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Abstract of Dissertation
Temperature Dependence of Carrier Lifetime, Recombination, and

Gain in 1.3 pm InAsP/InGaAsP Multiple Quantum Well Lasers

In this dissertation we investigate the root causes of the strong temperature
dependence of the threshold current in 1.3 pm InAsP/InGaAsP Multiple Quantum Well
(MQW) Lasers. We accomplish this through measurements of the carrier lifetime,
recombination coefficients, and material gain as a function of temperature. We then
analyze the temperature dependence of the threshold current by building a mathematical
model of the threshold current using the measured parameters and their temperature
dependence.

In order to accomplish this goal we developed a new method for measuring the
carrier lifetime, which has several advantages over the previously available techniques,
and a new analysis for determining the recombination coefficients from the measured
carrier lifetime, which is valid for QW lasers. This novel analysis corrects the measured
differential carrier lifetime to account for carrier population in both the barrier and
separate confinement heterostructure (SCH) regions of quantum well (QW) lasers. The
analysis uses information obtained from the measured spontaneous emission spectra to
correct the measured lifetime and obtain the intrinsic well lifetime. Once the intrinsic
well lifetime is obtained the intrinsic well recombination coefficients can also be
obtained. We show that the carrier population in the barrier/SCH layers can significantly
affect the measured carrier lifetime and the extracted recombination coefficients. In

particular, we show that the Auger recombination coefficient increases with the new QW
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analysis and has a positive temperature dependence. We also show that this analysis
yields material gain parameters that are very different from those obtained with the
traditional analysis and much closer to what is predicted for highly strained QW lasers.
These differences indicate the importance of accounting for barrier/SCH carriers on the
measurement of basic QW laser material properties.

The model calculation of the threshold current is found to be in excellent
agreement with the experimentally measured threshold current from our deep well
InAsP/InéaAsP lasers. This model is then used to show that the dominant cause of the
temperature dependence of these lasers is Auger recombination, but that the material gain

also plays an important role.

Jon M. Pikal

Electrical Engineering Department
Colorado State University

Fort Collins, CO 80523

Fall 1999
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Chapter [

Introduction

Long haul communication systems generally operate at either the zero dispersion
wavelength of silica fibers, 1.3 um, or the minimum loss wavelength of 1.55 pm. One of
the largest obstacles for reducing the cost of the long wavelength communication systems
is the current need for active cooling of the semiconductor lasers. This need arises due to
the large increase in laser threshold current that is observed with an increase in device
operating temperature. Therefore a great deal of effort has been expended in trying to
understand the origin of the strong temperature dependence of these lasers in hopes of
reducing it. The temperature sensitivity of long wavelength lasers has most recently been
associated with an increased contribution of Auger recombination [1]-[4] and to changes
in the differential gain, dg/dn, [S]-[8]. [n addition, the groups that find dg/dn as the
dominant cause also find that the Auger recombination current is very low. On the other
hand, the groups that find Auger as the dominant cause of the temperature sensitivity find
that as much as 80% of the current flowing through the device is due to Auger
recombination. While the data supporting each mechanism as the dominant contribution
to the temperature sensitivity is strong, clearly both scenarios cannot be correct. In order
to study the temperature dependence of the threshold current one must identify the
recombination mechanisms that comprise the current as well as the gain and loss
properties that determine the carrier density at which one achieves lasing. While gain can
be measured without direct knowledge of the carrier density, determining the material

gain parameters, dg/dn and no, the transparency carrier density, requires a method of
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determining carrier density in the active region. The most direct method of examining
carrier recombination processes and determining carrier density is through measurement
of the carrier lifetime [9].

[t is therefore necessary to be able to measure carrier lifetime inside QW active
regions to fully understand the origin of the temperature sensitivity of long wavelength
lasers. However, several difficulties have arisen when trying to measure the carrier
lifetime in QW lasers. The changing laser impedance with bias and frequency
complicates extracting the carrier lifetime from measurements [10],[11]. I[n addition,
high frequency poles and zeros created by carrier transport across the separate
confinement heterostructure region, and capture and escape into and out of the QW [12],
[13] can also effect the determination of the carrier lifetime. Even if these effects can be
removed from the carrier lifetime measurement there has been no way of accounting for
the distribution of carriers in the barrier and separate confinement heterostructure region.
These carriers have a much longer lifetime due to the reduced carrier density in these
regions and therefore affect the measured carrier lifetime and extracted recombination
parameters [14]-[16].

In this dissertation we develop methods for measuring and analyzing the carrier
lifetime in QW lasers. The measurement technique we develop has many advantages
over the currently available techniques [17]. It requires only two fitting parameters,
enables extraction of the carrier lifetime from data taken at lower frequencies, and does
not require additional measurements to account for laser impedance changes. The
analysis we develop is based on a two carrier level system of rate equations for the well

and barrier/SCH population instead of the traditional single level analysis. This analysis
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shows that the measured lifetime is actually an effective lifetime that is a function of the
well carrier lifetime, the barrier/SCH carrier lifetime, and the distribution of carriers
between the two regions [18]. We then use the measured spontaneous emission spectra
to estimate the ratio of well carriers to barrier/SCH carriers thus enabling us to obtain the
intrinsic well lifetime from the measured effective lifetime. Once the well carrier lifetime
is obtained we also obtain the intrinsic recombination parameters of the well material.
We will see that the recombination coefficients and the temperature dependence of the
coefficients obtained from the QW analysis are very different from the values obtained
from the bulk analysis.

We also measure the material gain and use our QW rate equation analysis to
determine the intrinsic material gain parameters. Once we have obtained these basic
material parameters and their temperature dependence, we build a model that enables us
to calculate the threshold current and its temperature dependence. By eliminating, one at
a time, the processes that we believe to be contributing to the temperature dependence of
the laser we can evaluate the effect of that process. Thus we can identify the laser

property or properties that determine the temperature dependence and hopefully use this

information to design and build better lasers.
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Chapter 11

Background

There are three sections to this chapter, the first provides a very simple
introduction to the properties of semiconductor lasers that are important for
understanding this dissertation. The second section outlines the problem that this
dissertation addresses, namely the temperature dependence of the threshold current, and

gives some background on other work done in this area. The final section describes the

laser structures used in this thesis and how they were grown.

2.1) Semiconductor Laser Fundamentals

Semiconductor lasers are a very important building block for many opto-
electronic systems. They provide direct electrical to optical energy conversion, and do so
efficiently. The semiconductor laser is just like any other laser in that it requires a region
of optical gain and mirrors to provide optical feedback. The advantage of the
semiconductor laser is that the semiconductor itself can be used for both purposes. A PN
junction provides a means of direct electrical control over the material gain and the
cleaved edges of a piece of this semiconductor provide the mirrors. In addition the large
density of electronic states in a semiconductor allows for reasonable optical gain (few
thousand/cm) from a small length of material. A diagram of a simple PN junction laser is
shown in figure 2.1. Typical laser lengths are 200 um to 500 um and the width of the
active region can be as small as about | um for a buried heterostructure laser to 100 um

for the metal stripe laser shown in the figure. Thus a small piece of semiconductor
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material a few hundred microns long with cleaved edges is all that is needed for a

complete laser.

Cleaved facet

Fig. 2.1 — Schematic of a simple semiconductor PN junction stripe laser [1]

To understand what is needed to achieve lasing we must first look at the optical
losses that occur in a semiconductor laser. These losses are normally broken up into two
terms, the mirror losses o, and the internal losses a;. The mirror losses are due to less

than 100% reflection at the cleaved mirrors and we normally write them as a distributed

loss using eqn. (2.1) [2].

1 1
Ay = Eln(ﬁ) 2.1

2

where R= [H“f—_l-]
neff +1
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In these equations L is the cavity length, R is the mirror reflectivity (~0.28 for our
uncoated lasers), and nes is the effective index of refraction for the cavity mode.
Equation (2.1) assumes equal reflectivity for both mirrors and yields a mirror loss of ~26
cm’ for a 500 pm long laser. From this equation we see that the mirror losses can be
made smaller by simply using a longer laser. However, longer lasers have a larger gain
region to pump, in addition, eventually the internal losses will dominate the total losses
and further increase in laser length will yield no real improvement in total losses. The
internal loss includes all other losses such as light scattering at interfaces or defects, free-
carrier absorption, and inter-valence band absorption. It is usually between 5 and 40 cm”
(~27 cm”' as we will see later for our deep well InAsP/InGaAsP lasers) and depends on
the laser material, structure, and operating conditions.

The material gain g is obtained directly by applying a forward bias to a PN
junction diode. The applied bias creates, near the junction, an excess electron and hole
population in the conduction and valence band, respectively. These changes are
measured through the quasi-Fermi levels, which allow calculation of the carrier
population in the bands. When the applied bias is large enough such that the Fermi level
separation is equal to the band-gap energy, the joint probability that a pair of states
separated by that energy will be occupied is 2. A photon with this energy, traversing the
cavity, will have an equal probability of being absorbed or stimulating a recombination
event and generating an additional photon. This condition is called material transparency

and the carrier density at which this occurs is the transparency carrier density n.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



However, in order for a device to reach lasing the material gain must be large enough to

overcome the total losses. Thus the threshold gain can be expressed as [3]:

gy =a,+q; (2.2)

where gi is the material gain at threshold and I, the optical confinement factor, is the
overlap between the optical mode and the gain region. While the threshold gain can be

found from (2.2) we generally express the material gain as a linear function of carrier

density n above transparency as [3]:

g=a(n-n,) (2.3)

where a is the differential gain dg/dn. We will see in chapter 5 that the gain in strained
QW lasers generally follows more of a natural log dependence on carrier density but tor
now we will use the simpler form of (2.3). By combining equation (2.3) with equation
(2.2) at threshold, where n becomes the threshold carrier density ny, we can solve for ny,

_ Ot

+n
la “

Mip (2.4)

Since stimulated emission is such an efficient process any attempt to increase the carrier
density above ny, results in additional light output and the carrier density is pinned at ng,.
The carrier and photon processes in semiconductor lasers are generally described

by a set of rate equations for the carrier concentration n and photon density s [2]-[5].

