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ABSTRACT
Carrier Transport Effects in High Speed Quantum Well Lasers
by

Radhakrishnan Lakshmanan Nagarajan

This dissertation deals with the design, fabrication, testing and analysis of
high speed quantum well lasers. The use of quantum wells as the active area in
semiconductor lasers was predicted to enhance the differential gain, and hence the
modulation response, compared to the first generation bulk active area devices.

Although the enhancement of the intrinsic differential gain is important, the
carrier transport effects tend to be the more dominant factor in the design and
performance of high speed quantum well lasers. A small signal carrier transport
model is proposed and derived in detail for the operation of forward biased p-i-n
semiconductor laser diodes. The transport model is incorporated into the small signal
rate equation model for the carrier and photon densities in the laser cavity. Simple
analytic expressions are obtained for the modulation response, relative intensity noise,
resonance frequency, damping rate and K factor including the effects of carrier
transport.

Extensive experimental evidence, over a range of temperatures, is presented
for the validity of the carrier transport model. The design and fabrication of high
speed quantum well lasers based on the proposed model is presented. High speed
ridge waveguide lasers fabricated by reactive ion etching using a self aligned mask
process are demonstrated. These lasers have minimum threshold currents lower than

5 mA and maximum modulation bandwidths of 22 GHz.
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CHAPTER 1

INTRODUCTION

1.1 Background

Semiconductor lasers that can be directly current modulated at high bit rates
are a key requirement for high speed optical communication links. Directly intensity
modulated transmitter systems are simpler to implement compared to ones employing
external modulation. The crucial part of such a system implementation is the design
and fabrication of high speed semiconductor lasers.

In principle, there are two aspects to designing high speed lasers. One is the
physical aspect which involves the optimization of the active area epitaxial layers for
high speed operation. The other is the device aspect which involves the fabrication of
a structure, incorporating this optimized active area, that has sufficient bandwidth for
the input current signal to efficiently intensity modulate the light output. Both aspects
are equally important for the realization of practical high speed semiconductor lasers.

The high speed laser design begins with the quantitative treatment of the
current modulation process in semiconductor lasers. The dynamics in semiconductor
lasers have been conventionally modeled using a set of two coupled first order linear
differential equations; one for the carrier density and the other for the photon density
in the cavity [1-5]. Using this approach, the small signal response of the laser can be
written as a second order transfer function, and the modulation bandwidth of such a

system is determined by its resonance frequency, f;, and the damping rate, y. From



the small signal analysis of these rate equations, the resonance frequency and the
damping rate can be written in terms of more fundamental parameters;
fr=(1/2n)m and y=¢'S + &S/tp, where vy is the group velocity in the
cavity, g' is the differential gain, S is the photon density, Ty, is the photon lifetime and
€ is the gain compression factor [1-5].

In this analysis, the intrinsic limit to the speed operation of the laser is the
cavity loss rate determined by the photon lifetime. Further, the optical gain is also
photon density dependent, i.e. it saturates at high photon density levels, and this
provides an additional source of damping. This nonlinear photon density dependence
of optical gain is introduced into the rate equation formalism via a phenomenological
gain compression factor, € [6]. The gain or the differential gain in the laser cavity is
then written as, g' = go/(1 + €S), and in the case of small €S, keeping only the linear
term of the Taylor expansion, it is also sometimes written as g' = g,(1 - €S) where g,
is the differential gain component determined solely by material parameters and may
also be carrier density dependent. The physical origins of the gain compression factor
are primarily spectral hole burning [7,8,9] and transient carrier heating [10,11,12].

The damping rate, y, varies linearly with f;2, and the proportionality constant
is called the K factor [5]; K = 4n? (Tp + €/Vego). The maximum possible intrinsic
modulation bandwidth is determined solely by this factor, fyax = V2 27” , and thus K
is often taken as a figure of merit for high speed semiconductor lasers. Lasers with
smaller K factors have also been shown to have a lower level of relative intensity
noise (RIN) at low frequencies [13].

In practice, the maximum possible modulation bandwidth is usually limited by

RC parasitics, device heating and maximum power handling capability of the laser,



especially the facets. It will be shown later that, particularly in quantum well lasers,

carrier transport effects (diffusion, tunneling and thermionic emission) are also

important and often the dominant limit.

Physical Aspects

High Differential — e 1. Quantum Well Active Areas

Gain 2. Strain
/ 3. Modulation Doping
Low Threshold
Current \
1. Improved Crystal Growth
/ 2. Controlled Fabrication Process
High Speed Large Output
Lasers Power
Device Aspects
s 1. Polyimide Insulating Layer
Low Parasitic
Capacitance — 2, Fe-doped Regrown Layer
3. Semi-Insulating Substrate
. 1. Heavily Doped Contact Layer
Low S
RZ:ZS,[;;;S —® 2. New Contact Metal Schemes
3. Highly Doped Cladding Layers
Fig. 1.1 Conventional approach to the design of high speed lasers.

Fig. 1.1 shows the schematic diagram of the conventional approach to

designing high speed lasers. For the physical aspect, one used the expression for f; as

a guide, and designed lasers with tight optical mode confinement for high photon

densities, short cavity lengths for short photon lifetimes, and p-doped active areas

[14,15] for high differential gain. Lasers with quantum well active areas have been



theoretically and experimentally shown to have enhanced differential gain over the
bulk lasers [16]. Additional enhancements can be obtained with the inclusion of
strain [17,18,19], p-doping or modulation doping [20]. This led to theoretical
predictions of increased modulation bandwidth in quantum well lasers [21].

Low threshold current is essential to obtain high optical powers and photon
densities at low operating currents. This will minimize the detrimental effects of
thermal heating at high current levels. High external quantum efficiency (low
internal loss) is desirable, again for the same reason: to achieve a high operating
powers at a low operating current.

Small parasitic capacitance is essential for a high speed device. The use of a
polyimide dielectric layer or as in the InP material system, the use of a thick highly
resistive semi-insulating Fe-doped InP layer, will reduce the parasitic capacitance. In
addition, a reduction in the area of the bonding pads will reduce the parasitic
capacitance even further.

Low series resistance is crucial not only for the reduction of the device
parasitics, but also for the minimization of the heating effects discussed previously.
The major components of the total series resistance are the contributions from the p-
contacts, top p-cladding region and heterojunction interfaces. Heavily doped cap
layers and different alloyed contact metal schemes have been used to minimize the
contact resistance. Grading the GaAs cap layer to some intermediate composition of
the smaller bandgap InGaAs has also shown to help minimize the contact resistance.
The bulk resistance can be reduced by highly doping the cladding regions. Highly

doped cladding layers, because their proximity to the active region, can increase the



internal loss of the laser to unacceptably high levels. This is then the upper limit to
the doping that may be incorporated to minimize the series resistance.

Despite the application of these principles to the design of high speed lasers, it
is only recently that the modulation bandwidth in quantum well lasers have been
comparable to or better the best bulk lasers, with the quantum well lasers in the
InGaAs/GaAs system [22,23] presently performing better than those in the
GaAs/AlGaAs [24] and the InP systems [25,26]. Further there is a large variation in
the K factors reported for quantum well lasers; 0.13 ns to 2.4 ns [13,25,27-30]
implying a maximum possible intrinsic modulation bandwidth ranging from 68 GHz
to 4 GHz, while K values for the bulk lasers have been in the narrow range of 0.2 ns
to 0.4 ns [9]. Although the € values quoted for lasers in the InGaAs/InP [9,13,27,30]
system on the average are higher than the ones that we have reported for the
InGaAs/GaAs system [29], they are by no means anomalously high or enhanced in
quantum well lasers as they were initially speculated to be [28]. Experimental reports
seem to indicate that € is independent of the laser structure, and is even unaffected by
the inclusion of strain, compressive or tensile, in the quantum wells [25,27,29,30].

The higher K values in some quantum well lasers over the bulk ones have
been explained by either an increase in the nonlinear gain compression factor, €, or a
reduction in the differential gain. It has been theoretically proposed that € is
enhanced by quantum confinement [31], and the inclusion of strain increases it even
more [32]. In Reference [33], the authors have used a spectral holeburning model for
the computation of the intrinsic € and its variation with quantum confinement, and

optimized quantum well structures for high speed operation.



A well-barrier holeburning model [34] was proposed, and it concludes that
there is an additional contribution to the intrinsic € which is structure dependent. The
authors have proposed that this enhancement in € is responsible for the variation in
the K factors that have been published.

We proposed a model for high speed quantum well lasers based on carrier
transport [35], and numerically calculated the effects of carrier transport on the
modulation bandwidth and obtained good agreement with the measurements done on
single and multiple quantum well lasers. For the case of single quantum well lasers,
we have also derived analytic expressions for the effects of carrier diffusion and
thermionic emission on the modulation response [36]. We have showed theoretically
and experimentally that the gain compression factor, €, is fairly independent of the
laser structure, and that carrier transport has a significant effect on the modulation
properties of high speed lasers via a reduction of the effective differential gain.

Fig. 1.2 illustrates the difference in these two approaches to explaining the
enhancement of K factors in quantum well lasers. From the first order rate equation
analysis, the enhancement in the gain compression factor will only affect the damping
rate. A reduction in differential gain will affect both the resonance frequency and the
damping rate. This is the crux of the work presented here. The model to be derived
in detail later in this dissertation clarifies the differences in these two approaches, and
shows that the carrier transport effects lead to a reduction in the differential gain in
high speed quantum well lasers resulting in a quantity called the effective or dynamic
differential gain.

Starting from a set of rate equations similar to that used in [34], the authors in

[37] have derived the same expression as us for the effective differential gain [36]. In



addition, they have also derived an effective gain compression factor which is
dependent on the differential gain and the carrier capture and escape times [38]. We
do not see this predicted [37] increase in the gain compression factor with the

effective differential gain in our experimental data [36].

Carrier Transport or other
Structure Dependent effects

T

Differential Gain Gain Compression
Resonance Frequency Damping
28 S €S
wp === Y =20So+—>
Tp P

Fig. 1.2 Possible effects of carrier transport on high speed laser parameters.

A large signal numerical model has also been reported to describe the effects
of carrier transport and injection bottleneck in the case of quantum well optical
amplifiers [39,40]. For the case of large signal modulation, the carrier density in the
separate confinement heterostructure (SCH) of the quantum well laser is no longer
spatially uniform. To compute this spatial variation in the carrier density, the Poisson

equation and the current continuity equation are solved simultaneously. The carrier

7



density distribution is then input to a set of rate equations to model the dynamic

behavior of the optical amplifier.

1.2 Scope and Organization of the Dissertation

In addition to the Introduction, this Dissertation is organized into six chapters
and four appendices.

In Chapter two, a small signal ambipolar carrier transport model for forward
biased p-i-n diodes is proposed. Multiple and single quantum well structures are
analyzed, and expressions for the various carrier transport times, viz. diffusion,
thermionic emission and tunneling, are derived.

In Chapter three, the carrier transport model is incorporated into the small
signal rate equation model for the carrier and photon densities in the laser cavity.
Analytic expressions for the resonance frequency, damping rate, and K factor are
derived for the case of single quantum well (SQW) lasers to include the effects of
carrier transport. A numerical model is used in the case of multiple quantum well
(MQW) lasers. It is shown theoretically and experimentally that the gain
compression factor, €, is fairly independent of the laser structure, and that carrier
transport has a significant effect on the modulation properties of high speed lasers via
a reduction of the effective differential gain and not an enhancement of €. In addition,
it is also shown that the carrier transport across the SCH can lead to a severe low
frequency rolloff. In the presence of such a rolloff and even when all other extrinsic
device limits are absent, the K factor is no longer an accurate measure of the
maximum possible intrinsic modulation bandwidth in quantum well lasers [41].

Temperature dependence data for the K factor is presented as further evidence for the



significant effects of carrier transport [42]. Some experimental and theoretical results
from the InGaAs(P)/InP system are also presented [43].

In Chapter four, an expression for the internal quantum efficiency of the
quantum well laser is derived from the carrier transport model. Carrier overflow from
the quantum wells into the confinement regions, characterized by the thermionic
emission process, is shown to have a detrimental effect on the transport properties as
well as the internal quantum efficiency of high speed lasers [44].

In Chapter five, the model is used to present design criteria for optimizing
quantum well lasers for high speed operation. Among the parameters that are varied,
are the width and number of the quantum wells, width and height of the barriers and
the confinement regions, the types of compositional grading in the SCH, and the
cavity length [45]. Experimental data is also presented in support of this optimization
process. High speed MQW lasers with 22 GHz bandwidth are demonstrated [45].

In Chapter six, the details of the self aligned, dry etched fabrication process
for the broad area and the polyimide buried ridge waveguide lasers are presented.
Static and temperature dependence of threshold current characteristics of the ridge
waveguide lasers are also discussed.

Chapter seven concludes the work, and presents some areas of interest and
further research in the field of high speed lasers.

Appendix A presents the epitaxial structure and broad area results for the
various wafers from which the devices used in this study were fabricated. Appendix
B lists the various material parameters, viz. bandgaps, effective masses, refractive
indices, carrier mobilities and gain carrier density curves, used as inputs to the carrier

transport model. Appendix C presents the detailed derivation of some of the



commonly used terms in the rate equation analysis. Appendix D discusses the
various methods to experimentally determine the device parasitics, and presents the

results of the measurements done on the present structures.
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CHAPTER 2

CARRIER TRANSPORT MODEL

2.1 Transport Across the SCH

Fig. 2.1 shows a typical separate confinement heterostructure (SCH) SQW.
Carrier transport and capture in this structure, and the effect of these processes on the
modulation response of the laser will be modeled. This is also the structure that is

used in the SQW and MQW laser experiments.

Quantum Well
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-
|
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Fig.2.1 Schematic diagram of a single quantum well laser with a separate confinement

heterostructure used in the carrier transport model.
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Electron and hole transport from the doped cladding layers to the quantum
well consists of two parts [1,2]. First is the transport across the SCH. This is
governed by the classical current continuity equations which describe the diffusion,
recombination, and, in the presence of any electric field, drift of carriers across the
SCH. The second part is the carrier capture by the quantum well. This is a quantum
mechanical problem which has to take into account the relevant dynamics of the
phonon scattering mechanism which mediates this capture. This scattering process is
a function of the initial and final state wavefunctions, the coupling strength of the
transition and the phonon dispersion in the material. In this analysis, as shown in Fig.
2.1, the SCH width is the doping offset between the quantum well active area and the
point from which the claddings are being doped. For carrier transport, it is the width
of the undoped region between the quantum well and the cladding layer that is of
significance, and in most cases, like ours, it is the width of the SCH.

The next transport mechanism which is significant in devices operating at
room temperature is the thermally activated carrier escape from the quantum well or
thermionic emission. Although this process is in opposition to carrier capture and
degrades the overall carrier capture efficiency of a SQW structure, it is essential for
carrier transport between quantum wells in a MQW structure. Another transport
process of interest in a MQW system is tunneling between the quantum wells.
Thermionic emission is a strong function of barrier height while tunneling is sensitive
to both barrier height and width. The barriers in a MQW structure would have to be
designed such that the quantum wells efficiently capture and contain the carriers for
laser action in a two dimensionally confined system, without adversely sacrificing the

transport (leading to carrier trapping) across the structure.
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For small-signal modulation experiments, the laser diode is forward biased
and a small microwave signal is imposed upon this D.C. bias. The response of the
laser is then measured using a high speed photodiode. Since the modulating signal is
very small, the device is essentially at constant forward bias. Further, the SCH is not
compositionally graded, and this excludes any built-in fields in the SCH to aid carrier
transport.

Under normal operation, the semiconductor laser is essentially a forward
biased p-i-n diode, with the left and right claddings doped p and n respectively, and
the SCH region nominally undoped (Fig. 2.1). In Fig. 2.1, the electrons are injected
from the right and the holes from the left, and across the SCH. The important
difference is the quantum well in the middle of the SCH where the injected carriers
recombine. Although the carrier injection is from the opposite ends of the SCH, any
physical separation of the two types of charges across the quantum well layer would
lead to very large electric fields between them. The laser normally operates under
high forward injection where the carrier density levels are about 10!8 ¢m-3, and
solving the Poisson equation in one dimension, assuming that the SCH layers on right
and left hand side of the quantum well are uniformly pumped with electrons and holes
respectively, leads to electric fields in excess of 100 V/cm between the carrier
distributions. Since the carriers are highly mobile, they would redistribute themselves
until the charge neutrality condition is satisfied throughout the SCH. Further, at this
level of carrier injection, the unintentional background doping levels are negligible.

This laser structure can then be analyzed like a heavily forward biased p-i-n
diode [3]. The equations for the electron and hole current densities, including both

the drift and diffusion components are given by,
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In this expression we have used the Einstein relation; w=q -

The current continuity conditions are,

on 1aJ,

—__ = - U(n,
ot q o0x (np)
) 19
_p=___p_U(n’p)
ot q Jx

where U(n,p) is the net recombination rate. Assuming high injection conditions, n =
oE : . .

p, and charge neutrality, 3x = 0, the above equations can be combined. The electric

field term, E, can be eliminated to give the following equation under steady state

on d
conditions, i.e. Ji =73}t2 =0

d2p Dn + Dp
> -
x> 2D,D,

U(p) =0

This simplification does not mean that the dynamic carrier effects have been
eliminated from the charge transport equations. The steady state carrier density
distribution profile is derived first, and then the small signal response of this
distribution is computed to determine the dynamic properties of the device under
current modulation. In the above equation, if an ambipolar diffusion coefficient, D, =
2D,Dp

Dy+Dy * is introduced, and if the recombination rate, U, is determined by an

ambipolar lifetime, Ty, then the equation modifies to,
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where Ly, = m is the ambipolar diffusion length. In the GaAs system Dy >> Dy,
and this leads to an ambipolar diffusion coefficient D, = 2Dp. In other words, the
carrier transport proceeds as if it is purely diffusion, but with an effective diffusion
coefficient which is twice the normal hole diffusion coefficient. Subpicosecond
luminescence spectroscopy experiments done in graded and ungraded SCH
GaAs/AlxGaj_xAs quantum well structures have revealed evidence for ambipolar

transport of carriers in structures similar to the one that we are modeling here [4,5].

