBH) laser that has 

resulted in a 26 GHz bandwidth in the 1 .55 J.1IIl InP system. The defIning features 

giving low parasitics are the wide contact pad which results in a low resistance of 

2. 1 Q [33] and the thick Fe-doped InP burying layers which result in low 

capacitance, as mentioned earlier. In this structure a thin layer of n-InP is grown 

above the burying layers surrounding the active region, and below the p-InP 

cladding. The n-InP layer acts as a barrier for Zn diffusion into the Fe-doped layers 

during growth of the p-cladding; this therefore minimizes leakage current into the 
Fe-doped regions, and keeps the device thresholds low. However, there is some 
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lateral microwave current flow associated with the p-n junction at this interface that 

causes a low frequency dip in the modulation response. 

Figure 4 (b) shows the coplanar ridge waveguide structure that bas been 

used in the InGaAslGaAs system to achieve the record 40 GHz bandwidth [26]. 

This is a simpler structure because no regrowths are necessary for fabrication. This 

is not the ideal low resistance structure, since it does not have the wide contact layer 

that the CMBH structure has and the lateral current flow from the p-contact to the n

contact is constricted to a narrow region, contributing additional resistance. Still, by 

keeping the doping levels high and the lateral path as short as possible the resistance 

can be comparable to that of a pin structure with vertical current flow. It can be 

directly probed at high frequency thus eliminating the bondwire inductance. but as 

mentioned earlier, this is not practical for packaged devices. 

A simple structure with excellent high frequency characteristics is the 

polyimide buried ridge waveguide laser. This structure utilizes a simple ridge 

surrounded by low dielectric polyimide. This structure compromises some of the 

low resistance, low capacitance advantages found in the CMBH laser for fabrication 

simplicity, while still having parasitic bandwidths close to 30 GHz [29], [41]. The 

ridge structures demonstrated in Figures 4 (b) and (c) are among the best low 

parasitic structures available for GaAs based lasers. Figures 4 (d) and (e) show 

several excellent low parasitic structures that have been used in the InP system, for 

which bandwidths greater than 20 GHz have been demonstrated. The laser in (d) is 

a constricted mesa laser, with an undercut active surrounded by dielectric or 

regrown semiconductor. The undercut region allows for excellent current and 

optical confmement in the active region. whereas the thick polyimide layer provides 
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Figure 4. Several different high frequency laser structures. (a) Capped mesa burie d  
heterostructure (CMBH). (b) Coplanar ground-signal-ground electrode laser. (c) 
Polyimide buiried ridge waveguide laser. (d) Constricted mesa laser. (e)Semi
insulating buried crescent (SIBC) laser. 
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low capacitance, similar to the ridge structure shown in (c). The laser in (e) is the 

semi-insulating buried crescent (SIBC) laser. A bandwidth of 22 GHz has been 

reported for a bulk active region SIBC laser operating at 1 .3 IJ.D1 wavelength [39]. A 

deeply buried crescent active region is grown in a channel that has been etched into 

previously grown Fe-doped InP. Additionally, a thick layer of poly imide is spun on 

prior to the final metaJlj7ation. The combination of the thick polyimide layer and the 

thick semi-insulating InP layer results in a structure with a low capacitance of about 

1 pF. The 22 GHz bandwidth in the structure was,nonetheless limited by the 

parasitics, and a further reduction in the resistance of the device (as compared to the 

value quoted in the paper) seems possible. This should permit higher bandwidth 

operation. The primary disadvantage of this structure is the nonplanar active region 

which does not allow for the fabrication of DFB structures. 

All the structures discussed up to this point are p-ridge devices. As is the 

case for high power. n-ridge structures also have advantages for high speed, 

because n-ridges tend to have a lower electrical resistance. The contribution from the 

p-contact is greatly reduced because it is now a broad area bottom contact. If the 

laser is grown on a p-substrate, there can be significant resistance from the 

substrate, but still. as Chapter 3 will demonstrate. the resistance more often than not 

is lower than a comparable p-ridge structure. A p - substrate mass-transported diode 

laser with a buried constricted mesa [42] has shown low resistance and low 

capacitance and exhibited a bandwidth greater than 16  GHz. For the microstrip 

laser, the p-cladding is only 1 or 2 Jm1 thick. so the resistance is even lower. 

providing further advantages for high speed operation. 
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Quantum well laser dynamics 

Quantum well lasers were predicted to have much improved high frequency 

properties compared to bulk lasers because the differential gain is higher in a 2-D 

quantum well laser than in a 3-D bulk device. An excellent conceptual and grapbical 

explanation for the increased differential gain in quantum wells can be found in 

Coldren and Corzine [43]. While initial studies of quantum well lasers bore out the 

prediction of high differential gain and bigh resonance frequency [44], several years 

passed before a high frequency quantum well laser was actually reported in the 

literature, and through 1990, the reported bandwidths were below 10 GHz [45]. 

Over the next several years, the complicated carrier dynamics of quantum well lasers 

were studied and dynamic effects specific to quantum wells that influence the high 

speed properties were specified and analyzed. These understandings led to the 

improved results, and the bandwidths above 40 GHz that have been reported to date. 

The additional dynamics essentially involve the process by which carriers are 

captured into the quantum well, and by which they escape from the wells. This 

process has been studied in detail in many publications [20, 46-50] and is visually 

represented in Figure 5. The picture in Figure 5 represents a classical description of 

the dynamics. with drift and diffusion governing the carrier flow from the SCH to 

the quantum wells. A local capture time into, and an escape time out of, the wells 

have been defmed in a complete rate equation analysis. The capture and escape 

process is quantum mechanical in nature and so this description is approximate at 

best, but it seems to be satisfactory. 
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Figure 5. Important transport processes in quantum weU lasers. III is the electron 
current and Ip is the hole current. 

The carrier transport processes in quantum well lasers reduce the differential 

gain, increase the nonlinear damping, and introduce a single-pole rolloff in the 

modulation response. The rolloff is a direct manifestation of the transport delay 

time; since the transport delays are fairly low in most high speed laser structures, on 

the order of 5 ps, the rolloff occurs at high frequencies. If a device is made with an 

unusually long SCH region the rolloff will occur at lower frequencies. The 

reduction in differential gain is approximately related to the ratio of the total transport 

time (including the diffusive transport across the SCH and the quantum capture) to 

the escape time through the factor Z = 1 + 1'/,r" where 1', is the transport time and t', 

is the escape time. The nonlinear damping results from an enhancement of E that is 

related to carrier relaxation from the 3-D region into the lasing subband. Models that 
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identify 3 carrier levels have proven accurate for predicting responses above 30 

GHz. Each carrier level is assigned its own time constant and rate equation [5 1] .  

The three levels are (l) the classical transport level. representing carriers moving by 

drift-diffusion in the confinement region. (2) The capture level. representing carriers 

moving in the barrier-confinement regions close to the wells. The barrier -well 

interaction is characterized by quantum capture and escape times. (3) The gain level. 

where stimulated recombination occurs and contnbutes to gain and light emission. 

Even more sophisticated models have been developed that study the spatial 

distribution of carriers in quantum wells both statically and dynamically. These 

models show that the carrier distribution and dynamic response is highly 

nonuniform across the quantum wells in the MQW structure [52. 53]. 

The best results from high speed quantum well lasers are obtained by making 

transport and capture times short. while making the escape time from the wells long. 

This means that the SCH width should be made as small as possible while still 

retaining acceptable optical confinement factor. Deep wells provide better 

performance than shallow wells since the carrier confinement is better. and there is 

relatively less population in the barrier and the confinement regions. Multiple 

quantum well structures are preferred to single quantum well structures for the same 

reason: single quantum wells experience severe gain saturation due to carrier 

overflow from the well. and will not reach the power levels needed for ultrahigh 

frequency operation. The carrier escape time 't'j! also decreases as the carrier density 

in the well increases, further degrading the high frequency properties. The optical 

confinement is also higher in MQW structures; this. along with the superior carrier 

confmement. leads to lower threshold gain and higher bandwidth. 
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1.5 Wafer bonded in plane lasers 

Wafer bonding and wafer fusion have become important, and even 

indispensable techniques for optoelectronic device fabrication. Long wavelength 

vertical cavity lasers show excellent performance when fusion is incorporated in the 

process [54, 55], but, otherwise, work poorly and are plagued by severe growth 

difficulties due to the necessity of growing very thick mirror stacks. High 

efficiency, high multiplication avalanche photodetectors [56] can only be fabricated 

by fusing highly lattice mismatched, dissimilar materials together. Optoelectronic 

integration with silicon circuits is made feasible by fusing optical materials to silicon. 

A host of other devices impossible to make by epitaxial growth alone have become 

realistic with the implementation of wafer bonding and fusion technology [57, 58]. 

The microstrip laser, for example, is novel in that the transference of a thin laser epi 

film onto a thick gold layer has been made possible by metal bonding. Just as 

bonding to silicon lends practical credence to the idea of integrating optoelectronic 

devices with silicon circuits, bonding to gold could possibly permit layout of an 

entire optoelectronic-electronic circuit on a thick gold heat sink for excellent high 

speed and high power performance. 

Several edge emitting laser structures have been fabricated with wafer 

bonding technology. Examples of these include loP lasers emitting at 1 .3 and 1 .55  

pm on silicon [59, 60], and 1 pm InGaAs lasers on silicon [61]. Both 1 .3 and 1 .55  

pm structures show equivalent threshold and efficiency performance relative to the 

an active region fabricated on the loP growth substrate, and the 1 pm laser shows 

just minor degradation. The 1 .3 pm lasers actually show higher power performance 
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and a lower thermal resistance when fabricated on silicon because of silicon's 

superior thermal conductivity [56, 59]. The bonding conditions for these lasers 

were very different: the 1 .55 p. m lasers were fabricated by growing a buffer layer of 

InP on the silicon, and then bonding at 700 °C directly to the epi. with InP as the top 

layer [60]. The 1 .3 pm lasers, in contrast, were bonded directly to the silicon at a 

low temperature of 400 °C, and utilized a thin film bonding process - the bonding 

was done after substrate removal, rather than before. The process is slightly more 

complicated and involves initially mounting the wafer with wax on a glass slide to 

permit substrate removal, but eliminated thin film cracking caused by stress 

redistnbution during the 400 °C bonding. The malleability of the thin film may also 

contnbute to a greater bonding process lattitude [59]. Schematics of the thick and 

thin film bonding process are shown in Figure 6. The bonding process used for the 
microstrip laser is outlined in Chapter 4, and is a thick film bonding process: very 

slow temperature ramping is required for successful bonding so the epi film. can 

accomodate the thermal stress more easily. The gold layer is malleable and may 

serve the same function of stress relaxation without damaging the epi layer that the 

epi film serves in the thin f11m process. 

1 .55 JlD1 InP lasers have also been fabricated on GaAs [62-64]. These lasers 

show little or no degradation in threshold and efficiency compared to lasers from the 
same material fabricated on the InP growth substrate [63]. and in certain cases, the 

threshold performance has even been better [64]. In the latter case, the improvement 

was brought about by patterned bonding. The patterned bonding creates a structure 

in which current is confined in the lower cladding as well as the upper cladding, 

lowering the threshold by about 10%. Fmally, the wafer bonding technique permits 
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Figure 6. (a) Thin film bonding. Bonding to Si is performed after substrate removal. 
(b) Thick film bonding. Bonding to Si is performed before substrate removal. 

relative lattice orientations of epi and substrate that cannot be successfully grown, 

but are useful in applications such as nonlinear optics [65]. 
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In all these structures, SEM pictures and other techniques for identifying 

defects show that dislocations accomodating the lattice mismatch are edge 

dislocations localized at the bonding interface. They do not propagate through the 

structure as they do during growth. This is not really an issue for the microstrip 

laser, as the bonding method does not involve joining two different semiconductors 

together, but rather bonds epi and substrate through a metal medium. 

Other than the microstrip laser, one bonded in-plane laser that does not use 

semiconductor - semiconductor bonding has been reported. In this particular 

structure, shown in Figure 7, loP is bonded to silicon dioxide (SiOV at 650 °C, 

after which a channel is etched in the loP, mass transport is used to coat the Si<h 

with loP, and a laser structure is grown in the channel [66]. The mass transport of 

the loP in the structure occurs at temperatures around 600 ·C and is needed to ensure 

good regrowth. The SiCh is a current blocking layer around the active region that 

significantly reduces leakage currents. and contributes to high power performance: 

the output power of this structure is more than 20% higher than a comparable device 

using SI InP for current blocking. The SI loP only insulates against electron 

current, and hole injection introduces excess leakage that is not present in the SiCh 

structure [66, 67]. 

1.6 Overview 

The microstrip laser represents a novel structure that incorporates many ideas 

used in the design of high frequency and high power lasers, as well as sharing a 

design perspective and flexibility. as well as fabrication similarities. with other wafer 

bonded lasers. It is clear that in order to fabricate an excellent high frequency laser, 
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a large number of difficult conditions must be first met These include effects purely 

related to high frequency performance, such as those discussed in depth in Chapter 

2, Microwave propagation effects in semiconductor lasers, as well as those 

related to DC performance, as are crscussed in Chapter 3, DC analysis of 

microstrip laser properties. These chapters aim to present the physics of the 

microstrip laser and while doing so, illuminate all these ideas more clearly and show 

why the microstrip laser is an excellent structure, for both static and high frequency 

operation. Chapters 4 and S, Microstrip laser fabrication and Device results, 

present the experimental realization of those ideas. 

p-InP InGaAsP 
Active 

Figure 7. Cross section of in-plane laser structure in which InP is bonded to Si02• 
which becomes a current block for the structure after processing and regrowth [66]. 
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Chapter 2 
Microwave propagation effects in semiconductor lasers 

As was discussed in the introduction, the high frequency properties of 

semiconductor lasers are set by both material and structural factors. Structural is 

used in this context to describe a fabricated laser - for example, a ridge laser 

structure or a buried laser structure - and is distinct from material factors associated 

with an unprocessed laser wafer. The ways by which the material and the structural 

factors link to dynamic performance can be conveniently separated into three 

categories: (1) The device physics, which determine relevant canier diffusion times, 

carrier capture times, and carrier recombination times. (2) The optical waveguide, 

which determines the photon lifetime, thus strongly affecting the stimulated emission 

lifetime. (3) The electrical structure, which affects the dynamics through the RC time 

constant and through frequency dependent microwave propagation effects. This last 

topic, the physics of microwave propagation in semiconductor lasers, and how 

dynamics and modulation response are affected by it, is the subject of tbis chapter. 

2.1 Background 

Microwave propagation effects in semiconductor lasers show up at the high 

end of the laser bandwidth spectrum. If the laser bandwidth is very bigh, the 

microwave propagation can be the factor limiting the modulation response. More 

specifically, the frequency dependence of the complex propagation constant affects 

the spatial distribution of the injected current, thus causing the semiconductor laser 
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to be a distributed rather than a lumped electrical element [1]. The traditional 

treatment of the semiconductor laser assumes the laser is a lumped element in which 

the high frequency current is uniformly distributed along the device length. The 

small signal rate equation analysis which is used to calculate optical modulation 

response uses this assumption, and while it is valid at low and moderate 

frequencies, it is not valid at the very high frequencies characteristic of the best 

current high speed devices [1-3]. Invoking a lumped analysis will result in incorrect 

calculations of the dynamic response as well as misinterpretation of dynamic 

measurements. 

Distributed effects occur because electromagnetic waves travel at a finite 

speed. so the modulation signal applied at a feed point on the device takes time to 

travel to the far end of the device. When this time delay is comparable to the 

modulation period, the voltages and currents along the device length are out of phase 

with each other and the laser must be treated as a microwave waveguide (distributed 

element) rather than as a lumped element This transition from lumped to distributed 

element is diagrammed in Figure 1 .  

Current 
profile 
along length 

Lumped element Distributed element 

Figure 1 .  Distinction between a lumped electrical element and a distributed electrical 
element semiconductor laser. The current profile along the length of the distributed 
element is nonuniform. 
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Time delays mean phase shifted signals. Typically 9 a 90 degree phase shift 

of the microwave signal across the device is a good figure of merit for determining 

the frequencies and device lengths for which distributed effects are important. This 
is equivalent to specifiying a device length equal to a quarter wavelength at the 

frequency of interest. When this criterion is me� the microwave propagation will 

influence the input-output transfer function , and any dynamic response of the laser 

at frequencies for which a quarter wave or more exists in the device should be 

analyzed including the effects of microwave propagation. This is true of the small 

signal modulation response9 the large signal modulation response9 the gain switched 

response, and the mode locked response [ 1 ,  4, 5]. Figure 2 shows the microwave 

quarter wavelength versus frequency for three different microwave phase velocities, 

D.3e, D.2e, and D.le, where e is the vacuum speed of light. As can be seen in the 

plot, at D.le, the quarter wavelength is below 200 pm at a frequency of 40 GHz. 

Since 200 pm is a typical length for a high frequency laser, the plot demonstrates 

that the highest speed semiconductor lasers reported to date should be treated as 

distributed element structures. As will be discussed and calculated later in this 

chapter, and shown experimentally, the D.le value for the phase velocity is quite 

realistic; the semiconductor laser is a slow wave microwave structure, as are most 

semiconductor diode devices [6], meaning that microwaves propagate at velocities 

slower than would be expected from a simplistic calculation based on the material 

dielectric constant. 
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Figure 2. Quarter wavelength of microwave signal versus modulation frequency for 
several different phase velocities. For a signal traveling at O. le. the quarter wavelength 
is less than 200 J,Lm at 40 GHz - a typical length for high speed lasers. 

This chapter will analyze this problem in the following order. First. the 

semiconductor laser structure will be analyzed as a microwave waveguide, and a 

modal structure will be proposed and justified. An equivalent circuit model for the 

propagation will be derived from this analysis. Second, the defining characteristics 

of the propagation, the phase velocity and the attenuation will be determined. These 

parameters are mathematically contained in the complex propagation constant y. 
Third, the propagation properties of conventional and microstrip high speed laser 

structures will be calculated from the models and compared. The microstip laser will 

be shown to be a much improved design. Finally, the way in which distributed 

effects influence dynamic performance will be discussed and calculated. 
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2.2 Transmission One model of a semiconductor laser 

4S 

The analysis begins by investigating the microwave transmission line 
structure of a ridge laser on a doped substrate, shown in Figure 3 (a). and by 

assuming that the simplest microwave mode this laser transmission line supports is a 

quasi - TEM (transverse electromagnetic) mode. The justification for the quasi-TEM 

assumption derives from the fact that the laser is basically a two conductor structure 

- there are two contacts. each of which is electrically connected to a p or n region. 

Figure 3 (b) shows a schematic of the microwave currents present in the structure 

under high frequency modulation. The longitudinal currents in the conductors are 

always present in any transmission line. as they are needed to satisfy the boundary 

conditions dictated by Maxwell's equations for confining the microwave. The 

transverse currents are complex, representing the conduction and displacement 

currents that both exist in a waveguide structure. The transverse conduction current 

is associated with a lossy shunt path between the two conductors. as by necessity 

exists in a forward biased laser diode. 

Top Contact Polyimide 

B=Era��g 
�_.j\ctive regIon 

-Cladding & 
��--

-Substrate 
n-Contact 

(a) (b) 

Figure 3. (a) Doped substrate laser. (b) Microwave currents flowing in doped 
substrate laser under high frequency modulation. 
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The structure is not a true TEM waveguide. because the longitudinal currents 

exist in regions of finite conductivity and are thus driven by a longitudinal electric 

field. However, the analysis will show that the quasi-TEM approach is justified 

because the magnitude of the longitudinal electric field driving the longitudinal 

currents is much smaller than the magnitude of the field normal to the conductors. 

The relevant propagation parameters are determined by constructing a distributed 

equivalent circuit, a section of which is shown in Figure 4 (a). for the transmission 

line. The equivalent circuit is similar to the one constructed in analyzing the standard 

lossy transmission line that is commonly found in intermediate electromagnetic texts 

[7]. Figures 4 (b) shows the cross section of the laser diode. pointing out its 

contributions to the equivalent circuit, and 4 (c) shows the longitudinal structure of 

the laser, pointing out its contributions to the circuit 

L Rl 
-

-

(a) 

- -

Cs 

- -

Figure 4. (a) Distributed electrical equivalent circuit of a high frequency laser diode. 
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Figure 4. (b) Cross sectional circuit representation of the laser. (c) Longitudinal 
circuit representation of the laser. 

The resistance R/, of Figure 4, represents resistance to the longitudinal flow 

of microwave curren� and can be calculated from the conductivities of the 

metalJi7;ltion and the doped substrate. The ohmic losses due to this resistance are 
referred to as skin losses, since their total value depends on the skin depths to which 

the fields penetrate in the conducting regions. The spatial distribution of the 
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longitudinal electric fields is needed to properly calculate RI, since the fields are 

present in differing amounts in regions of different conductivity, and are not 

uniformly distributed throughout the entire metal and doped regions. The skin 

depths are frequency dependent, and Rl is thus a frequency dependent resistance that 

will be shown to have a large effect on the high frequency current injection in a 

semiconductor laser. 

The inductance L represents the magnetic field of the propagating wave. The 

total inductance in the structure is composed of two parts, an external inductance and 

an internal inductance. The external inductance is the inductance associated with the 

geometric conductor structure, and is analogous to the inductance calculated for a 

parallel plate transmission line with no loss. In the case of the parallel plate 

transmission line, this inductance (per unit length) is equal to pD/w, where f.L is the 

magnetic permeability of the medium, D is the separation of the conductors, and w 

is the width of the plates; the calculation is similar in the laser structure. but more 

complicated. since the fields distribute themselves in a more complicated way than in 

the lossless parallel plate structure. The additional internal inductance exists 

because the time varying electric field driving the longitudinal currents generates a 

magnetic field, according to Maxwell's equations; alternatively, this can be 

understood by realizing that the magnetic field penetrates into the doped regions, and 

contributes to inductance there. The internal inductance is therefore closely related to 

the skin loss. and can be understood as the imaginary component of the skin effect 

impedance. In a very lossy structure like a semiconductor laser, this inductance 

turns out to be comparable in magnitude to the external inductance and should not be 

ignored. 
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The series resistance, R s' represents conduction current in the doped layers 

of the semiconductor between the p and n contacts. Most of this series resistance 

comes from the narrow ridge, particularly in the case of p-ridge devices. In p

substrate lasers, the substrate resistance can dominate. 

The active region impedance. Zdt represents the impedance contribution from 

the active region. This can be modeled as a parallel RC network, with the 

differential diode resistance representing the real part of the active region impedance 

and the diode capacitance representing the imaginary part. The impedance is 

strongly bias dependent - for unbiased operation. the large diode resistance strongly 

limits the conduction current between the p and n contacts (for typical device lengths 

the unbiased diode resistance is about 100 ohms). Under forward biased 

conditions, the differential diode resistance drops to about 1 ohm or less and the 

conduction current is set by the resistance of the doped layers. The capacitance is 

also bias dependent, and is dominated by the depletion capacitance for unbiased 

operation, and by the diffusion capacitance for forward biased operation. The 

diffusion capacitance is also frequency dependent and decreases as the frequency 

increases. The frequency dependence of the diffusion capacitance is caused by the 

fmite carrier lifetime, which limits the rate of charge removal and replenishment at 

frequencies greater than the reciprocal lifetime. 

The shunt capacitance. Cs' results from metallizations above dielectric 

material, such as the metal above the polyimide illustrated in Figure 4 (b) and is 

constant with bias and with frequency. 

In calculating the circuit elements, one should be careful not to make a direct 

analogy between the two metal contacts of the laser structure and a parallel plate 
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transmission line. Correct analysis requires an understanding of the spatial 

distnbutions of the high frequency electric and magnetic fields in the device, which, 

for the most Part. are more strongly determined by the doped semiconductor layers 

and the diode depletion layer than the metal contacts. 