I:q—v—;—vga(n—nu)s (2.5)
$_, a(n—nuk-f-BE—i (2.6)
da ¢ Tt
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In this equation 1y is the injection efficiency, [ is the injected current, q is the electronic
charge, V is the volume of the active region, t is the spontaneous recombination lifetime,
vg is the group velocity, B is the fraction of spontaneous emission which couples into the
cavity mode, and T, is the photon lifetime. The first term on the right hand side of (2.5)
represents the increase in carrier density due to injected current while the second is
carrier loss to spontaneous recombination and the third term is the loss to stimulated
emission. The photon density increases due to stimulated emission, first term in (2.6),

and spontaneous emission, the second term. The third term represents photon loss and is

related to the total loss an + a; described earlier.

A steady state or DC analysis of equations (2.5) and (2.6) leads to a relationship

between the photon density and the bias current.

s=m([_5ﬂ]+ﬁtpz
T

2.7
qv T ninj

Because n is pinned above threshold at the threshold carrier density, ny, the spontaneous

lifetime t is also pinned at ty. By defining the second term in the brackets as the

threshold current [4]:
[, = wav (2.8)
Tth Minj

we can rewrite (2.7) as.

S=M—"-(I—Im)+ﬂtpﬂ-"‘—

v . 2.9)
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Fig. 2.2 - Light-Current curve for 500um long deep well InAsP laser

This equation is only valid above threshold since /e have assumed that the carrier
density is pinned at ny. The last term in equation (2.9) is the spontaneous emission term,
which is also pinned above threshold since the carrier density is pinned. The first term is
the stimulated emission term, which quickly overcomes the spontaneous emission above
threshold. Once this has occurred we see that the light increases linearly with increasing
current. Figure 2.2 is a typical light versus current curve obtained from an
InAsP/InGaAsP laser at 20°C. The figure shows the linear region above threshold as well
as the transition region from spontaneous emission to stimulated emission. From the
definition of the threshold current (2.8) we can see that either an increase in ngy or a

decrease in Ty OF Ny can lead to an increase in the threshold current. 1y is a measure of

11
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the amount of current leaking around or over the active region. As such it is a
fundamental parameter based on material and structural properties of the laser and we
will discuss it in more detail later. The threshold carrier density was written as a function
of material and structural parameters in equation (2.4) and we now turn our attention to a
description of the carrier lifetime so that we may understand its role in the threshold
current on a more fundamental level.

The injected excess carrier population can recombine in several different ways

and the most common approach is to use a simple polynomial expression for the

recombination rate [6].

R(n) = An+Bn?+Cn’ = % (2.10)

Generally the A coefticient is associated with Shockley-Hall-Read or defect
recombination due to the expected linear dependence of this type of recombination on
excess carrier density. Radiative recombination requires both an electron and a hole and
is therefore dependent on the carrier density squared and assigned to the B coefficient.
Auger recombination requires three carriers, an electron in the conduction band
recombines with a hole in the valence band and the excess energy is given off to either
another conduction band electron or a valence band hole kicking higher up in the band.
This type of recombination therefore depends on the carrier density cubed and is
associated with the C coefficient in eqn. (2.10). Thus the carrier lifetime contains
information about the recombination processes going on in the laser and allows us to
evaluate which recombination processes dominate. Later in this dissertation we will also

utilize the differential carrier lifetime which is defined in equation (2.11) [6].

12
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1_dR(n)

= A +2Bn+3Cn?
==~ n (2.11)

This lifetime is a very useful parameter because it is the carrier lifetime that is obtained
using the small signal measurement techniques described in chapter 3. By comparing
(2.10) and (2.11) we see that the differential lifetime is the same as the total lifetime if B
and C are zero, but can be a factor of 2 or 3 lower if the radiative or Auger recombination
dominates, respectively.

Using (2.10) in (2.8) yields a more fundamental expression for the threshold
current in terms of the recombination coefficients and ny, who’s relationship to
fundamental material parameters we repeat here for convenience.

_qV 2 3 o, + Q4
L = _(Anm +Bny,” +Cny, ) where Ny = '—"mr TNy (2.12)
Minj a

We see from the above analysis that the cavity losses determine the gain necessary to
reach threshold and the material gain determines at what carrier density this gain is
achieved. The current is determined from the recombination processes at that carrier
density and the amount of current that leaks around the active region, ni,;. This is a
complete description of the process involved in determining the threshold current of a

semiconductor laser and clearly if any of these parameters are temperature dependent

then the threshold current will also be temperature dependent.

2.2) Temperature Dependence of Threshold Current

As discussed in Chapter |, the temperature dependence of the threshold current is

one of the biggest problems in long wavelength semiconductor lasers. In the previous

13
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section we described what is required for a laser to reach threshold concluding with
equation (2.12) which contained all of the relevant material and device parameters
contributing to the threshold current. Despite the complexity of this equation, the

threshold current is typically found to follow the exponential dependence on temperature

shown in equation (2.13) [2],[3].

T
=1 exp(T—) (2.13)

0

To is the characteristic temperature, with a low value indicating a strong temperature
dependence. A great deal of work has been done investigating the origin of the low Ty
found in long wavelength communication lasers and nearly every parameter in equation

(2.12) has at one time or another been cited as the main cause.

Leakage

Fig. 2.3 - Schematic showing carrier leakeage over the heterobarrier

14
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Temperature dependent optical loss [7]-[9], heterobarrier leakage [10]-[12], and
Auger [13]-[17] were originally thought to be the main culprit of the low Ty in long
wavelength lasers. Heterobarrier leakage, illustrated in figure 2.3, is the drift of high
energy particles, usually electrons, over the heterobarrier defining the active region.
Once these carriers reach the other side of the junction they are minority carriers and
recombine either in the cladding region or at the contact, thus they contribute to the
device current but not to active region carrier population. This process is temperature
dependent since only carrier with sufficient kinetic energy can clear the heterobarrier on

the other side of the active region.

LowT High T
CB
CB
E
K - ELT > EHT —
HH HH
SO SO

Fig 2.4 - Temperature dependence of Intervalence band absorption

The temperature dependence of the optical losses comes mainly from Intervalence
Band Absorption (IVBA) which is shown in figure 2.4. In this process a photon is

absorbed giving its energy to an electron in the split off band and raising it to the heavy

15
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hole band. The strong temperature dependence of this process arises from the reduction
of the band gap energy with increasing temperature. This results in emitted photons of
lower energy, ELt > Eur in the figure, thus lowering the wavevector, k, at which this
absorption process can occur. Since there are more heavy holes at low k this process
becomes more efficient at higher temperatures.

Equation (2.12) tells us that there are two ways that Auger recombination can
increase the threshold current. First, since the Auger rate is proportional to the carrier
density cubed, anything that increases the threshold carrier density also increases Auger,
including all of the gain and loss parameters in (2.4). Second, the Auger coefficient C
also increases with temperature for reasons similar to the [VBA increase. As discussed
earlier, Auger recombination involves three particles, an electron that recombines with a
hole and gives off the energy to either another electron or a hole. The shrinking band gap
with temperature means less energy for the third particle making it easier to conserve
energy and momentum in the transition and thus increasing the Auger coefficient.

Theoretically the introduction of highly strained QW lasers was predicted to
reduce both the optical loss and the Auger recombination [18]-[20] due to changes in the
valence band structure. However while reduction in these loss mechanisms has been
confirmed experimentally [21]-[23] no significant improvement in Ty has been achieved.
Recently the focus has concentrated on the temperature dependence of the gain [22]-[25]
along with numerous studies maintaining that Auger recombination is to blame {26]-[29].
The fact that the material gain (2.3) decreases with temperature is expected. If we

calculate the material gain from the transition probability assuming that the k selection

rules hold we obtain [3]:
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g(E,T) x DOS x[f.(E,T) + f,(E, T) - 1] (2.14)

DOS is the joint density of electronic states between the conduction and valence bands,
which is independent of temperature. f. and f, are the Fermi distribution functions for the
electrons and holes, respectively, which broaden in energy as the temperature increases.
This broadening also lowers the peak values of these functions, lowering the peak gain at
a given carrier density, and thus resulting in increased transparency carrier density and
decreased differential gain parameters of equation (2.3). However, because this effect is
related to the broadening of the Fermi distribution functions and not a material parameter,
it should be the same for long wavelength lasers as it is for shorter wavelength lasers.
Experimentally this is not the case as shorter wavelength lasers have much higher Ty
values.

Looking at the most recent studies on Tq we see a pattern develop. All of the
studies that find the gain responsible for the temperature sensitivity are on QW lasers and
use carrier lifetime measurements to determine the recombination mechanisms that make
up the current and the active region carrier density [22]-[25]. While this is a very direct
method of examining the makeup of the device current, all of these studies neglect the
effect of barrier/SCH carrier population on the carrier lifetime and thus incorrectly
measure the recombination coefficients and the carrier density. This leads directly to an
underestimation of the Auger recombination and an overestimation of the active region
carrier density and thus the incorrect analysis of the temperature dependence.