2.2 Carrier Distribution in the SCH
The steady state carrier distribution in the SCH region is obtained by solving
the ambipolar diffusion equation with appropriate boundary conditions. The general

solution to this second order differential equation is,

p(x) = Cle+X/La° + Cze_X/LZ10
where C1 and C; are constants to be determined from the relevant boundary conditions.
At x = -Lg, a constant supply of carriers is established by the D.C. bias current flowing

into the SCH. For a D.C. current of I, the required boundary condition is,

I dp
XS =-qD, —I

dx ¥~ ks
where A is the cross sectional area of the laser diode. The second boundary condition

is that at x =0, i.e. at the position of the quantum well, the carrier density is given by
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the steady state carrier density in the well, Pyw. The carrier density in the quantum
well is determined by the steady state carrier-photon dynamics within the quantum
well. This is modeled later using a set of rate equations for the carrier and photon
densities.

The coefficients C; and C» are then,
+L/Ly _ Lsbao pye s Lo 4 Jskao

C. - qD,A Co = qD,A
[ O] ST oY) S SN ) SRS PR P

Pye

The current flowing into the quantum well under steady state conditions, Iy, is
given by,

dp
Iy = _qDaAd |x=0
X

L L L.\P
= I sech( . ) —qVW( ao) tanh(—s)—w
Lao LW Lao Ta

where Vy is the volume of the quantum well and Lyy is the width of the quantum

well; Vw=A Lw.

2.3 SCH Transport Factor
A differential SCH transport factor, agcy, analogous to the common base

current gain of a bipolar junction transistor (BJT) [6] can be defined,

ol
W _sech Ly
aIS LaO

The quantity of interest is the small-signal value of agcy. The expression for

Ascy =

this can be derived by substituting Ly, by L, which is given by,
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The small-signal expression simplifies to

1 1
OlSCH, small signal = /2 = 2
cosh((L?g /Data) ,/i +j(m:a) 1+ jo ZIS
a

In the final expression on the right, the width of one side of the SCH has been
assumed to be much smaller than the ambipolar diffusion length, i.e. Ly << Lyo ( =
m ). This is a valid assumption because the nonradiative lifetime and even the
spontaneous recombination lifetime in the SCH layer are of the order of nanoseconc&s,
and are much longer than the SCH layer ambipolar transport time given by, T, = 2L_Dsa
. This is similar to the base layer of a BJT, where the bandwidth limit due to the
minority carrier transport time is called the alpha cutoff frequency, and is given by
fr= %‘Cr . The transport time across the SCH has been directly determined from gain
recovery measurements in quantum well optical amplifiers, and has been shown to
experimentally vary as the square of SCH width [7,8].
The expression for Ty, derived above, can also be written as,
2D, 2

D, + Dp) 1
2D, D,

L2S L% ) _ Ty holes T Tr, electrons

22D, 2D. ) 2

P n

This means that the total ambipolar diffusion time can be viewed as an average of the
individual hole and electron diffusion times. This is a rather useful way of
conceptualizing the ambipolar carrier transport in a quantum well structure, and will

be used extensively later.
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2.4 Ballistic Carrier Transport

Due to the energy step between the cladding and the SCH layer, the carriers
that are being injected into the SCH possess excess energy in the direction of their
motion. Thus, it may seem that ballistic or near ballistic effects, i.e. where only some
fraction of the total carriers are traveling ballistically, may be a significant factor in
the carrier transport process. This may lead to velocity overshoot effects, and a
possible reduction in the carrier transport times. Although these effects are important
for some devices, for the following reasons, they do not significantly alter the results
of the model presented here.

The cladding is nominally composed of Aly¢Gag4As. In this material the
electrons are confined to the X valley, whereas in the SCH which is typically
composed of Alp1Gag9As, the electrons are confined to the I' valley. For laser
structures that are grown on [100] oriented substrates, like ones used here, electrons
in only one of the three equivalent X valleys of the cladding layer have momentum in
the direction of carrier transport across the SCH. Furthermore the longitudinal
effective mass in the X valley is 1.9 times the free electron mass, which is about 30
times the effective mass in the I" valley [9]. Thus, the initial velocity of the electrons
in the X valley is small. When the electrons cross into the SCH layer they would have
to scatter into the I' valley. Although at this point they still possess considerable
excess energy, the scattering process into the I' valley makes the momentum
distribution of the injected electrons more or less isotropic. This results in a rather
small fraction of the hot electrons possessing momentum in the right direction for
ballistic transport. This scattering process will also introduce a finite time delay to

electron transport. Although the scattering times for X to I' valley transfer are
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complicated, there is an experimental measurement that places the electron scattering
time in GaAs from the bottom of the L to I" valley at around 2 ps [10]. The laser is
operating at room temperature, and the smallest SCH width we have experimentally
investigated is 700 A and the largest is 3000 A. Under these conditions, ballistic
electron transport should be negligible for the long SCH devices, and may be present
in the short SCH ones. Even for short SCH devices, ballistic transport of electrons
would not alter the final result, because the real limit to the high speed performance
of these devices is hole and not electron transport. Furthermore, at the high carrier
densities encountered in lasers, the electron-electron scattering times are very short,
and this would adversely affect ballistic transport. Using 100 fs optical pulses in a
pump-probe type differential absorption measurement, carrier thermalization times
less 10 fs in GaAs quantum wells have been inferred from the experimental results
using a relaxation time approximation model [11].  More recently, direct
measurement of this carrier thermalization time in bulk GaAs has been done using 9
fs wide optical pulses. By analyzing the polarization rotation of linearly polarized
probe pulses, redistribution of carrier momentum has been measured to occur at times
faster than 25 fs at carrier densities larger than 8 x 1017 cm=3 [12].

Any ballistic transport of holes on the other hand could in principle influence
the results of our model. Due to their much larger mass and a lower valence band
discontinuity in this material system and therefore lesser excess energy, and in the
presence of high injected carrier densities, the holes would thermalize quickly on
crossing into the SCH. Thus for the wide SCH devices, near ballistic or hot carrier
effects of holes are not significant at room temperature, especially over a distance of

3000 A. For the short SCH devices this again may not pose a problem, because we
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believe that in our present structures the RC parasitic and device heating limits are

lower than the carrier transport limit.

2.5 Carrier Capture Time of the Quantum Well

Calculating the carrier capture time by the quantum well involves the
computation of the probability per unit time that a carrier in some initial state in the
SCH emits a longitudinal optical (LO) phonon, and ends up in some final state within
the quantum well as dictated by energy and momentum conservation conditions.
Early theoretical works based on semi-classical treatment argued that the quantum
well width had to be of the order of or larger than the LO phonon scattering limited
electron mean free path (= 100 A) for the quantum well to efficiently capture carriers,
and act as a center for radiative recombination [13,14].

More recent quantum mechanical calculations have relaxed this condition, but
have predicted strong oscillations in the capture time as a function of the quantum
well width. As the well width increases, first the states within the quantum well
become more tightly bound, and secondly the virtual states above the quantum well
become bound to the well. These result in the final energy states within the quantum
well moving in and out of the reach of any state in the SCH separated by a phonon
energy, from which a carrier can scatter [15,16,17]. Theoretically calculated capture
times in SQW structures have been found to oscillate between 10 ps and 1 ns for
quantum wells with an ungraded SCH [15], and between 20 ps and 200 ps for
quantum wells with a linearly graded SCH [16].

Recently, calculations done for MQW structures have predicted carrier

capture times in the range of 1 ps , closer to the experimentally observed values [18].
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This calculation is an adaptation of the previous one for the SQW structure. The
difference is that the increase in the number of wells results in an increase in the total
number of final states to which carrier may scatter, and a corresponding decrease in
the capture time. The capture time has in fact been calculated to be nearly inversely
proportional to the number of wells with all other structural parameters held constant
[18]. As previously, the capture time is a function of the quantum well width, and in
addition it is also sensitive to the choice of the SCH width (also applicable to the
SQW case), barrier width and barrier height.

Experimentally the carrier capture times have been measured by
subpicosecond luminescence up-conversion spectroscopy [2,19,20]. Using this
technique the time resolved barrier and quantum well luminescence are measured,
and the effective electron and hole capture times are extracted from these
measurements. Since the luminescence intensity is proportional to both the number
of electrons and holes, the barrier luminescence is expected to decay with the faster of
the two effective capture times and quantum well luminescence is expected to rise
with the slower of the two [19]. The rise in the quantum well luminescence is not
only influenced by the carrier transfer from the barrier layers but also by the carrier
relaxation time within the quantum wells. This introduces additional complications to
the interpretation of the quantum well luminescence rise time [20]. The quantum
mechanical calculations indicate that the hole capture times are smaller than the
electron capture times because of their larger effective mass [15-18]. Faster hole
capture times have been directly measured in experimental setups where it has been
possible to distinguish between the two carrier types [20].

The experimentally measured effective capture times are tabulated below
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Reference | Material System | Hole Capture Time (ps) | Electron Capture Time (ps)

19 InGaAs/InP <03 <10
2 GaAs/AlGaAs ~ (.65 =12
20 InGaAs/InP ~0.2 ~0.8

One important aspect of the experimental results is that the capture times are
independent of quantum well width in all the cases reviewed above. This is in
contrast to all the theoretical work that has been reported to date. The dispersion of
the LO phonons were neglected in these calculations, and it has been speculated that
the resonances resulting from the variations in the confined phonon modes, as a

function of well width, could eventually modify these theoretical results [2].

2.6 Effects of a Graded SCH Layer on Carrier Transport

The use of a linearly or parabolically graded index (LL.-GRIN or P-GRIN) SCH
layer has been experimentally shown to enhance the carrier collection efficiency of
the quantum well [1,2]. In the GaAs/AlyGaj.xAs system, this grading is achieved
during crystal growth by continually varying the Al mole fraction, x, to introduce a
quasi-electric field within the SCH. At low temperatures (6 K), quantum wells with
the L-GRINSCH have been shown to exhibit almost 100% collection efficiency while
those with an ungraded SCH only about 50% [1]. Time resolved photoluminescence
experiments have shown that the decay time of the luminescence from a L-GRINSCH
(2 ps) can be as much as 11 times faster than the ungraded SCH (22 ps) luminescence

at low temperatures (80K) [2]. The performance of the P-GRINSCH quantum well is
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in between these two limits, probably due to the electric field going to zero at the
quantum well interface.

At low temperatures, the main transport limit in the L-GRINSCH is the carrier
capture by the quantum well. At room temperature the drift time in the L-GRINSCH
becomes important compared to the quantum well capture time. This is in contrast to
the ungraded SCH where the variation in transport time is essentially due to the
variation of mobility with temperature. Thus at room temperature the L-GRINSCH
has been predicted to be only twice as fast as the ungraded SCH [2]. This would not
lead to any improvement in the high speed performance of L-GRINSCH lasers
because the width of the L-GRINSCH needed to maximize the optical confinement
factor is about twice that for an ungraded SCH, and for any shorter widths the
confinement factor decreases rather rapidly. Further, some recent experiments, in
contrast to the previous ones, have determined that the gain recovery times, which are
a measure of the carrier transport/dwell times in the SCH, in L-GRINSCH (= 14 ps)
quantum well optical amplifiers are actually about 3 to 4 times larger than in ones
with ungraded SCH (= 4 ps) of comparable width [8]. Thus, at room temperature
there may not be any advantage in using a L-GRINSCH for the design of a high speed

quantum well laser.

2.7 Thermionic Emission
Assuming that the carriers in the barriers have bulk-like properties and obey

Boltzmann statistics, the thermionic emission lifetime, Te, from a quantum well is [21],
1/2

2am * 1% (EB\
T, =| ———— —
¢ ( KT ) “PlkT)
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where Eg is the effective barrier height, m* is the carrier mass, k is the Boltzmann
constant and T is temperature in K. Thermionic emission is a sensitive function of

barrier height and temperature.

2.8 Tunneling

In a MQW structure there are a number of wells each separated by barriers of
energy height, Eg, and thickness, L. In this case the electron and hole wavefunctions
are no longer completely localized within the individual quantum wells, and for any
finite Ly, there will be coupling between the wells. For a system of two symmetric
wells, the inter-well coupling would remove the energy degeneracy that exists in the
limit of infinite Ly. The lowest odd (E;) and even (E3) bound states of such a two
well system are separated by some small energy, AE = E| - E; (E1 > Ep) [22,23]. The
overall linear superposition wavefunction of this system corresponds to an electron or
a hole oscillating between the wells at a frequency given by 7~ where h is the Planck
constant. The tunneling time, defined as the one half period of the oscillation, is

given by

YT OAE

Although this result has been derived for a two well system, it will generally be true

for a MQW system in the limit of weak inter-well coupling [22].

2.9 Multiple Quantum Well Structure
There are additional complications due to carrier transport between the
various wells in the MQW system. Again charge neutrality is assumed to hold in the

entire intrinsic SCH region, and holes dominate the carrier dynamics. The analyses
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for carrier transport across the SCH and capture by the first quantum well is the same
as for the SQW case.

Due to their very small capture time we can assume that all the holes are
captured by the first quantum well, and subsequent transport across the MQW
structure is either via thermionic emission, then diffusion across the barrier and
capture by the next quantum well or tunneling through the barrier. For a well
designed barrier, the subsequent diffusion and capture times are negligible compared
to the initial thermionic emission time. Thermionic emission and tunneling are
competing processes, and the faster one will dominate. If a barrier transport time, Ty,

is defined, then

1 I 1

—_——=— —
Ty, Te T
The barrier transport time, Ty, corresponding to the electrons and holes will be
different. Since the ambipolar transport times can be viewed as an average of the
respective hole and electron transport times, a quantity called the effective barrier

transport time can be defined as follows:

_ Th ,holes T Tb, electrons

¢ 2

Fig. 2.2 shows the variation of the carrier transport times, at room temperature, for
different barrier thicknesses for an Ing 2Gag gAs quantum well and a GaAs barrier. For
sufficiently small widths (< 50 A) tunneling dominates the carrier transport across the
barriers. For intermediate structures, hole transport is mainly by thermionic emission
while tunneling dominates electron transport. For thick barriers, the experimental

tunneling times are somewhat larger than the calculated ones because the scattering in
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the barriers makes the tunneling process incoherent [24]. This does not effect our
model as thermionic emission and subsequent diffusion across the barriers dominate
both electron and hole transport in this regime. The slope of the electron and hole
transport times decreases for wide barriers, and this apparent saturation is due to the
fact that the diffusion time is still a small part of the total transport time across the
barrier. For very wide barriers, the diffusion time across the barrier dominates over the

thermionic emission time, which is independent of the barrier width.
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Fig.2.2 Variation of the electron and hole transport times between two 80 A Ing,GaygAs
quantum wells with barrier thickness, for a GaAs barrier. The effective transport time is

the average of the individual transport times.

2.10 Effect of Interface Recombination
Nonradiative recombination centers formed by defects and traps can have a

significant effect on the carrier injection process in semiconductor lasers. These defects
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are normally formed at the interfaces between the various epitaxial layers, or exposed
surfaces like the cleaved facets and etched layers. Advanced crystal growth techniques
these days have managed to dramatically reduce the formation of defects at epitaxial
heterointerfaces, even in the case of lattice mismatched layers (below the critical layer
thickness) where the strain can be accommodated via lattice deformation.

The current component due to interface recombination Ji,¢ is written as [25],

Jint=4S;An

where A is the surface area of the interface, n is the carrier density at the interface and
S; is the interface recombination velocity. The interface recombination velocity can

be written in terms of more fundamental parameters [26],

Si =03 Vth Nst

where O, is the carrier capture cross-section of the defect, vy, is the carrier thermal
velocity and Ng; is the per unit area density of surface defects. The surface
recombination velocity, for exposed surfaces like cleaved facets, is about 107 cm/s for
GaAs which is two orders of magnitude larger than for exposed InP surfaces. Surface
passivation techniques, like dielectric coatings, are generally employed to reduce the
surface recombination velocity [25].

The most significant effect of interface recombination is the increase in the
threshold current by Jiy¢, and the reduction in the internal quantum efficiency
(Chapter four). The experimentally measured threshold current density and internal
quantum efficiency of all the wafers used in the modulation experiments here have
been listed in Appendix B. Given the low threshold current density and the high

internal quantum efficiency of these samples, it can be concluded that the epitaxial
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layers are of high quality, and the incidence of defect formation and carrier
recombination at the heterointerfaces is minimal.

Dynamic properties of the lasers will not be directly affected, at least in the
case of small signal carrier density variations. Since Jiy¢ 1S proportional to the carrier
density and significant variation in carrier density does not occur above threshold, the
interface recombination mainly affects the static properties of the high speed laser. The
degradation of the static properties may indirectly affect the dynamic properties of the
laser. The increase in the threshold current and the decrease in the internal quantum
efficiency means that a larger bias current is required to obtain a given optical power
output. This will result in increased levels of device heating for the same photon

density, and, hence, lead to a degradation of the high speed properties of the laser.

2.11 Analysis of Laser Dynamics

The various carrier transport times derived here are central to the analysis of
the modulation dynamics in quantum well lasers. These lifetimes will be
incorporated into the laser rate equations for the carrier and photon densities to form
the complete dynamic model.