Since the electronic properties of the laser diode are highly nonlinear, 

particularly the active region impedance that is represented in the circuit model by Z", 

the circuit model in Figure 4 (a) is only valid for calculating the linearized small 

signal propagation properties. A full treatment of the large signal response would 

require replacing the linear elements with non-linear elements representating the full 

dynamic range of the diode, and calculating the response accordingly. 

2.3 Longitudinal current now and series impedance 

The series impedance in the circuit model is calculated from the relationship 

Z� = 5z.., where Eo is the longitudinal electric field incident at the inteface between Is: -
the doped and undoped regions and Is: = J Iz (x1Jx is the integrated current density 

o 

which can be thought of physically as a surface current density. Since the 

impedance given in the formula above is a surface impedance in units of 

ohms/square, the impedance per unit length is determined by dividing Zs by the 

width of the conducting region. The calculation of Zs therefore basically involves 

solving for the current density in the conducting regions. To do this, we assume the 

normal electric field of a TEM mode is zero inside the doped region (the electric field 

exists primarily in the depletion region of the diode) but the tangential magnetic field 

markedly penetrates into the doped region. This is always the case at a conducting 
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boundary; the termination of the normal fields is set by the charge density and occurs 

over a much shorter range than does the termination of the tangential fields which is 

set by the surface current density. The characteristic length scale over which the 

surface current distributes is. of course. the skin depth. To qualitiatively understand 

the distribution of surface current, Figure 5 qualitatively shows the spatial 

distnbution of the longitudinal fields in the laser structure. Two key points to 

understand are: ( 1 )  Because the upper cladding is thin - less than the microwave skin 

depths in the semiconductor. most of the upper surface current is carried in the top 

high conductivity metal contact. (2) Because the substrate is thick, it carries 

virtually all of the lower surface current, and because of the much smaller 

conductivity of the doped substrate, that current decays over a much greater distance 

than does the top surface current. 
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Figure 5. Schematic of the longitudinal electric field vectors in the laser diode. Most 
of the upper surface current is carried in the top metal contact, whereas almost all of 
the lower surface current flows in the doped substrate. 

Once we know the functional form of the magnetic field in the conducting 

regions, we can calculate the longitudinal electric field from Maxwell's equations. 

The current is then calculated from Ohm's law. The method used here is similar to 

Jackson's (Chap. 8, 2nd ed.) but slightly more involved since it involves several 

regions of varying conductivity. The relevant equations are 
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V x H = / = aE 
V x E = -j(fJpH 

52 

where H is the tangential magnetic field, J is the conduction current, a is the 

conductivity, E is the longitudinal electrical field, Q) is the angular frequency and J.I. is 

the magnetic penneability. We have ignored the displacement current term in the 

first equation since it is negligIble compared to the conduction current in the doped 

regions and in the metal. The equations can be combined to give a wave equation 

for the magnetic field in the conductor: d� �e 
+ a�J.I. He = 0 The general solution 

oX ) 
of tbis equation in the doped region is He = C,e-{'+i)xI6, + C2e{l+ilxI6, . where Cj and 

C2 are constants and 0, = II is the skin depth. Because we have multiple �iliia; 
conducting layers in this problem, we need to retain the positive exponential since it 

accounts for a reflection at the interface of the doped and metal regions. In the 

metal, the field solution is simply H", = C3e-{\+J)XI61 where we assume that the 

current decays completely in the metal and there is no reflection. We can solve for 

the three constants from continuity of the electric and magnetic fields at the interface 

between the two conducting regions, and by knowing the amplitude of the magnetic 

field Ho incident upon the doped region. We end up with the following equations: 

Ho = C, + G; 

C,e-(J+j);r,16, + C�(J+j)x, '6, = CJe-{'+j);rzI6z 

J + j C -{/+j)x,16, J + j C -{/+j);r, 16, _ J + j C -{'+j)x,16z -- e - -- e - -- e 
a, 0, , a,ol 2 a20,. J 
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where the third equation is derived from the equation above relating the electric field 

to the curl of the magnetic field. XI is the coordinate of the interface. The solutions 

for the electric field. magnetic field. and current density in the p-doped region and 

the metal are shown in Figures 6-8. The interface x, is marked by the vertical line 

in the figures. The parameters used ill the calculation are (71 = 2 x 10S S 1 m . 

(72 = 5 X 107 S I m. Xl = I JUn. and f = 40 GHz. The important physics made 

clear from the graphs is that, as expected, more than 99% of the current is carried in 

the metal contact, and therefore the series resistance contribution from the p-side is 

quite small since the conductivity of the top contact is high. Note also that the peak 

magnitude of the longitudinal field is only about 7% of the transverse field (equal to 

the magnitude of the transverse magnetic field in the SI system), justifying the quasi 

TEM approximation. 

The longitudinal resistance contribution clearly depends on the conductivity 

of the contact metal. A more subtle point is that unnecessary excess resistance will 

be generated if the contact is thinner than several skin depths. A good rule of thumb 

for laser design is to make the contact at least twice a thick as the skin depth at the 

frequency in which the distributed effects start to manifest themselves. In the case 

of most lasers, this will be around 20 GHz and the metal layer should be about 1 pm 

thick. 

The calculation of the series loss and internal inductance is now 

straightforward. The series impedance Zs = Eo gives a series resistance loss per 
J� 

unit length of Rs = Re[ � ], where w is the contact width. The internal inductuance 

L; = � accounts for the fact that the magnetic field penetrates the interior of the 
OJ 
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Figure 6. Transverse magnetic field profile vs postion in p-doped layer and metal. 
The interface between semiconductor and metal occurs at 1 11m; the figure shows that 
the field decays primarily in the high conductivity conduct. The kink in the curve 
occurs at the semiconductor metal interface. 

-
:! 

,!!. 
QI " .a .::: � lIS 

:s2 � 
u 'E � -� 

0.07 

0.06 
0.05 

0.04 

0.03 

0.02 
0.01 

0.00 

-0.01 

doped metal 
semiconductor 

o 0.5 I .S 2 2.5 3 
Position (J.UIl) 

Figure 7. Longitudinal electric field profile vs postion in p-doped layer and metal. 
The figure shows that the field decays primarily in the high conductivity conduct. The 
kink in the curve occurs at the semiconductor metal interface. 
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Figure 8. Current density vs positon in p-doped layer and metal. The figure shows 
that virtually all the current is carried in the high conductivity conduct. 

conductor (thus the name). At these frequencies this inductance can be comparable 

to the external inductance. which for simplicity is estimated from the simple parallel 

plate inductance formula L=pDlw. where D is the distance between the two plates. 

The series impedance calculated above represents contributions to the series 

impedance from the top conducting layer only. and to find the total series impedance 

we need to determine the contribution from the lower layer. This is determined in a 

similar manner. except the calculation is simpler because the n-Iayer is very thick and 

virtually all of the longitudinal current is carried in that layer and not in the contact. 
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This resistivity is a 1 • where aD is the conductivity of the n-doped aD DWbot 
semiconductor. aD is the skin depth into the semiconductor. and Wboc is the lateral 

width over which the current spreads in the semiconductor. This can differ from the 

top contact width if the top contact is narrow. and needs to be considered in 

calculating the propagation parameters. 

The longitudinal resistance and inductance at 40 GHz for the microstrip laser 

and the conventional laser are very different. Calculations give resistances of 1 6  

ohmslmm and 135 ohms/mm respectively. and inductances of 1 12 pHlmm and 262 

pHlmm respectively. While the microstrip laser has the same field structure as the 

conventional doped substrate laser. the numerical values of the circuit elements differ 

greatly because by placing the ground plane within a skin depth of the active region, 

the nature of the longitudinal current flow and the spatial extent of the magnetic field 

change dramatically. The majority of the current flows in the high conductivity gold 

ground plane instead of the low conductivity doped semiconductor. and the magnetic 

field terminates several thousand angstroms into the gold layer. rather than several 

microns into the semiconductor. This has a big effect on both loss and on 

propagation velocity. the two critical parameters characterizing the microwave 

propagation. 

2.4 Shunt capacitance and shunt conductance 

The capacitances in the circuit model comes from a combination of the 

capacitance above the dielectric and the diode capacitance (incorporated into Zd) ' 
These numbers can be estimated from the parallel plate formula for capacitance. C = 
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£wID. for the capacitance per unit length of the laser. The two capacitances in the 

circuit, of course, require two different values of D , as the dielectric layer thickness 

is the valued used for D in calculating the dielectric capacitance, whereas the 

depletion width (for unbiased lasers) is the value used in calculating the depletion 

capacitance. Also, the width w can be different, with the w of the dielectric 

capacitance being determined by the metal width, and the w of the diode capacitance 

being detennined by the width over which the diode built-in voltage exists. For 

above threshold operation the laser is always strongly forward biased and the 

diffusion capacitance, rather than the depletion capacitance dominates the active 

region contribution, particularly at the lower frequencies, below the reciprocal of the 

carrier lifetime. 

The shunt conductance is calculated from several factors, including the series 

resistance of the p and n layers, the contact resistance, and the diode differential 

resistance. Under unbiased or reverse biased conditions, the shunt conductance is 

very low because of the high diode resistance. Above the diode tum on voltage, the 

conductance increases, with the contact and cladding resistance limiting the 

conductance rather than the diode resistance which is typically less than an ohm for 

normal laser dimensions. For the devices used for our calculations and 

measurements, the dielectric capacitance per unit length was about 2.5 pF/mm. For 

unbiased operation, the diode contribution to the capacitance was about 2 pF/mm. 

The unbiased conductance was about 0.01 siemens/Mm. The forward biased 

conductance, dominated by the series resistance, was about 0. 1 siemen/mm, with 

the series resistance of the structure measured being slightly high, about 10 ohms. 

The forward biased diffusion capacitance varies as is shown in Figure 9, decreasing 
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as the frequency increased. This particular behavior was determined by fitting the 

model to measured microwave propagation parameters. At higher frequencies the 

capacitance shows an inverse square root dependence on frequency, as is expected 

from theory [8]. 
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Figure 9. Frequency dependent diffusion capacitance used to model the high 
frequency semiconductor laser transmission line. 

2.S Calculation of propagation properties from distributed circuit 
model 

The complex propagation constant r is equal to .Jzy , where Z = R, + jmL 

is the series impedance associated with the circuit model and Y = jmC$ + (R$ + Zd t 
is the shunt admittance. Zd is the impedance of the active region and is represented 

as discussed above depending on the bias condition. The characteristic impedance 

.,J Z/Y can also be derived from the model. The spatial dependence of the 

propagating wave is described by the complex exponential exp(- r z), r= a  + jB, 
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with the real part: describing the attenuation and the imaginary part descnbing the 

phase. 

Microwave attenuation and phase velocity for the doped substrate laser are 

shown in Figures 10 (a) and (b). Microwave experiments were also done on 

devices matching the parameters specified in the calculations; the experimental 

results are shown on the plot as the data points. The particular laser measured w as  a 

GaAslInGaAs device emitting at 0.98 pm. The plots show both unbiased and 

forward biased operation. The striking features apparent in the graphs are ( 1 )  the 

enormous, highly frequency dependent value of loss, as high as 500 dB/cm at 40 

GHz for the forward biased case and (2) the slow dispersive phase velocity, which 

can be less than 10% the vacuum speed of light. These properties are characteristic 

of a very poor microwave transmission line, in which high frequency signals are 

localized in the vicinity of the feed point and the regions far away from the feed point 

are not modulated at all. Because of the frequency dependence observed in the 

plots, the signal localization is more pronounced as the frequency increases. 

The strong frequency dependence of the loss is due to skin effects in the 

conducting regions. The rise in shunt conductivity associated with the diode tum on 

accounts for the higher forward biased loss; the wave power is dissipated in ohmic 

loss caused by current flow through the diode. As discussed earlier, because the 

skin depths in the semiconductor for the calculated frequency range are significantly 

less than the thickness of the substrate, the longitudinal currents on the substrate side 

do not penetrate to the back side metal contact, and are highly attenuated in the doped 

semiconductor. The room temperature conductivity of 2 1018 cm-3 n-doped GaAs is 

more than 100 times smaller than gold. For the calculation of Figure 10, a gold 
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conductivity of lOS S/cm was used [9]. and a GaAs conductivity of 640 S/cm was 

used [9]. 
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Figure 10. (a) Phase velocity. normalized to the vacuum speed of light, versus 
frequency. for the conventional GaAs laser. (b) Microwave attenuation versus 
frequency. 
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Compared to the substrate, the top p-cladding layer is � on the order of 1 

J.I.ID, so the longitudinal p-side current penetrates to the gold contact layer where 99% 

of the current is carried, as is clear from Figure 8. Because the gold conductivity is 

excellent, the loss from the top contact should be low. However, the skin depth in 

gold at the frequencies we are interested in is greater than 5000 A, while the p-side 

contact metal thickness used in the calculation is only 3500 A. which is the thickness 

of the top contact used in the measured device. The variation of surface resistivity 

with conductor thickness was included in calculating the loss in Figure 9 .  

Calculations show that as the metal thickness is decreased from 1 JlD1 to 0. 1 JJm, the 

conductor loss increases by about SO dB/cm. This loss is significant, but the doped 

substrate ground plane remains the predominant loss mechanism in the laser. 

The structure used in this calculation represents a laser designed to work at 

moderate frequencies where distributed effects are not important. For very high 

frequency operation, an improved electrode design is necessary. 

The slow wave propagation seen in Figure lO is as significant as the large 

attenuation. The propagation velocity detennines the device length and the 

frequency at which distributed effects become important; if the device length is only 

a negligible fraction of a wavelength, large microwave attenuation is an irrelevant 

issue because the device is not a distributed structure. Two factors contnbute to the 

slow wave velocity in these structures. First, slow wave propagation is 

characteristic of any waveguide in which the electric and magnetic fields do not 

spatially occupy the same region [6, 10, 1 1]. This is best understood by examining 

the case of an unbiased or reverse biased p-n junction, where it is clear that the 

electric field is commed to the depletion region of the structure, whereas the 
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magnetic field penetrates further into the doped regions. As the wave propagates. 

energy oscillates back and forth between the electric and magnetic fields. Because 

the fields do not exist in the same spatial domain. the rate of energy transport is 

necessarily slowed down. thus slowing down the forward propagation of the wave. 

The wave slowing can also be well understood in transmission line 
terminology as an enhanced capacitance per unit length. because capacitance 

inversely scales with the spatial extent of the electric field. The electric field 

occupies a smaller space than the magnetic field, the capacitance is enhanced, and the 

wave velocity v = � is smaller. The wave slowing factor is "diD. which can 
v LC 

be easily seen by recognizing that the depletion capacitance scales with Jld. where d 
is the depletion width. and the inductance scales with the larger D. where D is the 

spatial extent of the magnetic field. The forward biased phase velocity is also slow 

because the diffusion capacitance is an excess capacitance greater than that which 

would be observed in a non-diode transmission line. 

The highly lossy nature of the laser transmission line also contributes to 

wave slowing [7]. As discussed earlier. lossy structures have excess inductance due 

to the skin effects that adds to the normal transmission line inductance . The 

functional fmm of the internal inductance is I. = l /; = � /l 
where /l is the 21if� 41ifu 

magnetic permeability. The frequency dependence of this inductance also explains 

the dispersion demonstrated in the phase velocity calculations and measurements. 

Because the contribution of the internal inductance in the doped substrate laser can 

increases the total inductance by several times. the wave velocity is further reduced. 

The reduction factor is roughly equal to the square root of the increase in inductance. 
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The model predicts the measured loss and phase velocity accurately and 

reveals the correct dispersion trend (a phase velocity that increases monotonically 

with frequency). Slight differences between model and experiment can be explained 

by the fact that the circuit model is only an approximate treatment of the wave 

propagation. Also, evanescent and higher order modes excited at the feed point that 

normally decay over a negligIble length of standard transmission line may be 

significant for short structures such as diode lasers. These modes are neglected in 

the distnbuted circuit model. 

The microstrip design is superior for ultra-high frequency lasers. Figures 1 1  

(a) - (b) show the attenuation and phase velocities for a structure equivalent in all 

respects to the conventional laser, with the exception that the doped substrate has 

been replaced by a thick gold ground plane, and that the top contact metalljVltion has 

been made a thick Ipm to avoid excess skin loss. The perfonnance of the microstrip 

laser is much improved over the doped substrate laser, and while the propagation 

properties are still poor, the attenuation is a factor of 5 smaller and the phase velocity 

is more than a factor of 2 higher. The phase velocity is higher because lower skin 

losses mean lower inductance. The improved propagation properties imply that the 

deleterious effects of microwave propagation manifest themselves at significantly 

higher frequencies in the microstrip laser. As will be pointed out in the next section, 

those frequencies (for typical laser lengths) are greater than 50 GHz, frequencies 

where the bandwidth is limited by other, non-related factors having to do with 

carrier dynamics in quantum wells, or even thermally induced gain reduction. 
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Figure 1 1 . (a) Calculated comparison of microstrip laser and conventional laser phase 
velocity. (b) Calculated comparison of attenuation. 

Figure 1 2  repeats the calculations of the previous section but for an n-ridge 

InP microstrip laser rather than a p-ridge microstrip laser. This particular calculation 

was done to correlate to a real device used for experiments (presented in Chapter 5). 
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and because as far as microstrip lasers are conceme� the n-ridge microstrip laser 

has been the focus of this dissertation. Because of the n-ridge, the shunt path 

conductivity is higher than that of the p-ridge microstrip laser of Figure I I, and the 

microwave loss is 2-3 times higher. Also the capacitance is slightly different in the 

InP device, because the ridge height of the InP 1 .55 J.ID1 lasers is higher, to 

accomodate for the larger optical mode. Interestingly, this suggests one possible 

solution to the problem of loss: introduce a sufficiently high ridge resistance so the 

current uniformly distributes along the length. This is not a good idea however 

because a high resistance will cause RC rolloff at lower frequencies, and will also 

cause heating of the active layer and poor DC performance. 

2.6 Comparison or mic:rostrip laser and coplanar electrode laser 

Figure 1 3  shows schematic diagrams of two high frequency lasers with 

coplanar or quasi - coplanar electrodes. Figure 13  (a) has been used for fabricating 

ultrahigh frequency lasers, and bandwidths 40 GHz and greater have been reported 

for this structure. The ground contacts are made by evaporating metal on top of 

dummy ridges adjacent to the active ridge and shorting the metal on the dummy 

ridges to the n-contact (the ridges are p-doped), as can be seen in the figure. The 

device is probed with coplanar high frequency probes. A similar structure, shown 

in Figure 13 (b), is one in which the ground metallization directly contacts the n

region and dummy ridges are not used. Although the contacts are not perfectly 

coplanar in this case, the availability of excellent high frequency probes that permit 

some degree of non-coplanarity makes the structure practical for high speed testing. 
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Figure 1 2. (a) Calculated comparison of n-ridge InP microstrip laser and 
conventional InP laser phase velocity. (b) Calculated comparison of attenuation. 



2. Microwave propagation effects in semiconductor lasers 

Ground 

Ground 
Signal 

(b) 

Lower 
cladding 

Ground 

Lower 
cladding 

67 

Figure 13. (a) True coplanar ground - signal - ground high frequency laser. (b) 
Quasi coplanar ground - signal ground high frequency laser. 

The coplanar structures in Figure 13 address the same microwave problems 

that the microstrip laser addresses. The high frequency longitudinal currents flow in 

thick metal rather than in doped semiconductor, and one would expect the 

propagation properties to be superior to that of the conventional doped substrate 
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laser. The measured frequency and bias dependence of the elements making up the 

equivalent circuit of Figure 4 have been published for lasers like that of Figure 13 (a) 

[2, 12]. Plugging this data into the propagation model, the pbase velocity and 

attenuation properties of the coplanar laser can be calculated and compared with the 

microstrip laser. Figure 14 shows this comparison. The calculations show that this 

coplanar electrode laser is a better structure than the doped substrate laser with 

respect to both phase velocity and attenuation, but is not as good as the microstrip 

laser. The loss is about 30% higher in the coplanar laser. and the phase velocity is 

about 50% lower. The higher loss may be due to lateral spreading resistance 

between the signal and ground lines that is present in the coplanar, but not the 

microstrip geometry. Microwave currents flow in the spreading region and 

contnbute to excess loss. The higher loss also accounts in part for the reduced 

phase velocity of the coplanar laser. 

2.7 Effect of microwave propagation on dynamics and modulation 
response 

The interesting and critical performance criterion for a semiconductor laser is 

always optical response. In understanding this for the case of microwave 

propagation effects, the first step is analysis of the high frequency current injection. 

This is what is done in the lumped element case also. In the simple RC parasitic 

model of the laser, current partitions between the resistive and capacitive paths; 

current through the resistive path modulates the active region and the photon density, 

and current through the capacitor is useless. At higher frequencies, more current is 

capacitive, less is resistive, and the optical modulation rolls off. 
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Figure 14. (a) Phase velocity comparison for coplanar. microstrip. and conventional 
doped substrate lasers. (b) Microwave attenuation comparison for the three lasers. 
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Similarly, for distributed microwave effects, the current injection changes as 

the frequency changes, due to the frequency dependence of the loss and the 

microwave wavelength. The large loss bas the most profound effect. The changing 

current injection clearly also influences the optical response. 

The large loss causes a large nonuniformity in the high frequency current 

injection to the active region. Further, because the loss is frequency dependent, the 

nonuniformity becomes more severe as the frequency rises, and a smaller fraction of 

the total laser length is pumped. This is illustrated in Figure 15, where the spatial 

distribution of the current, extracted from measured propagation for the doped 

substrate laser, is shown for frequencies of 20 and 40 GHz. The curves assume the 

feed point of the laser is at the center of the laser stripe, and waves propagate 

symmetrically outward from the center towards the edges. The high attenuation 

coefficient gives a sharp downward slope to the outward propagating waves and 

produces the kink at [=0 seen in the curves. Using standard transmission line 
theory, the magnitude and phase of the launched current wave at the input of the 

d ·(f) 
2v. 1 

h _ . 
1 dri laser can be expresse as 1 = _I ( )/ w ere v I IS an ac vo tage ve 

Zo l + Z, f Zo 

source, Zo is the source impedance, and Z, is the input impedance of the laser. Zo is 

50 n for the situation of practical interest. The launched current wave is of the form 

i(f)e-rz where i(f) is defmed as above and r is the complex propagation constant; 

the launched voltage wave is represented as v(f), where v(f) = i(f)Z, (r) . The 
injected current per unit length is calculated by multiplying the voltage wave 

propagating along the transmission line by the shunt conductance per unit length 

(representing current into the active region) lIRs. This analysis reveals a significant 

rolloff in the injected current with frequency. Figure 16 shows the square 
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magnitude of the total integrated current, nonnalized to DC, versus frequency, for 3 

different device lengths. The 3 dB rolloff frequency occurs at approximately 25 

GHz for the 300 J.I.IIl long device. In these plots, the device is fed at the center of the 

laser stripe. This is the optimal feeding condition since waves can propagate out in 

both directions from the center and maximally pump the device. An end fed device 

has a lower rolloff frequency because only a single forward wave can propagate and 

therefore the fraction of the device that is pumped is smaller. The distributed effects 

cause severe problems at high frequency and laser structures that minimize the 

microwave attenuation and phase velocity slowing must be used for high frequency 

operation. 
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Figure 15. Injected current profile fo a center fed conventional laser on a doped 
substrate for frequencies of 20 and 40 0Hz. 
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Figure 16. Current rolloff in conventional doped substrate laser due to distributed 
microwave effects for several different laser lengths. 

In contrast to the doped substrate laser, Figure 17 shows the profile of the 

high frequency current injection for the n-ridge microstrip laser calculated in Figure 

12. The qualitative behavior remains the same, but for the same length device. a 

much greater fraction of the laser length is modulated; because of this, the difference 

in the area under the curve, representing the total current, between the 20 and the 40 

GHz result is significantly smaller in the case of the loP microstrip laser than it is in 

the doped substrate device. Converting this to a frequency rolloff, the equivalent 3 

dB rolloff does not occur until frequencies above 50 GHz are reached. 