The recent studies that determine Auger to be dominant use spontaneous emission

measurements, sometimes coupled with gain measurements, to determine the
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nonradiative current contribution to Ty [26]-[29]. This is accomplished by estimating the
fraction of spontaneous emission collected in order to determine the total radiative
current. The amount of nonradiative current is then determined by subtracting the
radiative current from the total measured current. Accurately measuring the fraction of
spontaneous emission collected is obviously very important in these studies and is
accomplished in one of two ways. If it is assumed that collection efficiency is constant
and that all of the current is radiative at low temperatures [27]-[29] the collection
efficiency can be determined from the low temperature spontaneous emission data. The
collection efficiency can also be obtained by fitting the relationship relating the gain and
spontaneous emission spectra [26], however this fit also requires two other fitting
parameters, the total losses and the quasi-Fermi level separation. These measurements
are less direct since they do not measure the Auger recombination current but infer its
importance from the radiative emission. These measurements show that up to 80% of the
threshold current is due to Auger recombination and despite their problems are probably
more accurate than the previous lifetime studies on QW lasers.  Unfortunately
spontaneous emission measurements, even coupled with gain measurements, do not
provide an accurate means for determining active region carrier density making it very
difficult to estimate the effect the material gain parameters have on To. We show in this
work how to correct the carrier lifetime measurements for the barrier/SCH carrier

population and therefore extract intrinsic recombination and gain parameters in QW

lasers.
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2.3) Laser Materials and Structures for Long Wavelength Communication Lasers
The most common material system for 1.3 pm lasers is the [InGaAsP system. In
this material system there is a great deal of flexibility since the active material can be
either lattice matched to InP or strained. In addition the QW barrier and SCH region can
be made lattice matched with a variety of different band gap wavelengths. The QW
barriers can even be made with strain opposite to the active material strain in order to
produce a strain compensated system. However, recently there has been considerable
interest in highly strained InAsP as the alternative active material for such lasers. Not
only is this a ternary alloy which should allow for better growth, but [nAsP/InGaAsP also
has a higher conduction band offset, 0.7AEg [30],[31] versus approximately 0.4AEg [32]
for the quaternary alloy. This improves the electron confinement in the wells,
particularly at high temperatures, and should improve the performance of these lasers.
Several groups, including our own, have reported excellent threshold currents and
efficiencies even at elevated temperatures for these InAsP based lasers [31],[33],[34].

In the work described in this dissertation we perform measurements on two
different InAsP separate confinement heterostructure multiple quantum well (SCH-
MQW) lasers. The general laser structure consists of a 1.0 pm n-type InP cladding layer
(1x10'® cm™), the active region, a p-type InP cladding layer (7x10'” cm™), and finally a
0.2 um p-type InGaAs contact layer (2x10" cm>). The active region consists of six
wells of InAsg45Poss, 4.5 nm thick, with lattice matched InGaAsP barriers, and 110 nm
thick InGaAsP separate confinement layers on both sides of the MQW region. The
differences between the two samples are illustrated in figure 2.5 (a) and (b) with the

biggest difference being the band-gap wavelength of the barrier/SCH regions.
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Fig 2.5 - Shallow (a) and deep well (b) InAsP/InP MQW SCH lasers
used in this study
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Throughout this dissertation we will refer to the two structures as the shallow well, A, =

1.15 pm, and deep well, A, = 1.06 um, lasers, referring to the difference in quantum

confinement this provides. The deep well lasers also have narrower barriers, which

Parameter Shallow Well Deep Well
Length 500 um 500 um
Width 1.7 um 1.4 pum

Lin ~8 mA ~10 mA

r 0.0636 [1] 0.05486

i 0.7 1] 906

o 10.5cm™ [1] 27.5cm’”

A 45x10"s" 3.5x10"s”

Bw 72x 107" cm’/s 6.8x 10" cm’/s

Cw 5.1x 107 cm®/s 3.4x 107 cm’ss

Ny 1.8x 10" cm™ 2.35x 10" cm™
dg/dn (at ny) 967 x 107" cm” 1.09 x 107 cm”

Table 2.1 — Comparison of material and structural properties of the shallow well
and deep well InAsP buried heterostructure (BH) lasers used in
this study.

results in a larger effective strain [1], and a shorter P cladding layer that may increase the
leakage current [3]. All lasers were grown at CSU by gas-source molecular beam epitaxy
(GSMBE) as described in [1],[33],[35] and buried with an InP current blocking structure
grown by MOCVD as described in [36]. Typical threshold currents for the 500 pm long
devices investigated were around 8 mA and {0 mA for the shallow and deep well lasers,
respectively. Table 1 summarizes the material and structural parameters for the shallow
and deep well buried heterostructure (BH) lasers at 20°C that are obtained from this, and

in a few cases, previous work [1] with these lasers.
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Chapter 111

Carrier Lifetime Measurements in InAsP Lasers

Carrier lifetime measurements are fundamental to understanding the basic
operation of semiconductor lasers. Many semiconductor laser parameters such as
threshold current, internal loss, material gain, index of refraction, and line-width depend
on carrier density. Unfortunately, carrier density is not a directly observable or
controllable quantity. However, one can calculate the carrier density from a
measurement of the carrier lifetime as a function of injection current. This is
accomplished through the use of sub-threshold laser rate equations, and the results are
therefore subject to all the limitations and assumptions of these equations. However, if
done properly, the calculated carrier density as a function of current can be used to study
the basic laser properties that are directly dependent on carrier density.

On an even more fundamental level, the carrier lifetime versus bias current allows
us to extract the carrier recombination coefficients. These coefficients tell us the
importance of the different recombination processes: defect, radiative, and Auger, which
comprise the current flowing into the active region of the laser. Knowledge of the
relative strength of these processes as a function of laser temperature, bias current, and
structure is essential to designing and building better lasers. Different techniques have
been implemented to measure carrier lifetime, such as, turn on delay, laser impedance,

and optical. These techniques and the lifetime results of measurements on

InAsP/InGaAsP QW lasers are presented next.
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3.1) Turn on Delay

The lasing delay from the start of an injected current pulse has been used to
determine carrier lifetimes in semiconductor lasers [1]-[4]. The experimental setup for
this type of measurement is shown in figure 3.1 where a DC bias current and a current
pulse are summed by the bias tee and applied to the laser diode. The optical response of
the laser is measured by a fast photodiode using a sampling oscilloscope. The most
critical aspect of this measurement is the pulse generation. Since the turn on delays can
be as short as a few hundred picoseconds, very fast rise time pulses are needed. In
addition to needing very fast rise times, we also need very large current pulses for one of

the turn on delay measurements, as will be shown later. The combination of fast rise time

Pulse Sampling
Generator Oscilloscope

Bias Tee¢ ——— =

DC Current ] \ Low
Source X Zx Noise

J

Amplifier
50Q2 Series
Resistor
Bond Wire
\
Temperature | A : - High Speed
Control T ; Photodiode
Laser -2V

Fig 3.1 - Experimental setup of turn on delay measurement
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and large current pulses is very difficult and expensive to achieve, limiting the usefulness

of this type of measurement.

To understand how we get the carrier lifetime from a measurement of the turn on

delay we must start from the sub-threshold carrier rate equation:

=m0 3.1
& Qv @) G-l

where | is the current pulse height and t(n) is the carrier density dependent recombination
lifetime as defined in eqn. (2.10). Rearranging this equation and integrating from the

start of the current pulse at t=0 and carrier density nq, to the onset of lasing at t=T and

n=ny we obtain the turn on delay T.

T M
[dt=T= ] ———dn (3.2)
0 n Ting _

qV  t(n)

The general expression for turn on delay above can be simplified under various special
conditions to yield either the carrier lifetime at threshold, tw, or the differential carrier

lifetime at threshold, t’y, directly.

Dixon and Joyce showed that if the current pulse, I, is slightly higher than the
threshold current, [y, and the dc bias current, lo, is allowed to approach Ly, then in this

limit, eqn. (3.2) reduces to [1].

I-Io

T=1) ln( ) I, I, (3.3)

th
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Fig. 3.2 - Typical turn on delay versus laser prebias

This approach to the turn on delay time produces the family of response curves shown in
fig 3.2, where the turn on delay time is tound from the 50% point of the rising edge of a
given curve. As I approaches I, the quantity inside the natural log of eqn. (3.3) goes to
zero and we can determine t'y, from the slope of the data at this limit. In figure 3.3 we
plot the turn on delay data collected from the shallow well InAsP buried heterostructure
lasers versus the normalized laser prebias. As anticipated from eqn. (3.3) the data is
nearly linear when Iy is not too far from Iy (i.e. o > 0.5Iy). The differential carrier

lifetime at threshold, 1y, is found from the slope of this linear region and in these lasers

is 1.7 ns.
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Fig. 3.3 - Tum on delay of shallow well InAsP laser vs. normalized laser
prebias under conditions for differential lifetime extraction.

Using the turn on delay technique we can also measure the total carrier lifetime at
threshold, ty. To accomplish this the DC prebias is set to zero and a progressively larger

current pulse is injected (I->w). Under these conditions the general turn on delay

equation simplifies to [1]:

Iy
T=tlh—[- [>w® (3.4)

and the limiting slope at large pulses is ty. This is inherently a more difficult experiment
to control since the laser is not prebiased. The diode therefore has a dynamically
changing differential resistance at the important region near the beginning of the current

pulse. Since the current pulse is generated with a voltage pulse into a series resistor and
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the laser diode, the changing diode resistance produces a changing current. Even so, with
large current pulses we do find a linear region, as shown in Figure 3.4, where the fitted
slope of 2.6 ns is the total carrier lifetime at threshold. We also see that the turn on delay
data does not become linear until the pulse height is more than 5 times the threshold
current. This can require a considerable voltage pulse into 50 Q if the laser threshold
current is high. The most limiting characteristic of measuring the carrier lifetime from
the turn on delay data is that we only measure the carrier lifetimes at threshold. These
numbers are somewhat useful, especially the total lifetime at threshold, which allows us

to determine the carrier density at threshold through the steady state solution of eqn (3.1).

TiniLin DMy

(3.5)
qV Tih
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We do not, however, get the carrier lifetime versus current and thus we cannot determine

the recombination coefficient or obtain carrier density versus current relationship.