In the conventional rate equations, the input current directly modulates the
carrier density in the active region [27-30]. In the present analysis the input current
supplies the carrier reservoir in the SCH, which in turn feeds the quantum well active
region. The carrier transport time across the SCH determines the maximum rate at
which the quantum well can be pumped. This carrier feed rate will then set the upper
limit to the speed at which the quantum well may be modulated, irrespective of the

rate of variation of the modulating signal applied at the terminals of the laser diode.
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The thermionic emission is a carrier loss process from the quantum well that
competes directly with the carrier pump process. The thermionic emission rate must
be significantly smaller than the carrier capture rate for the quantum well active area
to be efficiently modulated. In an MQW laser, the effective barrier transport time
will determine if all the quantum wells in the structure can be efficiently modulated
without significant variation in the carrier population of the individual wells.

In Chapter three, the complete rate equation formulation of the laser
dynamics, including the carrier transport effects is presented. Small-signal analytic
solution to the rate equations is derived, and the effects of carrier transport on the
modulation response of quantum well lasers are discussed. Further, extensive set

experimental evidence is presented in support of the dynamic model.
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CHAPTER 3

RATE EQUATION ANALYSIS

3.1 Rate Equations

Rate equations are used to describe the carrier density dynamics in the
quantum well and the SCH layer, and photon density dynamics in the laser cavity, for
both the SQW and MQW lasers. A small-signal solution of the rate equations gives
the modulation response or the relative intensity noise spectrum depending on the
nature of the driving force. Complete analytical solutions are done only for the SQW
case, while the MQW case is analyzed using a numerical model.

The rate equations for the carrier density in the quantum well (Py) and the

SCH layer (Pg) and the photon density in the cavity (S) are written as,

dPp __ 1 Py, Pw(Vw/ Vscn)
d  qVscy T Te

dPy Pp(Vscu/Vw) Py Py Vg G(P)S
dt T, T, T, I+¢S
ds Tv,G(P)S s
dt I+¢S Ty

where T, is the bimolecular recombination lifetime, Ty, is the photon lifetime, I is the
optical confinement factor, G(P) is the carrier density dependent gain, vg is the mode
velocity, € is the gain compression factor, Vy is the volume of the quantum well, and
Vscy is the volume of the SCH. We have neglected the spontaneous emission

feedback term because it does not have a significant effect on the modulation
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response. Two independent equations for the carrier density in the SCH may be used;
one for the layer to the right of the quantum well and the other for the layer to the left.
The final results are not altered in any way if only one equation is used for the carrier
density in the barrier [1]. The optical gain G(P) is a function of both the electron and
hole carrier density within the quantum well. Since charge neutrality has been
assumed, the electron and hole densities are equal to one another in the quantum well.
We have ignored carrier recombination in the SCH layer.

In the rate equations, the terms with te represent the loss of carriers from the
quantum well and the gain by the SCH layer, and the terms with t; vice versa. The
finite capture time of the quantum well is small (< 1 ps) for the holes which primarily
contribute to the magnitude of t; (see Chapter 2). The X to I' valley scattering time
would contribute to the total electron transport time, but even with this addition hole
diffusion would dominate, except for very small SCH widths, and this does not affect
the expression for T, again. The carriers in the quantum well are two dimensionally
confined and the ones in the SCH layer have bulk-like properties. The rate equations
have been written in terms of volume carrier densities. The volume ratios Vscu/Vw
and Vw/Vscyh have been used in the rate equations to account for the fact that Py and
Pw are normalized with respect to two different volumes.

The small-signal solution of the equations is done by first making the
following substitution: I = I, + i e/®t, Py = Pg, + pp €/®t, Pyy = Pwo + pw €l®t, S = S,
+s el and G = Gy + g, pw e/®t. Although G(P) is a sublinear function of the carrier
density, it can always be linearized about some steady state operating point, where g,
is the differential gain at that steady state carrier density. For the small-signal carrier

density variation, pw, g, is a constant because the steady state carrier density in the
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quantum well is clamped at the steady state value of Pw,. The g, value is then
different for different values of Py, and this accounts for the saturation of gain at

high carrier densities in quantum well lasers.

3.2 Modulation Response
After the small-signal quantities are substituted into the rate equations, the

steady-state quantities are set to zero. The resulting small-signal equations are [2,3],

_Ps, pw(Vw / Vscu)

jopg =
qQVscn Tr Te
. Pe(Vscn/Vw) pw _pw _Ye& So Ve Go
JOpwy = - T~ Pw -~ 28
T, T, Te Il+&S, (1+€S,)
jos rvggosop + > >
= W b —
1+¢S, T(l+eS,) T

The steady-state solution to the photon density equation gives the basic gain-loss
I'veG, 1

relationship in the laser cavity; TyeS =7 b This set of small-signal equations can
be reduced by eliminating pg and py to give a relationship between the modulating
current, i, and the optical output, s. The modulation response is given by IM(w)l,

s(w
where M(w) = % . The complete M(w) function is [3],

YOR)!

I'vy gy SO) 1
qVw

Ag+iA 0 -Ar0° —jA;0°

where the denominator terms are given by,
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AO _ Vg go S0 1+ €
‘Ep Vg 20 Tn

A=V g So(1+ T_l‘) +8_S(>(1+T_f+i) +L(1+SSO)
) T Te Tn) Ty

€S, Ty

T T
A2=(1+SSO)(1+T—r+T—r)+VggOSO1:r+ .
e n p

Ay =t (1+€S,)

The denominator of the exact expression is a third order polynomial, and can

be solved numerically. The exact expression for M(w) can be rewritten as [2,4,5],

M(0) = (;) x

I+jor,
I've 865,
qVw

1 \ S S \% S
jo 1+[—_Tr ]— +—gg0 ° joo(1+eSO)+8 21+ 280 %0
l1+_](l)’l:rJ“Ce I+¢S, T rp(1+sSO)

M(w) can be simplified by neglecting the frequency dependence of T, i.e. by
replacing the term within the square brackets in the denominator by t,. With this

replacement M(w) is written as;

1 A
M) = (|
l+jot /o -0+ joy

. 2
The expressions for A, oy and y are,
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_ F(Vg go/x)S0
- qVW(1+SSO)

2 (VggO/X)So(1+ € )

Pr = rp(1+sSO) Vg 8o Tp

(VggO/X)SO-'_ESo/Tp-'_ 1
(1+€Sy)  (1+€Sy) x7Tn

’Y=

where a transport factor, x = 1 +%’ has been introduced into the equations. The
original expressions for y and w2 are recoverable in the limit of ¢ = 1, i.e. in the limit
of short transport time across the SCH [6].

From these analytic expressions a relationship for the K factor can be derived.
The K factor was originally defined as, y = Kf;2 [7]. However, experimentally, a D.C.
offset is always observed, and therefore a better definition is y = Kf;2 + yo [1]. From

this definition,

( \
K = 4 12 Tp+ £
L (Vggo/X)J
1
Yo =
A Tn

Therefore, depending on the laser structure, the K factor can be significantly affected
by transport.

Fig. 3.1 compares the modulation response computed using the analytic and
the exact solutions for the case of the widest SCH devices used in the experiments
[1]. The agreement is good, and more evidence will be presented later to show that

the analytic solutions are in fact valid.
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Fig.3.1 Comparison of the exact and analytical solutions to the modulation response for an 80 A

Ing,GaggAs SQW laser with 300 gm cavity length at 40 mW of output power. The

modulation response has been normalized with respect to IM(0)I.

From these analytic expressions a number of effects of transport are evident.

1. |The low frequency rolloff in the modulation response is only due to the
transport time across the SCH [1,2,8,9]. This is a parasitic-like rolloff which

would significantly limit the - 3 dB modulation bandwidth for large T, and is

indistinguishable from parasitics.

2. | The effective differential gain has been reduced to go/x. This reduction is not

responsible for the rolloff in (1) above, and is present even in the absence of a

significant rolloff. This results in the reduction of the resonance frequency [1].
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3. | The effective bimolecular recombination lifetime has been increased to yty.

This leads to a structure dependence of v, [1].

4. | The gain compression factor remains unmodified [1]. This is in contrast to

Reference [8] where a well barrier holeburning model has been used to explain

the degradation of K factor via an enhancement in €.

The low frequency rolloff caused by transport means that the maximum

21
possible - 3 dB modulation bandwidth in a laser is not given by, fymax = V2 K - The

K factor is an upper limit to the modulation bandwidth. In the presence of severe low
frequency rolloff due to carrier transport across the SCH, the transport determines the

intrinsic limit to the maximum modulation bandwidth.

3.3 Experimental Results - Effect of varying 1,

Lasers were fabricated from three SQW samples with different SCH widths;
Sample A with 760 A wide SCH, Sample B with 1500 A wide SCH and Sample C
with 3000 A wide SCH, to investigate the effects of varying the transport time, T, on
the modulation response. Figures 3.2 (a) and 3.3 (a) show the experimental C.W.
modulation response of Samples A and C. The samples both have 300 ym long
cavities and 2.5 ym wide ridges. Although the devices are identical except for the
SCH width, the modulation response of Sample C with the widest SCH region is
completely damped at about half the output power level of Sample A, and the
bandwidth of Sample A is six times that of Sample C at higher power levels. The
maximum C.W. modulation bandwidth for Sample A is 18.1 GHz, which is the

largest reported to date in SQW lasers.
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(a) C.W. modulation response for the narrow SCH Sample A, compared to the results

from the model in (b). The overestimation in the peak of the response at low power

levels is due to the omission of the spontaneous emission feedback factor in the model.
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(a) C.W. modulation response for the wide SCH Sample C, compared to the results from
the model in (b). The overestimation in the peak of the response at low power levels is

due to the omission of the spontaneous emission feedback factor in the model.
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The damped response of Sample C shows all the effects predicted by the
transport model. The response is similar to one of a device which is limited by a low
frequency parasitic-like rolloff. In this case it cannot be attributed to device parasitics
because both devices had been identically processed. To ascertain this, the parasitics,
including the bond wire inductance, were extracted from the Sq; parameter measured
at the input port to the laser mount, and in addition the series resistance was measured
using the HP 4145B semiconductor parameter analyzer. The series resistance of the
devices is 4 Q. The rolloff frequency due to the device parasitics is about 25 GHz [1]
(Appendix D). The spontaneous emission feedback factor, 3, does not affect the
modulation response at high power levels, but causes an additional damping at
sufficiently low power levels. Omission of this factor in the model leads to an
overestimation in the peaks of the response at low power levels, as shown in Figs. 3.2
(b) and 3.3 (b).

From the fit to the low frequency rolloff in the modulation response of Sample
C, the value of T; is determined to be about 54 ps for the 3000 A SCH width. Using
the mobility values quoted in Appendix B, the calculated value for T, is 46 ps which
is close to the experimental result.

Fig. 3.4 shows the variation of the - 3 dB modulation bandwidth with the
square root of optical power for Samples B and C. There is good agreement between
the experiment and model over a large range of optical power, and the model
accurately predicts the discontinuity, caused by carrier transport, in the -3 dB
bandwidth for Sample C. The value for ¢ is taken to be 1.5 x 10-17 ¢cm-3 throughout.
The bold line gives the exact solution and the dashed line shows the analytical results.

For the SCH width of 1500 A both equations give identical results. At 3000 A the
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bandwidth values predicted by both expressions are almost the same, except in the
vicinity of the power level at which the low frequency rolloff causes a jump in the
curve. This shows that the assumption made to obtain the analytic expressions is

valid even for the devices with the widest SCH layers.

25 i
< -
T 20 Sample B . -
<) SCH width = 1500 A -
= °® °® :
= () N
s 15 -
3 ; ;
3 -
2 10 -= ’
e o \ ]
k= ® : .
=) o, ]

5 [ ) - =
ks Sample C . o Py .
p= / SCH Width = 3000 A @ e

. i

0 1 2 3 4 5 6 7

Power ' (mW 1/2)

oo

Fig.34 Comparison of the carrier transport model and experiment for the variation of modulation
bandwidth with the square root of power. The dashed line is the result from the analytic
solution and the bold line that of the exact expression. Severe low frequency rolloff due
to carrier transport causes the discontinuity in the curve for Sample C at higher power

levels.

Another effect of carrier transport that was predicted is the reduction of vy,
with increasing SCH width, and this is shown in Fig. 3.5. Increasing the width of

SCH, increases x which decreases y, which is given by 1/xt,. The experimental
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values for vy, suggest effective bimolecular recombination lifetimes between 125 ps to
250 ps. These are 4 to 8 times smaller than the value of 1 ns typically quoted for
radiative recombination lifetimes in semiconductor lasers. The value for y, which is
the damping rate at low frequencies, i.e. at low powers, is affected by the spontaneous
emission factor, 3. Omission of this factor in the model underestimates y,, which is

larger in practice due to the contribution to damping from f3 at low power levels.
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Fig.3.5 The value of the intercept, v, of the linear relationship between y and f;? at various SCH
widths. The trend is consistent with the carrier transport model which predicts y, to

increase as f increases with increasing the SCH width.

3.4 Experimental Results - Effect of varying 1,

The experimental data for the dependence of the high speed parameters on the

thermionic emission time is obtained from two samples with different energy barriers
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in the SCH; Sample D with Al 15Gagg5As SCH and Sample E with GaAs SCH.

Fig. 3.6 shows the variation of the resonance frequency with the square root of power
obtained from the modulation response data for the two cases considered here. The
resonance frequency for the MQW laser with Al 15Gag g5As SCH (higher barrier and
hence a longer thermionic emission time) is almost twice that of the laser with GaAs

SCH at equivalent power levels.
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Fig.3.6 Dependence of the resonance frequency on the square root of power for the MQW
samples with a higher (Al ;5Gag gsAs) and lower (GaAs) energy barrier in the SCH. The
samples each have a 205 pm long cavity and a 2 ym wide ridge. The slopes are

5.8 GHz/mW 2 for the Al ;5GaggsAs SCH and 3.4 GHz/mW!2 for the GaAs SCH.

The data for the comparison is summarized in the following Table [10], where

it can be seen that the differential gain for Sample D is more than 2.5 times that of
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Sample E, in agreement with [11]. The gain compression coefficient, €, for both

cases is about the same. Both devices have a 205 ym long cavity and a 2 ym wide

ridge.
Sample Threshold Gain Differential Gain Gain Compression Factor
D 1440 cm-! 8.6 x 10-16 cm? 1.8x 1017 ¢cm3
E 1080 cm-! 3.3x10°16 ¢cm? 1.3x 1017 ¢cm3

The larger differential gain in the case of Sample D, with Aly 15Gag g5As
SCH, is surprising considering that it had a larger threshold gain, due to a larger
internal loss and a smaller optical confinement factor. Consequently, due to gain
saturation in quantum well lasers it is expected to have a lower differential gain. This
result is consistent with the carrier transport model which attributes part of this
discrepancy to the reduction in the effective or dynamic differential gain in Sample E
due to an increase in ¢ caused by a reduction in T [1]. Further, the lower energy
barrier and the larger density of states in SCH of Sample E, leads to a severe carrier
overflow thereby causing a much slower rise in the quasi-Fermi levels under carrier
injection [12,13,14]. This reduces the differential gain even under static operating

conditions.

3.5 Relative Intensity Noise (RIN) Spectrum
The relative intensity noise spectrum can be derived using the same
formalism. The difference in this case is that the driving force is no longer the input

current, but rather the real part of the Langevin force, F;, of the field due to the
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spontaneous emission which is assumed to be uncorrelated white Gaussian noise [15].

Including this term, the small-signal equations are [4,5],

P pw(Vw / Vscu)

jopg = -
r Te
- Pe(Vsc /Vw) Pw _Pw Ve 8 So 1
J®OPw = - - - W e
T, T, T 1+eS, Ftp(1+sSO)
I'v S
I+¢S, ’Ep(l+SSO) Tp

ps and pw are eliminated to obtain the expression for the Fourier component
of the amplitude fluctuations, R(w), due to F;. Without any simplifying assumptions,

R(w) is given by [4,5],

B0+jB1(D—B2 (D2

R(w)=F
( ) rA0+jA1(D—A2(1)2—jA3(D3

where the numerator terms are given by,

1
By = Vg 26 So +17_(1+SS°)

n

B, =(1+eSO)(1+T—r+E) +Vg 8050 Ty
re 171‘1

B, = rr(l +€ SO)

The denominator terms remain unchanged as in the expression for M(w). The AM
noise spectrum is defined as the power spectral density function, Sa(w), of the
amplitude fluctuation, and it is written in terms of the Fourier transform of the

amplitude fluctuations defined in the time interval -T/2 < t < T/2 [15].
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Sa(0) = tim —( R'(0) Ro)

T— o0

The relative intensity noise (RIN) is the ratio of the intensity fluctuation to the
averaged intensity. To obtain the y and w; in the conventional sense of their
definitions, i.e. with respect to a second order polynomial in the denominator, one
would have to first compute the RIN spectrum using the expression given above, and
then numerically fit it to a conventional form of the expression and extract the
relevant parameters [16].

Again neglecting the frequency dependence of T, as previously, the resulting
expression for R(w) is [4,5],
Y¥+jo

rw%—u)2+jwy

R(w)=F

. (Vg go/X)So+ 1

! I+¢S, X Th

The other terms of the expression are the same as the modulation response function.
The y and y* terms are almost identical at sufficiently low powers and small €. The
RIN spectrum can be easily written in this case as,

£2 4 (y* 2n)

(2 - f2)2 w(y/2n)% £

RIN(f) = %(6f)ST

where (8f)gt is the intrinsic Schawlow-Townes linewidth which is due to spontaneous
emission events [15].

The additional low frequency rolloff present in the expression for the
modulation response is absent here. For large values of t; the modulation bandwidth
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could be severely reduced, although the K factor values, which are affected by %
alone and not the low frequency rolloff, as determined from the noise measurements
could still be optimistic. It is generally believed that the noise spectrum measurement
is a parasitic free means of determining the actual or potential modulation
performance of a laser. In the presence of significant transport effects this is no
longer true.