The rolloffs of the microstrip laser, the conventional doped substrate laser. 

and the coplanar electrode laser are compared in Figure 18, for a 300 JIlIl long cavity 

length. center - fed device. As expected the doped substrate laser shows the lowest 

rolloff frequency. The -3 dB rolloff frequencies of the microstrip laser and the 

coplanar electrode laser are above 50 GHz, with the microstrip laser showing the 
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best performance. With regard to the design of high speed lasers, it should be 

pointed out that coplanar electrode structures fabricated on doped substrates (as 

opposed to semiinsulating) will still show better performance than the conventional 

laser on a doped substrate, as long as the primary microwave mode remains 

coplanar, so that the majority of the high frequency ground current flows in metal. 

Keeping the ground electrodes as close to the signal line as possible helps to ensure 

this. 

To further show the effect on bandwidth, frequency response curves for the 

three different high frequency lasers are compared in Figure 19 to a case where 

distributed microwave effects are not present. The intrinsic -3 dB bandwidth is 

about 37 GHz; the parameters used in the calculation were taken from high 

frequency devices reported in the literature [ 13]. The -3 dB bandwidths of the 

doped substrate laser, the coplanar electrode laser, and the microstrip laser are about 

3 1  GHz, 35 GHz, and 36 GHz respectively. 
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Figure 17. Current profile along the laser length for a center fed microstrip laser. The 
current proftJes at 20 and 40 GHz are shown. 
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Figure 18. Comparison of the distributed microwave rolloff for three different high 
frequency lasers. 

The question of reflections at the open circuited end of the laser comes up. 

For highly lossy devices such as the doped substrate laser, this issue is not 

important, because the large loss attenuates the signal so much, no appreciable wave 

exists at the laser ends. For the low loss, higher phase velocity structures such as 

the microstrip laser and the coplanar electrode laser, the likelihood of reflections 

from the ends is higher. Essentially a reflection would cause a phase effect, and 

some resonant peaks and dips in the optical response at the very high frequencies 

where the effects exist. Still, it must be kept in mind that even the better structures 

are high loss and the signals do not bounce back and forth in the cavity multiple 

times. In other words, the microwave loss remains the dominant effect. 
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Figure 19. Calculated small signal frequency response curves for three different laser 
structures. The microstrip laser and the coplanar electrode laser show much superior 
performance to the conventional doped substrate laser. 

There has been some discussion in the literature regarding the effect of the 

nonuniform current injection on the small signal modulation response. An argument 

has been made that the distributed effects only manifest themselves significantly in 

the small signal modulation response for lasers that are driven by a low impedance 

voltage source. The effects are claimed to be minimal when driven by 50 n 
transmission line source. as is generally the case in practice [14]. The logic of the 

argument is that the laser impedance is small (on the order of several ohms) relative 

to the source impedance. and that the 50 n drive therefore acts as a current source 

which uniquely determines the current injection to the laser through the equation 

i(f) = 
2vj � )/ [ 14]. Wu argues that since Z, is low compared to 50 n over Zo l + Z, f Zo 

the entire frequency range, the total injected current changes only slightly as a 
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function of frequency. The spatial distribution of the current,however, is still highly 

nonuniform; in this analysis. the peak current at 1=0 in Figure 12 is higher for the 40 

OHz case than it is for 20 Obz, and thus the total current in each case is nearly 

identical. Some rolloff is calculated in this model. which is attributed to the 

frequency dependent rise in the longitudinal resistance R I. and the effect this has on 

Z" but a larger rolloff in the frequency response is calculated when the device is 

driven with a voltage source (where Zo is small compared to Z/) because the 

frequency dependence of Z, has a much more significant effect in this case. This 

analysis is not incorrect but oversimplifies the complexity of the problem by 

reducing it to a lumped element analysis, albeit one that incorporates a longitudinal 

resistance in the calculation. At high enough frequencies this breaks down and the 

full distributed treatment presented in this chapter must be used [ 1 .  15].  In this 

treatment the magnitude and the phase of the current wave injected at the input is 

calculated from impedance arguments. and the total current is determined by 

integrating along the device length. Other limits also exist that are directly related 

to the distributed effects and the spatial confinement of the current. For example. 

frequency dependent variations in the feed point to facet optical path length of the 

modulated photons could affect the bandwidth through the optical loss. The highly 

lossy laser transmission line is not truly a linear system. and coupling between 

different elements of the line could introduce other frequency dependent effects that 

translate into bandwidth limits as well [3]. 
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Several other interesting device properties and posSIbilities related to the 

microwave propagation effects have been reported in the literature. These include a 

monolithic mode locked semiconductor laser using a single contact. Mode locking 

occurs in a laser when a small portion of the laser cavity is modulated in phase with 

the round trip time of the photons. The additional in-phase kick the photons get on 

each round trip enhances the modulation response at the round trip frequency. 

Typically. this has required a two contact multi-segment monolithic device. in which 

one long section is OC biased, and a shorter section is modulated. or an external 

cavity device in which one facet of the semiconductor laser is anti-reflection coated 

and a long cavity is made with an external mirror. The inherent localization of the 

current caused by the distributed effects allows for mode locking with a simple 

single contact, and resonant enhancement as high as 30 dB at 40 GHz has been 

reported [4]. Another report studying gain switched pulses showed that the RF 

spectrum of the generated pulses strongly depended on feed point location, with the 

high frequency components found to be severely attenuated for a feed placed far 

from the facet. A center feed. providing the most unifonn current injection, gave the 

best results [5]. 

2.9 Optical - microwave velocity mismatch effects 

The effects of phase walkoff between the optical wave and the microwave is 

another interesting subject. The walkoff effects only become important when the 
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modulation frequency approaches the cavity round trip frequency. This can best be 

understood by Figure 20. For a typical laser, the cavity round trip time is several 

picoseconds, corresponding to frequencies greater than 100 GHz. Although the 

microwave current is highly nonunifo� its spatial profile does not significandy 

change in time until the optical wave has made several round trips around the cavity. 

Therefore an average optical power density, or photon density inside the cavity can 

be assumed, and the distributed microwave effects can be treated as an independent 

problem. One report claims this is reasonable as long as the modulation frequency is 

less than half the round trip frequency [14]. 

Microwave signal 

+ f=40 GHz 

t=O ps 

Microwave signal 

t 

1 round trip later : 
t=5 ps 

Figure 20. Microwave signal at 40 GHz inside a laser cavity at the beginning and end 
of one round trip. At 40 GHz the phase of the microwave signal does not cbange that 
much over one round trip. 

2.10 Summary and conclusions 

This chapter has demonstrated that state of the art high speed semiconductor lasers 

behave as distributed electrical elements at high frequency, and that the distributed 

effects impact dynamic performance in both the small and large signal domain. The 
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laser is a lossy, slow wave transmission line and can be accurately modeled with a 

distributed equivalent circuit that takes into account frequency dependent skin losses 

and pbase effects, as well as including the usual resistances and capacitances of the 

lumped element model. The high loss and slow wave velocity result in a localization 

of the high frequency current. While the device is efficiently modulated near the 

feed point, points far from the feed are not modulated at all. 

The equivalent circuit incorporates a longitudinal resistance to model skin 

losses. and a longitudinal inductance to account for the magnetic field of the 

propagating wave. These elements, along with the parasitic capacitance, the series 

resistance, and the active region impedance accurately model the data for different 

bias conditions and different frequencies. 

Conventional lasers on doped substrates are the poorest of all semiconductor 

laser transmission lines, since the doped substrate behaves as a highly lossy and 

frequency dependent ground plane, causing large attenuation of the microwave 

signals. The attenuation is as high as 600 dB/em at high frequency. In the 

microstrip laser the ground plane is a thick metal layer, and the propagation 

properties are much improved. The loss is lower by at least a factor of 2, and the 

phase velocity is higher. The significance of this is that the frequencies at which the 

distributed effects degrade the dynamic perfonnance are much higher in the 

microstrip laser. Coplanar electrode lasers show superior propagation properties 

relative to the doped substrate laser als, although the microstrip laser shows the best 

performance. For typical device lengths, the -3 dB rolloff frequencies of the doped 

substrate lasers are in the vicinity of 30 GHz, whereas the coplanar structure rolls 
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off around 50 GHz. The microstrip laser limits calculated here are beyond even tha4 

around 60 GHz. 

Excellent high frequency lasers first must be excellent OC lasers. The next 

chapter examines the DC performance of the microstrip laser in terms of threshold 

currents, efficiencies, and thermal properties, and presents design guidelines for 

making an excellent DC microstrip laser. 
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Chapter 3 

DC analysis of the microstrip laser: 
Current distribution and heat distribution 

The microstrip laser is a novel semiconductor laser. As with any 

semiconductor laser. it is critical to define and understand the key properties that 

characterize its performance. Good OC performance is the first thing that needs to 

be addressed in making a good laser. be it a high power laser, a high speed laser or 

both. The important properties include threshold current. efficiency. leakage 

currents, spatial current distribution and voltage distribution. electrical resistance. 

and thermal resistance. This chapter investigates and explains these properties in the 

context of the microstrip laser and clarifies the ways in which the microstrip laser is 

a better structure than a conventional laser. Problematic aspects of the microstrip 

laser are also addressed. and their solutions are presented. Significant differences 

are found to exist in the microstrip laser for all the OC perfonnance criteria listed 

above. For example. the microstrip laser usually bas larger lateral leakage current 

than a conventional laser. and this leads to design modifications intended to ensure 

good threshold and efficiency performance. Second. the electrical resistance of the 

ruicrostrip laser is lower than a conventional laser. This is advantageous for better 

thermal performance as well as improved high speed performance. � the high 

thermal conductivity of the gold bonded layer close to the active area contributes to a 

reduced thermal resistance that is advantageous for high power operation. 
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As discussed in the introduction. the microstrip laser fabrication process 

results in a flipping of the epitaxiaI layers on the substrate - a wafer grown p-up 

becomes p-down. In the InGaAsPIInP system. the epitaxial inversion is significant 

because of the inherent difficulties in growing an n-up epi layer. The epi inversion 

introduces several new device properties. some of which are desirable and some of 

which are not, that must be understood to fabricate good lasers. Further. devices 

normaIIy difficult to make by conventional growth and fabrication procedures can be 

more simply made with the gold-bonding process used for the microstrip laser. 

To demonstrate the problems inherent in growing a p-down structure. a 

SIMS profile of a p-down InGaAsPIInP laser wafer intended to have an undoped 

active region is shown in Figure 1 .  The plot shows that the p-dopant zinc (Zn) has 

diffused into the active region and doped it to about 3 1019 cm-3• Broad area lasers 

fabricated from this wafer had threshold current densities above 3 kAlcm2, most of it 

from the optical loss caused by the high doping concentration. The problem is that 

Zn is a very mobile element, and at growth temperatures of 650 - 700 ·C. it easily 

diffuses into the active region from the bottom p-Iayer. While some groups have 

successfully fabricated p-down InP lasers [ 1], reports of these devices are minimal. 

and it is not certain that the active regions can be grown to specification, or reliably 

and reproducibly. 

Conventional loP lasers are therefore constrained, for most practical 

purposes. to be p-ridge devices. There is a disadvantage associated with this: a p

ridge has a higher electrical resistance than an n-ridge [2]. that limits the high speed 

performance through the RC time constant, and limits the high power performance 
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through an increased thermal resistance caused by higher joule heating in the ridge 

[3]. Since the epi-Iayer flipping is inherent in the microstrip laser fabrication, the 

microstrip laser eliminates all these p-ridge related performance constraints. 

N-ridge lasers have a different set of problems. Because the electron 

mobility is high. electrons injected from the n-ridge into the SCH and active region 

spread laterally to a much greater extent than do holes from a p-ridge. This lateral 

leakage causes very high thresholds for narrow ridge devices, rendering the lasers 

useless. The SCH and active region can be etched away to minimize this problem, 

and a low surface recombination velocity in InGaAsP (about 1()4 cm/s, an order of 

magnitude smaller than in GaAs) means that the exposed sidewalls do not 

significantly negate the improvements due to etching. Some disadvantages still 

exist. The lifetime may be reduced because of defect generation at the exposed 

sidewalls, the laser tends to muitimode operation at lower biases because of the 

highly index guided mode, and there is excess optical loss at the sidewalls. Heat 

removal from the active region is slightly less efficient, because the active region is 

surrounded by air or dielectric rather than semiconductor. This last problem is not 

that severe, however, because the thermal conductivity of InGaAsP is quite low to 

begin with and air or dielectric is not vastly worse [4]. 

Regrowth around the active region would eliminate these problems. A 

microstrip laser process in which regrowth is performed first, and bonding and 

inversion follows would allow for this. A thin film bonding process has been 

reported in the literature and indicates that such a design is feasible [5]. In the 

process we developed. the wafer bonding is the initial step and 
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Figure 1 .  SIMS profile of a p-down grown laser structure. The p-dopant. zinc. 

diffuses into the InGaAsP active region at a concentration near 10 1 9  cm -3. 
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regrowth because the gold bonded layer diffuses significantly at temperatures above 

400 ·C and regrowth is performed at around 600 ·C; the diffused gold can penetrate 

deep into the lower cladding and cause very high optical loss, or even worse, can 

short out the diode completely. Also, the thin epi film (-3 J1.Dl thick) above the gold 

bubbles and bows due to the movement of gold beneath it, damaging the 

smoothness and integrity of the fllm. Since a continuous smooth layer is required 

for good lasers. deviation from an excellent surface morphology is a serious 

obstacle. In the worst case the bond is destroyed because so much gold diffuses 

out, leaving behind large voids. 

Schematics of four different laser structures are shown in Figure 2: the 

conventional p-ridge laser, the conventional n-ridge laser, the microstrip n-ridge 

laser and the microstrip p-ridge laser. In the analysis that follows, the electrical and 

optical properties of these lasers are calculated. The calculations graphically show 

the spatial distribution of current in the lasers and also generate L-I and I-V curves. 

The current distribution plots help explain the high thresholds measured in n-ridge 

devices (with unetched SCH/active region) by showing the extent of lateral leakage 

current. The I-V calculations quantify some of the differences in resistance among 

the structures. The calculations were done with that ATI..AS laser simulation 

program [6]. Two drawbacks of the ATI..AS simulator are that it does not 

incorporate a quantum well gain model and it calculates only the fundamental laser 

mode. Because of this, the calculations are restricted to ridges 5 J1.Dl wide and 

smaller. The laser bar length used in the simulation is 50 J.III1; the short length is 

used to minimize computation time. 
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Figure 2. Four different laser structures used in simulations of electrical and optical 
performance. 

While the calculations are not exact models of the fabricated lasers because 

they do not incorporate a quantum well gain model (the ATLAS program does not 

have this feature) nor do they account for all the optical loss in the structure, they are 

sufficient for explaining the key properties in which we are interested, and for 

quantifying and understanding experimentally observed trends in threshold and 

resistance. They are not intended to be used as an exact tool for predicting laser 

performance. 

3.2 Lateral current spreading 

A very significant way the mobility difference between electrons and holes 

manifests itself in laser operation is in the spatial distribution of the current [7-9]. 

More specifically, the lateral leakage current in an n-ridge and a p-ridge laser is 

different. This causes significant differences in the threshold currents of otherwise 

identically processed devices. The ridge is typically fabricated by etching through 
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the InGaAs cap and the InP cladding layers, and stopping at the InGaAsP SCH. As 

mentioned earlier, advantages to stopping the etch at the SCH include longer device 

lifetime. better single mode operation. and less optical loss. A disadvantage is poor 

current confinement. since carriers injected into a wide SCH region diffuse laterally 

in the SCH and also in the active region. The recombination region is solely 

determined by this lateral diffusion since movement of carriers in the bottom 

cladding is not laterally restricted - lower cladding carriers are present and available 

everywhere for recombination. Implantation is a possible way of addressing the 

current spreading problem without etching through the active region, and has been 

reported in several publications [ 10]. 

The ridge also defines the spatial extent of the optical mode; any 

recombination outside the boundary of the optical mode does not contribute to modal 

gain. This recombination current is a significant fraction of the total threshold 

current if the leakage path is wide. In p-ridge lasers. the effect is not that large. 

since the hole mobility is smaIl. less that 100 cm2/volt-sec [ 1 1], and the hole 

diffusion length is only about 0.3 � in InGaAsP. In n-ridge lasers. however. the 

effect is very large. and the leakage current makes up the majority of the threshold 

current for narrow ridge devices. The electron mobility is on the order of 5000 

cm2/volt-sec [ 12] and the diffusion length is about 10 �. 

Figure 3 shows the quantum well band diagram used in the simulations. The 

epi design shown in the figure is representative of the laser material that was used 

for device fabrication in this work. Figure 4 compares the current spreading in the 

SCH and active region for injection from a 2 � p-ridge and a 2 J.lII1 n-ridge. 

Microstrip lasers were not simulated because with respect to current spreading, an n 
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(p) -ridge microstrip laser is no different from a conventional n (p) ridge laser. Each 

bounded contour in the plot represents 1/8 of the total injection current. A close look 

at the figure shows that 50% of the total current in the p-ridge is confined to a width 

of about 2.5 pm at the bottom of the active region; 75% of the total is confined to a 

width of 4.75 pm. In the n-ridge device, the same fractions of current spans widths 

of 3.7 #JD and 12 #JD respectively. 

Epi structure InP cladding 

InP cladding 

750 A InGaAsP 
A. = 1.15 J.UD A. = 1.15 J1.m 

6 70 A quantum wells, 
A.= 1.55 Ilm 

7 70 A barriers, 
A. = 1.25 J.UD 

Figure 3. Quantum well band diagram used for simulations. The structure shown here 
models the MOCVD epi wafers used for device fabrication. 

3.3 Effect of current spreading on threshold 

The variation of threshold current with ridge width is shown in Figure 5 (a) 

for both cases. The thresholds of the p-up devices increase linearly with increasing 

ridge width, thus proving the ridge width to be a critical parameter for detennining 

the threshold current. In contrast, a very weak linear trend (changes small compared 
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to the absolute value of the threshold) is observed in the n-ridge lasers and the lateral 

leakage current - not the ridge width - is the dominant contribution to the threshold 

(a) p-cladding n-ridge SCH. barriers & 
quantum wells 

o 4 8 12  16  20 

Width (Jl.m) 

(b) n-cladding p-ridge SCH. barriers & 
quantum wells 

-

! O'26�1 
... -Q 

1 .462 .-

:! 
0 4 8 12  16 

Width (Jl.m) 
Figures 4. Simulated current distribution in 2 IJII1 wide ridge lasers. Each bounded 
region represents 1/8 of the total injection current. Figure (a) is an n-ridge laser; the 
lateral leakage is much greater than in the p-ridge laser of Figure (b). 

current. In these particular simulations. the p-ridge leakage current still is a 

significant contnbution to the current, and the threshold does not pass through the 

origin. as would occur if there were no leakage at all. Nonetheless. the superiority 

of the p-ridge in terms of threshold is clear: the p-ridge y-intercept is 3.5 mAt and 

the slope is 0.7 mA/JlIll. whereas the n-ridge y-intercept is 16 mAt and the slope is 

0.2 mNJlIll. By comparing these intercepts with threshold currents from devices 
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where the active region is completely etched away (i.e. minimal leakage current - to 

be presented in the next section), an equivalent current width can be determined for 

injection from an infinitesimal source. For the p-ridge laser, the equivalent width is 

close to 4 J.lrD; for the n-ridge laser, the equivalent width is 14 fJII1. An etched active 

region laser is not a perfect reference, since the mode changes when the active region 

is etched away and the confinement factor is affected. The close agreement between 

these equivalent widths and the current span widths (75% of p-ridge current in 4.75 

� 75% of n-ridge current in 12 pm) discussed above suggest the analysis is 

reasonable, and that confinement factor effects are minimal as long as the device is 

single mode. 

3.4 Effect of current spreading on emciency 

The lateral diffusion current can be separated into two components: ( 1 )  

electrons that first diffuse laterally in the upper SCH, and then are captured by the 

quantum wells, and (2) electrons that diffuse vertically from the ridge through the 

SCH into the quantum wells, where they diffuse laterally. Identifying these two 

components is useful because a marked change occurs in the the lateral diffusion 

current above threshold. Above threshold, the radiative recombination lifetime 

drops rapidly, and any active area electrons within the region of the optical mode 

rapidly recombine due to stimulated emission. Since the recombination time drops 

by about two orders of magnitude above threshold, the lateral diffusion of active 

region electrons is significantly reduced. The electrons that fU'St diffuse laterally in 
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Figure 5. (a) Simulated threshold current versus ridge width for n-ridge and p-ridge 
lasers, where the ridge etch is stopped at the upper SCM, as in Figure 3. The lateral 
leakage of the n-ridge lasers is significantly larger than that of the p-ridge lasers; the 
consequent threshold currents are much higher, and the dependence of threshold on 
ridge width is weaker. (b) Simulated efficiencies versus ridge width. 
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the upper SCH, and occupy a space external to the laser mode, will still be captured 

by the quantum wells and spontaneously recombine. In an ideal laser there would 

not be any lateral spreading in the upper SCH, because the carrier density in the 

active region should perfectly clamp, resulting in a zero impedance current path; the 

fact that there is lateral leakage above threshold points to the reality that carrier 

density in the confinement region, as well as the active region, does not perfectly 

clamp, and that the lateral impedance to electron flow is comparatively low. The 

magnitude of the above threshold current spreading can be understood by examining 

the variation of differential efficiency with ridge type (p or n), and ridge width. 

This is shown in Figure 5 (b). The efficiencies of the p-ridge lasers, with less 

leakage current, range from 45% (for 5 pm wide ridges) to 70% (for 1 JJID wide 

ridges) bigger than the n-ridge lasers. The variation is indicative of the fact that the 

lateral leakage current is significant above threshold, but the fractional effect is 

smaller than its effect on the threshold current, which for the 1 pm ridge increases by 

almost a factor of 4. The absolute values of the calculated differential efficiencies are 

actually quite high, the reason for this being that in the simulation, no excess internal 

optical loss was factored in to the simulation. One fmal point is that very little 

radiative recombination occurs in the upper SCH in any spatial region - no matter the 

bias condition. This is because holes diffusing up from the lower SCH are easily 

captured by the quantum wells [ 13, 14]. and as a result, very few are available for 

recombination with electrons in the upper SCH. 

3.5 Experimental verification of current spreading 

The lateral leakage can be verified experimentally by measuring the near field 

spontneous emission pattern of an n-ridge laser [7. 1 5] . There are both electrons 
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and holes in the same region of the device (that region defined by the lateral 

spreading of the electrons as discussed above) and radiative recombination shows 

up as spontaneous emission in the near field. In Figure 6, a near field of a 5 J.lrIl 
wide ridge microstrip laser is shown. An outline of the ridge laser structure is 

superimposed on the plot to give an idea of the lateral dimensions of the spontaneous 

emission. An exact number for the extent of the measured spontaneous emission is 

difficult to determine from the picture, since the camera with which the data were 

taken was not calibrated for spatial measurements. A rough cahbration can be made 

by assuming that the diameter of the laser mode is about the same as the ridge width 

- 6 J.lII1. Since the measurement is of the near field, this should be reasonably 

accurate. The near field pattern shows that the majority of the spontaneous emission 

exists within a 20 J.I.IIl region centered on the laser mode. This is consistent with the 

calculated electron diffusion length of 10 J.I.IIl - electrons diffuse 10 J.I.IIl to either side. 

The fact that the spontaneous emission appears brighter on the right side of the 

picture is likely caused by some flaws in the imaging optics or a partial blocking of 

left side facet of the laser. 