3.2) Small Signal Modulation Optical Response

Another frequently used method for obtaining the carrier lifetime is the small
signal optical response technique [5]-[7]. In this method the differential carrier lifetime is
obtained by fitting the measured sub-threshold small signal optical response to a single
pole response derived from an analysis of the rate equations. A diagram of the
experimental setup for this measurement is shown in figure 3.5. As in the turn on delay

measurement a bias tee is used to sum the DC and AC components of the signal to be fed

Frequency Spectrum
Synthesizer Analyzer

Bias Teg —— ==

Low Noise
DC Current w Ampli
plifier
Source J Q0
50Q Series
Resistor
Bond Wire
Temperature S ! High Speed
Control 3 :L o ZF Photodiode
........... ‘Laser

-2V

Fig 3.5 - Experimental setup of small signal optical response measurement
used to obtain carrier lifetime
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to the laser, the difference is that the AC component is a “small” sinusoid instead of a
pulse. In the rate equation analysis to follow we assume that the AC signal is small
compared to the DC signal and we find experimentally that keeping the AC component to
10% or less of the DC bias was sufficient to provide good results. The output of the laser
is focused onto a photodiode, amplified by a low noise preamplifier, and measured on a
spectrum analyzer that is frequency locked to the signal source. This technique has many
advantages over the turn on delay technique mainly stemming from the fact that it is a
small signal AC measurement instead of a large signal pulse measurement. This greatly
relaxes the signal generation and detection equipment requirements, and since it is a
synchronous measurement, the noise can be made quite low simply by decreasing the
detection bandwidth. In addition, since the AC signal is small compared to the DC bias
the carrier density does not change appreciably during the measurement and the lifetime
we measure is the differential carrier lifetime at the carrier density determined by the DC
bias. Thus by measuring the response at different DC bias currents we obtain the
differential carrier lifetime as a function of current. This allows the determination of the
actual recombination coefficients by simultaneous curve fitting of the lifetime as a
function of carrier density and the current as a function of carrier density equations as is
described in chapter 4.

The theory used to obtain the carrier lifetime from the sub-threshold laser rate
equations is again developed from the rate equations, but unlike the turn on delay this
analysis requires both the carrier and the photon rate equation. Since we are interested in

the sub-threshold behavior the stimulated terms are left out and we write the rate

equations as.
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dt qv T (363)
ds _Pn_s
T (3.6b)

For a small signal analysis we can write the current (I), carrier density (n), and photon

density (s) as a DC term plus a small AC term:

[=1,+ie™ n =ny+ne" s =sq +5,8" (3.7)

where i1<<lp, nj<<ng, and s;<<so. [f we substitute these expressions into equations
(3.6a) and (3.6b) and separate the time dependent and time independent terms the time

dependent equations are.

) _ i _n

J“’“l-‘q"g g (3.8a)

. n s

Jos = ——-— (3.8b)
T T

p

These two equations can be solved for the small signal optical response, s, yielding.

Bi , (3.9)
1

tqv [ 2 l J( 2 l )
O +— O +—T"_
fp- T

With the assumptions that i, is constant in frequency and that the pole due to the photon

Isi] =

lifetime is at much higher frequencies than we are interested in, i.e ® <<1/1,, the above

equation simplifies to.

Bt i 1 _ R,
qVt' \/1//1,,2 +a? Vl+oit?

Isi| = (3.10)

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Equation (3.10) is a simple, single pole response function, with the pole being determined
by the differential carrier lifetime. A typical laser frequency response curve with a fit to
equation (3.10) is shown in figure 3.6 for the same InAsP/InGaAsP laser that was used
for the turn on delay experiments. This curve has been calibrated by subtracting off the
measured above threshold laser frequency response. This calibration removes source,
cable, amplifier, and receiver non-linearity, in addition to parasitic laser capacitance and
bond wire inductance. We see that the fit is very good across the frequency range
indicating that the calibration was successful. This particular curve was taken very near

threshold and the differential carrier lifetime is found to be 1.69 ns. This is in excellent

’15 v T T T v rorevy T T

y

T rrrrry T T LA B B S BN |
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Response (dB)

40 A b I it L Ao i AR e A A [ S A S A S W |
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Frequency (MHz)

Fig. 3.6 - Typical sub-threshold frequency response curve of shallow well
InAsP laser with single pole fit
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agreement with the turn on delay data that indicated that the differential lifetime at

threshold was 1.7 ns.

As discussed previously, the biggest advantage of this technique is that we can
measure the differential carrier lifetime, t', as a function of bias current. A plot of the
variation of t' with bias current is shown for the shallow well InAsP laser in figure 3.7,

where we can see that the differential lifetime initially increases as the bias current
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a
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Q a o 4
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Fig. 3.7 - Differential carrier lifetime versus bias current of shallow well
InAsP laser at T=20°C

decreases. However, at around 1.5 mA the lifetime reaches a peak and then begins to
decrease as the bias current is decreased further. This effect was initially attributed to an
unknown nonradiative recombination process that was dependent on the square root of

carrier density [6]. It was not until considerably later that it was discovered that this
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Fig. 3.8 - Electrical circuit model for laser and drive electronics

effect was really due to increasing laser impedance at low bias current [8],[9]. The laser
impedance not only increases as the laser bias is lowered but also becomes increasingly
frequency dependent. Since we assumed in equation (3.10) that the modulation current
was frequency independent the lifetime we obtain from the fit is incorrect. We can
correct for this effect if we assume that the laser diode has the equivalent circuit model

shown in figure 3.8 and thus the frequency dependent laser impedance is of the form

Ry

Z,(0)=R, + ——4—
L(0)=R,+ 1+ joR,C,y

with  t'=R,C, 3.11)

where R; is the series resistance of the diode, R4 is the current dependent diode resistance,
and v is the differential lifetime. Assuming a 50 Q voltage source driving the
combination of the 50 Q series resistor and laser diode impedance of eqn. (3.11), a

correction to the measured lifetime for the laser impedance can be derived [9].

T =1 l+———Rd 3.12
corr — R, +50Q (3.12)
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Fig. 3.9 - Impedance corrected differential carrier lifetime vs. bias current
for shallow well InAsP laser

Using this correction equation we obtain the impedance corrected curve as also shown in
figure 3.9. Here we see that the largest correction occurs at low bias, as expected, and
that the corrected data shows no saturation to currents as low as 0.16 mA. However,
equation (3.12) is not always valid. The electrical impedance model used for the laser
diode does not take into account the parasitic bond wire inductance, typically on the order
of 0.5 nH, which can introduce error into the correction. In addition, it is necessary to
measure the diode series and differential resistance at each bias level to correctly obtain
the lifetime, making this technique time consuming. Another disadvantage of this
technique is the large impedance mismatch that occurs at the laser diode. This mismatch

causes some of the incident electrical power to be radiated out and mistakenly picked up
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by the receiver. The cross-talk generated can be larger than the detected optical signal in

these sub-threshold measurements thus affecting the measured response.

Network
Analyzer

Port 1
Bias Tee ————» ==

DC Current ]
Source ‘ X0

w

Bond Wire

Temperature
Control

Fig 3.10 - Experimental setup of small signal impedance
measurement used to obtain carrier lifetime

3.3) Small Signal Electrical Impedance

Another alternative for measuring the differential carrier lifetime is the purely
electrical technique of measuring the differential electrical impedance of the laser diode,
also described in Refs. [8],[9]. This technique uses a network analyzer to obtain the laser
diode impedance from the measured reflection coefficient as shown in figure 3.10.
Calibration is completed using standard correction routines available on the network
analyzer that involve placing a short, open and 50 Q load in the laser mount. The main
advantage of this technique is simplicity, since there is no optical to electronic conversion

equipment setup, alignment, and calibration are all easier. In addition only one
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measurement needs to be conducted, the impedance measurement, where as in the
impedance corrected optical technique, we needed both the optical response and the DC
impedance measurements.

The impedance measurements are done as a function of frequency and bias
current and the differential lifetime is obtained from a fit of the data to an impedance

equation derived from the electrical model of the laser diode, fig. 3.8.

Z (0)=R, + joL where v =R,C, (3.13)

—d

1+ joR 4Cy
The only difference between (3.11) and (3.13) is the inclusion of the bond wire
inductance, L, which as we will see, is important at high frequency. Extracting the
lifetime from the impedance data requires a fit with a model that contains four
parameters, the diode series and differential resistance, the parasitic inductance, and the
differential carrier lifetime. Fig 3.11 shows the measured impedance from a shallow well
InAsP laser at both low bias, i.e. 0.2 mA, and near threshold (8.0 mA) along with the fit
to (3.13). The low frequency impedance saturates at R,+R4 while the high frequency rise,
particularly evident in the near threshold curve, is due to the bond wire inductance. The
differential carrier lifetime is mostly determined by the mid frequency transition between
these two extremes. However, the large number of fitting parameters determined from
one set of data, reduces the accuracy of the fitting parameters. We can also see that to
properly fit this model it is necessary to make measurements at much higher frequencies
(2 GHz) than is required in the optical technique (~200 MHz). This can be a problem,

particularly for quantum well (QW) lasers, since transport and capture times can add
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additional high frequency poles and zeros to the modulation response making it more

difficult to extract the carrier lifetime.

3.4) Impedance Independent Optical

We now introduce our novel technique that eliminates the electrical impedance
technique’s disadvantages of fitting four model parameters and requiring data to be taken
at high frequencies. It also eliminates the impedance corrected optical technique’s
disadvantage of needing additional measurements to account for laser impedance
changes. We do this by adding an impedance stabilization circuit to the traditional small
signal optical response technique, thus providing a constant current modulation

regardless of the laser impedance. The impedance stabilization circuit, shown in fig.