Fig. 3.7 compares the RIN spectrum computed using the analytic and the exact
solutions for the case of the widest SCH devices used in the relative intensity noise
spectrum measurements [17]. The agreement is good, as in the case of the analytic

expression for the modulation response (Fig. 3.1).
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Fig.3.7 Comparison of the exact and analytical solutions to the RIN spectrum for the laser
parameters in Fig. 3.1. The RIN spectrum has been plotted on a relative scale, and does

not give the actual noise level for the present set of laser parameters.
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Fig. 3.8 shows the modulation response and noise spectrum calculated using
the exact expressions, at a power level of 40 mW for a SQW laser with a SCH width
of 3000 A. The peak of the noise spectrum, which is a good indication of the
resonance frequency in the presence of small damping, occurs at 10.9 GHz implying
a maximum possible modulation bandwidth of 16.9 GHz [4,5] at that power level.
This is clearly a wrong conclusion as the actual bandwidth limited by carrier

transport in this case is only 4.5 GHz.
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Fig.3.8 Comparison of the noise spectrum and the modulation response for the same parameters
as in Fig. 3.1. The noise spectrum indicates a much larger modulation bandwidth than is
physically possible. The modulation response has been normalized with respect to IM(0)I,
and the noise spectrum has been normalized such that it may be conveniently plotted on

the same scale as the modulation response.
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3.6 Experimental Results

The variation of differential gain and gain compression factor, €, with SCH
width (Samples A, B and C) was obtained from the modulation response as well as
the relative intensity noise spectra of these lasers. As shown in Fig. 3.9, the results
from the modulation response agree with the data extracted from the noise spectra
measurements. Fig. 3.9 shows that the gain compression factor slightly increases for
larger SCH widths, but given the scatter in the data, this variation of ¢ with SCH is
not significant, and this variation alone cannot explain the severe low frequency

rolloff (Section 3.3) in Sample C with the widest SCH region.
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Fig.39 Differential gain and gain compression factor determined from the modulation response

and noise spectra. They are in good agreement with one another.
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The variation of the differential gain extracted from the modulation response
and noise spectra measurements, which can be thought of as an effective differential
gain, is in contrast to the results from the threshold gain measurements which predict
an increasing differential gain value with increasing width of the SCH layer (Fig.
B.3). Sample C with the lowest threshold current density has the lowest effective
differential gain. This is again due to carrier transport which reduces the differential
gain from g, to go/x. This reduction in the differential gain is also responsible for the
reduction in the resonance frequency at high power levels in Sample C compared to

Sample A (Fig. 3.3 (a) compared to 3.2 (a)).

ﬁ\ 1
= 15 .
S, .
Z h
) ;
':'\ -
s 9 E
B -
Q) -
£ -
— 6 -
§ 4.9 MHz-mW ’
2 3 .
E ]
3 -
S i
= 0
5_:“ 00 0.5 1.0 1.5 2.0 25 3.0
Q
90}

1/Power (mW '1)

Fig.3.10  Variation of the Schawlow-Townes linewidth with inverse of the optical power for

Sample F device; a SQW laser with 200 ym cavity length and 2.0 zm ridge width.
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Fig. 3.10 shows the variation of the Schawlow-Townes linewidth determined
from the AM noise spectra for a Sample F device with a 200 ym cavity length and a
2.0 ym ridge width. The linewidth, (6f)st, is a parameter which is strictly valid for
the case of single frequency lasers. This is the intrinsic linewidth of the laser, and the
experimentally measured linewidth is broader due to the linewidth enhancement
factor. Although the Fabry Perot lasers used here have a side mode suppression ratio
of about 20 dB, (0f)st in this case is more a measure of an effective linewidth like

quantity which determines the magnitude of the AM noise.

3.7 Temperature Dependence Data

The various carrier transport times in a quantum well laser are a sensitive
function of temperature. As a further proof of validity of the present model, the noise
spectra of the lasers at various temperatures between - 65 °C and + 50 °C were
measured, and the temperature dependence of K factor was extracted.

In semiconductor lasers, even in the absence of transport effects, the K factor
would increase with temperature if the gain compression factor is temperature
independent. This is because the gain, and thus the differential gain, decreases as the
temperature increases (Fig. B.4). In the presence of transport effects, this increase
would be more pronounced because the transport factor  also increases with
temperature leading to a further reduction in the differential gain.

Fig. 3.11 (a) shows the variation of K factor with temperature for Sample F,
which is a SQW laser with a SCH width of 900 A, and Fig. 3.11 (b) that of Sample C,
which is also a SQW laser but with a SCH width of 3000 A [17]. The K factor for

Sample C is much more sensitive to temperature variations than Sample F.
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Results from the model for three cases have been presented in Figs. 3.11 (a)
and (b) together with the experimental data. The first curve was computed using the
analytic expression, the second using the exact solution, and the third using the
analytic solution but neglecting transport effects and considering only the variation in
differential gain with temperature. For the case of Sample F, where the transport
effects are not significant, all three curves lie close to one another and do not show
much variation with temperature. For Sample C, variations in differential gain with
temperature alone is clearly insufficient to explain the K factor trend with
temperature. From the Figs. 3.11 (a) and (b) it can be seen that the analytic solution
is in good agreement with the exact solution. There is some discrepancy in the actual
K factor values predicted in the wide SCH case. The model assumes a constant value
for the gain compression factor, €, but experimentally there is some increase in the €
values for the wide SCH devices (Fig. 3.9). This increase in € will have to be taken
into account for better agreement between the model and the experiment.

The enhanced temperature sensitivity of the K factor in the wide SCH case is
the result of the temperature dependence of the transport parameters. Fig. 3.12 shows
the calculated variation of te, Ty and  with temperature for Sample C with the widest
undoped SCH region. The thermionic emission time decreases exponentially with
temperature, and is the major contributor to the increase in . The SCH diffusion
time is temperature dependent via the temperature dependence of the ambipolar
diffusion coefficient. Generally the carrier mobilities decrease as the square of the
temperature, and the diffusion coefficient increases linearly with temperature leading
to a linear increase in T, with temperature. Both the decrease in T and the increase in

T, lead to an increase in ¥, and thus an enhanced reduction in K. This clearly
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demonstrates the significant role played by carrier transport in the modulation

dynamics of semiconductor lasers.
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Fig.3.12  Calculated temperature dependence of the transport times and the transport factor, ¥, for
the wide SCH sample. As the temperature increases, the thermionic emission lifetime
from the quantum well is considerably reduced, and the transport time across the SCH is
somewhat enhanced, leading to a significant increase in the transport factor  for wide

SCH devices.

3.8 Maximum Possible Modulation Bandwidth

Conventionally, the maximum possible modulation bandwidth in a
semiconductor laser was determined by the K factor. In principle, if one could drive
the laser to arbitrarily high output power levels without the deteriorating effects of

device heating, then the maximum possible - 3 dB bandwidth, in the absence of
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device parasitics, is given by this K factor limit. In the presence of carrier transport
effects, the K factor is not only reduced due to the reduction in the effective
differential gain, but also no longer determines the maximum modulation bandwidth,

even in an otherwise perfect device.
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Fig.3.13  Comparison of maximum possible modulation bandwidth inferred from the modulation

response and intensity noise measurements.

Fig. 3.13 shows the maximum possible modulation bandwidth as a function of
SCH width for a 300 ym cavity length SQW laser. The dashed line shows the K
factor limit which is commonly inferred from noise spectra measurements. The bold
line is the real limit determined by carrier transport across the SCH; this is the

maximum that is possible before the low frequency rolloff due to transport becomes
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severe enough to cause a sudden drop in the variation of modulation bandwidth with
increasing optical power.

Herein lies the real danger of relying on K factors and RIN measurements to
predict modulation bandwidths. A small K factor is indeed an indication of the good
device and material quality, but one has to be careful as to the maximum modulation
bandwidth limits implied by this quantity. One can truly use this as the limit only in

devices where the carrier transport effects are minimal.
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CHAPTER 4
INTERNAL QUANTUM EFFICIENCY

4.1 Background

The losses in the semiconductor laser fall into two general categories; one is
the mirror loss, amir, Which is the result of light emission from the cavity, and the
other is the internal loss, ain¢, Which results from the various light scattering and
radiation processes which do not contribute to useful power emission from the facets.
A relationship can be written in terms of these losses for a quantity called external
quantum efficiency, next, Which measures the injected carrier to photon conversion

efficiency of the laser.

Next = M ﬁ9 where Oy =2_LIH(R11R2)
The internal quantum efficiency term, n;, has been phenomenologically included to
account for the nonradiative recombination processes which deplete the injected
carriers, and do not emit photons [1]. Thus, 1; is the fraction of the injected carriers
that actually contribute to light emission. R and Rj refer to the front and the rear
facet reflectivities of the cavity and L. is the cavity length. Typically for
semiconductor lasers with cleaved facets, R = Ry = Rp = 0.3. The internal quantum
efficiency and the internal loss of the laser material are experimentally determined
from the external quantum efficiency measurements on broad area lasers of various

cavity lengths.
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After substituting for oy in the expression for nex¢, we have

1 (aint) L. 1
Next i /In ( _> Nint
\R

Using this expression, the internal quantum efficiency and internal loss can be
Lc

determined by plotting 1/mex; against Tn(1/R) for lasers of several cavity lengths,
and reading off the slope and the intercept of the linear relationship.

The external quantum efficiency is derived from the slope or the differential
efficiency of the L/I curve. The slope of the L/l curve, ng, is typically given in the
units of mW/mA. This is converted into, Next, Which is a dimensionless quantity. For

a Fabry Perot laser structure with identical facet reflectivities, nex¢ is given by

2Nq

MNext = ? Nd

where A is the wavelength of operation of the laser, h is the Planck's constant and c is
the speed of light in vacuum. The factor of 2 accounts for light emission from both

facets of the laser cavity.

4.2 Theoretical Expression for Internal Quantum Efficiency

From the carrier transport model, laser structures with a small thermionic
emission time out of the quantum well should have a large number of carriers
occupying the SCH and barrier states. This, in principle, should not only affect the
differential gain [2,3,4], but also the internal quantum efficiency or the carrier
collection efficiency of the laser [2,3,5,6]. The internal quantum efficiency, 7);, at
threshold can be written as,
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Nw
. — Tn
T Nw, Nw_Np

Th Tor Tnb

where Nw and Np are the number of carriers in the quantum well and the SCH
respectively, T, is the radiative lifetime in the quantum well, Ty, is the nonradiative
lifetime in the quantum well, and Tp is the total recombination lifetime (including
radiative and nonradiative) in the SCH. The leakage currents and interface
recombination (Chapter two) cause an additional reduction in ;. The rate equation at
threshold, assuming that the stimulated emission is negligible, for the carriers in the

quantum well can be written as,

dNw N Ny Ny Ny
dt T, T, T, Tpr

dNw
From the steady state solution to this rate equation, —g; ~ =0, we can obtain a

relationship for the Ng/Nyy ratio. Substituting this in the expression for 1,

1
ni - T T T T T
1+—r(—“)+—r (1+—“)+—n
Te \Tpp Tnb Tor Tor

Typically the recombination rate in the confinement region is negligible
compared to the carrier transport/capture rate, Ty >> Ty With this, the expression for

1; simplifies to;

1
n =
1 tr( Tn ) Tn
Te\ Tnp Tor



In the limit of negligible recombination in the SCH and negligible nonradiative
recombination in the active area, m; = 1, irrespective of the relative magnitudes of te
and T, i.e. , but in practice these recombination rates are not negligible, and a large
x contributes significantly to a reduction in ;. Enhanced light emission from the
confinement layers of heavily damped lasers have been experimentally observed [7].
In the limit of T, = Ty and Ty >> Ty, the internal quantum efficiency and the

transport factor have a simple relationship;

This limit for m); is ideal because we have ignored the nonradiative recombination in

the active area.

4.3 Experimental and Theoretical Results

The experimental data for the variation of internal quantum efficiency with
thermionic emission time out of the quantum well is obtained from Samples D, E and
G. Samples D and E are identical except for the composition of the SCH layer.
Sample G also has 3 QWs and an SCH width which is almost identical (only 40 A
wider). The only other difference is that the cladding layer is Aly ¢Gag 4As compared
to Alp 7Gag 3As for the other two samples.

Fig. 4.1 shows the calculated variation of the 1/y limit for m; with Al mole
fraction in the SCH. If we assume that the discrepancy in the 1/ and m; values for
Sample D, with the 15 % Al mole fraction, is solely due to nonradiative mechanisms,
then a tp/ty ratio of 0.1 would resolve the difference. Fig. 4.1 also shows the

theoretical variation of m;, computed using the ty/t,r ratio of 0.1, and the

71



experimental data for different Al mole fraction in the SCH. The 1/x limit deviates
from the exact expression for n; at larger Al mole fraction, but the trend is the same in

both cases.
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Fig. 4.1 Variation of internal quantum efficiency with Al content in the AlGaAs SCH. The

experimental data points are given by full circles.

The internal quantum efficiency is also a function of temperature. At higher
temperatures the thermionic emission rate is greatly increased, and the gain is
reduced. The reduction in gain leads to an increase in bandfilling to reach the
threshold condition, even if the cavity loss is independent of temperature. These

effects increase the carrier occupation of the states in the barriers and the SCH. This
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leads to an increase in the recombination from these layers, and hence a reduction of
the internal quantum efficiency.

Fig. 4.2 shows the variation of the internal quantum efficiency with Al mole
fraction in the SCH at different temperatures. At higher temperatures there is a
drastic reduction in the internal quantum efficiency, and this requires the use of SCH
layers with larger Al mole fractions for proper high speed operation of these lasers at
elevated temperatures. In this calculation the radiative recombination time and the
material gain has been assumed to be independent of temperature. In practice, the
reduction of material gain with increase in temperature will further aggravate the

problem.
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Fig. 4.2 Temperature dependence of internal quantum efficiency for different Al content in the

AlGaAs SCH. The calculation is done for a t,/tyy ratio of 0.1 at all temperatures.
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From Fig. 4.2, the use of 15% Al in the SCH layer seems to be sufficient for a
high internal quantum efficiency in quantum well lasers operating at room
temperature. In practice, this value is very much dependent on the threshold gain of
the laser. For a large internal loss, increased levels of bandfilling at threshold will
result in a reduced internal quantum efficiency. Experimentally this trend has been
reported in the InGaAs system [8]. By varying the Al content in the cladding regions
for a given InGaAs/GaAs quantum well-SCH system, the authors of Ref. [8] have
observed an increase in the emission wavelength (due to a reduction in bandfilling)
with an increase in the Al composition which increases the energy barrier to carrier
overflow. In some cases, like the vertical cavity surface emitting lasers which operate
at much larger current densities, Al mole fraction as high as 50% may be required in

the SCH for efficient operation [9].
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CHAPTER 5

OprTIMIZATION OF HIGH SPEED LASERS

5.1 Material Considerations for the Enhancement of Differential Gain

Differential gain or the rate of change of gain with change in carrier density is
one of the important parameters of concern when designing high speed lasers. Fig.
5.1 shows a schematic diagram of the approaches typically taken for the
maximization of the differential gain in semiconductor lasers.

In bulk lasers, the differential gain is a more often a property of the material
chosen for the active layer, and is relatively independent of the carrier density at
which the diode operates. In this case, enhancement in differential gain has been

demonstrated by selectively p-doping the active layer [1,2].

Modulation
Doping
p-Doping . Modulation
i: Strain ——p Doping
Bulk Quantum Wells - Quantum WireS, etc.
Fig.5.1 Schematic diagram showing the possible approaches to enhance differential gain in

semiconductor lasers.
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An improvement over the bulk case is to use quantum wells for the active area
[3]. The inclusion of strain in the active area reduces the in-plane hole effective mass
at the bandedge, and leads to a reduction of the valence band density of states. This
has been predicted and demonstrated to enhance the differential gain over the
unstrained case [4,5,6]. In the case of quantum well structures the barriers and/or the
confinement regions may be preferentially p-doped instead of the active layer. This
has an advantage over the direct doping case. The optical properties of the active
layer are not modified (by the formation of band tails and bandgap shrinkage), and
the internal loss due to free carrier absorption is reduced as the ionized impurities are
placed at some distance from the active layer. This is called modulation doping and
differential gain enhancement has also been observed in this case [7].

As shown in Fig. 5.1, further improvements in differential gain may be
obtained by using active layers with higher degrees of quantum carrier confinement.
Theoretical [3,8] and some experimental work [3] done using high magnetic fields
(resulting in carrier confinement by the formation of Landau energy bands) in this
area show that it may be possible to obtain further enhancement in differential gain by

using quantum wires and quantum boxes as the active layer in semiconductor lasers.

5.2 Maximization of the Optical Confinement Factor

The quantum wells have relatively small widths, and unlike the bulk lasers
with much larger active areas, they require a separate confinement heterostructure
(SCH) to maximize the transverse optical confinement factor. The SCH is inserted
between the cladding regions and the quantum well active area. Given the

sophistication of modern crystal growth techniques, the composition profile of the
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SCH can be tailored in a number of ways to suit the particular application. For any
specific energy profile chosen, the dimensions will have to be optimized for
maximum mode confinement. This will ensure that the gain at threshold is
minimized, and hence the differential gain is maximized. These ideas are presented
in Fig. 5.2.