Table 1 lists some experimental data for thresholds and efficiencies for 

narrow p-ridge and n-ridge lasers. Broad area results for 50 J.aD wide ridge lasers 

are also listed as a reference, since different base material was used for the two 

narrow ridge lasers. The variation in bar length may account for some of the 

measured differences, but the lengths are similar enough that they cannot account for 

the gross differences between narrow ridge lasers recorded in the table. The data in 

the table supports the calculations in Figure 5; a more detailed presentation of the 
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Laser mode 

Spontaneous emission 

Figure 6. Near field pattern from a 6 pm wide n-ridge microstrip laser. showing the 
laser mode and lateral spontaneous emission from current spreading. 

Sample and 1 nresnold current Differential 
material Bar length density efficiency 

Broad area laser. 
mat. A 680 JJlI1 0.8 kAlcm2 0.4 

3 J.Lm p-ridge 
laser. mat. A 605 JJlI1 1 . 16 kNcm2 0. 1 8  

Broad area laser. 
mat. B 540 J,IJll 0.8 kAlcm2 0.2 

() J.Lm n-ridge 
laser. mat. B 620 JJlI1 3.2 kAlcm2 0.04 

Table 1 .  Experimental threshold and efficiency data for n-ridge and p-ridge lasers. 
with the ridge etch stopped at the SCH. 

experimental results can be found in Chapter 5. The degradation in threshold and 

efficiency observed for the p-ridge sample is not unusual in a narrow ridge laser. as 

the ridge process introduces excess optical scattering loss that increases the threshold 

and lowers the differential efficiency. 

3.6 Etched active regions 
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The most general conclusion taken from the data and calculations of Figures 

4-6 and Table 1 is that the lateral diffusion of the electron current must be restricted 

to make a good laser. High thresholds and low efficiencies result in excess device 

heating. low power output, and low photon densities - all properties that prevent the 

realization of a good high speed, high power laser. Several techniques can be used 

to restrict or eliminate the lateral diffusion current in an n-ridge device. including 

etching through the SCHlactive region or doing an ion implantation. Implantation to 

insulate against electron current in InGaAsP is more complicated than etching the 

active region away, and was not attempted in this work. There have been several 

reports in the literature of the InGaAsPIInP devices fabricated with phosphorus and 

gallium ion implantation [ 10] and it is not an unfeasible process. Etching the 

ridge through the upper SCH and active region is a simpler way to confine the 

electron current. The lower SCH does not need to be etched away since the hole 

diffusion is small. As will be discussed in more detail in Chapter 4, Device 

Fabrication, a dilute mixture of saturated bromine water and phosphoric acid suffices 

to etch quaternary InGaAsP, and it etches the SCH. barrier, and quantum well 

regions at roughly equal rates, so undercut is manageable. The bromine water -

phosphoric acid mixture also etches InP. typically cutting through a small fraction of 

the bottom p-cladding, although careful measurement of the etched surface can 

ensure that. for the most part, only the upper SCH and the quantum wells and 

barriers are removed. 

The threshold and efficiency calculations of Figure 5 were redone with the 

etch modified. In one calculation only the upper SCH was etched away, and in the 

second. the upper SCH and the entire multiple quantum well active region was 
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removed. The calculation was done assuming a sidewall recombination rate in the 

SCH and in the active region of 1()4 cm/s, which is a realistic value for InGaAsP 

[16].  This value is low and does not contnbute to significant sidewall recombination 

current as was verified by running the identical simulations with a null value for the 

surface recombination velocity; virtually identical thresholds were obtained for the 

two cases. Figure 7 (a) shows the threshold currents versus ridge width for the p

ridge lasers, and Figure 7 (b) shows the same plots for n - ridge lasers. The plots 

reveal a few things. Comparing the results for the partial etch to those of Figure 5 

(a), we see that the threshold behavior is not changed significantly. Below 

threshold, the recombination lifetimes in the quantum wells are long. on the order of 

a nanosecond, electrons still diffuse in the lateral direction in the 3l.-tive region, and 

the thresholds are high, particularly in the n-ridge lasers. When the active region is 

etched away completely, the thresholds drop, and they show a strong monotonically 

increasing dependence on ridge width. Most significantly, the n-ridge laser 

thresholds are reduced to levels equal to the thresholds of complementary p-ridge 

lasers. For both doping types. the x-intercept is now below 1 mA, and the slope is 

about 0.85 rnAlJllD. The fact that the intercepts are close to zero and that the slope is 

the highest value of any calculations done indicate that the leakage currents are best 

minimized by etching through the active region. 

The variation of efficiencies with ridge width for the different conditions are 

plotted in Figure 8. The results are consistent with the threshold results of Figure 7; 

the best performance is achieved when the active region is completely etched away. 

The surprising result from these calculations relates to the efficiency. With the upper 
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Figure 7. (a) Threshold versus ridge width for p-ridge lasers. (b) Threshold versus 
ridge width for n-ridge lasers. Both plots show the oost threshold performance is 
obtained when the ridge is etched all the way through the quantum well region. 
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SCH removed. one would expect the differential efficiency to closely match the 

efficiency for the case where the active region is totally removed. As discussed 

earlier. above threshold there should be little current spreading in the active region 

because the recombination time drops significantly. However. this calculation 

suggests different behavior and it is not clear why. The problem may be related to 

the ATLAS simulation program, which models the potential distnoution of quantum 

wells, but does not incorporate quantum well models for gain and density of states. 

Table 2 shows some experimental data for 5 pm n-ridge lasers, etched 

through the upper SCH. and through the active region. The table also includes 

broad area laser results as a reference. The data support the calculations: the best 

results are obtained for the completely etched active region, for both threshold and 

efficiency. 

As mentioned earlier, etching through the active region does not degrade the 

threshold through surface recombination, because in InGaAsP the surface 

recombination velocity is only 104 cm/s. On the other hand. if the surface 

recombination velocity is increased to lOS or 106 cm/s, the thresholds noticeably 

increase. Simulations for a 2 J.IID n-ridge were done for these higher values of 

recombination, and the thresholds rose to about 5 rnA and 19 rnA respectively, 

compared to the 2.3 rnA value obtained for the original calculation. The calculation 

does suggest that etching through an InGaAs active region with a characteristic 

surface recombination velocity of lOS cm/s, for example, will cause the threshold to 

rise. 

Some general statements can be made from the simulations and the 

experimental data regarding fabrication of p and n ridge lasers. In both cases, under 
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Figure 8. (a) Efficiency versus ridge width for p-ridge lasers. (b) Efficiency versus 
ridge width for n-ridge lasers. 
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Sample and 
Bar length 

Threshold current Differential 
material density efficiency 

Broad area laser, 
mat. A 680 pm 0.8 kAlcm2 0.2 

5 JUIl n-ndge 
laser, etched 600 pm 4.3 kAlcm2 0.043 

through upper 
SCH, mat. A 

Broad area laser, 
mat. B SOOjlm 1.2 kA1cm2 0.48 

5 JUIl n-ridge 
laser, etched 460 pm 2.3 kAlcm2 0.244 

through active 
mat. B 

Table 2. Experimental threshold and efficiency data for n-ridge lasers etched either 
through the upper SCH. or through the active region completely. The complete active 
region etch demonstrates superior performance. 

ideal circumstances, leakage currents are reduced by etching through the active 

region and should improve perfonnance. In the n-ridge laser there is no choice: 

reasonable threshold and efficiencies will only be achieved if the active region is 

etched away. For the p-ridge laser, the conclusion is not so clear, and a small 

improvement in current confinement probably does not compensate, in practice, for 

additional problems effected by the extra etch, such as reduced lifetime, excess 

optical loss, and multimode operation. Current confinement by ion implantation is 

an another alternative since it potentially can minimize the current spreading while 

avoiding the problems of the etched active region. 

3.7 Electrical resistance 

Differences in electrical resistance between n-ridge and p-ridge lasers, and 

between microstrip and conventional lasers, have important ramifications for high 

power and high speed performance. The majority of the total voltage drop, in all 
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cases, is localized in the p-region, and depending on device type and ridge doping, 

the resistance will change. In general, p-ridge lasers have higher resistance than n

ridge lasers because the hole current is more narrowly confined in the p-ridge. 

Conventional lasers have higher resistance than microstrip lasers because there is no 

current flow through a thick substrate. This last difference is most striking between 

the n-ridge microstrip laser and the n-ridge conventional laser: the hole current only 

flows through 1 .2 Jlm of p-cladding in the microstrip laser rather than the entire p

substrate. In the p-ridge lasers, this difference is negligible because of the low 

resistance of the n - substrate. In Figure 9, the total device resistance is plotted for 

the p-ridge conventional laser, the n-ridge conventional laser, and the n-ridge 

microstrip laser, versus ridge width. The simulations only include bulk resistances 

and do not take into account the contact resistance between metal and semiconductor 

and the heterojunction resistance at the contact layer- cladding layer interface. As in 

the earlier simulations the bar length is 50 J.I1D. The resistance of the n-ridge devices 

is smaller than the p-ridge devices in all cases except the 5 J.Ilfl wide conventional 

lasers. In practice, even a 5 J.Ilfl p-ridge has a larger resistance than the n-ridge 

because of the contact and heterojunction resistances. The plot shows, as expected, 

that the best resistance is obtained from the n-ridge microstrip laser. In this 

particular simulation, the substrate thickness was 10 J.I1D, much smaller than the 

usual lapped sample thickness of about 100 J.lm. The simulation still clearly 

demonstrates the superior resistance of the microstrip laser design. 
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Figure 9. Calculated series resistances for the three different different laser structures. 
In this plot. the ridge etch is stopped at the upper SCH. 
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Etching through the SCH and the active region introduces excess resistance. 

Although in principle the carrier density clamps, it does not in practice and so the 

resistance scales with the width of the diode. The resistance of n-ridge microstrip 

lasers and n-ridge conventional lasers with the upper SCH and active region etched 

away are shown in Figure 10 along with the unetched p-ridge laser resistance. This 

comparison is made because these are the kinds of structures that would most likely 

be fabricated in practice. The resistance of the n-ridge lasers increases with the 

removal of the active region, but is still lower than the conventional p-ridge laser 

resistance for most cases. Above 3 J.lm. width, the n-ridge conventional resistance is 

higher than the p-ridge resistance, but only slightly, and the microstrip laser 

resistance remains the lowest of all. The experimental results on electrical resistance 

are presented in Chapter 5, and show, for the best narrow n-ridge microstrip 

devices, resistances of I ohm or less, which is significantly lower than the typical 

result for a p-ridge conventional laser. 

3.8 Heat conduction and thermal resistance 

The thermal properties of a semiconductor laser are connected to its electrical 

properties because heat generation is caused by the various electrical processes 

operating. Current flow in doped regions is ohmic, and heat is generated through 

I2R joule heating. In the SCH and active region, � diffusion, and recombination 

make up the current flow; all these processes, except for radiative recombination, 

generate IV heat power (primarily through scattering mechanisms that heat the 

lattice). 
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Two structural factors linked to thermal performance are the doping of the 

ridge and, in the microstrip laser, the gold bonded layer. The ridge affects the 

thermal resistance by its doping type and by its location relative to the heat sink. The 

most common, and the simplest, mounting technique involves soldering the laser 

onto a copper stud, with the substrate side of the laser contacting the stud. In this 

geometry, heat generated in the ridge flows through the active region, down 

through the substrate and out the heat sink. The heat flow increases the temperature 

of the active region and because the largest heat source is usually the p-cladding. a p

ridge device mounted this way has a high thennal resistance. In an n-ridge device. 

heat generation in the ridge is minimal and the heat generated in the p-cladding flows 

out the heat sink without passing through the active region. This results in only a 

small increase in the active region temperature and a lower thermal resistance. 

A more complicated mounting technique involves mounting the device 

upside down, so that the top of the ridge, rather than the substrate, makes electrical 

and thermal contact to the heat sink. This is commonly called p-side down 

mounting, since it's only advantageous when done with a p-ridge. This method 

improves the thermal resistance of the p-ridge laser [3] because the joule beat from 

the ridge now flows out of the heat sink without passing through the active region. 

An n-ridge laser mounted substrate side down achieves similar thermal performance 

as p-side down mounting, because the majority heat source is already located close 

to the heat sink. Since no complicated post fabrication processes are needed to 

achieve this, the n-ridge laser presents a great advantage as far as processing is 

concerned. 
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The gold layer below the lower cladding in the microstrip laser introduces an 

additional thermal advantage. since the thermal conductivity of gold is higher than 

that of any semiconductor used for fabricating lasers. The room temperature thermal 

conductivity of gold is 3.15 W/cm-K; the thermal conductivity of InP is 0.68 W/cm

K [ l7]and the thermal conductivity of GaAs is W/cm-K [18]. Intuitively, the gold 

layer acts as a heat spreading layer, and the heat rapidly distributes over a wide 

lateral region. resulting in an intrinsically lower thermal resistance than a 

conventional laser. The reduction in thennal resistance is calculated to about 10% 

for a 10 J.1Dl ridge microstrip laser with a 1 J.lM gold-bonded layer [19]. This is the 

calculated reduction considering only active region heating, done to isolate the effect 

of the gold layer from the effect of the ridge, which depends on doping type. The 

thermal resistance decreases as the gold layer thickness increases. The best thermal 

resistance would be achieved by eliminating the InP substrate altogether and 

replacing it with a 50-100 J.llD gold plated layer as the back plane of the laser. This 

scheme would also eliminate the bonding step and further simplify the process; a 

need to cleave the processed wafer into laser bars disallows this (cleaving through 

50- 100 J.Im of gold is impossible). A procedure by which high quality facets are 

etched, rather than cleaved, would permit such a device. Etched facets with 

reflectivities equivalent to cleaved facets have been reported [20], and a host of 

different laser possiblities can be envisioned if such a process were utilized. Some 

examples are the gold plated laser substrate discussed above and a microstrip laser 

with a high thermal conductivity aluminum nitride substrate. 

The heat flow and heat distribution in the various laser structures (n-ridge 

conventional. p-ridge conventional, n-ridge microstrip, p-ridge microstrip) were 
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calculated with the same ATLAS program used for the electrical calculations, and are 

shown in Figure 1 1  (a) - (d). The plots are done for 1 JUIl ridge lasers with SO J.lDl 
cavity lengths as discussed earlier. Figure 1 1  (a) shows the temperature contours 

for the n-ridge conventional laser well above threshold. The temperature increase is 

17 °C, the power dissipated at threshold is 130 m W. and the thennal resistance is 

about 130 KIW. 

Figure 1 1  (a). Heat distribution through the semiconductor laser well above threshold, 
for an n-ridge laser. The active region temperature has risen to 17 'C above the 
unbiased temperature. 

3.9 Summary and conclusions 

The static operating properties of the microstrip laser were investigated in 

this chapter. Some basic design and fabrication principles were drawn from the 

analysis, along with predictions regarding device performance. First, because of the 

difficulties associated with p-down materials growth in the InP system with 
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MOCVD. most microstrip lasers end up being n-up lasers (due to the epi inversion 

intrinsic to our bonding process). The n-ridge laser is much more susceptible to 

lateral current spreadingm than is a p-ridge laser. and can result in very high 

threshold currents and low efficiencies. An active region etch eliminates this 

problem and is a practical solution. Improvements in both electrical resistance and 

thermal resistance are predicted in the microstrip laser. and are critical for high speed 

and high power operation. The electrical resistance improvement is related to the 

low resistance n-ridge. and the thin 1 .2 f.IlD p-Iayer region intrinsic to the microstrip 

design. The thin p-Iayer contributes significantly less resistance than one fmds in a 

n-ridge laser on a p-substrate. where the current must flow through many microns of 

low mobility p-material. The thermal resistance improvement is related to the 

proximity of the primary heat source - the p-Iayer - to the gold fused layer and the 

heat sink. The gold fused layer near the active region. with a thermal conductivity 

about 5 times higher than loP. also contributes to a reduced thermal resistance. 

These predictions are borne out experimentally in Chapter 5. The next 

chapter. Chapter 4. presents the fabrication and bonding techniques employed for 

making microstrip lasers that demonstrate the performance properties that were have 

been discussed here. 
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Three main subdivisions constitute the microstrip laser fabrication process. 

The first is the epitaxial growth, which was all done by metal-organic chemical 

vapor deposition (MOCVD) for the devices presented in this dissertation. The 

second subdivision consists of wafer bonding and substrate removal. These two 

steps produce an epitaxial film of laser material on a 1 micrometer (pm) thick gold 

layer. The fmal subdivision is the processing of the film into ridge waveguide 

lasers. This processing is identical to that used for fabricating conventional ridge 

lasers on standard substrates. Figure 1 schematically demonstrates the steps 

involved in turning two separate wafers into one microstrip wafer, joined at the 

bonded gold layer. 

4.1 Materials growth 

The wafers used for device fabrication are grown by MOCVO, with an active 

region made up of six strained InGaAsP quantum wells, 8 om thick. The 

conduction band diagram is shown in Figure 3, Chapter 3. The wells are 

compressively strained between 0.4% and 1 % (depending on the wafer - the wells in 

a single wafer have constant strain throughout). The more highly strained structures 

were used for the later processes used in this work (devices with etched active 

regions) and incorporated strain compensating barriers. The active emits light at 

1 .55 pm. There are seven 1 .25 pm barriers, 7 om thick each, and two 75 om 1 . 15 
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pm separate confinement heterostructures (SCH). symmetrically placed about the 

active and bamer regions. Surrounding the SCH regions are 1.2 pm of InP 

cladding. doped to 1018 cm·3• 1. 2 pm of InP is used for both p and n cladding. Zn 
is the p-dopant and Si is the n-dopant, with the bottom cladding being n-doped for 

all growths used in this work. The 1 .2 pm bottom cladding is a thicker growth step 

than usual. as a normal MOCVD wafer is grown with about 0.5 pm of bottom 

cladding material. The thick bottom cladding is necessary in the microstrip laser 

because the epi inversion intrinsic to the process transforms the grown bottom 

cladding into the top cladding of the bonded microstrip wafer. The whole epi 

structure is sandwiched between two higly doped InGaAs cap layers. doped to about 

3 1019cm-3. The InGaAs is lattice matched to InP. 

A schematic of the epi layer structure is found in Appendix II. 

4.2 Surface preparation, metal evaporation, and bonding 

The bonding process begins with surface inspection and surface preparation 

of the two wafers. Smooth surfaces are critical for achieving a uniformly bonded 

layer. and while the gold is malleable enough to compensate for some imperfections. 

the yield and reproducibility of the process is affected by the surface roughness - the 

gold is not a solder capable of filling gaps. The uniformity of the plain substrate is 

usually superior to that of the epi laser wafer. For our devices. more than 3 f.1II1 of 

epi is grown and it is inevitable that some defects will form and propagate to the 

surface [1 ). The difference is visible in an optical microscope. Optical microscope 

pictures of the surface of the as-grown epi and a substrate are compared in Figure 2 

(a) - (c). The morphology of the wafer center can be quite 
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etching. Etching stops on stop etch layer. 

Figure 1 .  Gold bonding process for turning two wafers into a microstrip wafer. 
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good, and only a few defects may be observable. Figure 2 (a) is representative, 

with the defects boxed in for clarity. Most of the wafer area surrounding the defects 

is very smooth. Figure 2 (b) shows the wafer edge. which is typically of much 

poorer quality than the wafer center. as can be seen by the dense distribution of 

defects. The bonding at the wafer edges is usually not very good. but the poor 

morphology there does not affect the quality of the bonding in other regions of the 
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wafer. The substrate on the other hand, usually displays a near-perfect morphology 

as is demonstrated in Figure 2 (c). Nothing can really be done about surface defects 

after the wafer is grown. They are not typically large enough to significantly affect 

the quality of the bonding, although a large defect will result in a poorly bonded area 

on the wafer that shows up as a bubble on the film surface after substrate removal. 

Figure 3 shows an example of such a bubble. The affected area is about I square 

miJIimeter. The only thing that can be done to m;nimim this problem is to ensure 

that the surface morphology of the epi is adequate for bonding. Morphologies 

similar to those in Figure 2 (a) are adequate. 

(a) - laser epi surface, 
wafer center 
(400 x mag.) 

(b) - laser epi surface 
wafer edge 

( 100 x mag.) 

(c) - InP substrate 
(400 x mag.) 

Figure 2. Optical microscope pictures of wafer surfaces used for bonding. The 
pictures are of the surfaces before the metal evaporation. 
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Figure 3. Bubble on the surface of a bonded wafer caused by a defect on the wafer. 
(50 x mag.) 

Apart from defects. other surface imperfections can degrade the quality of the 

gold fusion - small particles. surface oxides, and residue from solvents. These 

imperfections can be almost completely removed by careful cleaning procedures. A 

by product of cleaving is small particles on the wafer surface. The area of the epi 

wafer bonded is usually between 60 to 100 square millimeters - 8 mm to 1 em on a 

side - much smaller than the 1 or 2 inch wafers grown in the MOCVD. so dust is 

scattered across the surface when the wafer is cleaved to the smaller size. Other 

small particles can end up on the surface as a result of sloppy handling techniques or 

from dust in the air. Almost all of these particles can be removed with the following 

cleaning sequence: ( 1 )  blow the wafer with high pressure nitrogen from an N 2 gun. 

This will blow off most of the particles from the surface. (2) Spray the wafer with 

acetone while moderately rubbing the surface with a cotton swab. The best way to 

move the swab is linearly across the surface, picking up particles along the way. (3) 

Spray the wafer with isopropyl alcohol to remove acetone from the previous step. 

(4) Immediately dry the wafer with the N2 gun to ensure that all the solvents have 

been dried off. After these 4 steps have been completed, the surface quality is 
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inspected under an optical microscope. If there still appears to be some dust or 

solvent residue, the procedure can be repeated again. It is important to point out, 

however, that a minimum number of handling steps should be used for preparing a 

clean surface, because additional steps always increase the chances that the surface 

will be contaminated more. 

The last cleaning step before evaporation of the metal (for bonding) is oxide 

removal. A concentrated solution of hydrofluoric acid (HF) is used to remove the 

oxide from both wafers - the surface layer of the laser wafer is highly doped 

InGaAs, and the other surface is InP. A 20 second dip, followed by an N2 dry is 

sufficient for removing the oxide. The wafers are then loaded into the electron beam 

evaporator as soon as possible (typically within 5 minutes), and the evaporator is 

pumped down to a base pressure of about 1 10-6 or lower. 

The oxide removal step is critical, because the strength of the gold bond that 

forms is greater than that of the adhesion of the metal to the semiconductor surface. 

Stress on the wafer, either from different amounts of thermal expansion between 

semiconductor and metal during temperature variable processes, or from cleaving, 

can cause the metal to pull away from the semiconductor, ruining the wafer bond 

[2]. This will be shown experimentally in this chapter. Bonding tests were done in 

which large stresses were induced by fast ramp rates or cleaving. These tests show 

that the stress is more often relieved by the metal separating from the semiconductor 

than by the breaking of the gold bond The adhesion of metal to a surface oxide is 

very poor, and the presence of an oxide layer can prove fatal to the process and the 

device. Also, since the metal bonded layer serves as an ohmic contact, an oxide 

layer between the laser epi and the metal can also cause an undesirably high electrical 
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resistance. Although a thin native oxide is always formed during the pump down 

cycle, the thickness must be kept to a minimum. by appropriate surface preparation. 

The metal evaporated is not just a plain layer of gold; a sequence of 7.5 om 

of chrome (er), 100 om of platinum (Pt) and 500 om of gold (Au) was determined 

to be the optimum combination of metals. Chrome is a sticking layer, and is used 

for adhesion of the metal to the semiconductor surface. Platinum is a diffusion 

blocking layer that prevents the gold from diffusing into the semiconductor during 

the high temperature processes used in the fabrication (the bonding itself, polyimide 

curing, annealing). The gold is the actual bonding medium; the three metals together 

compose the bottom device contact. The evaporation is done at a pressure of 1 1()-6 

Torr, or below. 