Sweep Spectrum
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Controller ]’ Lager
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Fig 3.12 - Experimental setup of our impedance independent optical
technique with impedance stabilization circuit
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3.12, consists of a 10 KQ series resistor and a S0 Q shunt resistor. Since the differential
resistance of our laser diodes varied from about 3 Q near threshold to nearly 400 Q at low
bias and low frequencies, the addition of the 10 KQ resistor in series with the laser kept
the modulation current constant to within 5%. The 50 Q shunt resistor placed before the
series resistor, and in close physical proximity (~5 mm) to the laser, provided a matched
load for the system. While it is true that most of the power is dissipated in the 50 Q shunt
resistor and very little is delivered to the laser, this is not a problem since this
measurement is a small signal measurement and little power is needed. For example, a
source power of 0 dBm develops approximately 224 mV across the 50 Q shunt and
therefore 22 pA into the series combination of the 10 KQ resistor and the laser. Thus, the
laser diode stays in the small signal regime even at bias levels as low as 0.2 mA. We also
achieved a nearly 20 dB reduction in the level of cross-talk at the receiver with the shunt
resistor in place due to the lower radiated power into the nearly matched load. This
allowed us to measure the frequency response down to near the ~167 dBm noise floor set
by the thermal noise of the 50 Q shunt impedance of the high speed detector.

The modulation responses obtained with our impedance independent optical
technique on the shallow well 1.3 pm I[nAsP/InGaAsP MQW buried heterostructure
lasers, described in chapter 2, are shown in fig. 3.13. As in the standard optical technique
the response curves have been calibrated by subtracting off the above threshold frequency
response in order to remove source, photodiode, amplifier, and cable non-linearity.
Excellent fits to the theoretical single pole response were obtained at all bias currents.
This indicated that device parasitics were low, or properly calibrated out, and that

additional poles or zeros were not present at these relatively low frequencies (<200MHz).
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Fig 3.13 - Typical calibrated frequency response curves taken using the impedance
independent optical carrier lifetime measurement

As we saw in the last section, the lasers used here required impedance data to be taken to
2 GHz in order to properly fit all four impedance model parameters. Although we saw no
evidence that additional high frequency poles and zeros were present in these lasers, even
up to 2 GHz, they are a problem in some QW lasers. Carrier transport and capture
processes generate additional high frequency structure, as shown in the experiments of S.
Weisser, [. Esquivias et. al. [10][11], and make it difficult to extract the carrier lifetime.
Excellent agreement between the lifetime data taken via the electrical impedance

technique and our impedance independent optical technique was obtained. As shown in
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Fig 3.14 - Comparison of carrier lifetimes obtained from the impedance independent
optical and electrical impedance techniques

fig. 3.14, both techniques clearly measure the same carrier lifetime, which does not
saturate or decrease at low bias. How these lifetimes are used to extract useful

information on recombination processes and carrier density is described in the next

chapter.
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Chapter IV

Rate Equation Analysis and Recombination Coefficients

As shown in chapters II and III, there are several different definitions of carrier
lifetime and several different methods of obtaining these lifetimes. The most useful
lifetime is the differential carrier lifetime, t’, which obtained as a function of bias current,
allows for determination of the carrier recombination coefficients of the active region
material. This is accomplished by fitting the measured bias dependence of the
differential carrier lifetime to equations obtained from an analysis of the laser sub-
threshold rate equations. As we will show, the results of this analysis depend strongly on

the rate equation model used and as such the analysis is very different for bulk and

quantum well lasers.

4.1.1) Bulk Laser Analysis

The standard analysis of the carrier lifetime was developed for bulk lasers and was
derived from the single carrier level rate equations (3.6), which are valid for these lasers
[1]-{3]. I[n chapter IIl we used these equations to obtain the sub-threshold frequency
response of the laser diode. Here we show how to obtain the recombination coefficients
from these same equations and the measured differential carrier lifetime versus bias
current. While this theory is derived from rate equations that are applicable only to bulk
active region lasers, it has been repeatedly applied to QW lasers [4]-[7] by assuming that

all injected carriers fall immediately into the wells and stay there until they recombine.
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Under this assumption we can extract the recombination coefficients from t'(I) using

only the bulk carrier rate equation, which we repeat here for convenience.

dn_mil n (4.1)
dt qV =t

Combining the steady state version of this equation (dn/dt=0) with the definition of the
recombination rate expressed in (2.10), we can write a relationship between the bias

current | and the carrier density n.g.

@vn_gqVv
Mij T My

[=

2 3
(Aeffnet'f + Begrfeg™ + CerNegr ) (4.2)

In this equation we have explicitly written the carrier density as well as the recombination
coefficient A, Bewr, and Ceyr as effective parameters. We do this to distinguish these
parameters from the parameters we will obtain in the more complicated QW analysis in
the next section. We can also relate the differential carrier lifetime to the carrier density

through the definition of the lifetime.

I _dR(n)
1:’(ﬂet’f ) Negr

= Aeff + 2Beﬁ'ncﬂ' + 3Ceffncﬂ'2 (43)

Thus we can measure the differential carrier lifetime as a function of bias current with
one of the methods outlined in chapter 3, and by simultaneously fitting equation (4.2) and
(4.3), we can obtain not only the recombination coefficients but also the carrier density as

a function of bias current new(I) through (4.2). This is very important since carrier
density, not current, is the fundamental operating parameter upon which nearly all

internal laser characteristics depend. Thus while the carrier density cannot be measured
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directly, the relationship in eqn. (4.2) allows us to move from the measured current to

carrier density.

4.1.2) Shallow versus Deep Well

We are now in the position to look at some of the results obtained using the bulk
rate equation analysis on the carrier lifetime data collected in this thesis work. The data
were taken on the InAsP/InGaAsP MQW lasers described in chapter 2 where we referred

to the two different structures as the shallow and deep well lasers based on the level of
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[~}

Bias Current (mA)

Fig. 4.1 - Measured carrier lifetime vs. bias current for shallow well laser
at 20°C with extracted recombination coefficients
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confinement in the QW. The lifetime was obtained from the sub-threshold small signal
response data collected using the impedance independent optical technique outlined in
chapter 3. The carrier lifetime measurements were conducted at bias currents ranging
from near threshold down to around 0.2 mA where the spontaneous emission response
was still sufficiently above the noise floor of the detection system to obtain reliable data.
The measured differential carrier lifetime versus bias current, as well as the fitted
recombination coefficients, are shown in fig. 4.1 for the shallow well laser sample.
While the fit is excellent some of the extracted recombination coefficients are somewhat
unusual. The extracted A coefficient is reasonable at around 3.3x10’ s' indicating
excellent well/barrier interface quality as well as material quality. However, the radiative
coefficient is found to be 3.1x10™"" cm?/s, which is lower than the typical bulk number of
~1x10™® em?/s [2],[3],(8]. In addition, the C coefficient, which has a very wide range of
reported values in bulk material, 1x10"%° to 9x10°%° cm®/s [2],[31,[8], falls considerably
outside of this range at 5.8x10”' cm%s. While it has been speculated theoretically [9]-
[L1], and reported experimentally [4], that strain can reduce the Auger recombination
rate, our Auger coefficient seems too good to be true. Indeed, as discussed previously,
there have been several reports that laser structure, in particular confinement energy, can
affect the lifetime measurements and the extracted recombination coefficients in QW
lasers [12]-[14]. These reports show that the lifetime is longer in QW lasers with lower
barrier heights and/or larger barrier/SCH layers thus leading to lower recombination
coefficients. This effect is the result of carriers spilling out of the QW and into the
barrier/SCH region. The carriers in the barrier/SCH regions have a much lower carrier

density and therefore longer lifetime. Since the barrier/SCH carriers are essentially in
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thermal equilibrium with the well carriers, i.e. they share a quasi-Fermi level, the
measured lifetime is a weighted average of the lifetime of the well and barrier/SCH
carriers and is thus longer than the well lifetime. The smaller extracted recombination
coefficients are a direct result of the longer measured lifetime.

In order to see if the carrier population in the barrier/SCH region produced invalid
recombination coefficients in the analysis of the carrier lifetime data for our lasers, we
also collected lifetime data on the deep well laser structure with the results shown in
figure 4.2, Lifetime data for the deep well laser was collected on both broad area (BA)
devices of 90um stripe width and buried heterostructure (BH) lasers with |.4um width.
This was done to increase the current density range over which lifetime data was
available and thus improve the sensitivity of the fitting procedure to the recombination
coefficients, particularly A and B. With this additional data available we chose to obtain
the A and B coefficients from the BA data and the C coefficient from the BH data. This
procedure was performed in a self-consistent and iterative manner until a single solution
was found. By using this method we were able to obtain each recombination coefficient
from the data covering the carrier density range where that mechanism was most
important. The results are shown in figure 4.2, where (a) shows the BA carrier lifetime
data and (b) is the BH lifetime data. Note that the current density range of the BA data is
from ~lmA/cm® to ~35mA/cm’ while the BH lifetime data was obtained from
~30mA/cm’ to more than 1300mA/cm’. Thus by making use of the BA data we were
able to extend the current density range over which we obtained carrier lifetime data by

about a factor of 30. We can see from the figure that the fit is very good across the entire

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



l ¥ [ 1] r 1] l L l T l ]
A, =3.47x10" (s7)
B,, = 4.91x10™" (cms)
20 C,, = 1.00x10™ (cm’ss)

Measured Carrier Lifetime (ns)

.
0 5 10 15 20 25 30 35
Current Density (mA/cm®)
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range of current density with a single set of recombination parameters. The A coefficient
for the deep well laser was found to be 3.47x10” s which is very close to the value
obtained for the shallow well laser of 3.3x10” s™'. The B coefficient, however, increased
from 3.1x10""! cm?/s in the shallow well to 4.91x10"" cm?s in the deep well and the C
coefficient increased dramaticaily from 5.8x10™' cm%s to a more reasonable 1.00x10%
cm®/s. These results are consistent with the effect of carrier occupation of the
barrier/SCH states. Not only are the measured lifetimes longer and recombination
coefficients lower in the shallow QW laser but the recombination coefficients most
sensitive to carrier density, i.e. C, are the most affected. This is expected since higher

carrier densities mean higher Fermi levels and thus more carriers spilling out of the QW

and into the barrier/SCH regions.