The upper part of Fig. 5.2 shows four typical profiles that may be employed in
the fabrication of the SCH layer; 1) ungraded, 2) parabolic grading, 3) linear grading,
and 4) inverse parabolic grading. The optical confinement factor is computed for the
first order TE mode by first calculating the near field pattern, and then calculating the
mode overlap with the quantum well. The program solves the second order Maxwell
wave equation using the finite difference algorithm. This technique has the
advantage that any arbitrary SCH profile can be easily analyzed without having to
modify the original source code. A nonuniform mesh is used to discretize the wave
equation, and by the way of matrix transformations, the symmetry of the resulting
banded matrix is preserved. This allows for an accurate solution of the confinement
factor with a minimal use of the computing resources [9].

Fig. 5.2 also shows the variation of the optical confinement factor with SCH
width for the four different energy profiles considered. The confinement factor has a
maximum value at different SCH widths for the different profiles. The results show
that an optimized SCH with no grading at all has the largest optical confinement
factor. The optimum width for the ungraded SCH is also the smallest. This is an
advantage when carrier transport times become significant. Thus, the ungraded SCH

is the most favored design for high speed lasers.
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smoothing layer over the distance plotted as the independent variable.

Fig. 5.3 shows the variation of the optical confinement factor with the SCH
width for the case of the ungraded SCH at three different levels of the Al composition
in the cladding region. From the plots it is evident that higher the Al mole fraction,
the larger the optical confinement factor.

required is also somewhat reduced with the increasing Al mole fraction. Larger Al
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containing cladding regions are more desirable, if they could grown just as efficiently,

without enhanced incorporation of impurities.
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Fig.53 Variation of the optical confinement factor with SCH width for an ungraded SCH profile
described in Fig. 5.2. The curves refer to the different Aluminum mole fraction in the

cladding region.

5.3 Optimization of the Quantum Well Width

In bulk lasers, the composition of the active area is usually determined by the
emission wavelength requirements. In the case of quantum well active area, the
operating wavelength is also additionally tuned by varying the well width. The upper
limit to such a process may be set by the strain limit requirements.

The InGaAs used for the active layer is not lattice matched to GaAs. The

lattice mismatch is accommodated as strain in the lattice, and there is an upper limit
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to the thickness of the InGaAs active layer that may be grown before the layer relaxes
and releases the strain. This critical thickness is a function of the amount of lattice
mismatch (directly related to the In composition), and the amount of material that is
grown over the strained layer to accommodate the strain [10]. For
Ing 2Gagp gAs/GaAs laser structures with 1.3 ym of Aly,GaggAs upper and lower
cladding regions, MQW structures with four quantum wells each 75 A thick with 80
A barriers have been successfully grown and tested [11]. This implies a total critical
thickness of 300 A for the Ing »Gag sAs/GaAs system.

In the absence of any strict operating wavelength requirements and strain
limits, the quantum well width may be optimized for maximum differential gain, and
hence the largest modulation bandwidth.

One of the parameters that varies directly with quantum well width is the
optical confinement factor. This may be maximized by using an ungraded SCH
structure and optimizing its width. The result of such a computation in shown in Fig.
5.4. Also shown in Fig. 5.4 is the variation of the transparency carrier density. As
the quantum well width varies, the form of the gain-carrier density relationship also
changes. Qualitatively the gain-carrier density curves get steeper (higher differential
gain), and shift to higher transparency carrier densities. The increase in differential
gain is generally not dominant, and the net effect is that there is an increase in the
threshold current density with a decrease in well width. This increase is pretty
dramatic below the quantum well thicknesses of about 50 A for structures grown on
substrates with a (100) orientation [12]. As seen from the calculation in Fig. 5.4, this

also corresponds to the well width at which the transparency carrier density starts to
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increase abruptly. Thus, the lower limit to the quantum well thickness is about 50 A

so as to keep the threshold current density within manageable limits.
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Fig.54 Variation of the optical confinement factor and the transparency carrier density with
quantum well width. The confinement factor is optimized for an ungraded SCH with 50

A of GaAs smoothing layers and Al (Gay 4As cladding regions. as in Fig. 5.2.

The decreasing optical confinement factor (Fig. 5.4) with decreasing quantum
well width also means an increase in the total gain required at threshold. Due to gain
saturation in quantum well lasers, this also means a decrease in the differential gain.
As pointed out earlier, the increase in differential gain which offsets this trend at
smaller quantum well widths is not sufficiently large. Fig. 5.5 shows the variation in
the differential gain with quantum well width for a modal gain of 40 cm-! and 60 cm-

1. The differential gain is maximum at around the well width of 50 A. Larger well
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widths may be considered to minimize the operating current levels, as was done in
this work, without sacrificing the differential gain too much. Quantum well width in

the region of 50 A to 80 A is suitable for this purpose.
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Fig.5.5 Variation of differential gain with quantum well width plotted for the same active layer
specifications as in Fig. 5.4. T'G, refers to the modal gain for the particular plot. The full

circles are computed points, and the lines have been drawn to show the trend in the data.

Using the spectral hole burning theory, some authors have computed the
variation of the gain compression factor with the well width [13]. The figure of merit
is then taken to be the €/g, ratio which would maximize the K factor discussed in
Chapter 3. The result of this computation also suggests an optimum quantum well

width of about 80 A to maximize the modulation bandwidth [13].
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5.4 Optimization of the Barrier Width

Fig. 5.6 shows the modulation bandwidth dependence on the barrier width for
the MQW case. In a MQW structure, the barriers must be of some minimum
thickness to ensure that the carriers are two dimensionally confined to the quantum
wells, and the inter-well coupling which leads to a broadening of the quantized
energy levels is minimized. While taking advantage of the two dimensional
confinement, one has to also ensure that carrier transport across the structure is not
hampered leading to poor high speed performance. Further, the use of thick barriers,
especially together with a large number of quantum wells, will result in carrier

trapping leading to unequal carrier concentrations in the different wells.
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Fig.5.6  Variation of modulation bandwidth, from transport considerations alone, as a function of
the barrier thickness. This has been calculated for devices with 1000 A SCH, 80 A

Ing ,Gag gAs quantum well, and 2.5 pgm ridge operating at 20 mW of output power.
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Fig. 5.6 considers only the carrier transport effects, and thus clearly no
minimum limit for the barrier width exists. Although there is some bandwidth
penalty due to increasing barrier thickness, it is not very significant in the range
considered here. This partly explains the success of high speed MQW structures with

thick barriers [14,15].

5.5 Optimization of the Barrier Height/Carrier Confinement Potential

1.0 -l L L | I LB I LB I LB I LB I LB I LB I LB I LB I LB I LB I L L | l-
_ - _001 7
9 I Tor i
2 09 | -
i3 - ool ]
=1 "c -
E B nr o
2 08 -
et : - -
<
: = =
& I -
TU = -
S 07 F -
8 - -
g = -
H = -
O 6 -l | .| I | I | I | I | I | I | I | I | I | I | I | .| l-

0.00 0.05 0.10 0.15 0.20 0.25
Al Mole Fraction in the Al Ga]_ As SCH

Fig.5.7 Variation of internal quantum efficiency with Al mole fraction shown for two different

values of nonradiative recombination times.

In SQW lasers, where the problem of carrier transport between quantum wells

does not arise, thermionic emission time will have to be maximized in order to
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minimize the value of . There is a limit to which one can increase the bandgap of
the SCH layer to increase T, before the resulting decrease in the optical confinement
factor becomes unacceptable.

The barrier height in the SCH layer is optimized using the analysis for internal
quantum efficiency presented in Chapter 4. Fig 5.7 shows the dependence of n; on
the Al mole fraction in the SCH layer for two different cases of nonradiative
recombination times. A smaller nonradiative recombination time leads to a decrease
in the maximum value for m;, but the trend in the data with Al mole fraction remains
unchanged. Since the transport factor, %, is inversely related to mj, maximizing m);
would minimize . From Fig. 5.7, it is evident that a minimum of 10 % Al is required
in the AlIGaAs SCH layer to avoid the detrimental effects of thermionic emission of
carriers from the quantum well. The adverse effect on i is also applicable to the case
of MQW lasers, when one considers lowering the barrier height to facilitate carrier
transport between the various quantum wells.

In the InGaAs/GaAs system, where carrier trapping in quantum wells is not as
serious a problem as in the InGaAs/InP system, large bandwidth enhancements have
been reported in MQW lasers with increased barrier heights [16]. A compromise in
design can be achieved in MQW lasers by having a higher energy barrier between the
first and the last quantum wells and the SCH layer, to minimize the overall y, and a

lower energy barrier between the quantum wells, to facilitate carrier transport [17,18].

5.6 Optimization of the Separate Confinement Heterostructure Width
The SCH width has to be optimized such that the optical confinement factor is

maximized and the carrier transport time in minimized.
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Variation of modulation bandwidth with SCH width for the case when the cladding loss is
dominant. This is calculated for devices with 300 ym cavity length, 80 A wide barriers,
and other device parameters as specified for Fig. 5.6 The values for oy and ap in the
expression given as the inset in the Fig. were obtained by fitting the internal loss variation

with the SCH width for Samples A, B and C.

Figs 5.8 and 5.9 present two cases for the optimization of SCH widths. First

is the case where the cladding loss is dominant. This is true in the case of Samples A,

B and C where the total internal loss increased inversely with the square root of the

SCH width.

Fig. 5.9 is a more typical case where the doping levels in the claddings are not

very high, and consequently the loss in the active area dominates. In this case, the

total internal loss can be written as a function of the optical confinement factor. This

is true for Samples F and G.
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Fig.59 Same plot as in Fig. 5.8 but for the case when the loss in the quantum well active area is

1

dominant. The values for aactive and dcladding are 124 cm ! and 33 cm- respectively.

These values were obtained by fitting the internal loss data for Samples F and G.

The functional relations for the total internal loss have been given as insets in
the figures themselves. The various parameters in the relationships, o, Op, Qactive
and O.cladding Were experimentally determined. In both cases, there exists an optimum
value of SCH width for maximum modulation bandwidth. The bandwidths are
somewhat higher in Fig. 5.8, because the higher internal loss at narrow SCH widths
also leads to a reduced photon lifetime which enhances the modulation performance.
This enhancement comes at the expense of a larger operating current density, and thus
the devices are more prone to the effects of thermal heating.

The SCH could be partly doped or doped all the way up to the quantum wells

to help decrease the transport time. Depending on the doping level, this may increase
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the internal loss considerably, leading to a reduction in the differential gain and an
increase in the operating current density.

The optimum design for the SCH may be one in which the quantum well is
placed asymmetrically in the structure, i.e. closer to the p cladding. This would
minimize the hole transport time, and the width of the SCH on the n cladding side can
then be optimized for maximum optical confinement factor. One drawback of this

structure is the asymmetric optical mode pattern along the transverse direction.

5.7 Optimization of the Cavity Length

In quantum well lasers there exists an optimum cavity length for the
maximum modulation bandwidth. This is quite unlike lasers with bulk active areas
where shorter cavity lengths generally lead to larger modulation bandwidths due to
the decrease in the photon lifetime. In quantum well lasers the differential gain is
strongly carrier density dependent, and this works in opposition to the effects of a
reduced photon lifetime. These tradeoffs are illustrated in Fig. 5.10, which shows the
optimal cavity length for devices with a different number of quantum wells.

Generally, MQW lasers have a larger modulation bandwidth than SQW lasers,
but the cavity length in the MQW case has to be sufficiently short to take full
advantage of this. The optimal cavity length for the SQW case is 300 ym, and
decreases to 60 ym in the case of five quantum wells. The locus of the optimal cavity
lengths is also indicated in Fig. 5.10. For three or more quantum wells the optimal
cavity length is below 100 gm. It is difficult to cleave lasers below this limit, and one
may have to resort to dry etching techniques to fabricate lasers with very short cavity

lengths [14]. Further, lasers with short cavity lengths are more prone to thermal
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heating, and may not perform as well as theoretically expected. To overcome this

practical problem one may have to use MQW lasers with nonoptimal cavity lengths.
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Fig.5.10  Variation of modulation bandwidth as a function of cavity length. This has been
calculated for the same devices parameters in Fig. 5.6. MQW lasers generally have a

larger bandwidth than SQW lasers but are a lot more sensitive to cavity length variations.

5.8 Experimental Results

Fig. 5.11 shows the experimental variation in the -3 dB modulation
bandwidth with SCH width at different power levels. These data are from Samples
A, B and C. Here again the predictions of the analytic expression are very close to
the results from the exact expression. The optimum SCH width also corresponds
roughly to the point at which the optical confinement factor is a maximum. For a

narrow SCH, the bandwidth drops off due to decreasing confinement factor resulting
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in a larger threshold gain and thus a lower differential gain. At larger SCH widths,
the combination of a decreasing confinement factor and increasing carrier transport
time across the undoped regions of the SCH, limits the modulation bandwidth. At
sufficiently high powers for wide SCH devices, the characteristic drop due to carrier

transport appears in the modulation bandwidth curve.
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Fig.5.11 Comparison of the calculated and measured variation in modulation bandwidth with SCH
width. The dashed line is the result from the analytic solution and the bold line is that of
the exact expression. The carrier transport effects dominate at sufficiently high power

levels.

Fig. 5.12 shows the experimental and theoretical variation of modulation
bandwidth with cavity length for SQW and MQW lasers. This data has been

extracted from Samples F and G.
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Fig.5.12 Comparison of the calculated and measured variation in modulation bandwidth with
cavity length for SQW and MQW lasers. The SQW lasers exhibit a broad maximum for
the cavity length dependence of modulation bandwidth while MQW lasers are generally

more sensitive to cavity length variations.

The parasitics were more significant in this set of devices, and the RC product
was about 14.5 ps. The effects of the parasitics have been deconvolved from the
experimental data presented in Fig. 5.12. As the cavity length is reduced, the
threshold gain increases leading to a decrease in the differential gain. This is
balanced by the reduction in the photon lifetime, and this results in an optimum cavity
length for the maximum modulation bandwidth. The D factor [19], i.e. the slope of
the resonance frequency variation with square root of optical power, gives a good

indication of the maximum modulation bandwidth possible in the absence of severe
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transport effects. Fig. 5.13 shows the variation of the D factor with cavity length for

a 3 QW laser (Sample D) designed for minimal transport effects.
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Fig.5.13  Cavity length dependence of the D factor for a 3 QW sample. The bold line has been

drawn to show the trend in the data.

As predicted earlier the optimum cavity length for a 3 QW sample is about
100 pm. This is at the limit of what can be cleaved with reasonable yield in practice.
Herein lies the practical advantage of a quantum well laser with a smaller number of
wells; they can be easily fabricated for high speed applications. Further, longer
cavity length lasers dissipate heat more efficiently, and therefore suffer less from the

adverse effects of device heating.
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Fig.5.14  Variation of resonance frequency with square root of power for two 150 ym cavity length

3 QW devices (Sample D) with different ridge widths.

Fig. 5.14 shows the variation of resonance frequency with square root of
power for two 150 ym long 3 QW devices (Sample D) that differ only in the width of
the ridge waveguide. One of the drawbacks of a ridge waveguide structure for high
speed applications is the lateral carrier diffusion along the active area. This carrier
diffusion is severe for wider ridges, and is known to introduce additional damping to
the modulation response [20,21]. From Fig. 5.14, the device with a 2.5 ym wide
ridge has a better response than one with a 1.5 ym wide ridge.

Lateral carrier diffusion is not the only concern when designing narrow ridge
waveguide lasers. The loss of lateral confinement of the optical mode becomes

severe for narrow ridges. This leads to an increase in the threshold current as the
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ridge width is reduced below about 2 ym (see Fig. 6.8). Another area of concern is
the poor thermal dissipation in narrow ridge waveguide lasers. These constraints lead

to optimum ridge width of about 2.5 ym for the best modulation performance.
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Fig.5.15 Modulation response for a 3 QW sample with 150 ym cavity length, 2.5 ym ridge width
and Alp 15Gag 85As SCH.

Fig. 5.15 shows the modulation response of the laser sample optimized using
the model developed previously and the guidelines specified in this chapter. This
device which has a 150 ym long cavity and a 2.5 ym wide ridge, is from Sample D
which has 3 QWs and an Alg 15Gag g5As SCH. The maximum - 3 dB modulation
bandwidth is about 22 GHz. The device is presently thermally limited. The

performance can be improved by having a lower internal loss in the material (see
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Appendix A) which would lead to better external quantum efficiencies, and larger
output powers at lower operating current levels.

One of the parameters that is significant, but not deliberately considered in the
design process is the gain compression factor, €. The possible physical origins of this
factor was discussed in Chapter 1. Despite theoretical predictions that € is enhanced
in quantum well lasers, and further enhanced by the presence of strain, recent

experimental evidence, reviewed in Chapter 1, suggests to the contrary.
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Fig.5.16  Variation of the gain compression factor with cavity length for MQW and SQW lasers.

The lines have been drawn to show the trend in the data.

The experimental data presented in Fig. 3.7 shows that the gain compression

factor did not vary significantly with the SCH width. The carrier transport model that

97



was proposed did not influence ¢ at all. Fig. 5.16 shows the experimental variation of
the gain compression factor with cavity length for SQW and MQW lasers [22]. The
gain compression factor is lower for shorter cavity lasers and lasers with smaller
number of wells. In this case the lowest value of € was for a SQW laser of 200 ym
cavity length. This value of 9.98 x 10-18 cm™3 is about 5 to 6 times lower than the
values reported for MQW lasers operating at around 1.55 ym wavelength [24-29].
The higher values of gain compression for MQW lasers and lasers with longer
cavity lengths indicate that this nonlinearity is enhanced by increasing the quantum
confinement of the carriers. These trends are in qualitative agreement with the
predictions reported previously, although this theoretical work predicts an overall
increase in the gain compression factor for the case of quantum well lasers compared

to the bulk ones [28], which we have not observed in our experiments.
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CHAPTER 6

DEVICE FABRICATION

6.1 Broad Area Lasers

Broad area lasers are fabricated to evaluate the quality of the laser material.
The broad area threshold current density is a good indication of the material quality
and the epitaxial layer design. In addition, the data for internal quantum efficiency
and internal loss can also be extracted from broad area measurements.