Following evaporation, the metal surfaces are inspected under the optical 

microscope. Any defects. dust. or nonuniformities that were on the wafer surface 

prior to evaporation will still be visible after the evaporation. When evaporating the 

metal, contaminants in the metal sources can sputter on the sample and degrade the 

cleanliness of the metal. For this reason, it's important to clean the metal sources 

before doing the evaporation. The metals sources are usually contained in graphite 

crucibles that sputter and dirty the source after an evaporation. Rinsing the metal 

surface with isopropanol helps the cleanliness, and if done carefully, can remove 

almost all of the graphite residue. The chrome and the gold are evaporated from 

pellets placed in a smaller tungsten crucible that sits in the graphite. This kind of 

container stays cleaner during an evaporation and is also more easily cleaned after 

evaporation. In our process, the iso clean was not used on the chrome pellets since 

they are powdery and dirty to begin with. 
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The only post-evaporation wafer cleaning done is a rinse in 1 165 (cleanser 

for removing organics) at 75 ·C for about 5 minutes. an ISO spray to remove the 

1 165. and an N2 dry. Any dirt that gets on the wafer during evaporation is below 

the surface layer and can't be removed. For particles on the surface. the cotton swab 

cleaning technique described earlier is not used because it scratches the gold surface. 

Especially because gold is soft. handling following evaporation is kept to a 

minimum since it greatly increases the chances of scratches and contamination. 

Following the cleaning. the two wafers are placed in contact in a methanol 

solution. with the cleavage planes lined up [3]. The orientation of the wafers is done 

by eye. and is not exact, but is sufficient for our devices. The contacted wafers are 

removed from the methanol and dried; the surface adhesion of the methanol keeps 

the two wafers together. They are then placed in a graphite bonding fIXture. shown 

in Figure 4. designed so that a uniform pressure is applied to the wafers. The top 

part of the fIXture is screwed down with a torque wrench set to torque of 0.65 in

lbs. which was experimentally determined to provide enough pressure for good 

bonding. without cracking the wafer. The pressure from the top is transmitted to the 

wafers through the dome shown in Figure 4. Since contact between the dome and 

the fIXture occurs at a single point. the force distributes evenly across the flat bottom 

of the dome and onto the wafers. The fixture is then placed in an oven in which the 

temperature is ramped up to 300 ·C. and kept there for 4 hours. The ramping rate 

above 100 ·C is I ·c/minute; the rate is low so as to minimize stresses caused by the 

differing thermal expansion of the wafer and the gold. If the stresses are too large. 

the wafer could crack. For the same reason. the ramp down rate is I ·c/minute. 
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Torque screws 

Fixture top 

Bonded 
wuer --j-�"------� 

Figure 4. Graphite fixture used for gold bonding. Even pressure is applied to the 
wafers by using the the hemispherical dome. 

The bonding is done in a programmable oven in the clean room under 

ambient atmospheric conditions. Bonding in a clean nitrogen or forming gas 

environment is probably more desirable. but no system with this ambient and the 

required temperature and ramp rate conditions was available. Since the bonding 

medium is gold. which doesn't oxidize. the atmosperic conditions are not that 

critical. The cleanliness is of course critical. but the process is flexible enough that 

good bonding is still achieved despite exposure to other contaminants in the oven 

atmosphere (photoresist, polyimides). 

4.3 Optimization of bonding conditions. 
techniques 

Summary of bonding 

Gold bonds at the relatively low temperature of 300 °C because it a soft 

metal, and deforms under pressure. Mass transport between the contacted gold 

surfaces results in a single uniform gold layer. Several other metals have been used 

for wuer bonding in a variety of applications, and were inititally considered for the 

microstrip laser. These include palladium and indium, a common solder. Palladium 

fuses with GaAs and InP at a low temperature of about 350 ·C, and has been used to 
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fabricate ph' diodes [2]. As in the case of gold. the palladium bond with the 

semiconductor is metallurgical in nature. A microstrip laser could be made by 

evaporating palladium on a gold covered wafer. and then bonding to an InP 

substrate. This type of bonding was not attempted however. since the process is 

very sensitive to surface conditions [4] - palladium is a harder metal than gold - and 

surface defects or particles much more easily degrade the quality of the palladium 

bonded wafer than they do for gold bonded wafers. The process latitude for gold 

bonding is much greater, resulting in higher reliability and reproducibility. 

Using indium solder as a bonding medium is impractical, because indium 

melts at 156 ·C [5]. precluding any high temperature processes after bonding. The 

advantage to such a process, if it could be used. is that it compensates for poor 

surface morphologies by filling the gaps caused by imperfections. However, since 

the ridge laser process requires a silicon nitride deposition at 250 ·C. polyimide 

curing at 240 ·C. and annealing ohmic contacts at temperatures close to 400 ·C. 

indium solder bonding is not a viable method. There are other problems also: the 

InP ridge is etched in hydrochloric acid (HCl) which also etches indium. and the 

bonded layer would therefore be attacked during the ridge etch. 

Considering the options available. the best possible bonding material is a 

metal that flows at the temperatures above those used in the fabrication procedures. 

and that does not get attacked by any of the etches used. While a bonding metal 

meeting these conditions was not found. gold is a reasonable approximation to it: it 

is soft and deforms to partially accomodate surface imperfections, and is sufficient 

for high temperature processing up to about 400 ·C. 
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Several factors other than surface quality and the actual bonding mechanism 

and metal were necessary to consider in developing the process used for the 

microstrip laser. Bonding two wafers with an intermediary metal between them is 

different from directly fusing two semiconductors [3, 6, 7], because adhesive 

forces between the evaporated metal and the semiconductor can also affect the 

quality and ultimate durability of the bond. The gold-gold bond is much stronger 

than the adhesive bond between the metal and the semiconductor. Because of this, 

opposing stresses in the wafer can cause the metal to pull off the semiconductor, as 

is shown in the SEM photograph of Figure 5. An excellent gold bond is useless if 

it fails to connect the two wafers together. 

The metal with the best adhesion to semiconductor must therefore be chosen 

as the fIrSt evaporation layer. A few metals are commonly used as sticking layers 

because of their excellent adhesiveness. These include chrome (Cr), titanium (Ti), 

and nickel (Ni). Bonding experiments were done with all these metals as sticking 

layers, and chrome was determined to be the most effective. Ti and Cr are both 

effective because they actively seek out oxygen and react with any native oxide on 

the surface. Following that, a low stress metal must be used to avoid peeling. The 

bond was tested by cleaving a bonded wafer with the substrate removed, as in the 

real laser process, and then scanning the bonded interface with the SEM. Several 

cross sectional cleaves representative of the entire wafer were scanned to determine 
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Figure 5. Microstrip laser in which the bonded gold has separated from the lower 
loP substrate. 

the bonding efficiency shown in the table. Titanium and chrome both produced 

good gold bonds, but chrome proved superior for adhesion to the semiconductor. 

Using nickel as a sticking layer resulted in poor bonding. This was most likely 

caused by the absence of a platinum blocking layer. Platinum could not be 

evaporated after the nickel due to evaporator constraints, and venting the chamber 

midway through the evaporation to change sources was not attempted, to avoid 

oxidizing the nickel. Significant amounts of gold diffused into the semiconductor, 

thus ruining the bond. Since the bond was poor, adhesion to the semiconductor was 

not a problem, but not of particular relevance either. Table 1 presents several 

different metal sequences and the bonding efficiency and adhesion of each. All 

bonding runs listed in the table were performed for 4 hour at 300 °C. 

The platinum layer, as discussed above, was chosen for its diffusion 

blocking properties. As in a metal contac� a gold layer subject to high temperatures 
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Bonding metals ess sequence Bonding e etency etency 

Table 1 .  Different bonding metal sequences tested. All tests were done for 4 hours 
at 300 ·C. 

will diffuse into the semiconductor. This kind of spiking can degrade the contact 

and the material quality - in a laser, for example, spiking into the cladding layers can 

cause very high optical loss due to free carrier absorption. Also. gold spiking 

through the bottom p layer into the n layer shorts out the diode and ruins the device. 

In addition to degrading the material, spiking from the bonded layer also can ruin the 

bond quality - voids are created in the bonding region from where gold has diffused 

out. Since a rapid increase in gold diffusion occurs around temperatures above 400 

·C - the temperature at which contact annealing is done and is necessary for the 

fabrication process - a good blocking layer is required. Several experiments were 

done with different platinum thicknesses. While very little can be done to prevent 

the gold from spiking at temperatures significantly above 410 - 420 ·C, 100 nm of 

platinum does successfully block the diffusion at temperatures below that. With less 

platinum than this, the maximum temperature is reduced below 400 ·C. SEM 

photographs of a bonded laser annealed at 380 ·C for 30 seconds with only a 22.5 

run platinum diffusion block shows significant spiking of gold from the bonded 

layer. This is shown in Figure 6 (a). 100 run of platinum, however, works much 

better. and is sufficient for temperatures up to about 410 ·C. A laser with this much 

platinum that was annealed at 410 ·C for 30 seconds is shown in Figure 6 (b). 
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Spiked gold 

(a) 

126 

(b) 
Figure 6. (a) Microstrip laser with 22.5 nm platinum blocking layer annealed at 3 80 
·C for 30 seconds. Note the gold spiking from the bonded layer. (b) Microstrip laser 
with 100 nm platinum blocking layer annealed at 410 ·C. No spiking is seen. 

A series of experiments was also done to determine the optimum 

temperature, pressure, ramp rate, and bonding time. The final conditions decided 

upon, 300 ·C for 4 hours, I ·CJminute ramp up and ramp down rate, and 0.65 in

lbs setting on the torque wrench, were described previously. Temperatures between 

250 ·C and 350 ·C were tested: 250 was found to be too low for adequate bonding, 

and 350 ·C, while satisfactory, gave the same results as 300 ·C. 300 ·C was chosen 

for the process because the ramping time is less. Also, since the bonding cycle is 

very long, a lower temperature process is less likely to degrade the quality of the 

laser material by metal, semiconductor or dopant diffusion. 

A final temperature test was done to determine whether the long bonding 

cycle degrades the laser material at all. Two broad area laser samples were 

fabricated: one sample, prior to fabrication, was cycled through the temperature 
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process used during bonding, and the other was fabricated without any temperature 

pre-treatment. The threshold current properties are the same, indicating that the 300 

·C temperature cycle does not cause any material degradation. 

4.4 Substrate removal 

Following bonding, the original substrate on which the epi wafer is grown 

must be removed to expose the inverted laser epitaxy used to fabricate microstrip 

lasers. The loP substrate is etched in a 3: I hydrochloric acid (Ha): H20 solution. 

To ensure uniform etching, the solution is stirred with a magnetic stirrer bar at 300 

rpm. About 350 J.1In of loP must be etched, making the stirring essential. The etch 

takes about 40 minutes. Since the semi-insulating loP substrate bonded to the laser 

epi is also etched by HCI, a silicon wafer is attached to it with wax to protect it. 

The HCI etch stops on a doped InGaAs layer, leaving a smooth 3 J.lID film of laser 

epi on top of the gold. The doped InGaAs layer now is the top contact layer for the 

wafer. 

4.5 Fabrication of ridge waveguide lasers 

Table 2 outlines the steps followed in fabricating ridge waveguide microstrip 

lasers. The process is either 4 or 5 mask levels, depending on whether the stripe 

that defmes the ridge is dielectric or metal. A metal stripe serves as an etch mask and 

as an ohmic metal to the ridge, thus eliminating one mask level. An annotated 

schematic of the ridge waveguide laser is shown in Figure 7. These devices are 

fabricated with 300 J.1IIl separation between ridges, in order to facilitate high speed 

probing - a ground-signal-ground probe with 150 J.an pitch (signal to ground 
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distance) can be conveniently used with this geometry. High speed probes with 

narrower pitch can be ordered, but 150 JllI1 is most common. A metal stripe created 

by liftoff was initially used as the etch mask; later, the process was changed to one 

using a silicon nitride (SiNx) mask, because this process results in smooth, vertical 

sidewalls on the ridge. The smooth sidewalls are desirable for low waveguide 

optical loss. The details of the photolithography processes used for transferring 

patterns from mask to wafer are documented in Appendix A. 

Level l Level Leve 

Stripe Po ymn vaporate top vaporate 
detiftion pa,ming ohmic thick metal 

+ + 
Ridge etch Polyimide Anneal top Lap & apply 

etchback contact. back contact 

Table 2. Mask level and process sequence for microstrip laser fabrication. 

Ohmic 
metal '\.4 ..... _-ToP metal 

Figure 7. Cross sectional schematic of ridge waveguide microstrip laser. 

The ridge can be formed by wet chemical etching or by reactive ion etching 

(RIB), or a combination of both [8, 9]. For etching the InP cladding, the wet etch is 
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preferable. since it is simpler to set up and execute. and gives very smooth 

sidewalls; sidewall roughness in the wet etch is caused solely by edge roughness in 

the mask that transfers to the ridge. This edge rougbness often comes from the 

initial photoresist lithography and development. A few things can be done to 

minirnju this. These include careful contact lithography. proper development time 

(underdevelopment can leave photoresist scum at the sides and overdevelopment can 

undercut the photoresist). and an oxygen plasma descum following development. 

Poor liftoff. if a metal mask is used. will cause very rough edges on the metal that 

transfer to the ridge. Careful and patient execution of these steps results in very 

smooth edges. and smooth sidewalls in the wet-etched ridge. 

RIE. on the other hand. will produce some sidewall roughness even if the 

mask is perfectly smooth. There are two other reasons wet etched ridges are 

preferable in the InPIInGaAsP system. First. HCI etches loP but it does not etch 

InGaAsP or InGaAs. Becaue of this. the wet etch is highly selective and ensures 

excellent uniformity of etch depth. Also, the InGaAs contact layer is not undercut at 

all. A second advantage is that HCI etches InP crystallographically and proper 

orientation of the ridges along the [00 1 ]  direction produces straight sidewalls. 

Figure 8 (a) shows an SEM photograph of a wet etched loP ridge in which the mask 

has been incorrectly oriented. Orienting the ridges along the orthogonal direction 

causes the sidewalls to slope outwards at an angle of 60 •. This is to be avoided 

when fabricating narrow ridge devices. because the large slope angle generates a 

wide ridge at the base. undermining the goal of tight carrier and photon confinement. 

A quick trigonometric calculation shows that a ridge 1 .2 JI.IIl high (a typical height 

for our structures) and 2 J.Un wide at the top is 6 J.I.lll wide at its base, as is consistent 
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with the the photograph in 8 Cal. Figure 8 (b) shows a picture of a wet etched ridge 

for which the wafer orientation was correct. 

Ca) 5 J.Lm 

(b) 

Figure 8. Wet etched loP ridges. (a) Sloping sidewalls caused by incorrect ridge 
orientation. (b) Straight sidewalls. The ridge is oriented along the [001] direction. 

Metal liftoff for stripe definition is appealing, because it incorporates the 

stripe definition and the evaporation of the ohmic metal in one mask step. The 

drawback is that because of electrochemical effects, straight sidewalls aren't 

produced by a wet etch even if the stripes are oriented along the [00 1] direction. 

Any oxidizing metal present in the mask provides the necessary electrochemical 

potential to etch along other crystal planes, besides the [00 1]. This means that if a 

metal mask is used and narrow ridges are desired, the etching must be done by RIE. 

For wide ridge fabrications, for example, 10 JlIIl and greater, the liftoff 

process followed by RIE is preferable, because the rougher sidewalls have minimal 
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effect on the optical loss (the fraction of the mode scattered at the sidewalls is very 

small relative to a narrow ridge) and one less mask level is required. For narrow 

ridge fabrications, the preferable process involves the plasma deposition of about 80 

om of SiN" at 250 DC, followed by patterning with standard photolithographic 

techniques. The SiN" becomes the stripe defining mask, and the wet etch gives the 

straight sidewalls seen in Figure 8 (b). 

4.6 Broad area laser fabrication 

The fabrication of wide ridge lasers is a relatively simple process. Broad 

area lasers with 50 IJ.Il1 ridges are fabricated by metal liftoff and wet etching and are 

used for material characterization. Threshold current density, internal efficiency, 

and gain properties of the material can all be determined from broad area laser 

results. Standard photolithography is used to define 50 JlD1 wide spaces in a 

photoresist layer. Since almost all the wafers grown are p-up, a p-contact 

metaJ)jzation of 20 om of titanium, 75 om of platinum and 200 om of gold is 

electron-beam evaporated onto the surface. Uftoff is performed in acetone, and 50 

pm wide metal lines with 150 J.Im center separation are left on the wafer. Prior to 

evaporation a 20 second � plasma descum is done (see Appendix A for details) to 

remove resist scum and to better define the sides of the resist pattern. A 20 second 

dip in 1 :  1 5  N'H40H:H20 solution is also done to remove the surface oxide on the 

InGaAs. The 100 om InGaAs cap layer is wet etched in a 1 :  1 :50 H2�:H2S04:H20 

solution. This etch takes about 1 minute. The loP cladding is then etched in a 3: 1 

HCl:H20 solution for about 30 seconds to a minute, until all the loP is removed. 
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The finished etch is confirmed by surface inspection and DEIcr AI{ measurement of 

the ridge heights. 

The substrate is lapped to a thickness of 80-1 00 � and a backside metal 

contact of 5 run of Nickel and 200 nm of gold is evaporated in a thermal evaporator. 

The sample is now ready for cleaving and testing. 

The broad area laser fabrication process is purposely made as short and 

simple as possible, with steps such as the contact anneal skipped. The annealing is 

skipped because it is not really necessary - the ridges are very wide already. 

contributing to a low resistance, and further, broad area lasers are only operated in 

pulsed mode, with duty cycles on the order of 0. 1 %. Because of the low duty 

cycle, a slightly higher resistance does not cause heating of the active layer. Also, 

the backside n-contact of Nil Au is not the best n-contact; typically, germanium (Ge) 

is included for an n-contact since it dopes the semiconductor. The Ge is usually 

evaporated from a Au-Ge source at the eutectic composition. Because the backside 

contact is very large, typically several hundred microns by a few millimeters, and 

because just about any metal makes an acceptable ohmic contact to n-InP, the simple 

Nil Au metallization is chosen for expedience. The Au-Ge contacts must be done in 

the e-beam evaporator, which has a significantly longer pump down time than the 

thennal evaporator, and much heavier usage that often requires a wait of several 

days. 

4.7 Microstrip broad area lasers 

One process run was done in which the 50 J1Dl broad area lasers were 

fabricated on microstrip wafer. This was done to determine whether any material 
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degradation was occurring as a result of the gold bonding process. The results from 

this experiment are presented in Chapter 5. The microstrip broad area process is 

similar to the conventional broad area laser process described above, with a few 

differences. First, the ridge metal1ization is changed to a sequence of 5 nm Ni, 100 

nm AuGe eutectic, 15 om Ni, and 200 om gold. This is done because the epi 

inversion intrinsic to the bonding and substrate removal process results in an n

contact layer. Second, the wafers are bonded to semi-insulating InP, so a backside 

contact could not be made. Instead, a second mask step was performed in which SO 

J.lm wide spaces were opened symmetrically around the ridges; the pitch of the laser 

mask was ISO Jl.In. leaving an 100 pm space between the sides of adjacent ridges. 

The structure is similar to that of Figure 7, except there is no polyimide surrounding 

the ridge and no overlay metal evaporated above the ohmic metal. Using 

photoresist as the etch mask to protect the ridges, the InOaAsP SCH and active 

region, the p-InP bottom cladding, and the p+ InOaAs contact layer are all removed. 

The InGaAsP is etched in a hydrogen peroxide - sulfuric acid solution mixed in a 

8: 1 :  1 H2Ch:H2S04:H20 ratio. Because of the high peroxide concentration, the 

solution etches any quaternary composition very quickly. The etch takes about a 

minute. The InP bottom cladding is etched in 3: 1 H3P04:RCl. This etches InP 

relatively slowly, about 500 nmlminute when agitated, and is used because it is a 

less aggressive, more controlled etch than a concentrated RCl: H20 solution used 

for substrate removal or ridge etching. HCl attacks the photoresist etch mask; a very 

strong solution can completely destroy the mask quickly, so it is better to use the 

slower etch and monitor the mask integrity at time intervals of 1 or 2 minutes. 

Typically about 10 J.I.Dl of the mask is attacked from the side during the etch, a 
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tolerable amount that does not degrade device performance. The total etch time is 

about 3-4 minutes. The etch is strongly diffusion limited, because of the high 

viscosity of the phosphoric acid, and therefore strong agitation is needed to ensure 

continuous etching. Bubbles also form at the surface of the wafer as part of the 

reaction between the HO and the InP, and these can further block etchant from 

getting to the surface. It therefore helps to remove the wafer from solution and rinse 

with water when it appears that the surface is blocked by the bubbles. Agitation and 

rinsing are critical because of the limited lifetime of the photoresist mask in HCI. If 
the etch comes to a stop while the sample is still in solution, the photoresist still can 

degrade - the fact that the semiconductor isn't etching, or is etching very slowly, 

does not also mean that the photoresist is not being attacked - and if the degradation 

goes too far, the device will be ruined, as shown in the extreme case of Figure 9 .  

Note that the wavy lines that come very close to intersecting the narrower ridge that 

should be centered between the broader mask. This particular device was a 10 JlID 
ridge laser, not a broad area laser, and almost 50 JlID of the photoresist mask was 

attacked from the side during the etch. 

The InGaAs p+ contact layer is removed in I :  1 :50 H2<>2:H2S04:H20 

solution. This etch takes about a minute. The surface changes colors during the 

process, and when no more color changes are observed, the etch is finished. The 

chrome layer is now exposed and can be probed as the p-side contact The wafer is 

thinned to 80-100 J.1IIl in order to facilitate cleaving, and a backside metallization is 

done. Although the backside metaJ)jzation serves no electrical purpose because the 

substrate is semi-insulating, a NilAu backside metal is useful if the device is to be 

mounted on a stud. The typical mounting solder is lead (Pb)l tin (So)1 silver (Ag) 
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Bonded metal 

Figure 9. A process run in which the broad photoresist mask for protecting the ridges 
was badly attacked during the etch to the bonded metal layer. 

which dissolves in gold above the melting point. The gold layer is therefore 

necessary for good solder mounting. 

The chrome from the bonded metal can also be reinoved in a chrome etchant 

or in a 8: 1 : 1  H2<>2:H2S04:H20 solution. although it is not necessary. particularly 
. .  

for broad area lasers. If an extremely low resistance is needed, removal of the 

chrome layer is recommended, since it strongly oxidizes in air. Removal of the 

chrome layer exposes the platinum layer below it. which does not oxidize. A gold 

layer is then evaporated above the platinum for probing. Evaporating the extra gold 

layer is important because high frequency probes should ideally contact a soft metal 

like gold. rather than a hard metal like platinum. For good contact, the probes are 

driven forward slightly into the contact, and this is better done with the soft metal. 
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4.8 10 pm ridge laser fabrication. RIE etching conditions 

136 

10 J.IlIl wide ridge lasers were also fabricated. The 10 J.I.D1 ridge lasers offer a 

compromise between the simplicity of the broad area laser process and the 

usefulness of the narrow ridge lasers. descn"bed in the next section. The simple 50 

J.IlIl ridges descn"bed above are too wide to operate continuous wave (cw). or at 

reasonable current levels. Thus their usefulness is restricted to materials 

characterization as discussed above. The narrow ridge laser process descn"bed 

below is very involved. and can take up to two weeks to fully complete. 10 J.IlIl 
ridges can be quickly processed and probed directly. and can run cw at reasonable 

threshold currents. They therefore proved to be a useful intermediary device for 

characterization of the microstrip laser. 