4.1.3) Temperature Dependence of Recombination Coefficients

Carrier lifetime measurements were performed on the deep well lasers at
temperatures from 10°C to 60°C in order to determine the temperature dependence of the
extracted recombination coefficients. The results are shown in figure 4.3, where we see
that the A coefficient decreases slightly with temperature, reducing by about 10% across
the temperature range studied. The B coefficient appears to decrease slowly, down about
20%, from 10°C to around 40°C but increases slightly at 50°C and 60°C leaving no clear
temperature trend. The temperature dependence of the C coefficient is probably the most
interesting in that it shows essentially little change across the entire temperature range
varying by no more than +5%. This is consistent with other reports on Auger

recombination in long wavelength QW lasers that show no temperature dependence
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[6] or even a negative dependence [4]. The measured results in QW lasers are however
in direct contradiction with measurements in bulk long wavelength [3] lasers as well as
theoretical predictions that the Auger coefficient should increase with temperature [8].
The unusual temperature dependence of the Auger coefficient can also be attributed to
carrier population of the barrier/SCH region. Increasing the temperature is analogous to
decreasing the effective barrier height thus increasing the number of carriers in the
barrier/SCH region. The result is that the additional carriers spilling out of the well at
higher temperatures compensate for the increasing Auger recombination and in our case
nearly exactly cancel. While other theories, such as phonon assisted Auger [15], may
predict a smaller increase in the Auger recombination with temperature, carrier spillover
is the only theory that can explain the negative temperature dependence observed by
some groups.

All of these results are consistent with the theory that carriers spilling out of the
QW are affecting the carrier lifetime and the recombination coefficients. The smaller the
barrier height or the higher the temperature is for a given QW laser, the easier it is for the
carriers to escape from the wells and the more dramatic the effect on both the lifetime and
the recombination coefficients. While the deep well laser provides a better measure of

the intrinsic lifetime and recombination coefficients we don’t know how close even these

numbers are to the correct values.

4.2) Quantum Well Laser Analysis

In this section we will develop a new theory, specifically for QW lasers, which

will not only tell us how close the deep well numbers are, but also provide us with a
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means for determining the intrinsic well lifetime and recombination coefficients

regardless of the laser structure.

4.2.1) Quantum Well Rate Equation Analysis

The standard analysis of the carrier lifetime, described in section 4.1, is based on
a single carrier level rate equation (4.1) analysis. In order for this analysis to be valid for
a QW laser, all of the carriers would have to be in the well material. While it is true that
typical SCH transport and QW capture times are very small compared to the sub-
threshold carrier lifetime, carriers arriving at the QW region quickly come into thermal
equilibrium with the carriers in the well. Therefore, in QW lasers with finite barrier

height operating at nonzero temperature there will be a fraction of carriers that occupy the

o 0O
E

L PSR PR AR |
j‘r\o ) o o 0 0

Fig. 4.4 - Schematic diagram of quatum well laser capture, escape,
and recombination processes
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3D states above and or outside the QW regions. The ratio of the total number of carriers
outside the well to that inside is dependent on the barrier height, temperature, injection
level, and the ratio of the volume of the well to the volume of the barrier/SCH. Figure
4.4 is an illustration of the capture, escape, and barrier recombination processes that must
be included for a proper analysis of a QW laser. From this figure we can write a new set
of rate equations that take the 3D carriers into account by adding an additional carrier rate

equation for the barrier and SCH region carriers. The sub-threshold laser rate equations

then become:

dn, _ninj[ n, ng n,V,

dt qV; Tap Ts  Tesc V,

dn, n, V, n, n,

dt T Vi Tw Tesc (4.4)
ds PBn, s

dt 1, T,

where n,, is the density of carriers in the well, 1y, is their lifetime, V,, is the total volume
of the well region, n,, ts and V; are the density of carriers, their lifetime, and the volume
of the barrier/SCH region. Finally T and 1. are the capture and escape times into and
out of the quantum well as shown in figure 4.4. The definitions of all the other terms in
equation (4.4) remains the same as described in section 2.1. A small signal analysis of

these rate equations yields the theoretical frequency response of the laser.

6= B,nm,-Ai 1 1 (4.5)
TV jo + [jco+ i}(jow——)r' _
tp TI TZ CaP 'esc
it 11,1 111
T, 1, T T, 1. T,
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The differential lifetimes, t’, in (4.5) are defined in the traditional way as the derivatives
of the respective recombination, capture, and escape rates with respect to the carrier
density. For constant current modulation Ai is not a function of frequency and all
frequency dependence is explicitly shown in (4.5). In addition, if w<<l/t,, which is the
case for these sub-threshold measurement, we can eliminate the pole due to the photon
lifetime, 1,. From the roots of the denominator we obtain the remaining two poles.
However, a numerical analysis of the two roots using typical parameter values for our 1.3
um InAsP lasers reveal that only one pole, which we call the effective differential carrier
lifetime, t'ey, is found to dominate over the entire frequency and bias current range of the
lifetime measurement. It is this lifetime, t'cfr, which we obtain when we fit the measured

sub-threshold frequency response to a single pole response function.

1 Ay — VA, —4A (4.6)

Ter 2
1 | 2
where Ao=_2'+—z—+ "
Tl T2 tcaptesc
Al = "l - 2! ' l 2
TT, Thteta Tap Tee

While we find that only one pole dominates, in accordance with our measurements, the
pole is not uniquely determined by the differential lifetime of the carriers in the well.
The effective differential lifetime, t’.g, is a function of the well differential lifetime, t'w,

the differential well capture, t'cy;, and escape times, t'cs, and the recombination lifetime
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of the carriers in the barrier/SCH, t’;. To obtain the intrinsic differential carrier lifetime

of the well material we can solve the dominant pole expression (4.6) for the differential

well lifetime.

, =S, - \lsz2 - 45,5, 4.7)

T =
" 28,
\ 1 1 2 1
where Sl =5 7 T 3 5 3 - 5+ 1
[ - T-tl - t’ -tl - t, t! Tl - ‘t’
Ts Tesc 1 “eff esc “eff cap “esc “eff eff
2 2 2
82 = ' r_t + 2 ' r 2
Tcaptstesc Ts T'.esc: tescteff
I
=0T
I Tefr

It is evident from (4.7) that we must know the differential capture and escape times of the
carriers as well as the differential carrier lifetime of the barrier/SCH material to extract
t'w from the measured t'er. Numerical analysis of (4.7) reveals that 1’y is only a weak
function of the barrier differential lifetime. Qualitatively this can be explained by
realizing that the much lower carrier densities in the barrier/SCH region give rise to a
long carrier lifetime and therefore little recombination. Thus the barrier/SCH region acts
more like a carrier storage region than a recombination path and the number of carriers
there is far more important than their lifetime. Thus accurate determination of the well
lifetime is possible without exact knowledge of the barrier recombination coefficients.
Furthermore, we show later that the intrinsic well lifetime is mainly a function of the ratio
of the differential capture to escape time and not the absolute capture and escape times.

This is important since we do not know the absolute capture and escape times but we can
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obtain an estimate of the ratio of the two from the measured spontaneous emission
spectra.

A steady state solution of the carrier rate equations reveals that the ratio of the
number of carriers in the barrier/SCH to that in the well, n¢/n,,, is approximately equal to

the capture to escape time ratio as given in equation (4.8).

T
kﬂcapv_w LU T Ve (4.8)
n\V VS tw teSC tesc VS

As we will see this approximation is valid for our lasers since 1y is larger than t.s and
both decrease as the carrier density in the well increases. Since t. becomes quite large
at low bias levels and/or high barrier heights this approximation will be less accurate,
however the correction also becomes small since most of the carriers are in the well and
not in the barrier/SCH. The ratio Tcp/Tesc in (4.8) is the DC or steady state ratio of
capture to escape time. The ratio required to extract the intrinsic well lifetime is the AC
or differential ratio. However, we can make use of previous results that showed that the
AC ratio is approximately a factor of two larger than the DC ratio [16]. Therefore if we
can find the ratio of the total number of carriers in the barrier/SCH to that in the well we
can extract the differential lifetime of the carriers in the well.

The analysis just described requires the ratio of barriet/SCH carriers to well
carriers. This ratio is a strong function of laser bias and temperature and therefore must
be obtained under the same conditions as the lifetime measurement. We show next that
the ratio of well carriers to barrier/SCH carriers can be determined from the measured

spontaneous emission spectra. The integrated spontaneous emission intensity is
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proportional to the density of carriers and the emission spectra provides information on
how the carriers are distributed in energy. If we assume the traditional carrier density
squared dependence of the integrated spontaneous emission intensity we can write the

ratio of the barrier/SCH spontaneous emission to the well emission as:

R = vsBsn52

L (4.9)
VW BWnW_

where V; is the total volume of the barrier and SCH regions, B and B, are the quadratic
(radiative) recombination coefficients of the barrier/SCH and the well respectively. The

carrier densities in the barrier/SCH and well are ng and ny, respectively. Rearranging

(4.8) and combining it with (4.9) yields.