The normal broad area lasers have large dimensions and are gain guided.
Although these are easy to fabricate, the drawback is that they do not provide
accurate data on threshold current density due to carrier diffusion. The carrier
diffusion can be significant if the resistance of the epitaxial layers between the cap
layer, on which the contact is deposited, and the active layer is low. This causes an
active area wider than the stripe width to be pumped, leading to an overestimation of
the threshold current density. To prevent this ridge waveguide lasers with fairly wide
ridges are fabricated for broad area lasers.

A self aligned process is used to fabricate the broad area lasers. The process
used to fabricate the broad area devices corresponds to the first two steps in the
fabrication of the polyimide buried ridge waveguide lasers (Fig. 6.3). The p-metal
sequence is first deposited on the epitaxial cap layer using lift-off. This contact metal
sequence consists of Cr/Pd/Zn/Pd/Cr/Au/Ni with the respective thicknesses of

50 A/125 A/50 A/250 A/50 A/1200 A/300 A. The first Cr layer is used to improve
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the adhesion of the contact metal to the semiconductor surface. The thermal
evaporator can handle only a maximum of three different source materials during one
run, and therefore this metal sequence is deposited in two consecutive runs. In the
first run Cr/Pd/Zn/Pd is deposited and the evaporator is opened with the Pd layer
exposed. To ensure good adhesion of the subsequent Au and Ni layers, the second
intermediate Cr layer is used. The final Ni layer is the mask for the subsequent Clp

reactive ion etching (RIE) step used for the fabrication of the self aligned ridges.

L

He-Ne Laser
Monitor

-]
1
N Sample
1
] RIE
| Chamber U [
N
N
Si Photodetector
Fig. 6.1 Schematic diagram of the RIE system and the laser reflectivity measurement setup.

The schematic diagram of the RIE system is shown in Fig. 6.1. The Cl; RIE
system uses a 13.56 MHz radio frequency (RF) power supply. The sample is attached

to the a 6 inch Si wafer using a high vacuum compatible, and thermally and electrical
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conductive paste, similar to the one typically used to attach samples to the holders in
the scanning electron microscopes (SEM) [1]. The Si wafer is similarly attached to
one of the electrodes, which is water cooled.

The RIE machine also has a reflectivity measurement setup based on the
623 nm He-Ne laser to accurately monitor the etch depth. The laser beam is directed
at the sample through a quartz viewport (a series of holes covered with a quartz
window) in the grounded electrode at the rear of the chamber. The light reflects off
the sample and is monitored with a Si photodetector.

The He-Ne wavelength is barely absorbed by Alg 5Gag 5As, and any epitaxial
layer with a higher Al composition is transparent. The various layers of the sample
permit light propagation to different extents, and have correspondingly different
delays. The reflected signal varies in intensity as the etch proceeds, because the
relative phase delay between light reflected at the different interfaces varies as the
thickness of the top layer decreases with time. For a given azimuthal angle, 0, of the
incident He-Ne beam, the reflected beam intensity can be calculated if the refractive
index and the absorption of the various layers at He-Ne wavelength are known [2].

Fig. 6.2 shows the calculated and experimental variation of the reflected He-
Ne signal with etch depth. The equivalent layer thickness information is obtained
from the growth calibration during the molecular beam epitaxy (MBE) growth. There
is fairly good agreement between the calculated (6 = 20°) and the experimentally
observed reflected signals. Some of the discrepancy is due to variations in the value
of 0, and the lack of accurate refractive index and absorption values in the AlGaAs
system at He-Ne wavelength. Using the calculated signal variation as a guide, the

etch depth is determined by observing the experimental signal in real time. The etch
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is stopped once the required depth is reached. This is an accurate and reproducible
way to etch ridges using dry etching techniques without having to use stop etch layers

as an intrinsic part of the epitaxial layer design.

Calculated Reflected Laser Signal

A W

Conduction Band Energy Profile of the Structure

Experimental Signal

Stop Point for the Ridge Waveguide Lasers

/

0.0 04 0.8 1.2 1.6 20 24
Depth (um)

Fig. 6.2 Variation of the reflected laser signal from the sample with time, plotted with respect to

the equivalent etch depth.
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The RIE system has a load lock which is evacuated to about 2 mTorr using a
liquid Nj absorption pump before the sample is inserted into the high vacuum
chamber. The high vacuum chamber is evacuated by a turbomolecular pump. The
background pressure is typically < 5x10-7 Torr before the start of the etch. The Clp
flow rate is set at 4 sccm, and the chamber pressure at 0.8 mTorr for the etch. The
electrodes are biased at a level (about 400 V) suitable for a forward power of 60 W,
and the RF matching network is tuned for minimal reflected power. The etch rate is
typically 1200 A/min.

The last laser reflectivity signal in Fig. 6.2 shows the depth to which the ridge
waveguide lasers are typically etched. The etch is stopped in the high Al (typically
60 % to 70 %) p-cladding AlGaAs region. The active layer is not etched here as well
as in the case of narrow ridge waveguide lasers later.

Etching past the active layer will provide better current confinement leading
to a lower threshold current, and minimize the adverse effects of lateral carrier
diffusion on the damping of high speed lasers (Section 5.8). The polyimide material
used in the planarization of the narrow ridge waveguide structure has poor thermal
dissipation characteristics. The active area buried in this material will heat up at a
much faster rate compared to the case where it is not etched, and is surrounded by the
epitaxial semiconductor material. This will result in poor device characteristics at
high bias levels used in the modulation experiments. Further, due to the high surface
recombination velocity in the GaAs material system (Section 2.10), the injected
carriers will easily recombine at etched active layer surface resulting in enhanced
leakage currents. Additionally, defects are also easily formed at the etched active

layer surface. These defects then propagate throughout the active layer, and act as
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nonradiative recombination centers. This leads to a complete degradation in the light
output from the laser.

The dry etched sample is then slightly wet etched to remove any possible
damage from the Clp, RIE. The wet etchant used is a combination of Br water
(saturated solution of Br in water at 20 °C), 49 % HBr and water in the 1:2:1 ratio by
volume. The samples are typically immersed for 15 s in the etchant. This etches an
additional 400 A to 700 A of material depending on the composition of the cladding
region. Layers with higher Al composition have a faster etch rate in this reagent. The
bonus of using this etchant is that it also etches off the remaining Ni mask layer. This
is especially useful as Ni tends to ball up (roughen the surface) in the subsequent
annealing step.

The p-contacts are then alloyed by annealing in forming gas (about 10 % H»
in No mixture) in a rapid thermal annealer (RTA) at 420 °C for about 20s. A
temperature ramp rate of 40 °C/s is used. A break point is inserted at 300 °C for 30 s
to allow the temperature to become uniform over the sample, and complete any
outgassing that may occur from the sample during the annealing.

The sample is then mechanically thinned so that it can be cleaved into bars
and tested. The sample is first lapped using a 5 ym aluminum oxide powder [3]. The
GaAs substrates are initially about 400 gm thick. The substrates are lapped down to
about 100 ym in thickness. The grain size of the aluminum oxide powder is then
switched to 1 ym, and backside surface is finally lapped off to a fairly smooth finish.
The final substrate thickness is below 90 ym.

The backside surface is cleaned, and the substrate metallization is deposited.

An n-metal sequence of Ni/AuGe/Ni/Au of 50 A/1000 A/150 /1500 A thickness is
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deposited. The n-contact is then annealed as previously at 380 °C for about 15 s. The
same temperature ramp and break point are used. A lower annealing temperature is
deliberately chosen so as to not over anneal the previously alloyed p-contact, and
further, annealing temperatures below 400 °C is sufficient to obtain good contact
resistance. This also ensures a good surface morphology.

The sample is then cleaved into bars and pulse tested to determine the L/I

characteristics.

6.2 Self Aligned Polyimide Buried Ridge Waveguide Lasers

The narrow ridge waveguide devices are fabricated in a similar fashion. The
first two steps of the broad area laser fabrication are repeated except that the width of
the ridges is much reduced. The complete sequence of the fabrication process is
given in Fig. 6.3.

The main difference here is that the ridges are too narrow to be probed or
bonded to directly. For these devices to function at high speeds, contact pads would
have to be fabricated with a minimal addition of parasitic capacitance. A typical way
is to use a SiO; dielectric layer, and deposit the contacts on them. It is difficult to
grow thick layers of SiO; uniformly, and also this process does not planarize the
etched surface, which is essential to avoid breakage in the deposited metal films.

A preferable way is to deposit the bonding pads over a layer of polyimide.
This material is easily spun on to any desired thickness by an appropriate choice of
the polyimide type and/or the spin speed. Further, this material also has a lower
dielectric constant compared to SiO>. This is the method that is used here, and hence

the name polyimide buried for the resulting laser structure.
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First Mask Step Second Mask Step

1. Lift-Off p-Metal 7. Spin on a thick photoresist and
pattern it to produce an planar
surface

[

2. Chlorine RIE to form the ridges 8. Oxygen RIE of polyimide using
3. Use wet etch to remove RIE damage photoresist as the planarizing mask

i
-
I

4. Anneal the contacts Third Mask Step
5. Spin-on the polyimide 9. Deposit Au over the p-contact for
6. Cure the polyimide bonding and probing

10. Lap the substrate
11. Deposit n-metal contact on the
substrate side

Fig.6.3 Process steps for the fabrication of the self-aligned polyimide buried ridge waveguide

lasers.
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After the p-contact is annealed, a thick layer of polyimide (Probimide™ 284
[4]) is spun on and cured. A spin speed of 5000 rpm is used, and the resulting film is
about 1.2 ym thick. The ridge waveguides are less than 1 ym in height, and the
polyimide completely covers the ridges. This particular type of polyimide is fully
immidized, and does not shrink during the subsequent thermal processing. The glass
transition temperature of this polyimide is 320 °C, above which crosslinking of the
polymer occurs, and the compound becomes very stable. QZ 3289 adhesion promoter
concentrate [4] diluted 1 to 9 with QZ 3290 diluent [4] is first spun on at 5000 rpm
before the polyimide. The polyimide coated sample is then baked at 90 °C for 30
min., then at 150 °C for 15 min., followed by 240 °C for 15 min. and finally at 325 °C
for 1 hr. The last two curing steps are done on a strip heater in a N> environment.

During the curing process, it is important to remember that the p-contact used
for the self aligned process is also being annealed albeit at a lower temperature. The
depth to which the contact material diffuses (for diffusion from a limited source) into
the semiconductor has an exponential dependence on temperature and a square root
dependence on time [5]. The final curing temperature is kept lower than the initial
annealing temperature of the contact, and the activation energy of diffusion for most
materials in GaAs is in excess of 1 eV. Thus, the additional drive-in of the contact is
negligible even though the sample is being heated at an elevated temperature for 1 hr.

The sample surface is only partially planarized after this polyimide step. A
quantity called the degree of planarization, DOP, can be defined to describe the level
of planarity achieved after curing. The definition of DOP is shown in the schematic
diagram given in Fig. 6.4 [6]. This index varies from 0, for no planarization at all, to

1 when there is complete planarization. The DOP depends on the viscosity of the
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polyimide [7]. For Probimide™ 284 as used in this process, DOP factor of about 0.5
is achieved for a single coat application. For a more complete planarization multiple

coatings of the polyimide may be used.

X

Polyimide Coating T
. X
y Typical DOP =1-_
Feature y

Fig.6 .4 Definition of the degree of planarization in the polyimide process.

Since the average thickness of the polyimide, after a single coating, is larger
than the typical height of the ridges, planarization can also be achieved by an
application of a thick photoresist mask layer and subsequent dry etching of the
combination in Oy. The next step is to etch the polyimide such that the self aligned p-
contact is exposed while a planar surface is obtained adjacent to the ridge, on which
the bond pad may be deposited. This is done by first spinning on a thick layer of
photoresist (AZ 4330 [8]) at 5000 rpm, and patterning it over the required area as
shown in Fig. 6.3. The spin on thickness of the photoresist is in excess of 3 ym, and

the resulting sample surface is almost planar.
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Fig. 6.5 Variation of the reflected laser signal with time from a test piece for the O, etching of

polyimide with a photoresist mask.

The sample is then dry etched in O3, and the progress of the etch is monitored,
as previously, using the He-Ne laser monitoring system. The reflected He-Ne signal
monitored during the etch from a test piece with identical polyimide and photoresist
layers on it is given in Fig. 6.5. The background pressure is not critical for this etch,
and is typically about 10-6 Torr before the start of the etch. The O, flow rate is set at
7 sccm, and the chamber pressure at 10 mTorr for the etch. The electrodes are biased
at about 350 V, which is required for a forward power of 60 W, and the RF matching
network is tuned for minimal reflected power. The photoresist and polyimide etch at
about the same rate in O,. This can be seen from the evenly spaced time variation in

the reflection spectra. The even etch rate of the photoresist mask and the polyimide
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layer results in a planar surface when the self aligned contacts are exposed. By the
end of the etch all the photoresist has been removed, and only the polyimide remains.
The endpoint is detected by counting the number of fringes.

The etch typically takes 21 periods of the reflected signal to complete. After
this the height variation on the sample surface is carefully measured to check if all the
polyimide has been removed from the top of the ridges. Sometimes additional
etching is required, and this can be conveniently done using a O, plasma etcher which
operates at a lower RF frequency (30 kHz) and at a higher background pressure
(300 mTorr). The etching characteristics of the plasma etcher are far less anisotropic
than that of the RIE system, but it is not a problem when only a minimal amount of

polyimide has to be removed.

In Mole Fraction

Top Contact Polyimide 02 00
I
p-Contact
/ lor3
p-Cladding —— Quantum
\ Wells
L
——
00 0.6
Al Mole Fraction

T n-Substrate

\

Substrate Metalization

Fig. 6.6 Polyimide buried ridge waveguide laser.
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The bond/probe pad is then deposited over the p-contact using lift-off. The
metal sequence consists of 150 A of Cr for adhesion followed by about 3500 A of Au.
The polyimide surface is severely pitted by the previous Oy etch step, and the
deposited bond pad adheres rather well to such a roughened surface.

The substrate is then thinned as previously, and the backside metallization is
deposited. After this the sample is cleaved, and the devices are tested. The schematic
diagram of the completed device is shown in Fig. 6.6. The bond pad/top contact

deposited over the polyimide layer is patterned to minimize the parasitic capacitance.

6.3 Static Characteristics of Narrow Ridge Waveguide Devices

Resolution = 0.1 nm

Relative Amplitude (dB)

0.9758 0.9783 0.9808 0.9833 0.9858
Wavelength (zm)

Fig. 6.7 Longitudinal mode spectrum of the polyimide buried ridge waveguide laser above

threshold. The operating wavelength is about 980 nm.
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Fig. 6.7 shows a typical longitudinal mode spectrum of the SQW polyimide
buried ridge waveguide laser made from wafer F. The operating wavelength is, A =
980 nm. The laser is multi-moded due to the Fabry-Perot design and the absence of
any wavelength selective elements in the cavity. The next dominant mode is about 10
dB below in intensity. The cavity length of this device is, L. = 200 gm, and from the
mode spacing (AL), the mode index (nmede) is calculated to be 3.66.
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Fig. 6.8 Variation of threshold current with ridge width for 170 pm cavity length 3 QW device
(Sample G).

Fig. 6.8 shows the variation of threshold current with stripe/ridge width for a

170 um long 3 QW ridge waveguide laser (Sample G). The variation of threshold
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current with stripe width is 0.66 mA/um, and the linear extrapolated intercept is 3.87
mA. The intercept gives a measure of the leakage current and the lateral diffusion of
carriers. For typical ridge widths of about 2 ym, more than half the current at
threshold ends up leaking, and hence not useful. This is one drawback of a ridge
waveguide structure. Despite the high leakage current component, the results show
that it is possible to fabricate lasers with low absolute threshold currents with narrow
ridge waveguides down to 1 ym with this process.

The threshold current reaches a minimum at around the ridge width of 2 ym.
The increase in threshold current at smaller ridge widths is due to the loss of lateral
optical confinement factor in the narrower ridge waveguide structures. At these
dimensions the optical mode is no longer completely confined to the ridge
waveguide, and the index discontinuity at the semiconductor/polyimide interface
begins to introduce a significant amount of optical loss.

Fig. 6.9 shows the threshold current variation with temperature for two SQW
laser samples. Sample C has a 3000 A wide SCH and Sample F has a 900 A wide
SCH. Both of them have large T,, and the threshold current is very stable against
variations in temperature. On closer examination of Fig. 6.9, one may notice that the
T, value is not constant throughout the measurement range, but instead increases at
about room temperature.

The threshold current for these lasers is very stable with variations in
temperature. The values of T, measured here for the InGaAs/GaAs lasers are large
compared to those between 50 K and 70 K reported for InGaAsP lasers at room
temperature [9]. This suggests a good possibility of high speed operation of these

lasers at elevated temperatures.
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Fig.6.9

Threshold Current (mA)

SampleC T =252K
(6]

~
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Variation of threshold current with temperature for two SQW laser samples. Sample C
has a 300 ym long cavity and 2.5 pm wide ridge. Sample F has a 200 zm long cavity and
2.0 pm wide ridge.

6.4 Microwave Mounting and Measurement of Laser Diodes

For the modulation response and the relative intensity noise measurement, the

laser diodes have to be suitably packaged first. The schematic diagram of a mounted

device is given in Fig. 6.10.