The process differs from the broad area microstrip laser process only in the 

ridge etching. As in the broad area lasers, the stripe is defined by metal liftoff. but 

the etch is done by RIE rather than by wet etching. An additional 30 nm layer of Ni 

is evaporated above the gold and serves as the RIB etch mask. Gold should not be 

used as a mask because it sputters during the plasma etch. RIB is performed 

because the 10 pm stripes are narrow enough so that undercut of the contact layer 

can be significant, affecting the electrical resistance and the final ridge width. The 

outwardly sloping sidewalls that result from the wet etch of the InP also can have a 

small, but noticeable effect on the laser operating characteristics. At the same time, 

the somewhat greater sidewall roughness one obtains from RIB only has a minimal 

effect on optical loss in the wide ridge. 
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The RIB etch is done with a mixture of methane, hydrogen and argon 

(MHA) gas. The methane and the hydrogen are the necessary etch reactants, while 

the iaL-gon continuously sputter cleans the surface to minimize an accumulation of the 

reaction produCiS there. The gases are mixed at flow rates of 4, 20. and 10 seem 

respectively at a press"re of 75 mTorr. Before being filled with the gas mixture, the 

chamber is pumped down t� a pressure of approximately 2 10-5 Torr. The gases are 

ionized and the plasma is formed by applying 500 volts between the cathode and 

anode. The electric field accelerates the charged ions towards the wafer, etching the 

InGaAs at approximately 30 nmlminute, and the InP at about 90 nmlminute. The 

etch is stopped about 200 om above the active region, and the final 200 om of InP is 

removed in the 3: 1 HCl: water solution. The etch is stopped before the active region 

to prevent accidental overetching into the active region, and to minimize RIB 

radiation damage to the active region caused by bombardment of the high energy 

ions. For an 100 run InGaAs cap and a 1 .2 J.an InP cladding layer, the total etch 

time is about 15 minutes. The sample is removed from the chamber at 6 minute 

intervals and the ridge heights are measured in the DEKT AK. This is done to 

monitor the etch progress and to calibrate the etch rate. 

The methane-hydrogen RIB is equipped with a Helium - Neon laser, a 

photodetector, and a computer program that monitors the photodetector signal versus 

time. An unpattemed piece of epi (from the same wafer used for the fabrication) can 

be placed in the etch chamber with the real sample. and the laser can be reflected off 

it. As the InGaAs layer is etched and becomes thinner, the interference between the 

two reflected beams - one from the InGaAs and one from the InP cladding -shows 

up as an oscillation in the signal versus time. When all the InGaAs has been 
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removed, a t1at signal is observed. until the etch approaches the InGaAsP active 

region, at which time the etch can be stopped. Figure 10 shows the photodetector 

signal versus time for a long etch which goes all the way through the InP cladding 

and the active region. 

Figure 10. Reflected He-Ne signal versus time from an loP laser wafer. Interference 
between the difference semiconductor layers are clear. 

The laser monitor isn't used because the microstrip laser epi is inverted, and 

a sample piece of inverted epi is not readily available. The timed etch. checked at 

regular intervals is very reliable by itself. 

Following the ridge etch. the bottom p-contact must be exposed so that the 

devices can be probed and tested. The bonded layer p-contact is exposed by 

masking the ridges with a SO J1ID wide pattern of photoresist, and wet etching to the 

chrome layer. using the same process as for the microstrip broad area lasers. The 
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device is then thinned and backside metal is evaporated. These devices are ready for 

testing. 

4.9 Narrow ridge fabrication 

As discussed above, if wet etching can be used to make narrow ridges, it is 

the preferable process, resulting in smoother sidewalls and lower optical loss. 

Because of the problems associated with fabricating wet etched straight sidewalls 

with a metal mas� silicon nitride (SiNx) is used as the etch mask. 80 om of SiNx is 

deposited on the wafer by plasma enhanced chemical vapor deposition (PECVD) at 

250 °C. A piece of silicon is included in the chamber during deposition. This is 

done because the index and thickness of the deposited film on silicon can be easily 

measured with an ellipsometer, while an accurate measurement on a wafer consisting 

of several layers of different materials is virtually impossible. As long as the index 

of the SiNx is above 1 .9, the process is continued. If it is below this, the nitride is 

stripped and redeposited, since the lower index most likely indicates contamination 

with silicon oxide (SiOy)' for which the PECVD chamber is also used. SiOy etches 

in HCI, ruining the mask and the device during the wet etch. Prior to the SiNx 

deposition, the chamber must be cleaned for about 60 minutes by the standard SiN x 

cleaning program loaded into the computer. 

Following the successful SiN" deposition, a photoresist mask is patterned 

above the wafer (appendix A) with narrow photoresist stripes covering the layer of 

SiN1• Carbon tetraflouride (CF4) plasma etches SiN1 but does not etch photoresist, 

and is therefore used to etch away the SiN" not protected by the photoresist. Prior 

to etching the SiN1, a 20 second oxygen descum (300 mTorr, 100 watts) is 
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performed to clean up the photoresist edges. The CF4 etch is done in the PEllA 

plasma etcher in the cleanroom under conditions of 300 mTorr pressure and 200 

watts incident power. 1 minute is sufficient to remove all the unmasked SiN". The 

photoresist is then washed off in acetone and narrow stripes of SiN" are left on the 

wafer as the etch mask. 

Before etching the InP cladding, the 100 om InGaAs contact layer must be 

removed. This etch is done in the RIB to prevent a large InGaAs undercut that 

happens in a wet etch. The RIE etch is done for 6 minutes with the same flow rate 

and pressure conditions that are used for the 10 J.I.Ill ridge lasers described 

previously. 6 minutes is enough time to remove all the InGaAs in the unmasked 

region. In addition, about 100 om of InP is etched during this time. The 

overetching is done to ensure that all the InGaAs is etched away; the small amount of 

InP removed does not have a major impact on the quality of the ridge waveguide 

compared to a fully wet etched InP ridge. 

On surfaces where the methane - hydrogen mixture does not etch, it forms 

polymer. Most dielectrics, such as SiN", are not etched by this plasma chemistry. 

The mask selectivity for the etch is for all practical purposes infinite and polymer 

therefore deposits on the mask during the etch. These deposits are easily removed in 

an oxygen plasma generated in the same chamber following the semiconductor etch. 

The conditions for the 02 plasma are a gas flow rate of 50 sccm, 125 mTorr 

pressure, and 200 volts between the plates. 2 minutes <>2 plasma under these 

conditions is sufficient to remove all the polymer deposited. 

The InP cladding is thl =- wet etched in a 3 :  1 Hel: H20 solution. This etch is 

very fast, ftnishing in 30 seconds. While the etch stops abruptly on the InGaAsP 
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SCH layer. it is important not to leave the sample in the solution much longer than 

that. because some etching does occur in the lateral direction. albeit at a much slower 

rate than the vertical. and this is undesirable. Figure 1 1  (a) shows an SEM of a 

ridge sidewall from the wet etch descn1Jed above; 1 1  (b) shows an SEM from an 

RIE etched ridge. The wet etched ridge clearly has much smoother sidewalls. 

showing that the wet etch ridge process is preferable. 

(a) (b) 
Figure 1 1 . (a) Wet etched ridge. The ridge sidewall is very smooth. (b) RIE etched 
ridge. The sidewall is rough. 

Following each etch step (the RIB etch and the wet etch). the ridge heights 

are scanned with the DEKT AI{ to ensure that the etch is completely finished. A 

mirror smooth surface layer is also a good indicator of a finished etch. This is 

because the HeI etch tends to be nonuniform and leaves a rough surface if stopped 

before completion. In contrast, the completed etch exposes the perfectly smooth top 

monolayer of InGaAsP. 

As discussed in Chapter 3. it is imperative that n-ridges be etched at least 

through the upper SCH and the active region to avoid large lateral leakage currents 

that cause high thresholds and low efficiencies. Some difficulties are associated 

with the active region etch. and an ideal etchant does not exist. A mixture of sulfuric 

acid (H2S04). hydrogen peroxide (H2�). and water (H20) can be used to etch the 
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quaternary without etching InP. and would thus seem appropriate for etching the 

quaternary and stopping on the p InP cladding (the active region and the upper and 

lower SCH would be etched). However. the etch rate of this solution strongly 

depends on phosphorus composition, increasing as the amount of phosphorus 

decreases. This creates two problems. First. InGaAs etches much faster than the 

quaternary. and the cap layer will be completely undercut in the time required to etch 

through the quaternary. Second. even if the InGaAs cap could be sacrificed, which 

is not unfeasible because good ohmic contacts can be made to n-InP. the phosphorus 

content of the quantum wells is significantly smaller than that of the barriers and the 

SCH. As a result. the quantum wells are completely undercut and lifted off during 

the etch. rendering it useless. 

Reactive ion etching with the methane - hydrogen chemistry discussed above 

would seem to be promising. because RIB allows for accurate control of the etch 

depth. straight sidewalls and no undercut, excellent reproducibility. and excellent 

uniformity - characteristics usually not associated with wet chemical etching. 

However. the bombardment of the wafer with high energy ions may damage the 

material. causing increased sidewall recombination and higher thresholds. On the 

other hand there is also some evidence that the H2 in the CH4� mixture may 

passivate defects also. 

Because of the potential problems with RIB etching of the active region. a 

wet etch for quaternary that does not severely undercut the ridge can be used. Since 

some undercut is unavoidable. the etch rates for varying compositions of InGaAsP. 

InP. and InGaAs should be comparable so that the undercut is fairly uniform. 

Saturated bromine water (SBW) mixed with Phosphoric acid (H3P04) and H20 is a 
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good mixture for this purpose. The SBW, as the name indicates, is bromine that is 

samrated in an aqueous solution at room temperature. Another point to note is that 

the etch is diffusion limited. Because of this, the etch rate varies with ridge width, 

being slower near the narrower ridges. Etchant spills off the top of the ridge mask, 

and etches the surrounding region; replenishing the etchant is a slower for narrow 

ridges thus the etch rate is lower there. Agitating the etch solution helps, but 10 J.I.Dl 
wide ridges tend to etch 50% - 100% faster than narrow 2 IJ.D1 ridges. 

A 2: 1 :  15 SBW:H3P04:H20 solution is used for etching through the 

quaternary. Because bromine has a very high vapor pressure the solution depletes 

very quickly and the etch rate drops. To avoid this, a large amount of the etchant is 

mixed and kept in a sealed flask. For every minute of etching, the solution in the 

open beaker where the etch is done is disposed of and replaced with fresh solution 

from the sealed flask. The etch rate is very sensitive to temperature and 

concentration conditions, and so after each minute of etching, the wafer surface is 

throrougbly examined under the DEKT AK to detennine an approximate etch rate. 

The etch rate observed for all ridges has been seen to vary from anywhere between 

30 nmlminute (for narrow ridges) to 150 nmlminute (for wide ridges), with the 

maximum etch rate for narrow ridges being about 100 nmlminute, and the minimum 

etch rate for wide ridges being about 70 nmlminute. Such a large variation does not 

typically occur within the same run however; the etch time ranged from 3 to 8 

minutes depending on the conditions. There is always some nonuniformity across 

the wafer after the etch is stopped, the maximum being about 100-150 om. 

The SBW etch does undercut the wafer, about the same amount that it etches 

vertically. Since about 300 om of material is being etched, the 1 IJ.D1 ridges are 
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pretty much ruined in the process, but those wider than that still remain intact, albeit 

slightly narrower than were originally plauned. An SEM photograph of a 2 JlIIl 
ridge with a stained active region is shown in Figure 12 (a); it is clear the ridge is 

etched past the active region. The sample was stain etched in 1 : 1:50 

H2�:H2S04:H20. Figure 12 (b) shows what had been a 1 pm ridge - the ridge is 

still intact at the base, but is impractically narrow at the top. 

After the etch is finished, the SiN" mask is removed in a carbon tetraflouride 

(CF4) plasma and the bare ridges are exposed. 

(a) (b) 
Figure 1 2. SEM photographs of ridges etched through the active region with saturated 
bromine water. (a) is a 2 p.m ridge with the active region stained. showing a complete 
etch. (b) is a 1 p.m ridge. almost completely undercut by the etch. 

4.10 Polyimide planartzation 

The narrow ridges must be surrounded with solid material to facilitate device 

probing and testing: a 2 J.UIl ridge, for example. cannot be conveniently probed 

without destroying the ridge. Further, in the narrow ridge process described above, 

the ridge is initially formed without any ohmic metal above it, and a practical 

procedure for putting down metal on the ridge without shorting it to the active region 
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or bottom cladding is needed. This can be accomplished by spinning and curing 

polyimide on the ridge, patterning it. and etching it back to a height that just exposes 

the ridge surface. A metal layer can then be evaporated that covers the ridge and has 

bondpads on the polyimide to facilitate probing and testing. Other dielectrics can be 

used - for example, SiN" or silicon oxide. The dielectric constant of polyimide is 

lower and results in a lower capacitance, which is advantageous for high speed 

devices. Also, it is difficult to deposit the thick layers required for low capacitance if 

SiN" or SiOy is used, and these films tend to crack and break at thicknesses on the 

order of 1 JlM. 

The other option is to do a regrowth that buries the ridge with semi

insulating InP or with doped blocking layers [10-13].  Unfortunately, regrowth is 

not a viable option for the microstrip laser because of the high growth temperatures 

(>600 0c) required that cause diffusion of the gold from the bonded layer. The 

diffusion at these temperatures degrades the structural integrity of the bond and can 

desttoy the device by shorting out the diode. A different bonding process could be 

developed for the microstrip laser in which regrowth is done fIrst, and bonding 

after. 

The polyimide used for the dielectric is Probimide 284. At a rate of 5000 

revolutions per minute (RPM), a layer approximately 1 J1Dl thick spins on the wafer. 

The ridges, including the active region etch, can be up to 2 J1Dl in height; therefore 2 

layers of polyimide are really needed for adequate coverage. The polyimide does not 

perfectly planarize but rather slopes downwardly away from the ridge. Using two 

layers ensures that the polyimide connects to the top of the ridge at the interface, 
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rather than breaking off and producing a gap between the ridge and the surrounding 

polyimide. 

The spin-on polyimide is highly viscous, and care must be taken to apply it 

on the wafer surface uniformly and without air bubbles. Typically it is dripped on 

from a medicine dropper, although it can be applied with a syringe and a 1 J1IIl filter 

to better guarantee uniformity and absence of contaminants. The viscous polyimide 

solidifies at elevated temperatures, as the polymer chains cross link and form a hard 

glassy substance. Complete cross linking occurs in the vicinity of 300 °C, but if 

necessary, sufficient solidification can be achieved at lower temperatures. 

Before application of the second layer, the first layer is partially cured so as 

to prevent intermixing. The partial curing is done as follows: 90 °C for 30 minutes. 

ramp at 5 °C/minute to 170 °C, and hold for 40 minutes. The second layer is then 

spun on at 5 K RPM, and a higher temperature cure. up to 240 °C is performed. 

Although the temperature is lower than that recommended for complete cross linking 

of the chains, the polyimide cures well enough that no practical difference are 

observed. This process was chosen to mjnimjze high temperature effects in the 

process that could affect the bond integrity. 

The planarization with the two layers is not perfect; deviation from planarity 

is easily measured on the DEKT AK. The surface profile of the polyimide is 

dependent on surface topography, and a slightly thicker layer forms over wider 

regions. Because of this, in our devices, a hillock of polyimide about 800 om thick 

forms above the 10 J.I.D1 ridges, whereas the narrower ridges (S J.I.D1 and less) show 

hillocks of only about 500 nm. 
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Since the polyimide does not perfectly planarize, two additional layers of 

photoresist are spun on to improve the planarization. First, approximately 3 J.Un of 

AZ4330 resist is spun at 6 K. The wafer is heated on a hot plate for 10 minutes at 

50 ·C, after which the temperature is increased to 100 ·C and held there for about 3 

minutes. This bake is done because a second layer of photoresist, 2 J.LID of AZ421O, 

is spun on after the first to further improve the planarization. The 4330 must be 

hardened enough to prevent intermixing. With two coats of resist, the planarization 

is almost perfect, with less than 200 om deviation for the wide ridges and less than 

100 om for the narrow ridges. 

The excellent planarization is required for the etch back process, in which the 

photoresist and the polyimide are etched back just enough to expose the top of the 

ridge. Without good planarization, a significant step height results between the ridge 

top and the surrounding polyimide. This is detrimental to the process, since a large 

step can cause the metal evaporated onto the ridge and the polyimide to break at the 

ridge-polyimide interface, resulting in open circuits (the bond pad region is over the 

polyimide, and should connect to metal on the ridge) or high resistance. A few 

thousand angstroms, to a maximum of about 500 nm, is acceptable, and a thick 

metal layer can accomodate a step of that height. But bigger steps will damage the 

metallization. 

Prior to the etch back, the photoresist is patterned. Too much polyimide on 

the surface interferes with high cleave yield, so a patterned surface that minimizes 

the total polyimide is preferable. The resist covering the polyimide to be removed is 

exposed and developed out; all of this exposed polyimide is etched away during the 

etch back. The dimensions of the patterned polyimide are 50 J.UIl wide around the 
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ridge, with pads 65 by 65 J.Ul1 on a side onto which metal bondpads will be 

evaporated. 

The etch back is done in an <h plasma in the load locked RIB #1. The � 

plasma etches photoresist and polyimide at almost the same rate. This machine is 

used only for chlorine and oxygen and is one of the cleaner plasma systems available 

for use. The background pressure of the chamber is low - about iQ-6 Torr - and 

with oxygen flowing, a pressure of 10 mTorr and a flow rate of 7.5 scem is 

maintained. The low pressure helps to maintain uniform plasma conditions in the 

chamber, thus increasing the uniformity of the etch across the wafer. The lit plasma 

is maintained with a voltage of 350 volts across the plates and an incident power of 

about 60 watts. The etch is calibrated, and takes 73 minutes to expose ridges about 

1 .9 JUD. high. A Helium-Neon laser monitor is also used to monitor the etch. The 

He-Ne beam reflects from an unpattemed silicon wafer coated with the same 2 layers 

of polyimide and 2 layers of photoresist used on the laser sample. The reflected 

signal is measured with a photodetetctor, and 3 1  oscillations of the reflected signal 

indicate that the etch should be ended. 

The plasma etch in the RIB usually stops slightly before the ridges have been 

completely exposed. This is to make sure that the sample is not etched too much. 

To completely clear the ridge surfaces, additional etching is done in the PEll-A 

plasma etcher. An oxygen plasma with conditions of 300 mTorr and 200 watts is 

used to remove the excess. This etches the polyimide at about 100 nmlminute; 

progress on the etch is checked t;;very minute, until it appears that the ridges are very 

clear, at which time the etch is checked every 15 or 30 seconds. The progress of the 

etch is monitored by optical inspection under the microscope. When a thin layer of 
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polyimide is present above the ridges, multi-colored interference fringes are visible; 

when the polyimide is all gone, the clear smooth surface of the ridge is apparent. A 

schematic of the way the polyimide buries the ridge after an etch back in O2 plasma 

is shown in Figure 13. DEKT AI{ is also used to sample various parts of the wafer; 

whereas a covered ridge still shows a smooth hillock shape. as in Figure 14 (a), the 

exposed ridge shows an abrupt transition between ridge and polyimide, as in Figure 

14 (b), and is a decisive indicator. A successful process run of this kind clears all 

ridges 5 J1II1 wide and less. Step heights between ridge and polyimide less than 50 

om are obtained. Some of the 10 J.IlIl ridges are not cleared completely of polyimide, 

and those are sacrificed in the process to preserve the quality of the narrower ridge 

devices. For those lO JlII1 ridges cleared the step heights are less than 200 Dm. 

Polyimide 

Ridge 

Figure 1 3. Schematic of how the polyimide buries the ridge after the etch back in O2 
plasma- the poly imide slopes away from the top of the ridge by several hundred 
nanometers before leveling off. 

More details and graphs characterizing the polyimide process are included in 

Appendix A, Fabrication procedure. 

4.11 Ridge metallization 

Following the polyimide etch back, the ridge is ready to be metallized. This 

is completed with a 2 layer liftoff process described in Appendix A. An oxygen 
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Figure 14. (a) DEKTAK scan of ridge still covered with polyimide. Note the rounded 
shape of the hillock. (b) DEKTAK scan of ridge clear of poly imide. The hillock 
shape is not square at the top. 

descum is done, and an oxide removal dip in, first, HF:water 1 :  10, and then 

Nf40H:water 1 : 15. A NilAuGelNilAu (5 nmllOO nm/ IS nmlI50 om) metallization 

is evaporated in the thermal evaporator, and lifted off to define the metal over the 

ridge. Following the metallization, the sample is annealed in a strip annealer. The 

procedure followed involves ramping the temperature up to 300 ·C, and holding it 

there for 30 seconds. Then the temperature is ramped to 380 ·C and held there for 

20 seconds. As was described in an earlier section, the bonded metal layer can 

handle this temperature for the short period of time involved. Care must be taken to 

not allow the temperature to rise too much above 400 ·C, as the diffusion is an 

activation energy process with a characteristic activation temperature in the vicinity 

4.12 Etch to metal layer 

Following the ridge metallization, the bottom contacts must be exposed in 

order to allow probing of the device. The method for doing this was described 
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earlier in the broad area microstrip laser section. The ridge and polyimide region is 

masked with photoresis� and a wet etch is done to get down to the metal layer. The 

photoresist mask is rectangular, extending 10 /JID beyond the boundaries of the 

patterned polyimide. The strong 8: 1 : 1  H2� : H2S04 : H20 etch is still used, to 

ensure that all the quaternary has been removed, even though the SBW etch had 

been used to get through the active region. The 3:1  HCl: H3P04 is then used to 

remove the p-InP. A 1 : 1 :50 H2<h : H2S04 : H20 solution follows to remove the 

InGaAs, and the HCl is again used to remove the chrome layer. The wafer is 

checked under the microscope and with the DEKT AK to guarantee that all the 

semiconductor in the unmasked region has been removed. Typically, a brownish

yellow color indicates exposure of the chrome metal layer. 

4.13 Final metallization 

The final metallization is done with the same 2 layer resist process as was 

used for the first metallization. The pattern this time also includes 160 /JID openings 

in the p-contact, so a gold layer can be evaporated above it for better probing than 

would be possible onto chrome or platinum. The metal layer put down is Til Au, 20 

nmll000 nm and is lifted off in acetone. Following this, the sample is lapped, the 

NilAu backside metal for mounting is evaporated, and the sample is cleaved for 

testing. A fInished device is shown in top view and in cross section in Figure 15 .  

The top metal is hanging over the top of the ridge somewhat in Figure 15 (b); the 

cleaving is not as ideal as in an as-grown wafer, and the epi film and the thick top 

metal does not break as evenly in the microstrip laser as it does in the conventional 
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laser. Still. good cleaves are obtained as is evidenced by the threshold and 

efficiency performance to be presented in Chapter 5. Results. 

Polyimide 
Ridge 

(a) 

(b) 

Figure 15. (a) Top view of a fabricated microstrip laser. (b) SEM cross section of a 
fabricated microstrip laser. 
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Chapter 5 

Device Results 

1 55 

The laser results presented in this chapter are best classified according to device 

type and measurement type. The different devices fabricated and characterized for 

this work include the following: ( 1 )  conventional broad area lasers; (2) microstrip 

broad area lasers; (3) conventional ridge lasers. 10 J.I.D1 wide ridge. no surrounding 

dielectric; (4) microstrip ridge lasers. 10 J.I.D1 wide ridge. no surrounding dielectric; 

(5) conventional narrow ridge waveguide lasers. surrounded with polyimide; (6) 

microstrip narrow ridge waveguide lasers. surrounded by polyimide. The different 

measurements are: ( 1) DC threshold. efficiency. output power, and spectral 

characteristics; (2) DC thermal resistance; (3) microwave propagation properties. 

including attenuation per unit length and phase velocity. 