T \% V.B
—ap _ fs¥s _ R, (4.10)
tesc nwvw VWBS

Thus by measuring the ratio of barrier/SCH spontaneous emission to well spontaneous
emission, R, and knowing B./Bs; we can obtain the ratio of capture to escape times,
Teap/Tesc.  While Bs is known to be approximately 1.0x107'° em’/s (8], Bw is one of the
parameters we are trying to determine. Therefore we must perform our analysis in a self-
consistent manner by choosing an initial value for By, finding the intrinsic recombination

parameters, and then feeding the new B, back into (4.10) until we converge on a

solution.
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4.2.2) Spontaneous Emission

The spontaneous emission spectra was collected using the setup shown in figure
4.5. One side of the laser sample was cleaved as close as possible (~80 to 100 um) to the
active region stripe in order to maximize light collection. The laser was then [n bonded,
p-side up, onto the end of a gold plated brass mount. The side of the laser with the cleave
close to the active region was oriented to face off the end of the mount as shown in the
expanded view of figure 4.5. As can be seen from the figure, this allowed access not only
to the side of the laser but also both facets. The spontaneous emission was collected with
a low numerical aperture lens (N.A. = 0.15) from the side of the laser through a ~300um
pinhole in order to remove any light scattered from the facets. The collected light was

chopped and focused onto the entrance slit of a 0.5 m single pass grating spectrometer

=] Pinhole Filter
Computer :

Gold Plated
Brass Laser
Mount
Lockin Amplifier ]
Reference [ Current Source |
Frequency
Chopper
InGaAs
Detector .
Monochromator ﬂ Polarizer +
— ~
|}

Temperature Controler

Fig. 4.5 - Experimental setup for measuring the spontaneous
emission spectra
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equipped with a LN, cooled InGaAs detector and lock-in amplifier for signal detection.
The input slits of the spectrometer were set at 400 um while the output slit width was
varied from about 200 um at high bias to 400 um at low bias in order to maintain
maximum dynamic range of the measurement. Both unpolarized and transverse magnetic
(TM) polarized spontaneous emission curves were collected using a Calcite prism
polarizer thus allowing accurate determination of the heavy hole, light hole, and barrier
transition energies. Because of the large spectral window that was covered in these
measurements, 4500 A, all curves were calibrated by measuring the spectral response of a
known tungsten-halogen lamp source. Dispersion also made it difficult to properly
collect and focus the spontaneous emission across this large spectral range. However,
leaving the input slits open at a rather large 400 um seemed to fix most of this problem.
The solid lines in Fig. 4.6 show typical unpolarized spontaneous emission spectra
obtained from our shallow well InAsP MQW lasers at low bias Fig. 4.6(a) and near
threshold Fig. 4.6(b). Due to the large overlap of the well heavy hole, light hole, and
barrier emission one cannot simply numerically integrate the well and barrier/SCH
intensity separately. Therefore we fit the measured spontaneous emission spectra to a
spectra calculated by summing over all possible transitions and assuming that the k-
selection rule holds. However before we can do this we need to calculate the material,
band structure, and band alignment parameters for our laser structure. A sample of the
program used to do this is given in appendix A. Material parameters are obtained from
Adachi [20] if possible or interpolated from the binary values using Vegard’s law.
Where possible the temperature dependencies of the material parameters are included.

The band alignment and the effects of strain are calculated using the method of Van de
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Fig. 4.6 - Spontaneous emission spectra of shallow well laser at
T=20°C and (a) low bias (b) near threshold
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Walle [17] with slight modifications to the average valence band energies. This was
done in order to achieve the generally accepted 40% of the band-gap discontinuity in the
conduction band and 60% in the valence band between InP and the quaternary
barrier/SCH material. An offset ratio of 65/35 was used between the well and the
barrier/SCH as the InAsP is predicted to have more of the band-gap discontinuity in the
conduction band [18],[19]. Confinement energies and wave functions were calculated
using standard finite barrier QW calculations, with the wave function used only to
calculate the spatial overlap between the electron wave function and the various hole
wave functions. Finally the refractive index of the layers was calculated using equations
from Adachi [20], both for use in the spontaneous emission spectra as well as in
calculating the optical confinement factor which will be discussed later.

We can then calculate the spontaneous emission spectra for the QW laser
structure obtained from the previous band structure/alignment calculation. In our
calculation we found it useful to broaden the density of states function with a hyperbolic
secant function to account for alloy and/or well width fluctuations. [n addition, we add
coulomb enhanced continuum and excitonic effects [21] to the calculation in order to
obtain the narrow linewidth seen at low current. We then assume that the total number of
electrons is equal to the total number of holes and that the quasi-Fermi levels are flat, i.e.
uniform carrier distribution. We use a standard formula for the spontaneous emission
rate for both bulk material (barrier/SCH) and the QW active region and assume that the

k-selection rule holds. For the QW regions the spontaneous emission rate is of the form

(8].
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where

2 mgE,(E, +4)
6m,(E, +244)

In this equation & is the Heaviside step function, and E, is the energy separation of the
transition of interest, for instance, the first confined electron level to the first heavy or
light hole level. The term P is the polarization dependent part of the matrix element,
which we assume to be energy independent with the values shown in table 4.1 for both

the unpolarized and TM spontaneous emission curves. The meaning of all other

parameters is that given in [8]. A similar equation describes the bulk like barrier/SCH
states. Adding this bulk term to the QW heavy and light hole bands and then broadening
the spectra using a hyperbolic sine line-shape function [22] yields the calculated
spontaneous emission spectra. The spontaneous emission at different bias levels can be
calculated by changing the Fermi levels and broadening parameters in the

Table 4.1 - Polarization dependence of matrix element for light collected from the
side of the laser both with TM polarizer and no polarizer

Heavy Hole Light Hole Barrier
Unpolarized 12 5/6 2/3
TM Polarized 0 2/3 173

calculation. An example of the Mathcad program used to implement this calculation is

given in Appendix B. Clearly there are many model parameters in this calculation, some
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of which are not known with great accuracy. Fortunately, we only need the appropriate
shape of each band in order to find the ratio of integrated barrier/SCH to well emission
and this greatly relaxes the calculation requirements.

Fig. 4.6 shows the calculated heavy hole, light hole, and barrier spontaneous
emission as well as the sum of these emission bands for comparison to the measured data.
Good agreement is achieved at the two bias extremes shown for illustration as well as for
all bias levels in between. In the case of low bias, Fig. 4.6(a), the measured and

calculated curves are almost indistinguishable from each other, while near threshold, Fig.
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Fig. 4.7 - Ratio of barrier/SCH to well emission for both the shallow well
laser at T = 20°C and the deep well laser at T = 20°C and 60°C
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4.6(b), the calculated spontaneous emission has slightly increased emission from the high
energy tail of the barrier compared to the measured spectra. We have not been able to
explain or correct for this effect but it is small and should not add significant error into
the determination of R,. One can easily see from Fig. 4.6 that the amount of emission
from the barrier increases significantly with increasing bias current. Figure 4.7 shows the
ratio of the integrated barrier/SCH emission to well emission, R,, for the shallow well
laser at 20°C and deep well laser at 20°C and 60°C. We see that, as expected, the
shallow well laser has significantly more (~10x) barrier/SCH emission than the deep well

laser. In addition the barrier/SCH emission increases both with bias current and

temperature.

4.2.3) Intrinsic Recombination Coefficients
With R(I) now known we are in a position to determine the intrinsic
recombination coefficients from the two carrier level rate equation analysis described in

section 4.2.1. Using the generic polynomial relationship between carrier lifetime and the
recombination rate:

n

—=R(n) = An+ Bn? + Cn’ (4.12)
T

in the steady state (dn/dt=0) carrier rate equations (4.4), we can obtain the current to

carrier density relationship for the QW laser.

=3[ v,(a.n, +B,n,? +Cyn,’ )+ V,(An, +B,n2 +Cn}) ] @13)
Ninj

69

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



We can also relate the well differential carrier lifetime to the well carrier density through

the standard definition of the lifetime.

1 dRr(n,) 2
—=——"-=A_ +2B,n, +3C n,"
7 n w wilw wiiw (4.14)

w w

As in the case of the bulk analysis we can obtain the recombination coefficients from a
simultaneous fit of equations (4.13) and (4.14). However, in this case we obtain the
intrinsic recombination parameters, Ay, By, and Cy. The main difference in our analysis
arises from the fact that the intrinsic well lifetime obtained is not the measured lifetime
but is calculated from the measured lifetime using the measured ratio of barrier/SCH to
well emission and equations (4.7) and (4.10). In order to limit the number of free
parameters in our analysis we assume that the nonradiative Shockley-Hall-Read
recombination coefficients, A, and A,, are more dependent on interface quality than
material quality. As such they are inseparable and we set them equal and obtain their
value from the fit. The radiative coefficient for the barrier, By, is set to 1x10™'? em¥/s as
before. The Auger coefficient of the barrier/SCH, Cs, is not well known but we know it
should be less than the Auger coefficient of 1.3 pm bulk [3] material since the band-gap
is larger. We therefore choose a value of 1x10?® em®s for C; knowing it will have little
effect on the results due to the low carrier densities in the barrier/SCH layers. As
mentioned earlier, B,, is one of the parameters we are trying to determine, but it is also
used in eqn. (4.10) to calculate the capture to escape ratio, and thus it affects the
calculation of the well lifetime from the measured lifetime. We must therefore determine
its value in an iterative fashion by making an initial guess at By, in eqn (4.10), calculating

the well lifetime, and obtaining a new value of By, from the fitting of equations (4.13) and
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(4.14). The new value of B,, can be put back into eqn (4.10) and the entire process
repeated until we converge on a solution. We found that with a reasonable initial choice
for B,, the procedure converged on a solution in just a few iterations.

The intrinsic well differential carrier lifetime versus bias current for the shallow
well laser is shown in Fig. 4.8. By comparing the curves in Fig. 4.8 with those obtained
using the bulk analysis in figure 4.1, we see that the effective lifetime is longer than the

well lifetime by approximately 44% at low bias and by more than a factor a 2.7 at high
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Fig. 4.8 - Intrinsic well lifetime vs. bias current for shallow well laser at 20°C
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bias. The fact that the effective lifetime is longer than the intrinsic well lifetime in not
surprising since the effective lifetime is a combination of the well lifetime and the longer,
due to diluted carrier density, barrier/SCH lifetime. In addition we expect the difference
between the effective lifetime and the well lifetime to increase at high bias since the
fraction of carrier in the barrier/SCH increases. However, the most important result is the
considerable difference in the extracted recombination parameters. The A coefficient is
the least affected, it increases by about 30% to 4.5x10” s, This value is still fairly low
and indicates good quality barrier-well interfaces as well as good material quality in both
the well and barrier/SCH layers. The B coefficient increases roughly 60% to a more
reasonable 7.2x10"'' cm®/s while the C coefficient increases almost 2 orders of magnitude
to 5.1x10%° cm®%s. Again the trends in the coefficients are as expected since the largest
changes are in the coefficients most sensitive to carrier density, i.e. C.