A

laser bar is first separated into individual dies each consisting typically of 3

diodes. Each die is then attached to a copper heatsink using a Pb/Sn/Ag solder alloy

(36 % Pb, 62.5 % Sn and 1.5 % Ag by weight) [10]. The rectangular solder preforms

used for the die attach are 0.015" by 0.01" and 0.001" in thickness. The solder

typically melts at around 140 °C to 150 °C. A soft solder liquid flux (no. 30) is also

used with this process [11].
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Fig.6.10  Schematic diagram of the high speed laser mount.

The device is then bonded to a 50 Q microstrip transmission line (width =
250 ym) on an alumina substrate (thickness = 250 ym, ¢ = 10) with a gold mesh.
The other end of the microstrip is attached to the center of a K-connector launch [12].

The schematic diagram of the experimental setup used for the modulation
response measurement is shown in Fig. 6.11.

The modulation response of the above microwave package is measured using
a HP 8510 vector network analyzer and a high speed photodetector [13,14]. The data
acquisition is done over the IEEE 488 type interface using a commercial
instrumentation control software called the LABVIEW™ [15] which runs on a
Macintosh II computer. This allows the data to be directly downloaded and

manipulated on the computer.
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Fig.6.11 Schematic diagram of the experimental setup for the measurement of modulation

v —

High Speed Laser High Speed Photodetector

response of laser diodes.

The experimental setup for the measurement of the relative intensity noise is
shown in Fig. 6.12. Although the same laser mount is used, this is essentially a D.C.
measurement. The laser diode is biased at various current levels (preferably C.W. for
the best signal to noise ratio), and the spectrum of the steady state output is measured

using a high speed photodiode and a spectrum analyzer.

controlled and the data downloaded using a computer.
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Fig.6.12  Schematic diagram of the experimental setup for the measurement of relative intensity

noise in laser diodes.

121



References

1.

10.

11.

12.

13.

14.

15.

Manufactured by Commonwealth Scientific Corp., Alexandria, VA.

Program written by S. W. Corzine, University of California, Santa Barbara.
Manufactured by Buehler Corp., Lake Bluff, IL.

Manufactured by Ciba-Geigy Corp., Santa Clara, CA.

S. K. Ghandhi, VLSI Fabrication Principles, New York:Wiley, 1983, pp. 143.

P. Burggraaf, "Polyimides in Microelectronics," Semiconductor International,
pp. 58-62, March 1988.

S. K. Ghandhi, VLSI Fabrication Principles, New York:Wiley, 1983, pp. 585.
Manufactured by Hoechst-Celanese Corp., Somerville, NJ.

G. P. Agrawal, and N. K. Dutta, Long Wavelength Semiconductor Lasers,
New York:Van Nostrand Reinhold, 1986, pp. 128.

Manufactured by Coining Corp., Saddlebrook, NJ.
Manufactured by Superior Flux & Mfg. Co., Cleveland, OH.
Manufactured by Wiltron Corp., Morgan Hill, CA.

J. E. Bowers, and C. A. Burrus, "Ultrawide-Band Long-Wavelength p-i-n
Photodetectors," J. Lightwave Tech., vol. 5, pp. 1339-1350, 1987.

Y. G. Wey, D. L. Crawford, K. Giboney, J. E. Bowers, M. J. Rodwell, P.
Silvestre, M. J. Hafich, and G. Y. Robinson, "Ultrafast Graded Double-
Heterostructure GalnAs/InP Photodiode," Appl. Phys. Lett., vol. 58, pp. 2156-
2158, 1991.

Distributed by National Instruments, Austin, TX.

122



CHAPTER 7

CONCLUSION

Despite the initial enthusiasm generated by the early theoretical predictions of
enhancement in differential gain, and consequently an enhancement in the modulation
bandwidth in quantum well lasers, the road to the practical demonstration of these
promised ultra high speed devices has been fraught with difficulties. In most cases,
the high speed performance of quantum well lasers was worse than that of the lasers
with bulk active areas. Part of this lack of progress is attributable to the relative
infancy of the advanced crystal growth techniques that is required for the fabrication
of these lasers. Large part of it is due to the incomplete knowledge of the parameters
that had to be optimized in the design of these devices. Given the number of
parameters that can be varied in designing a quantum well laser, the lack of good
understanding of how these lasers operated led to the experimentation with a large
variety of structures, and the publication of a wide range of results that seemed
impossible to reconcile.

A major part of this work has been to establish the significance of carrier
transport effects in the operation of high speed quantum well lasers, and develop a
model that can be used for the practical design of such devices. It has been shown
that the conventional high speed design philosophy in semiconductor lasers is not
sufficient for the optimization of high speed quantum well lasers. The cladding, SCH

and barrier layers in a quantum well laser have to be carefully designed to not only
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maximize the optical confinement, but also to optimize the various carrier transport
times, and carrier capture and confinement.

The transport time, T, across the undoped regions of the laser has to be
minimized. Long carrier transport delay in the undoped regions of the laser, as in the
SCH in our case, introduces a low frequency parasitic-like rolloff which severely
limits the maximum possible modulation bandwidth. A narrow SCH is desirable
towards this end, but this will increase the internal loss in the case where the cladding
loss is dominant, and decreasing the SCH width below an optimum point will also
lead to a sharp drop in the optical confinement factor. These will result in a higher
carrier density at threshold, and consequently a lower differential gain as a result of
rapid gain saturation in quantum well lasers. These constraints lead to an optimum
width for the SCH.

The transport factor i given by (1 + T;/te) has to be minimized. A large y
leads to a decrease in the effective differential gain, and thus a decrease in the
resonance frequency and an increase in the K factor. So, in addition to minimizing T,
the thermionic emission lifetime, Te, has to be maximized. This can be done by
having deeper and wider quantum wells. This is generally true for a SQW laser, but
in a MQW structure te cannot be increased arbitrarily by increasing the depth of the
quantum wells or the width of the barriers, because it will lead to carrier trapping in
the quantum wells, and poor carrier transport between the quantum wells. The
barriers must be of some minimum thickness and height to ensure that the carriers are
two dimensionally confined to the quantum wells, and the inter-well coupling which

leads to a broadening of the quantized energy levels is minimized. These

124



compromises lead to an optimum barrier height and width to maximize the
modulation bandwidth in MQW lasers.

Modulation bandwidth in quantum well lasers is also a sensitive function of
the cavity loss because of the rapid gain saturation with increasing carrier density.
Thus, in quantum well lasers there is an optimum cavity length for the maximum
modulation bandwidth below which the reduction in photon lifetime can no longer
offset the loss in differential gain. This optimum value is dependent on the number of
quantum wells, and for a SQW laser or lasers with a small number of quantum wells,
good high speed performance can be obtained over a large range of cavity lengths.

In the presence of transport effects, the K factor extracted from relative
intensity noise (RIN) measurements cannot be used to predict the modulation
bandwidth of quantum well lasers. The maximum modulation in this case is limited
by the low frequency rolloff due to transport, which does not affect the RIN spectrum.
The maximum modulation bandwidth occurs at a power level where the initial rolloff
due to carrier transport is so severe that the actual modulation response barely touches
the - 3 dB point before the resonance peak in the intrinsic laser response causes it to
turn back up again, before finally rolling off at a higher frequency.

The internal quantum efficiency of the semiconductor laser has a simple
relationship to the carrier transport parameters derived here. The carrier overflow
from the quantum well which is the result of insufficient carrier confinement and
hence a reduced thermionic emission time, leads to a degradation of the high speed
properties as well as the internal quantum efficiency of the lasers. This is the first
time a link has been established between the static and dynamic properties of

quantum well lasers on the basis of carrier transport effects.
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Thus, careful device design is required to take advantage of the enhancement
in differential gain obtained by the use of quantum wells in the active area. A mere
replacement of the active area in a bulk laser by quantum wells is not sufficient.

In addition to establishing the design guidelines for high speed devices,
detailed procedures have been demonstrated for the fabrication of high speed laser
structures with a minimal amount of parasitic capacitance and resistance. As a result,
quantum well lasers with minimum threshold currents of 5 mA and maximum
modulation bandwidth of 22 GHz have been demonstrated. The performance of these
lasers at present is limited by the thermal dissipation.

It is clear that carrier transport effects are a significant factor in the design of
high speed quantum well lasers. This will be more of a problem as lower dimensional
materials, like the quantum wires and the quantum boxes, are investigated for their
suitability as the active medium with even higher differential gain in semiconductor
lasers. The problem in the quantum well lasers have been addressed here in a quasi
classical manner. It is not obvious that it may still be possible to do so in yet lower
dimensional materials where there is a much reduced set of available energy states
between which carrier interactions can take place. There may be a need for a
complete quantum mechanical treatment of the carrier capture and emission processes
in relation to the operation of high speed lasers.

The bandwidth requirements in a modern communication system are on the
increase. The requirement for devices performing at ever increasing speeds has also
been on the increase. Apart from the obvious material requirements, there is a real
need for novel ideas to beat the limits to the speed of operation set by the device

parasitics as well as the device size.
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The biggest problem with present day high speed laser diodes is the device
and package parasitics. Typically this limits the frequency of operation of these
diodes to the 20 GHz to 30 GHz region. New fabrication techniques are required,
based on the semi-insulating substrate technology to beat this limit. Successful
microwave packaging is as much an art as it is a science. More work is needed in this
field to make it more of a science, and more readily accessible.

The most successful present day laser diodes have cleaved facets for a long
operating lifetime, and large power output at low operating current. There is a cavity
length limit to which these devices may be usefully cleaved. Good cleaves require
the cavity length to be somewhat larger than the substrate thickness. Substrate
thicknesses of the order of 50 ym or so become difficult to handle, and this places the
lower limit of 100 #m or so on the length of cleaved cavities. This will be a problem
when the wavelength of the microwave signal becomes the same order of magnitude
as the cavity length at very high frequencies.

The quest for devices operating at ever increasing speeds has been in the
forefront of semiconductor laser research for a number of years now, and will be so
for years to come. It is hoped that this work has made some lasting contribution

towards the advancement of this field.
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APPENDIX A

BROAD AREA CHARACTERISTICS

There were several different wafers fabricated during the period of this work.
The material quality of all of them were determined by fabricating broad area lasers
before the polyimide buried devices were made. This Appendix lists the epitaxial
design and the broad area characteristics (indicative of the material quality) of the
wafers from which the devices described in this dissertation were fabricated.

The wafers could be generally classified into four types from their respective

carrier/optical confinement structures. These are given in Fig. A.1.

AlGaAs+ 08
T 0.6
T 04 —| Type I |_
T 02
GaAs 4+ x=00
InGaAs + 02 LI
SCH Smoothing Layer
Cladding Quantum Wells

AlGaAs+ 038
Type II1 Type IV

-+ 02
GaAs + x=0.0
InGaAs + 0.2

Fig. A.1 Conduction band energy diagram in terms of the Al mole fraction in AlGaAs and In mole

fraction in InGaAs for the different structures investigated in this study.
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The active layer structures vary in the width and the number of quantum
wells, the width and the composition of the SCH, and the composition of the
cladding. The quantum wells are composed of Ing2Gag gAs, and smoothing layers
are GaAs. In MQW lasers, the barriers are GaAs, and 80 A thick. Type I and II have
1 um thick claddings, while Type III and IV have 0.6 ym thick claddings.

The summary of the broad area results for the various wafers which have been

referred to in the previous chapters is given in the following Table.

Wafer # | Type | Ls (A) | Ly (A) | T (%) | Min. Jy, (A/cm?2) | otint (cm™1) | mi (%)
910528A - A I 760 80 2.9 140 21.8 95.5
910528B - B I 1500 80 2.7 129 11.8 80.7
910528C - C I 3000 80 1.9 93 4.3 83.5
920103A-D | III 710 70 8.2 322 59.2 90.7
920103B-E | IV 710 70 8.9 387 36.9 66.7
901211B - F I 900 80 3.0 125 6.9 93.8
901219A-G| I | 700 | 80 | 9.2 247 14.4 83.8
Ly Width of one side of SCH layer
Ly Width of quantum well
r Optical confinement factor
Min. Ji, Minimum threshold current density
Olint total internal loss
i internal quantum efficiency
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APPENDIX B

MATERIAL PARAMETERS

B.1 Bandgaps, Effective Masses and Refractive Indices

The composition dependent direct bandgaps and effective masses used for the

computations are as tabulated below;

Ref. Quantity

Unstrained bandgap in the AlyGaj_xAs alloy

1 Eg(x) = 1.424+1.594 x+ x (1 -x) (0.127-1.310 x) eV
Unstrained electron effective mass in the AlyGaj_xAs alloy

) m, (x)/ my =0.0665 +(0.124 — 0.0665) x
Unstrained heavy hole effective mass in the AlyGaj.xAs alloy

P my, (x)/ my =0.34+(0.5-0.34) x
Strained bandgap in the InyGaj_xAs alloy

3 Eg(x) = 1.424-1.061 x +0.07 x° +0.03 x” eV
Unstrained electron effective mass in the InxGaj_xAs alloy

3 m, (x)/ m, =0.0665 +(0.023 - 0.0665) x
Unstrained heavy hole effective mass in the InyGaj_xAs alloy

3 my, (x)/ my, =0.377+(0.341-0.377) x
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The refractive index values required for the computation of the optical mode
profile and the confinement factor are calculated using the single effective oscillator
(SEO) method. From the model derived by Afromowitz [4], the refractive index, n, is

given by the following relationship,

[2B2-E2 - (hw)*]
n?-1+5d, Eg)l-(h\/)2+g(hv)4ln ——= (2 )
E, EJ n B2 (hv)
where
J'IZEd

7 2E; (B3 -E; )

The values for the direct bandgap, Eg, have been already tabulated. The hv term is

the photon energy of the propagating field. The values for E, and Eq are,

Material Quantity Ref.
Al,Gaj_xAs Eo(x)=3.65+0.871 x+0.179 x* eV 4
Eg(x)=361-245xeV 4
InyGaj_xAs E,(x)=3.65-215 xeV 5
Eq(x)=361-19.9x eV 5

This theoretical model agrees fairly well with the experimentally measured
refractive index values, but has a singularity at the bandgap, i.e. at Eg = hv. In this
region, a simpler relationship based also on the SEO method derived by Wemple and

DiDomenico [6] is more useful;
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E i E
n=1+ d o

B2 -(hv)?

B.2 Electron and Hole Mobilities and Diffusion Coefficients
At thermal equilibrium the diffusion coefficient, D, is related to the carrier
mobility via the Einstein relation. In nondegenerate semiconductors the following

relation holds;

kT
(K1),
q/
where the subscript d refers to the fact that the mobility used is the drift
(conductivity) mobility [7]. Since most of the transport parameters reported in
literature are typically from Hall measurements, the resulting mobility is the Hall
mobility, uy. The two mobilities are related to one another via the Hall factor, ry;.
Ug=—""
I'y
The temperature dependence of hole mobility generally has the following

form,

300 (K )) P

u= M3OOK( T(K)

For holes in GaAs, at sufficiently large temperatures, i.e. in the region of

interest to us (100K to 400K), Hill [8] has suggests that p = 2.41 would be a good fit
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to the temperature dependence of mobility, while Wiley [9] from his earlier work and
an extensive review later, suggests a § of 2.3. This is somewhat higher than the
temperature dependence of T-2-! suggested by Sze [7]. A numerical fit to the later
work by Masu, et al., [10] gives a temperature dependence of T-2-3. The Hall factor is
also temperature dependent, and after accounting for it, Adams [11] suggests a 3 of -
2.2. This value of § has also been assumed for the AlGaAs SCH layer (10 % to 15 %
Al mole fraction). The Hall mobility for holes at room temperature in Aly 1Gag 9As is
taken to be 250 cm?2/Vs [10], and the Hall factor to be 1.25 [12] resulting in a value of
1300k = 200 cm?2/Vs.

The temperature dependence of electron mobility is more complicated. No
simple power fit is suitable to model the temperature dependence of electron mobility
in the range of our interest [12,13]. We have done a polynomial fit to the data
reported by Bhattacharya, et al., [14] and obtained the following expression for the

temperature dependence of electron mobility in Alg 1Gag 9As;

Win = 5820 =3110

We have taken the Hall factor to be 1.175 [12], and independent of temperature.

The variation of electron Hall mobility with composition, x, in AlyGaj.xAs at
300 K was taken from [15]. Fig. B.1 shows the reproduction of Fig. 1 from [15], and
the corresponding numerical fit to the original data. There is clearly a minimum in
the electron mobility at x = 0.47, and separate numerical fits have been used for the

variation before and after this point (x = 0.48 seemed to be the best point to do this).
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x=0.48
Ue(x) = 6594.2 —17460x + 38478 x> — 101530 x> +76269x* cm?/ Vs

x>0.48
We(x) = =9240.2 + 59510x — 150610x2 +190860x> —120970x*

+ 30637x5 c:rn2 /Vs

Electron Hall Mobility (cm?*/Vs)
=

p—
()
[\S]

0.0 0.2 04 0.6 0.8 10
Al Composition in Al Ga1 As
X -X

Fig. B.1 Variation of electron Hall mobility in AlyGaj_xAs with Al composition.

For low alloy compositions, 0 < x < 0.32, the I" minimum is the lowest energy
minimum and the effect of electrons in the L and X minima on Hall mobility are
negligible. Similarly for high alloy compositions, 0.60 < x < 1.00, X minima are the
lowest in energy, and the effect of electrons in I' and L minima are negligible. For the

intermediate compositions, 0.32 < x =< 0.60, the contributions from all three minima
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become significant, and the minimum in Hall mobility at about x = 0.47 occurs due to a
combination of intervalley, alloy, and space charge scattering. The direct (I')-indirect
(X) crossover composition is at x = 0.43 [15]. The Hall factor for electron mobility is
also dependent on Al mole fraction, and attains a peak value of 3.8 at x = 0.42, due to
the multiband conduction effects [16]. This ratio is found to be close to unity for the
alloy composition ranges of interest to us in this work; 0 < x <0.25 and 0.6 < x <0.78.