5.1 Broad area laser results 

In Figure 1 ,  the threshold properties of conventional and microstrip broad 

area lasers are compared. The threshold current density versus length for both 

structures are plotted in the figure. The data are for pulsed operation of the lasers 

(pulse width -500 ns, repetition frequency = 5 kHz) at 20 °C. These characteristics 

are critical and are the first indicator of the material and the facet qUality. The broad 

area laser measurements are necessary because, for the most part, the wide 50 J.lIIl 
ridge eliminates the excess optical loss often present in a Darrow ridge structure, 

and thus gives a reliable characterization of the base material [ 1] .  
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Photoluminescence (PL) measurements can also be done to characterize the base 

material; since broad area lasers are easily fabricated and provide more quantitative 

laser information than PL does, this kind of characterization is essential. 

2.0 
• Conventional broad area lasers 
• Microstrip broad area lasers 

1 .5 --
"'e • � 1 .0 - • - • 

, "  . I .:; • • ""'" • • I 0.5 - I • 

0.0 0 
• � • • 

500 1000 1500 2000 2500 
Cavity Length (JUIl) 

Figure 1 .  Threshold current density of conventional broad area lasers and microstrip 
broad area lasers. The micros trip laser thresholds are about 50% higher than the 
conventional thresholds. 

The microstrip broad area laser fabrication was done to detennine the degree 

of material degradation, if any, caused by the gold bonding process. During 

bonding the epi is stressed by differential thermal expansion forces. It is well 

known that a crystal relieves large amounts of stress or strain by generating line 

defects. Since the line defects are non-radiative recombination centers, significant 

numbers of them in the microstrip wafer will translate into increased laser 

thresholds. As Figure 1 shows. the thresholds of the microstrip broad area lasers 

are about 50% higher than those of the best conventional broad area lasers; some of 

the microstrip laser thresholds are roughly equal to some of the conventional laser 
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thresholds. These results indictate that while the bonding process may introduce 

some degradati� it is not excessive to a point that renders the microstrip laser an 

unfeasible design. The higher thresholds may be partially due to nonuniformities 

across the wafer, and not a result of material degradation at all; results to be 

presented later in this chapter show that 10 J.lIll ridge microstrip lasers exhibited 

only a 20-30% increase in the threshold current density. Since the threshold 

degradation appears to be greater at shorter cavity lengths. the problem may be 

caused by cleaving. where the threshold is more sensitive to facet reflectivity. 

Since the cleaving process in the microstrip laser really involves the breaking of the 

thin epi fIlm over the gold. The breaking is caused by the stress initiated from the 

cleaving of the substrate below, but the epi crystal planes are not attached to those 

of the substrate. 

Measuring the output spectrum of the laser is another way to determine if 

the epi film has been significantly stressed [2, 3]. Strained layer quantum wells. as 

discussed in the introduction, are commonly grown for lasers because they exhibit 

superior performance relative to lattice matched quantum wells [4] . The crystal 

deformation brought about by the strained layers changes the electronic properties 

of the material. namely, the bandgap and the operating wavelength shifts [5] . 

Similarly. a crystal strained by the bonding process (but not to the point of lattice 

relaxation) should show a wavelength shift. 

Drawing a believable conclusion by comparing spectra of bonded and 

conventional wafers requires that the the two pieces come from a highly unifonn 

source wafer. This is not the case for the broad area lasers presented here. which 

show a spectral variation as large as 100 nm in the peak emission wavelength. 
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Results from more uniform material will be presented later, in the narrow ridge 

laser section, and the spectral comparison is presented there. 

The dependence of the laser differential efficiency on length is as important 

as the threshold current density versus length characteristics. This dependence is 

important because from it the optical loss and the intemal efficiency of the laser 

(fraction of injected carriers that recombine in the active region) can be determined. 

Differential efficiency is determined from the slope of the L-I curve. which 

represents the total power emitted by the laser per current injected (watts/amps). 

With the approprate conversion factor, the differential efficiency, representing 

photons emitted per electrons injected. is determined. The relation between the 

slope efficiency and the differential efficiency is simply expressed as W / A 

(watts/amp) = NphvlNee where Np is the number of photons. Ne is the number 

of electrons, h is Planck's constant, v is the frequency of the light emitted and e is 

the electron charge. The differential efficiency is N pINe. For the 1 .55 pm 

wavelength of these lasers. multiplying the slope of the above threshold L-I curve 

by 1 .25 provides the correct conversion. It should be noted that the L-I curve slope 

must first be multiplied by a factor of two because light is emitted from both facets. 

If the reflectivity of each facet is identical. and the internal optical loss and the gain 

is uniform along the length. equal power will be emitted from each facet, thus the 

factor of two multiplication. Alternatively. the light from both facets can be 

measured. 
Before using the efficiency data to calculate the loss and the internal 

efficiency, a phenomenological comparison of conventional and microstrip lasers is 

useful, to get an idea of how the performance differs. In this treatment, one directly 

compares L-I curves for the two sets of devices and notes the distribution of the 
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thresholds and efficiencies. Some of the better L-I curves for conventional and 

microstrip devices for 2 device lengths are shown in Figures 2 (a) - (b). 

The measurements of Figures 1 and 2 were taken from the same set of 

devices. but at different dates; the original threshold performance of the microstrip 

lasers was actually better at the earlier date. but the efficiency data from those 

measurements were not presently available. Some degradation occurred in the 

microstrip lasers over that time and the best threshold data for the second set of 

measurements is shown in Figure 3 .  In these plots. the threshold current densities 

of the microstrip laser are about twice as high as the conventional lasers. in contrast 

to the data of Figure 1. where only a 50% increase was observed between the best 

devices at comparable lengths. The higher thresholds suggest a lifetime problem in 

the microstrip lasers. The differential efficiencies. 712 • of the microstrip lasers are 

also lower. which is consistent with the increase in threshold. Differential 

efficiency data versus length for both devices are shown in Figure 4. The best 

microstrip efficiencies are about half the best conventional efficiencies. similar to 

the threshold results. 

The efficiency measurement is important, because the reciprocal of the total 

differential efficiency (both facets) plotted versus length provides information about 

the internal device efficiency. rli. representing the fraction of injected carriers that 
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Figure 2. Comparison of L-I curves for conventional broad area lasers and microstrip 
broad area lasers. 
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recombine in the active region, and the internal optical loss <ai> [5]. Analysis 

following Coldren and Corzine [5] shows that the inverse efficiency plot versus 

length is characterized by the following equation: 

where R is equal to r1rz ' the product of the field reflectivity of each facet, equal to 

about 0.32 for the InP lasers we are working with. The equation indicates that the 

y-intercept of the inverse differential efficiency plots versus length gives the inverse 
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Figure 3. Threshold performance of microstrip broad area lasers and conventional 
broad area lasers. This data were taken after multiple measurements of the lasers and 
there was some degradation in the threshold performance of the microstrip lasers in 
particular. 
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Figure 4. Differential efficiencies versus length for microstrip and conventional 
broad area lasers. 

internal efficiency of the laser. Once this is known. along with the facet 

reflectivities. the slope of the curve gives the intemal loss. Plots of this for the best 

broad area microstrip lasers and the best conventional broad area lasers are shown 

in Figure 5. and Table 1 lists the internal efficiencies and optical losses generated 

from the data. Table 1 shows the optical loss of the conventional lasers is about 

40% higher than the microstrip laser loss. and that the internal efficiency of the 

conventional lasers are more than twice as high. Although the slope of the 

conventional laser data is lower than that of the microstrip lasers. the loss caclulated 

from the data is still higher because the slope is proportional to <aj>ll1, .. . and the 

conventional laser efficiency is higher. The numbers in Table 1 are calculated 

assuming equal reflectivity facets. since no facet coating was applied. 
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Figure 5. Inverse differential efficiency versus device length for rnicrostrip broad 
area lasers and conventional broad area lasers. 

Laser Internal efficiency, 7t Optical loss, <ai> 
Conventional broad area 0.40 17 cm·1 

Microstrip broad area 0. 16  12 cm·1 

Table 1 .  Internal efficiency and optical loss for conventional and rnicrostrip broad 
area lasers. 

Understanding the differences in internal efficiency and optical loss requires 

understanding how those numbers are calculated from the efficiency versus length 

data. Uncertainty in this intercept value, due to scatter in the data, can cause a 

significant uncertainty in the value of the intercept value. Note also, that when the 

differential efficiencies are much smaller than I, the reciprocals are much larger than 

1, and even a small amount of scatter can be converted into a large uncertainty in the 
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internal efficiency. Further, according to the equation above, any uncertainty in the 

internal efficiency converts into uncertainty in the value of the internal loss. Since 

the inverse efficiencies in the plots are significantly greater than 1 ,  and there is 

scatter in the data, the values quoted for T1l  and ai need to be considered in that 

light. 

While the exact numbers quoted above need to be considered in light of this 

discussion, they do suggest that the internal efficiencies of the particular microstrip 

lasers measured at the later time are significantly lower than the conventional lasers. 

The lower internal efficiency suggests that the microstrip laser is more susceptible 

to the opening up of leakage paths in the device with repeated operation. This also 

explains the phenomena observed in the threshold data taken at different times, that 

show a more rapid degradation mechanism in the microstrip lasers than in 

conventional lasers. This subject will be returned to later on in this chapter when 

discussing the performance of narrow ridge microstrip lasers. 

S.2 10 pm ridge lasers 

The next level of complexity in the laser fabrication was to reduce the ridge 

width to 10 JI.II1 from the broad area width of SO J.Un. The purpose of this was to 

determine whether decent lasers of a more practical size could be made, and could 

be operated cw. As in the broad area case, both conventional and microstrip lasers 

were fabricated for purposes of comparison. The 10 JlID ridges are wide enough 

that they could be probed directly, like the broad area lasers, and therefore no 

polyimide planarization and bondpad metal patterning is necessary. 
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The first set of devices successfully tested were from p-doped material. The 

threshold current density vs. length for conventional broad area lasers, 10 J.IIIl wide 

conventional p-ridge lasers and 10 JJlIl microstrip ridge lasers are shown in Figure 

6. The p-doping of the material contributes to a high base threshold current 

density, greater than 2 kA/cm2 as can be seen in the plot. The thresholds of the 

microstrip n-ridge lasers are about the same as the broad area lasers and the 10 JJlIl 
p-ridge laser - indicating that the narrower ridge process does not introduce excess 

loss or additional leakage paths. and the quality of the bonded laser material is 

equivalent to the as-grown material. Because the base material was so poor in these 

devices. the threshold currents were very high, even for the 10 J.1m ridge lasers -

greater than 100 rnA, and for all practical purposes, these devices are of little use. 
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Figure 6. Comparison of threshold for 50 pm conventional broad area lasers, 10 Jlm 
conventional lasers, and 10 pm microstrip lasers. showing largely equivalent threshold 
performance. 
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A second set of 10 J1IIl ridge lasers was subsequently fabricated from 

undoped material of better quality than that of the first run. The threshold current 

density versus length characteristics are shown in Figure 7, and we can see, that as 

in the previous plot. the device performance is not that different from the broad area 

lasers. The thresholds of the bonded devices are about 2�30% higher than the 

broad area lasers in this case. This is probably caused by a combination of minor 

lateral current spreading, as discussed in Chapter 3, and by slightly higher optical 

loss in the narrower ridge. In any case. if there is degradation due to the bonding 

process it is not that severe. 
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Figure 7. Threshold comparison of 10  p.m ridge microstrip lasers and conventional 
broad area lasers. The microstrip laser thresholds are about 20 -30 % higher than the 
broad area lasers. 
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The efficiencies of these devices were somewhat scatte� despite good 

consistency on the thresholds. The absolute value of the thresholds were also 

relatively high, because of the 10 J.IlD ridge width. The best value was about 75 

mAo This, along with the fact that the ridges tended to be damaged by the direct 

probing led us to pursue the narrow, polyimide buried ridge structures rather than 

these devices. 

5.3 Narrow ridge devices 

The narrow ridge devices are of widths 1 ,  1 .5, 2, 2.5, 3, 5, and 10 J.l.m. 

The 10 J.1In ridges are test devices for the wafer and for the process run, and are not 

of practical use beyond the purpose of the devices described in the previous section. 

Before delving into the details of the laser results, a spectral comparison of 

bonded devices and conventional devices, from the material used for the devices, is 

presented. Spectra can be compared by measuring the photoluminescence from a 

bare piece of the as grown wafer and from a piece of the bonded material. 

Alternately, the below threshold spontaneous emission spectra from two laser 

structures, grown from a uniform wafer, provides similar information. The above 

threshold lasing emission can also be used; care must be taken however to ensure 

that the conventional and the microstrip lasers function at similar gain levels. If 
they do not, the measurement is not valid because the peak of the gain spectrum 

shifts as the peak gain changes. 

The spectral comparison was done between two sets of ridge lasers that 

were fabricated from uniform material, grown on a 2 inch wafer in a rotating 

chamber (instead of a quarter wafer, non-rotating chamber, as was the case for the 
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broad area laser measurements above). Figure 8 shows the lasing spectra of both 

conventional and microstrip 10 J1ID ridge lasers. The lasing wavelength is 1540 om 

in both cases. Figure 9 shows the below threshold spontaneous emission, for both 

cases, also peaks between 1535 and 1540 nm. This data suggests that the bonding 

process is not causing any significant wavelength shift in the material. The one 

noticeable difference that suggests that there may be an effect is that the spectral 

width of the spontaneous emission spectra appears to be smaller, by more than a 

factor of two. in the microstrip lasers than in the conventional devices. This may be 

caused by reflection of spontaneous emission from the fused gold layer back into 

the mode region. narrowing the spectrum. It is less likely that it is caused by a 

strain effect. since the gold is malleable and should absorb any strain induced 

during the bonding process. Further. drawing a defiJlitive conclusion from this 

data is difficult: the spontaneous emission spectrum narrows as the pumping level 

increases, and a one to one comparison of pumping levels for two lasers below 

threshold is difficult. Other measurements on microstrip lasers showed 

spontaneous emission bandwidths up to about 30 nm. 
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Figure 8.  (a) Lasing spectrum of a 10 J.I.IIl wide, 390 J.I.IIl long microstrip laser. (b) 
Lasing spectrum of a 10 p.m wide, 500 pm long conventional laser. Both devices are 
from the same base material, and lase at a similar wavelength. 
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Figure 9. (a) Spontaneous emission spectrum of 1 0  pm wide, 390 p.m long 
microstrip laser. (b) Spontaneous emission spectrum of 10 p.m wide, 500 p.m long 
conventional laser. Both devices are from the same base material. 
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The above threshold gain, however, for the two devices, is known to be 

about the same, because the devices are not that different in length and the optical 

loss is comparable, as will be demonstrated in a later section. 
The actual device widths deviate from the widths specified by the stripes. 

The amount and nature of the deviation depends on the particular process run and is 

a consequence of wet etching, which can produce sloping sidewalls and/or 

undercut. As an example, Figure 10 (a) shows a narrow ridge microstrip device 

etched to the SCH layer in HC1. Since the stripe masked used for etching this 

particular device was metal, the InP slopes. and the ridge width at the bottom is 

about 6 �, whereas at the top it is about 2 J1IIl. Figure 10 (b) shows a process 

run in which the ridge was wet etched, but for which a SiN stripe mask was used 

instead of metal. The stripes were oriented along the [00 1]  direction so the InP 

etched vertically in HC1, but the subsequent SBW active region etch undercut the 

ridge nonuniformly. The undercut below the mask is apparent in the SEM, with 

the dark region above the ridge being the SiN stripe. The rounded edge at the base 

of the ridge is characteristic of the SBW etch. Figure 10 (c) shows a device in 

which the InP ridges slope outward, but for which the InGaAsP quaternary in the 

active region is undercut. In this particular run, the stripe was oriented in the 

wrong direction, causing the sloping ridge; nonetheless reasonable threshold 

currents were still obtained since the undercut of the active region compensates 

somewhat for the widened ridge. 

The ftrst set of narrow ridge devices tested resemble those of Figure 10 (a). 

with the ohmic metal used for stripe definition, and the InP ridge etched in HC!. 

The ridge extended down to the SCH layer - neither the SCH nor the active region 
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(a) (b) 

(c) 
Figure 10. (a) Ridge in which metal mask was used to wet etch the ridge. The 
narrow 2 pm ridge at the top widens at the base to about 6 pm. (b) Wet etched ridge 
in which a dielectric mask was used and for which the active region was etched away. 
Note the undercut at the top of the ridge caused by the active region etch. (c) Wei. 
etched ridge oriented incorrectly, causing sloping sidewalls. The active region is also 
undercut, restoring the desired width. 

were etched. Some cw L-I curves of one of these devices, 620 J.1II1 long, 2 JUIlwide 

at the top, and 6 J.1II1 wide at the base are shown in Figure 1 1  for tempatures 

ranging from 10° C to 50° C. Two properties of these curves stand out as 

important. The flfSt is that the thresholds are quite high - at room temperature, the 

threshold current is about 90 mA, impractically high for useful operation. The 

second is that despite the high thresholds. the lasers still run cw - at 50° C with a 

threshold current close to 300 mAo Conventional lasers with thresholds this high 
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will not lase cw because the active region heating reduces the material gain so much 

that the threshold condition (gain = loss) cannot be met Continuous wave laser 

operation at such high thresholds strongly suggests that the active region heating is 

minimal, despite the high current passing through it. In other words, the thermal 

resistance is much lower in this microstrip laser than it is in conventional lasers of 

the same dimensions. Both the gold layer and the n-doped ridge contribute to this 

improvement in thermal performance. We also note that the low power output 

observed in the plot was primarily caused by the measurement setup at the time, 
which made it very difficult to get good coupling between laser facet and detector. 

The coupling loss is estimated to be about a factor of 10. 
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Current (mA) 
Figure 1 1 . CW operation of the microstrip laser, 6 pm wide at the base, as in Figure 
10 (a). The etch in this device was stopped at the upper SCH, thus causing the very 
high thresholds. 

The extremely high thresholds of the device unfortunately preclude high 

power operation, which in tum precludes high speed operation. The high 

thresholds, as discussed in Chapter 3, are caused by the lateral spreading of the 
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electron current inje<.1'ed from the n-ridge into the SCH and active region [6. 7] . 

Figure 1 2  plots the pulsed threshold current density versus length for these 

microstrip lasers and for conventional broad area lasers fabricated from the same 

material. The threshold current densities of the microstrip lasers are up to 6 times 

higher than the broad area lasers. The differential efficiencies of the pulsed devices 

are also poor, about 0.04 for the 620 pm long laser of Figure 1 1 . Shorter lasers 

around 350 J.IlD in length had somewhat better efficiencies of about 0.08, but 

nothing higher than this was measured. The narrow ridge efficiencies suffer from 

the current spreading problem, and the leakage path through the upper SCH robs 

the active region of the total current injected from the contact. Because of the effect 

of the current spreading on both the threshold and the efficiency, these devices are 

not practical and do not demonstrate high speed or high power performance. 
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Figure 1 2. Threshold current density versus length for narrow ridge microstrip lasers 
etched to the upper SOl. compared to broad area lasers fabricated from the same 
wafer. The thresholds of the microstrip lasers are about 6 times higher than the broad 
area lasers. 
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In general, confining the electron current should reduce the thresholds while 

still maintaining the superior thermal properties. This can be done in a variety of 

ways, the simplest being an etch through the SCH and the active region, as has 

been discussed in previous chapters. In all other respects, the device is structurally 

the same as those presented above. 

Devices with etched SCH and active regions showed significantly improved 

thresholds and differential efficiencies. The yield of the samples was low however, 

and a significant number of lasers on the wafer exhibited the high thresholds seen in 

the earlier generation of devices. The reason for this is not clear, except to assume 

that the active region etch was accompanied by defect formation or excess optical 

loss in some cases, or additional leakage paths. Since the wet etch is inherently 

non-uniform, as discussed in Chapter 4, it is not unreasonable that the device 

performance across the wafer might vary greatly. The fact that some of the devices 

showed good perfonnance indicates that in principle and to a certain degree in 

practice. the active region wet etch works well for solving the current spreading 

problem. 
Figure 13 compares the threshold current densities of the ridge lasers 

relative to the optimal broad area threshold current densities. The data are shown 

for 5 J.UD wide ridge lasers. 

To further illustrate the superiority in threshold of the etched devices. Figure 

14 shows the ratio of the microstrip laser thresholds to the broad area lasers for 

both cases: etch stopped at the upper SCH, and fully etched through the active 

region. The threshold current densities are only twice as high as the broad area 
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Figure 13.  Threshold current densities of n-ridge microstrip lasers with the active 
region etched away. 

lasers for the etched active region case, in contrast to the six-fold increase in the 

unetched devices. More important, the actual thresholds of the devices, are low 

enough for practical device operation. Figure 14 shows the relative threshold 

current densities for narrower ridge lasers 2.5 and 3 J1IIl wide, also indicative of 

reasonable performance. The absolute thresholds of some of the devices without 

the active region etch are listed in Table 2, and in Table 3, the thresholds of 2.5 pm 

ridge devices with the active region etched are listed. The unetched devices have 

unrealistically high thresholds in the vicinity of 100 rnA or much higher, whereas 

the lowest threshold current for the unetched device is about 32 mAo This is a very 

reasonable number for practical device operation. 
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Figure 14. Threshold current density of the the microstrip lasers, nonnalized to their 
respective broad area laser thresholds. The lasers with the etched active region 
demonstrate much improved perfonnance. 

The efficiencies of the etched ridge devices are reasonable. As with the 

thresholds, the efficiencies exhibited significant variation across the wafer. 

However, the best devices show reasonable performance in this respect, that are 

consistent with the broad area laser characterization. Figure 16 plots the total 

differential efficiencies versus length for the broad area lasers. There is so much 

scatter in the data that it is difficult to determine specific numbers for optical loss 

and internal efficiency. The differential efficiencies of the conventional lasers for 
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Figure 15. Threshold current densities normalized to broad area results for 2.5 pm 
and 3 p.m wide ridges. 

o current (mA) 

Table 2. Threshold currents for 6 pm wide ridge lasers with the etch stopped at the 
upper SCH. 

Length (um) Threshold current (mA) 
470 32 
7�0 �9 
'J7U 62 
1440 83 

Table 3. Threshold currents for 2.5 pm ridge lasers with etched through active 
regions. 
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shorter devices (<500 J.LDl) are about 50%. To compare, for the microstrip lasers, 

the best efficiencies for similar length devices are about 25%. Given that the 

thresholds are also higher in the microstrip lasers by about a factor of two, the two

fold reduction in differential efficiency is not unexpected. Figure 17 shows the 

inverse total differential efficiency versus length for 2 J.LDl microstrip ridge lasers. 

The fit to the data indicates that internal efficiency is 0.27 and the optical loss is 10 

em-I;  one of the points appears to lie off the general trend of the data - excluding 

that point from the fit gives 77, = 0.35 and <ai> = 16 cm·' . The differential 

efficiencies for the 5 J.LDl ridge resulted in an estimated internal efficiency of about 

0.46, and an optical loss is 21 cm-I . 

"0 .E' 
-

I 

• 
• 
• • 

• 
• 

I 

• 
• 

500 1000 1500 2000 
Length (J1m) 

Figure 16. Inverse differential efficiencies versus length for broad area lasers. 
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Figure 17.  Inverse differential efficiencies versus length for 2 JLm wide ridge lasers. 
etched through the active region. 

These lasers should be good candidates for high power performance, since 

both the thresholds and the efficiencies are reasonable. However, this set of 

devices had severe problems with the electrical resistances, which were much 

higher than had been expected. For example, the I-V curves of 2.5 J.LIll ridge lasers 

are plotted in Figures 18. The resistances are very high, ranging from 13- 17 ohms, 

depending on device length. Some other devices, such as the 5 J..I.ID ridge lasers of 

Figures 13- 14 exhibited resistances as high as 35 ohms. The cause of this appears 

to be related to the bottom side p-contact, rather than the n-contact, as devices of 

different width do not exhibit the expected trends in the resistance, as can be seen in 

Figure 19. While the contacts were annealed in the process at 380 °C, this may not 



53 Narrow ridge lasers 1 8 1  

have been high enough to reduce the p-contact resistance despite the wide bottom 

contact. It is unlikely that the large resistances measured were caused by the etched 

active region: while the etched active region may contrIbute some additional 

resistance, as was discussed in Chapter 3, the values measured here appear to be 

too high, and further, a trend with ridge width would be seen as well if the 

problem was related to the etched active region. 
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Figure 18.  I-V curves for 2.5 Jl,m ridge lasers of various length. The resistances are 
higher than expected. 

On the other hand, IV curves of the microstrip lasers in which the SCH and 

active region were not etched away are shown in Figure 20 and display excellent 

resistance for a 620 J.1Ill long device. The resistance of the probe station is about 4 

ohms, so the device resistance is very low, on the order of 1 ohm or less. 
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Figure 19. Resistance of the etched active region microstrip lasers for different 
widths, for lasers 1420 J.1m long. 

To reduce the resistance of the low threshold devices, further contact 

annealing was done. Contact annealing at 400 °C, 410 °C. and 420 °C was done. 

The I-V curves of a 960 J.lID long. 5 J.lID wide ridge is shown in Figure 2 1 ;  it is clear 

that the annealing reduces the tum on voltage down to the desired 0.7 volts and also 

reduces the resistance to reasonable levels. None of the annealed devices exln'bit 

resistances as low as that of the unetched devices, yet the resistances of about 4 

ohms (subtracting out the probe resistance of 4 ohms) shown are fair. It is possible 

that the slightly higher resistance in the etched devices is in fact due to the active 

region etch. 
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Figure 20. Resistances of a conventional p-ridge laser, an n-ridge microstrip laser, 
and the measurement setup, showing extraordinarily low resistance of the microstrip 
laser. 

In Figure 22. the L-I curves of the devices after each anneal step is shown. 

Apparently, the annealing process, while reducing the device resistance also 

damages the active region enough to raise the threshold, and at the higher 

temperatures even makes the laser not even work at all. The problem may be due to 

the fact that the active region was exposed during this high temperature anneal, with 

the temperature treatment opening up leakage paths. It is possible that some carbon 

was left on the ridge surface during the CF4 removal of the SiN" during the 

process, although an oxygen plasma was done following the CF4 etch. If there was 

carbon residue, it could have diffused in during the anneal and damaged the active 

region. Since the contact problem here appears to be at least partially caused by the 
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p-contact, the best way to solve this would be to perform the anneal immediately 

after wafer bonding, and prior to device processing. 
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FituJre; 2 1 .  IV curves for an etched active region device. 960 J,Lm long. S JLm wide, 
after several annealing steps. 

As discussed in Chapter 4. above 400 DC the possibility of gold spiking 

from the bonded layer increases. The annealing tests presented in Figures 2 1  above 

indicate that the samples used here are able to tolerate slightly higher temperatures -

at 420 DC. spiking could be seen in SEM pictures of some of the devices spike but 

not all. Since, as discussed in Chapter 4. the spiking process is an activation 

energy process characterized by an exponential increase in diffusion length with 

temperature. slight temperature variations across the sample are probably 

responsible for the fact that not all devices showed spiking. The 410 °C anneal 

seems to sufficiently reduce the resistance of most of the devices on the wafer 

without causing spiking. 
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Figure 22. L-I curves of etched active region microstrip lasers, for various annealing 
conditions. The laser threshold degrades significantly as the anneal temperature 
increases, when the active region is exposed during the anneal. 

These particular lasers had trouble operating cw also. Above a certain cw 

current. the diodes would short out. As discussed in the section on microstrip 

broad area lasers, the microstrip lasers appear to be more susceptible to the opening 

of parasitic leakage paths, and it is possible that in these low threshold devices, the 

problem was severe enough to render cw operation impractical. 

It is not clear why the unetched devices did not show this kind of problem 

with contact resistance, or such a catastrophic reaction for cw operation. The 

annealing of the unetched device was performed at 380 ·C and the resistance was 

excellent. The exposed active region of the later set of devices surely is not 

advantageous for lifetime, but is necessary for decent thresholds. The resistance 
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problem may have been caused by poor doping levels in the contact layers also; Le. 

the material may not have been as good in terms of electrical properties. 

5.4 Thermal resistance 

Despite the high thresholds in devices with an unetched SCH/active region, 

these lasers still operate cw, indicative of superior thermal performance. Referring 

to Figure 1 1 , at 50 °C cw operation was achieved with a threshold near 300 mAo A 

conventional device will not lase at such a high threshold. The rise in the active 

region temperature of the microstrip laser and a conventional p-ridge laser of similar 

dimensions were measured, and the results for several different mount temperatures 

are shown in Figure 23. The thermal resistance is defined as the active region 

temperature rise divided by the power dissipated, so the plot provides thermal 

resistance data. A couple of things are clear from Figure 23. First of all, the 

microstrip laser shows an active region temperature rise equivalent to that of the 

conventional laser, but at much higher levels of dissipated powers [8]. This 

translates into a much reduced thennal resistance. The second thing noticed is that 

the microstrip laser data does not linearly intersect the origin, suggesting a thermal 

nonlinearity at the high dissipated power levels where those measurements were 

taken. Tables 4 (a) summarizes the room temperature power dissipated at threshold 

for the two devices under the different operating conditions, and the thermal 

resistance for each case. 
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Figure 23. Rise in active region temperature versus power dissipated at threshold for 
an n - ridge microstrip laser and a conventional laser. 

Power dissipated at Rise m active regIon Thermal 
threshold (mW) temperature (K) resistance 

(KIW) 
Microstrip laser 22 1 5.4 24.4 
Conventional laser 56 4.4 78.6 

Table 4. Relevant thermal resistance data for the microstrip laser and the 
conventional laser at a temperature of 20 "t:;. The thermal resistance of the microstrip 
laser is smaller by about a factor of 3. 

The thermal resistance of the microstrip laser is much smaller. suggesting 

extremely high power operation if the laser threshold were to be reduced while still 

maintaining the low electrical resistance of these microstrip lasers. The data in 

Figure 23 and table 4 were obtained by measuring both the pulsed thresholds of the 

lasers at different mount temperatures, and then measuring the cw thresholds at 
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different mount temperatures as well, to obtain several data points for the plot. 

Negligible heating was assumed in the pulsed case (300 ns pulses, 0. 1 % duty 

cycle). The active region temperature in the cw case was determined by mapping a 

cw threshold to a temperature on the pulsed threshold - temperature curve. The heat 

power generated at threshold is determined from the voltage-current product at 

threshold, with the spontaneous emission power subtracted out. 

As described earlier, the reduction in thermal resistance results from the heat 

spreading properties of the gold layer and. even more significantly, from the fact 

that most of the heat power in this microstrip laser is generated in the lower (p) 

cladding where it does not significantly heat the active region. The n-ridge 

microstrip laser therefore provides a similar function as does p-side down mounting 

in a conventional laser, but the function is incorporated into the fabrication process 

rather than in a complicated post-processing technique. 

Given the thermal resistance of the microstrip laser is superior to that of the 

conventional laser, it is worthwhile to investigate the kind of output power 

improvement one might expect to achieve from a laser operating at a reasonable 

threshold, rather than the elevated threshold of the devices used for the 

measurement. Here we investigate the improvements expected from the etched 

active region microstrip lasers with good thresholds, assuming they did not suffer 

from the leakage current problem, and could be operated cw. 

The thermal nonlinearity in the plot is fitted for purposes of this calculation. 

Figure 24 shows an exponential fit to the microstrip laser data; at low values of 

dissipated power the exponential fit approximates a straight line, as expected, but at 

higher values correctly fits the measured data. The exponential fit is used to model 
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a nonlinear thermal runaway effect. The conventional laser data is also fitted with 

an exponential, which fo: the range of measured data well approximates a straight 

line. 

20 
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• conventional laser 
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Figure 24. Thermal resistance data. fitted for purposes of calculation. 

0.35 

The expected L-I curves can be calculated using the thermal resistance fits in Figure 

24, and the temperature dependent threshold, which follows the usual exponential 

relation I,,. = loeTno ' with To = 50 K. as determined from pulsed L-I curves, taken 

at different mount temperatures. The thermal resistanceThe calculation uses the 

thresholds and efficiencies measured from the etched active region microstrip laser 

devices. The L-I curves are compared in Figure 25 and shows the microstrip laser 

output power to be "70% greater than the conventional laser power. 
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Figure 5.25. Calculated L-I curves using the thermal resistance data collected for the 
microstrip laser and the conventional laser. 

5.5 Microwave performance 

The microwave propagation properties of the microstrip laser were also 

measured, and compared to the conventional p-ridge laser on a doped substrate. 

The microwave propagation parameters for both lasers were determined from a 

calibrated, .045 - 40 GHz two port s-parameter extraction on an HP85 10 network 

analyzer. The microwave signal was launched and received with two coplanar 

microwave probes (ground-signal-ground) that were separated by 600 Jlm along the 

laser stripes. One of the probes was also used as the OC bias connection. For the 

conventional laser, the coplanar probing geometry was accomplished by grounding 

the two unbiased laser stripes which surrounded the biased stripe to the backside 

contact. This probing method was used since an accurate calIbration could not be 
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performed using the standard coaxial to microstrip transition which term.mates with 

a ribbon bond on the laser bondpad. 

The microstrip laser exhibits much improved performance in terms of both 

phase velocity and attenuation, compared to the conventional laser, because the loss 

is much lower, and the confinement of the magnetic field relative to the electric field 

is tighter. Figure 25 compares the measured loss and phase velocity of each device, 

demonstrating that the microstrip laser is superior in both respects, as expected. 

Also shown in the plots are the calculated results, derived from the model 

presented in Chapter 2. There is good agreement between theory and experiment. 

At the high frequency end of the microstrip laser measurements. there is some 

deviation between the model and the experiments which is likely due to loss of 

microwave calibration. As expected from the calculations, the experiments still 

show the microstrip laser to be a much better transmission line than the 

conventional doped substrate laser. As discussed and calculated in Chapter 2, the 

microstrip laser also shows better performance than the coplanar electrode laser. 

A few points about the graphs can be made. First of all, the attenuation in 

the microstrip laser \s smaller by more than a factor of two at high freqlaency. This 

extends the bandwidth limit due to distributed effects to much higher frequencies, 

beyond 50 GHz. One should also note that the frequency dependence of the 

attenuation is much less pronounced in the microstrip laser than in the conventional 

laser. This is because the primary source of loss in the microstrip laser is the 

forward biased conduction loss, which has a much weaker frequency dependence, 

that the skin loss that dominates the conventional laser, due to the microwave 
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Figure 25. (a) Comparison of forward biased microwave attenuation for 
conventional laser and microstrip laser. (b) Comparison of forward biased phase 
velocity. 
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propagation in the doped �"Ubstrate. For the microstrip laser. there appears to be a 

resonance in the data around 20 GHz. or so. most likely arising from a reflection in 

the device. The data in that frequency range needs to be understood with that 

knowledge. Up at the bigher frequencies. near 40 GHz. the noise in the phase 

velocity plots suggests that the cahbration was beginning to fail as well. 

Nonetheless. the overall result is definitive: the microwave propagation properties 

of the microstrip laser are much better than that of the conventional laser. and 

should contribute to better high frequency perfonnance. 

The particular lasers for which the propagation was measured did not 

exhibit excellent bandwidth, because they were the devices with unetched active 

regions and showed high thresholds. low efficiencies. and low power output - thus 

implying the photon density was also low. Since high photon density is a 

requirement for high bandwidth. the bandwidth in these devices was limited to 

about 6 or 7 GHz. The microstrip lasers with etched active regions suffered from 

high resistance and shorting out during cw operation. and they too. therefore. were 

not practical for large bandwidth perfonnance. The data strongly suggest however. 

that the principle is correct and that an etched microstrip laser with good resistance 

and stable cw performance would exhibit high bandwidth if the basic active region 

material was high speed. 

Theoretical rolloff and bandwidth plots can be generated to show the 

improvement in going from the conventional laser to the microstrip laser. This is 

shown in Figures 26-27; the calculation is similar to that presented in Chapter 2 .  

except the experimental data rather than the calculated propagation properties are 

used for the bandwidth detennination. Since the experimental data and the theory 
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Figure 26 Experimentally detennined rolloffs in the square of the injection current 
to the active region for a conventiol1al laser and a laser on a doped substrate. 
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Figure 27 Modulation responses extracted from the rolloff plots of Figure 26 for the 
microstrip laser and the conventional laser on the doped substrate. 

matches quite well. the difference between these calculations and those in Chapter 2 

is not very large. It is clear from the figure that the rolloff of the microstrip laser 

happens at much higher frequencies than it does for the conventional doped 
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substrate laser. and that the effective bandwidth is pushed out to higher frequencies. 

for this particular case. a device with an intrinsic bandwidth of 37 GHz has a 36 

GHz bandwidth in the microstrip design and 31 GHz in the conventional design. 

5.6 Summary and conclusions 

In this chapter. we demonstrated that the OC properties of microstrip lasers 

were comparable that of conventional in plane lasers with regard to thrreshold and 

efficiency. The bonding process does not cause excess material degradation, as 

was verified by threshold and spectral measurements. A small increase in threshold 

was observed for broad area microstrip lasers; this increase could have been due to 

a slight degradation in facet qUality. because facets are formed by breaking the thin 
laser film above the bonded gold layer. and a true cleaving process is not really 

used. For narrow ridge device�, lateral current spreading from an n-ridge into a 

wide SCH region was shown to cause high thresholds and poor efficiencies, and 

this problem was solved by etching through the SCH and active region. When this 

was done, very good performance was measured. 

The thermal resistance of the n-ridge microstrip laser was shown to be more 

than 3 times smaller than the conventional p-ridge laser. From this. output power 

performance more than 70% greater was predicted by using the temperature 

dependent threshold data. Excellent electrical resistances for nanow ridge lasers 

were also obtained, on the order of 1 ohm or less. 

Some problems were encountered with regard to leakage currents and 

degradation. After repeated use, the thresholds of rnicrostrip broad area lasers 
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increased more than did the thresholds of conventional lasers. When subject to 

moderate temperatures of about 400 DC, microstrip lasers with exposed active 

region suffered from increases in thresholds. The opening up of leakage paths, or 

the possibility of in-diffusion of carbon left on the sample during CF4 etches may 

have caused this. The good threshold and efficiency performance of the narrow 

ridge etched active region devices was countered by high resistances in those 

devices. The resistance was lowered by annealing, but the threshold degradation 

discussed above prevented the realization of a good low resistance, low threshold 

microstrip laser. CW operation was also problematic, and the devices would short 

out when operated cw. This could be due to the leakage current problem discussed 

above. These problems, more likely than not, are not insoluble, as the devices that 

were not etched through the SCH/active region showed very low resistance and 

worked cw over extended periods of operation (though degradation was observed 

in them as well). It may be that material/doping problems led to the high resistances 

in the devices with low thresholds. and annealing the devices at about 400 - 410 °C 

immediately after gold bonding. rather than at a later point in the process after the 

active region was exposed would avoid the threshold degradation seen in those 

devices. 

The microwave propagation properties were also superior, with phase 

velocities 2-3 times greater than the conventional laser and microwave attenuation 

about a factor of 2 smaller. Incorporating the microwave propagation models 

presented in Chapter 2 to predict bandwidth, it was shown that the rolloff frequency 

of the micros trip laser was beyond 50 GHz. A high frequency laser with a 37 GHz 

intrinsic bandwidth [9] is predicted to be limited to 31  GHz if fabricated in the 
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conventional doped substrate mode and 36 GHz in the microstrip design. The data 

clearly indicate that significant advanlai;es to the microstrip laser compared to a 

conventional laser for both high power and high frequency. 
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Chapter 6 
Summary and future propsects 

This dissertation has investigated a novel semiconductor laser, the microstrip 

laser. A gold bonding process was developed by which a laser film is transferred 

from the original substrate on which it was grown to an independent substrate. The 

gold bonding creates a microstrip wafer in which the laser film sits above a 1 1Jm 
thick gold ground plane above an independent substrate. The microstrip laser 

addresses several important issues in high frequency and high power laser design. 

and further. offers some device possibilities not normally attainable by conventional 

growth and fabrication procedures. 

The high frequency issues addressed by the microstrip laser are primarily 

related to microwave propagation effects in high speed lasers. The microstrip laser 

electrode structure resembles the microstrip line of high frequency circuits, in that a 

dielectric material (the laser epi film) is sandwiched between a top metal strip contact 

and a continuous gold ground plane on the bottom. This kind of design forces 

microwave currents to flow in the high conductivity gold contact layers primarily, as 

opposed to doped semiconductor regions, thus minimizing � microwave loss and 

ensuring greater high frequency signal unifomity across the electrodes. Phase 

velocities are also higher in the microstrip laser because the skin losses are lower, 

and skin loss always contributes to wave slowing. Experiments and calculations 

both show that the microwave phase velocities are higher by at least a factor of two 

and that the attenuation is lower by a factor of two. Calculations show that 

bandwidth limits for lasers on doped substrates are set at about 30 GHz for devices 
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around 300 pm long. whereas the microstrip laser limits due to the distributed 

microwave effects are greater than 50 GHz. 

It should be emphasized that at a fundamental level. the reevaluation of the 

semiconductor laser as a distributed element rather than a lumped element, is a key 

cOliceptual shift. It is not uncommon for high frequency laser to have phase shifts 

of more than 90 0 from the feed point to the far end of the device. and this has 

imrortant implications for device design and applications. The development of the 

microstrip laser is only one example of this. Another device investigated and 

discussed in this thesis is the coplanar electrode laser. which shows improved 

transmission line performance relative to the doped substrate laser also. The point is 

that when high frequency lasers are understood to be distributed electrical elements, 

the high frequency design rules applied in microwave circuits become applicable to 

lasers as well. Thus. the best high speed diode lasers need to be fabricated in a 

coplanar stripline or microstrip geometry. as microwave circuits are, and on doped 

substrates where the substrate acts as a lossy ground plane. 

This dissertation studied how distributed effects modified the small signal 

response of a high speed laser. The effects go beyond the small signal domain and 

clearly influence the large signal response also. In fact, the effects may even be 

more severe in the large signal domain, since the impedance properties of the laser 

diode change depending on bias level, particularly on the low bias scale. Several 

large signal effects that have been reported include mode locking in a single contact 

geometry, due to the localization of the high frequency current [1]  and hannonic 

generation limitations in gain switched devices due to the nonuniform frequency 

attenuation of signals composing the electrically injected pulse used for gain 
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switching [2]. Because the laser diode is inherently a nonlinear transmission line in 

the large signal domain, a host of other nonlinear pulse propagation effects may exist 

and are worthy of further investigation [3]. One example might be the study of 

electrical soliton formation in high frequency lasers. and how this could effect pulse 

formation. 

The dissertation also showed that a distributed equivalent circuit model 

incorporating a longitudinal resistance to model skin losses. a longitidunal 

inductance to model the magnetic field of the propagating wave. a series resistance. a 

r1raSitic capacitance. and the laser diode active region. consisting of the diode 

resistance and capacitance. can sufficiently model the propagation properties of the 

semiconductor laser. For accurate fitting, frequency dependence in the diffusion 

capacitance needs to be included. This is physically reasonable, as the diffusion 

capacitance decreases at freqencies above the recipr� of the carrier lifetime. 

Alternate methods do exist for dealing with the problems of microwave 

propagation. For example. one might decide to feed the device at multiple points 

along the electrode length rather that with a single probe or a single wire bond. In 

this formation, the problem of distributed effects could be eliminated altogether; 

however, when doing this. one would have to be sure that in the transition from 50 

ohm transmission line to laser. excess capacitance is not introduced by the bar length 

long connection. 

The low thermal resistaace demonstrated for the microstrip laser in this 

dissertation points towards potential high power operation also. As well as being 

important on its own. the high power potential is very critical for high frequency, 

and for this reason. suggests that dealing with distributed effects with a structure 
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such as the microstrip laser may be a better overall solution than simply bonding 

continuously along the device length. For example, p-doped lasers show the highest 

intrinsic bandwidths of all semiconductor lasers, but often the bandwidth cannot be 

realized because the high thresholds cause heating induced saturation of the output 

power [4]. The low thermal resistance microstrip laser is advantageous in this 

regard. 

Room temperature measurements show the thermal resistance of the n-ridge 

microstrip laser to be more than 3 times smaller than a conventional laser of similar 

dimensions, and simulations indicate that output powers up to xx % greater can be 

achieved because of this. 

Actual realization of high bandwidth and high power was not achieved in this 

work, despite the fact that different devices showed properties suggesting this to be 

possible in the microstrip laser. The effects of current spreading in n-ridge lasers 

caused the excellent thermal resistance lasers to have very high thresholds and low 

efficiency, precluding high power and high speed operation. However, the excellent 

thennal resistance was confirmed by the fact that the lasers operated cw at currents 

above 400 mA, with no special mounting technique employed. Even at elevated 

temperatures, cw operation was still achieved even when the threshold was nearly 

300 rnA. The problem of current spreading in n-ridge lasers was analyzed in depth, 

and it was detennined that one good solution to this was to etch through the active 

region. Experimentally this was verified. as the narrow ridge laser thresholds were 

reduced from over 90 mA to below 30 mAo However. this set of devices was 

plagued by high electrical resistance, which prevented both high speed and high 
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power operation. CW operation was also problematic, with the devices typically 

shorting out very shortly after the initiation of cw current above threshold. 

The high resistance problem in the low threshold devices was most likely 

processing or material related, and is not intrinsic to the active region etch. While 

the active region etch may increase the resistance somewhat, it is only several 

thousand angstroms deep and should not increase it to the extent that was measured -

resistances for the etched devices were 10 ohms or higher, whereas the unetched 

active region devices showed resistances on the order of I ohm. 

Aside from the resistance issue in that set of devices, the primary obstacle to 

high frequency and high power operation in the microstrip laser appears to have 

been problems with leakage currents. Further annealing of the high resistance 

devices was done, but while the resistances dropped, the thresholds went up and it 

was not possible to get a good low resistance, low threshold microstrip laser at 

once. The shorting of the devices under cw operation, discussed above, is also 

likely related to opening of leakage paths. Microstrip broad area laser thresholds 

increased with use more than did conventional broad area laser thresholds. 

While the leakage current problem was catastrophic in the devices with 

etched SCH and active regions, it was not catastrophic in the devices in which the 

ridge was not etched through the active region. Lifetime is often a greater problem 

in etched active region devices, but there are many reports of devices like this that 

have lifetimes long enough to show their ultimate capability [5, 6]. V{ork still needs 

to be done on the leakage current problem, but it is likely that a good low threshold, 

low resistance, cw operational microstrip laser could be made. Prom this, the 

ultimate high power and high speed capability could be demonstrated. 
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As a recap. this dissertation. and the general development of the microstrip 

laser. ent:ompasses several different issues related to the physics of semiconductor 

lasers. in both the DC and AC domain. Effects due to the OC and AC conductivity 

and diffusivity of semiconductor material leads to a variety of effects. for example. 

the large skin losses in doped substrate devices. or the high electron mobility that 

leads to current spreading. high thresholds. and low efficiencies in n-ridge devices. 

Low electrical resistance in a ridge can lead to low thermal resistance and higher 

power operation. Lossy AC structures lead to low microwave phase velocities and 

lower the frequencies at which distributed effects become important. The microstrip 

laser was invented and developed with all these pbysical ideas in mind. and with the 

aim of meeting the technological challenges posed with the purpose developing a 

higher performance device. The issues addressed by the microstrip laser are 

fundamental. Therefore. th� microstrip laser. and this dissertation, may also be 

viewed as a very good way of understanding what factors. apart from the active 

region design. are important in making an excellent semic·Jnductor laser. 
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