Thus our previous assumption of a constant Hall factor is appropriate.

400

(O8]
=
o

200

100

Hole Hall Mobility (cm’/Vs)

0.0 0.2 04 0.6 0.8 10
Al Composition in Al Ga1 As
X -X

Fig.B.2  Variation of hole Hall mobility in AlyGaj_xAs with Al composition.

The variation of hole Hall mobility with composition, x, in AlxGaj_xAs at
300 K was taken from [10]. Fig. B.2 shows the reproduction of Fig. 3 (the curve for

AEqlioy = 0.7 eV and N, = 1x1016 cm3) from [10], and the corresponding numerical
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fit to the original data. There are no discontinuities in the curve as before, and a

single numerical fit is sufficient in this case;

up(x) =397.98 - 2154.2x + 8567.0x% - 21234x°
+30765x* —23620x° +7484.8x% cm?/ Vs

B.3 Optical Gain and its Temperature Dependence

The carrier density dependent optical gain is theoretically calculated using
valence band mixing effects from the model presented in [3]. A conduction band
offset of 60% is used. In calculating the energy bands in the strained material,
valence band mixing is taken into account via the Luttinger-Kohn Hamiltonian while
the conduction band is treated in the effective mass approximation.

The band offset ratio has been taken to be temperature independent, and the
bandgaps of the various constituent layers to have the same temperature dependence.
This assumption would ensure that the energy offsets between the various layers, or
in other words the potential barrier heights, in the laser structure are independent of
temperature although the absolute bandgaps are changing.

Fig. B.3 shows the theoretically calculated gain-threshold current density
relation presented together with the experimental data for threshold gain obtained
from broad area measurements on three wafers of SQW lasers; Samples A, B and C.
Except at very low current densities there is a good agreement between the model and

the measured gain values.
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Fig. B3  Theoretical and experimental variation of material gain with current density for an 80 A
Iny,Gay gAs/GaAs quantum well. The experimental data are from the broad area
measurements on Samples A, B and C. The arrows indicate the respective operation

points of 300 pm cavity length devices.

Using the same model, the gain-carrier density relationship can be calculated
at various temperatures. Fig. B.4 shows the carrier density dependence of gain at a
number of different temperatures. For a constant level of loss in the cavity the
material gain as well as the differential gain are reduced at increased temperatures.
This is the loss in static differential gain with increasing temperature. This can be

further aggravated by the deterioration of transport factor, i, at elevated temperatures.
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Fig. B4  Temperature dependence of gain-carrier density relationship for the same active layer

parameters in Fig. B.3.
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APPENDIX C

DETAILS OF RATE EQUATION ANALYSIS

C.1 Small Signal Expansion of the Stimulated Emission Term

The stimulated emission term in the rate equations for the carrier density and
the photon density has the gain compression factor in the denominator. This makes
the small signal expansion of this term more complicated. With the small signal

quantities inserted, the stimulated emission term can be written as,

veG(P)S  vg[Go +goPw](So +9)

I+¢S 1+s(SO+s)

Expanding the denominator alone in a Taylor series,

1
1+e(SO+s)
= l—e(S0 +S)+82(SO +s)2—e3(SO +s)3+....

=(1—eSO+828(2,—838(3,+....)—es(1—2880—ss+3sZS%+382$OS+8232+....)

The s2? term, which is product of two small signal quantities, is very small, and

is therefore negligible when only the first order terms are considered.
L
I+¢ (SO +s)
~(1-es,+e2S2-¢’Sh+...)-es(1-2¢ S, +36782 - ..
: 1 B €S
Cl+eS, (1+ESO)2
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This is then substituted into the original expression which then simplifies to,

VgG(P)S _ Vg[Go + gOpW](SO + S)

l+eS 1+s(SO+s)
( 1 €S
=v,|G, +g,P S. +s _
g[ o (o} W]( (o] )Ll"'eso (1+8SO)2
_ veGo S, N Ve&o So VoG, B VoG, €S,

+
1+ €S, 1+sSOpW 1+¢S, (1+gso)2

VeGo So Vg6 S VoG, S

w+
1+eS, 1+¢S, (1“‘350)2

C.2 Maximum Modulation Bandwidth in terms of the K Factor
In the absence of the low frequency rolloff, the relationship for the - 3 dB
point in the modulation response is given by,

or

02 03]
0" -0;] to7y

w4—mf—2w2 u)r2+m2y2=0

()

The maximum modulation bandwidth is only limited by the photon lifetime
and the gain compression factor, and not the output power of the device. From the
small signal analysis, both the square of the resonance frequency and the damping

rate vary linearly with output power.

(Jor2=aP Yy=bP

If these linear relations are substituted into the equation for the - 3 dB point of

the modulation response function,
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w4—a2P2—2an2+b2P2w2=O

To find the maximum possible bandwidth, differentiate w with respect to P.

do 2a’P+2a0’-2b% 0’ P
dP 40’ -4aP0+2b° P’ o

Setting the above expression to zero, and substituting back for the terms in P,
one obtains the expression for the maximum modulation bandwidth,
2a2P+2awiy, —2b° w2, P=0

4

2 Wy
Wmax = 7 )
Y —0f

)

Together with (1), one obtains the relationship between w; and y at ® = Wpax,

4 \2 4 4
w w ()]
(2—r2) -of ~20f (2—r2)+Y2 (2—r2)=0
Yo W Y -0 Y~y

2cor2=\(2
y=22mf,

Substituting this into (2), the expression for fi3x can be written as,

From the definition of the K factor, the following relation can be written,
y=Kf7
J22nf, =K f2
2 2mf, =Kf2,,

_2J§n
K

fIl’]E]X
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APPENDIX D

DEVICE AND MOUNT PARASITICS

D.1 Parameter Extraction from Network Analyzer Measurements

In addition to the optimum design of the epitaxial layers of the quantum well
laser, the device and mount parasitics have to be minimized to obtain the maximum
modulation bandwidth. The knowledge of these parasitics is essential to distinguish
between the intrinsic and parasitic limits to the modulation bandwidth of the quantum
well lasers. This is especially significant in the case of transport limited lasers where
the low frequency rolloff in the modulation response is similar to a parasitic limited
device.

The device and mount parasitics were carefully determined for identical
devices from Samples A, B and C to establish that the wide SCH devices were truly
transport limited. As discussed in Chapter 6, a vector network analyzer (HP 8510B)
is used to determine the modulation bandwidth (S»1) of the combination of the laser
diode (connected to port 1) and a high speed photodetector (connected to port 2).
Using the same setup the parasitics of the laser diode can be extracted from the power
reflection coefficient measured at port 1, i.e. by measuring the S parameter.

The equivalent circuit of the mounted high speed laser diode is determined by
numerically fitting to the measured Si; parameter using a commercial microwave
modeling program called Touchstone™ [1]. The elements of this equivalent circuit

are the parasitics of interest here. Due to the numerical nature of this fitting process,
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to correctly obtain the values for the parasitic elements, one has to have some prior
knowledge of the simplest equivalent circuit which would be physically correct.

The electrical equivalent circuit of the packaged laser diode has been analyzed
as two separate two parts [2-6]; one that of the package and laser chip parasitics and
the other that of the intrinsic active area. Fig. D.1. shows an equivalent circuit of a

packaged laser diode, and the model in [3] will be closely followed here.

L
B Rp Rg
¢ m AV i MA
Cp
. Active
— Cs Rsup G) Region
Iy

@

Fig.D.1  Equivalent circuit of a packaged laser diode.

The various elements of the circuit above are as follows,

I D.C. leakage current in the paths which bypass the active region. This will
not have any effect on the circuit parameters extracted from the Sy data at
microwave frequencies.

Rg Series diode resistance which has contributions from the contacts, bulk

epitaxial layers (the narrow p cladding especially) and the heterointerfaces.
Suitable contact metals, heavily doped cap and cladding regions and graded

heterointerfaces are used to minimize the series resistance
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Cp

Parasitic capacitance of the laser diode structure. The typical in-plane laser
is a parallel plate capacitor. The capacitance contribution from the epitaxial
layers is significant due to their much larger relative permittivity, and a

narrow ridge waveguide polyimide buried laser structure minimizes this.

RsusB

Substrate resistance which appears in series with the parasitic capacitance.
This is small since the lasers have been grown on n* substrates doped in the

range of 1018 ¢m-3.

Ly

Bond wire inductance.

Bond wire resistance. The lasers here are bonded using a fairly short mesh

instead of a wire. Thus, Rp is not significant.

Package capacitance due to the bond wire-microstrip transition.

Fig.D2

The equivalent circuit for the active region is given in Fig. D.2.

Rg;

Cse = —C IR

Equivalent circuit of laser diode active area.

Except for Cgc, the space charge capacitance, all the other circuit elements in

Fig. D.2 are derived from the small signal analysis of the conventional laser rate
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equations [2,3]. Ref. [4] considers an extension of this model to quantum well lasers,
and Ref. [5] has also included the effects of the carrier capture (ignoring the SCH
transport time) and escape times on the electrical equivalent circuit.

The charge storage in the active layer is represented by the diffusion
capacitance, Cp, and the small signal photon storage by the inductance, Lj. The
relaxation oscillation is a resonance between the total capacitance Cp + Cgc and the
inductance Ly [3]. This relaxation oscillation is the exchange of energy between the
carriers and photons. The damping of this resonance is determined by the resistors
Rs1, Rg2 and Rp. These resistances are proportional to Ry, which is the intrinsic
diode resistance given by % where 7 is the ideality factor of the laser diode, Ipiag
is the operating current level and kT/q is the thermal voltage which is 25.9 mV at
300 K.

The laser diodes are operated at high bias currents (typically about 100 mA) to
obtain the largest modulation bandwidths. At these current levels the intrinsic diode
resistance, Rg, is about 0.5 Q (n = 2), and Rp is a very low resistance path to ground
[6]. Thus, the effects of the intrinsic laser active area parameters become negligible
at these bias levels, and the resulting equivalent circuit is virtually a short circuit to
ground. The simplified equivalent circuit for the package and laser chip parasitics is
then combined with that for the laser active area. Further, the laser mount has a K
connector and a length of 50 Q matched microstrip. The effective length of these
connectors will add to the total phase of the S11 parameter. Including these elements,
the equivalent circuit for a highly forward biased laser diode is given in Fig. D.3. The
characteristics of the microstrip and the Alumina substrate used in the model are

given in Fig. D.3. The length of the microstrip, Lmstrip, is determined from the fitting
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process. Lmstrip also includes the effective length of the K connector block which is
before the microstrip. The microwave characteristics of the bias T is included in the

calibration of the network analyzer, and does not have to be separately accounted for.

€=94 t=254 ym
w= 257 ym
50 Q Microstrip on Alumina

—O O

L

mstrip

Cp Cp ——

w3

Fig.D.3  Equivalent circuit of the laser diode and mount used in the parameter extraction from

measured S values.

For Samples A, B and C which have different SCH widths, intrinsic diode
capacitance is different, and this will make a difference at low bias levels when Ry is
large. At operating current levels used here Ry is small, and the equivalent circuit in
Fig. D.3 is sufficient for the parameter extraction purposes. The tabulated values of

these parameters for the case of Samples A, B and C are given below.

Sample | SCH Width (A) Limstrip (mm) | Rs () | Cp (pF) | L (nH) | Cp (pF)
A 760 90 4.0 1.80 0.115 0.43
B 1500 9.7 3.8 1.95 0.20 0.36
C 3000 9.1 4.0 2.00 0.13 0.40
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From the table it can be seen that the parasitic circuit elements for the devices
from all three samples have quite similar values. Cp is slightly larger for the wider
SCH devices but this is not significant. The values for Lysyip and Lp are within the

tolerances expected for devices that have to be operator mounted one at time.
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Fig.D4  Relative passband response (So1) of the equivalent parasitic circuit of Sample C. The
modulation response measured for this device is well within the rolloff frequency due to

the parasitics.

Fig. D4 shows the passband response (Sz1) of the equivalent circuit for
Sample C. The - 3 dB bandwidth of the parasitic circuit is in excess of 25 GHz. This
is also true for all three of the mounted devices. The largest modulation bandwidth

measured in these set of devices is below 19 GHz for Sample A, and the parasitics
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should not have any effect on the modulation performance in this range. Thus, the
parasitic-like low frequency rolloff observed in Sample C can only be due to
transport effects.

Another interesting effect here is the peaking in the modulation response of
the mounted laser diode due to the bond wire inductance. If the value of this
inductance can be carefully controlled during mounting (by controlling the placement
of the laser diode relative to the microstrip and the length of the bond wire), then the
modulation response can be enhanced at about the point where the intrinsic response
begins to rolloff, to increase the overall modulation bandwidth. The drawback is that
the pole introduced by this inductive element causes an additional 10 dB/decade
rolloff. This is not really a disadvantage because it occurs in the region where the

intrinsic response is rolling off anyway.

D.2 Independent Diode Series Resistance Measurements

Alternatively the diode series resistance can be determined from the I-V
characteristics of the laser diode. This may be used as an independent check on the
Rg parameter extracted from the numerical fit to the experimental Sy data.

Modeling the laser diode as an ideal p-n junction in series with a resistance

Rg, the I-V characteristics can be written as,

q(V—IRS))_l]

[
I=1,,¢
0‘- Xp kT

where I, is the saturation current, V is the applied voltage and 7 is the diode ideality
factor. The diode series resistance causes an additional voltage drop, IRg, which must

be subtracted from the applied terminal voltage to determine the junction voltage.
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This diode equation can also written in the following differential form,

The more commonly used form of the above relationship is [7],

KT
1LY Ry
dl q

If (I dV/di) is plotted as a function of I , the slope will give the value of the
diode series resistance, Rg, and the intercept the value of the diode ideality factor, 7).
This can be automatically done while measuring the laser I-V curve using the HP

4145B semiconductor parameter analyzer.

Sample C, SCH = 3000 A
’ Slope, RS =96 Q

Intercept, nkT/q, n=2.9
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Fig.D.5 1dV/dI as a function of I for Sample C with the widest SCH. The discontinuity in the

curve occurs at lasing, and Rg and n are extracted from the straight line fit as shown.
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Fig. D.5 shows (I dV/dl) plotted as a function of I for Sample C with the
widest SCH region. A discontinuity occurs in the curve at threshold. In an ideal
semiconductor laser, the carrier density above threshold is clamped at its threshold
value. This results in the pinning of the separation of the electron and hole quasi
Fermi levels, and the saturation of the junction voltage,Vj, above threshold. The total
voltage V across the laser diode above threshold is the sum of the junction voltage at

threshold and the voltage drop across the series resistance, Rg.

V=(Vj), +IRg

The derivative dV/dI above threshold is constant and equal to Rg. At threshold the
value of (I dV/dI) abruptly decreases from (I Rs + nkT/q) to (I Rg). This abrupt
decrease, which is due to the saturation of the junction voltage at threshold, results in
the discontinuity in the (I dV/dI) curve as shown for Sample C in Fig. D.5. Thus, for
an ideal diode, the extrapolation of the above-threshold part of the (I dV/dI) curve
should intercept at the origin. This is not the case in the experiments. The non-zero
intercept that is experimentally measured has been attributed to presence of contact
nonlinearities in the laser diode [8]

The diode equation used here and the derivative that results from it are strictly
only applicable below threshold in the absence of stimulated emission [9,10]. Above
threshold, the current through the laser diode in determined mainly by the rate of
stimulated recombination in the active area. The values for Rg and n are, thus,
derived from the straight line fit to the (I dV/dI) curve below threshold as shown in
Fig. D.5. Further, the diode equation above is derived for the I-V characteristics of a

non-degenerate p-n junction [9]. This simple theory describes the experimental data
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well here, even though the semiconductor laser active region is degenerate under
forward bias.

The I-V characteristics of Samples A and B were also measured. The values
of the diode series resistance and the ideality factor for Samples A, B and C are given
in the table below. The measured value of Rg also includes the resistance of the

cables and the probe Rc. This is then separately measured.

Sample SCH Width (A) Rs + Rc (2) Ideality Factor, 1
A 760 8.1 3.0
B 1500 8.3 30
C 3000 9.6 2.9

The value for Rc is 2.3 Q. If this is accounted for, then the intrinsic diode
series resistance is about 6 Q for Samples A and B, and about 7 Q for Sample C.
These are higher than the values for Rg extracted from the S data. The value for Rg
extracted from the I-V characteristics is dependent on the current region over which
the slope of the (I dV/dI) curve is measured. Even though the diode equations are
only strictly valid below threshold, the (I dV/dl) term varies linearly with I above
threshold also. As seen from Fig. D.5, above threshold the slope of the curve
gradually decreases at larger currents, i.e. Rg is smaller at the current level where the
laser diode actually operates. The Rg value measured from the slope of the (I dV/dI)
curve at high currents agree with the data extracted from the S1; measurements.

The determination of Rg from I-V characteristics is more complicated if shunt

resistances are present around the active layer. Ref. [10] considers the effects of such
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shunt resistances, and Ref. [8], in addition to the leakage current paths, also analyzes
the effects of contact nonlinearities.

The diode ideality factor is 3 for all the three samples. For diodes where the
current flow is mainly via recombination and generation in the neutral p and n
regions, the ideality factor is 1. In the case where the recombination in the space
charge region of the p-n junction dominates, the Sah-Noyce-Shockley model results
in an ideality factor of 2 [11]. Ideality factors greater than 2 have been shown to be
theoretically possible, and experimentally measured (n) = 3.2) in p-n junctions where
the current conduction is mainly via recombination (resulting in light emission) in the
space charge region [12]. Ideality factors up to 3, in localized regions (in the case of
spatially varying recombination current density) of the base-emitter junction have

also been calculated for the case of heterostructure bipolar transistors (HBT) [13].
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