We also obtained the intrinsic recombination parameters for the deep well laser
from the well lifetime versus bias current shown in figure 4.9. In contrast to the shallow
well BH laser, the effective lifetime, figure 4.2(b), while still longer than the well
lifetime, is only longer by ~20% at low bias and ~50% at high bias. This is as expected
since the deep well will have more of the carriers in the well the measured effective
lifetime should be much closer to the intrinsic well lifetime. The fitting of the lifetime
data of figure 4.9 was accomplished using the more complicated QW laser rate equation
analysis described earlier in this section. This was combined with the procedure
described in the bulk analysis of the deep well laser, where we obtained A, and B,, from
the BA data, fig. 4.9(a), and C,, from the BH data, fig. 4.9(b). Again the fits are very

good to both sets of data using only one set of recombination parameters. For the deep
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Fig. 4.9(a) - Lifetime vs. bias current of deep well BA laser at T=20°C
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well laser the A coefficient was nearly unchanged from the bulk analysis at 3.54x10’ s
while the B coefficient increased ~38% to 6.78x10™"! cm®/s. As in the case of the shallow
well laser the largest increase was in the C coefficient, which increased by a factor of
~2.4 to 3.44x10"® cm%s. So while the intrinsic recombination coefficients of the deep
well laser increase from their effective values, the increases are smaller than in the
shallow well laser, as expected. This also shows that even our deep well laser is not deep
enough to yield intrinsic recombination parameters directly from the bulk rate equation

analysis. Table 4.2 summarizes the comparison of the two different analysis techniques

Table 4.2 — Shallow and Deep well comparison of extracted recombination
coefficients using both the bulk and QW analysis

Shallow Well Deep Well
Analysis Bulk QW Bulk QW
Ax 107 3.3 4.5 3.5 3.5
Bx 10" 3.1 7.2 4.9 6.8
C x 107 058 5.1 1.0 3.4

on the carrier lifetime data of the shallow and deep well laser. From this table it is clear
that, while the bulk analysis yields very different recombination coefficients for the
shallow and deep well laser, the coefficients obtained from the QW analysis are in
excellent agreement. This indicates that the effect of the barrier/SCH carrier population

has been properly removed thus yielding intrinsic well recombination parameters.
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4.2.4) Temperature Dependence of Intrinsic Coefficients

As discussed in section 4.1.3 the temperature dependence of the recombination
coefficients extracted using the bulk analysis, both in this work and in others, was
unusual. In particular the Auger or C coefficient, which indicated either a flat, or
negative temperature dependence, was in contradiction with theory. However, as can be
seen from figure 4.10, if one uses the new QW analysis to obtain the recombination
coefficients, a much different result is realized. In this figure, we see that the temperature
dependence of the Ay, and By, coefficients is very similar to the bulk analysis even though
their intrinsic values increase slightly at all temperatures. The C coefficient however,
goes from being basically constant with temperature in the bulk analysis, to increasing
quite significantly in the new QW analysis. The QW analysis thus provides a much more
realistic temperature dependence and again validates the usefulness of this new analysis
in understanding QW laser materials. Our results show that considerable underestimation
of the C coefficient can result if the barrier/SCH population is not taken into account.
This is particularly true at higher temperatures or in QW lasers with a shallow well.

We now turn our attention to the recombination currents flowing in our QW
lasers. Figure 4.11 shows the fraction of the recombination current that is due to defect,
radiative, and Auger in our deep well laser versus the total recombination current at the

two temperature extremes studied. We see that even at 10°C, the Auger current is quite

high at threshold accounting for nearly 60% of the current, while at 60°C Auger
comprises nearly 80% of the current. We also see that the increasing Auger current

squeezes out the radiative current leaving only a very small region were radiative
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dominates at 60°C. This may partially account for the unusual rise in the B coefficient
seen at 50°C and 60°C as these data points are less sensitive to the radiative coefficient.
The importance of using lifetime data from both BA and BH lasers is clearly evident
from the figure. Here we see that if we had only used the BH data that goes down to ~30
mA/cm’, there would have been no region where the defect recombination would

dominate. This would have significantly increased the uncertainty of this coefficient and

therefore increased the error of the other coefficients as well.

4.2.5) Analysis Sensitivity

We are now in a position to investigate some of the assumptions made earlier in
the analysis and determine the sensitivity of our method to some of the parameters that
we had to estimate. In section 4.2.1 we stated that the differential well lifetime was
mainly a function of the ratio of the capture to escape time and not very sensitive to the
absolute values of these times. Table 4.3 shows the intrinsic recombination parameters
obtained from the analysis of the shallow well laser lifetime data using capture times
ranging from 0.1 ps to 100 ps. In each case the escape times were allowed to vary with
bias according to the measured bias dependence of R, in (4.10). Table 4.3 shows that
even with capture times covering three orders of magnitude the change in the intrinsic
recombination coefficients is less than 15% illustrating the insensitivity of our technique

to the absolute value of the capture and escape times.
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Table 4.3 - Extracted well recombination parameters versus capture time
for shallow well laser at T=20°C

Teap 0.1 ps 1.0 ps 10 ps 100 ps
Awx 107 4.47 4.47 4.49 4.70
Bw x 10" 7.19 7.19 7.09 6.23
Cy x 107 5.05 5.06 5.02 4.76

We also investigated the sensitivity of our analysis to the barrier/SCH
recombination parameters fixed in section 4.2.3 to reduce the number of fitting
parameters. Table 4.4 shows the intrinsic recombination parameters obtained from the
shallow well laser analysis using various values for the barrier/SCH recombination
coefficients B; and Cs. Note that as described previously, As is not varied since its value
was not fixed in (10b) but was determined from the fitting procedure. From table 4.4 we
see that varying Cs from 2.0x10™° ¢cm®%s to 5.0x10% ¢m®s resulted in no more than 9%

variation in the extracted intrinsic recombination parameters.

Table 4.4 - Extracted well recombination parameters versus barrier/SCH
coefficients for shallow well laser at T=20°C

C,x 10 Byx 10"

0.2 1.0 5.0 0.8 1.0 1.2

Awx 107 4.49 4.47 4.36 4.67 4.47 431

Bwx 10" 7.09 7.19 7.75 7.37 7.19 6.98

Cwx 107 5.03 5.06 5.23 6.80 5.06 3.95

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The parameter to which our method is most sensitive is Bs. This is not surprising
since B not only contributes to the current in (4.14) but is also important in determining
the capture to escape ratio in (4.10) and thus the ratio of barrier/SCH carriers to well
carriers. Fortunately the bulk radiative recombination coefficient is also a parameter that
varies little with material composition and quality and theretore we know it more
accurately than C; or tep. The typical number for B in InGaAsP alloys is 1.0x10" cm’/s
and we therefore vary B from 0.8x10™'° em¥/s to 1.2x107'° cm’/s. From table 4.4 it is
clear that this resulted in little change for the fitted Ay (~8%) and By (~5%) coefficients.
The C. coefficient however varied from 3.95x107*° cm%s to 6.80x10%° cm®s, an increase
of about 70%. While this is a fairly large range, it is quite small compared to the
approximately two orders of magnitude difference in C,, obtained between the bulk and
the QW rate equation analysis for these lasers. It is clear from this procedure that our
analysis is reasonably insensitive to the parameters which we have had to estimate and as

such should produce relatively accurate intrinsic recombination coefficients.
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Chapter V

Temperature Dependence of Laser Performance

As discussed throughout this thesis one of the most critical problems in long
wavelength semiconductor lasers is the rapid change of lasing characteristics, mainly
threshold current and slope efficiency, with temperature. While many studies have been
conducted on this subject no clear consensus has yet been achieved [1]-[8]. One
explanation for the differing opinions could be incorrect measurement of carrier lifetime,
due to neglecting the laser impedance [9],[10], along with incorrect determination of
recombination coefficients from the lifetime changes with bias, due to ignoring the
barrier/SCH carrier populations [11]-[13]. We showed, in section 3.1, the error in the
carrier lifetime that is realized when we do not account for changing laser impedance
with bias and frequency. In chapter 4, we demonstrated the large error in determining the
recombination coefficients that occurs when the barrier/SCH carrier population was
ignored. Both of these effects lead directly to incorrect determination of the
recombination coefficients in QW lasers and thus incorrect evaluation of the temperature
dependence. Up until this point we have been laying the foundation for a proper study of
the root cause of this problem by developing new methods for determining carrier
lifetime and the recombination coefficients in QW lasers. With these new methods in
hand, we can now turn our attention to the larger problem of the temperature dependence
of long wavelength lasers.

As we saw in chapter 4, the Auger coefficient C of the shallow well laser changed

by more than two orders of magnitude at 20°C when the barrier/SCH carriers were taken
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into account. Since the correction was already very large, and would only get larger at
higher temperatures, we decided to do the temperature study using the deep well lasers.
This was in spite of the fact that the deep well lasers had very bad yield and poorer lasing
characteristics than the shallow well laser. It was felt that the larger the correction the
more error in the determination of the recombination coefficients, and therefore the deep

well laser, with its much lower barrier/SCH carrier population, was a better choice for

this analysis.

Pulse Current Light
Generator DMM DMM

500 Shunt AA
Resistor Current Probe ( 5
N ox Car
O— L integrator
1KQ Series
Resistor
Bond Wire
Photodiode
femperature ' !E;_—.. Z{g
Controller S|/ Laser
- -2V

Fig 5.1 - Experimental setup of pulsed light-current measurement

5.1) Threshold Current and Efficiency

Before we can evaluate the cause of the temperature dependence of the threshold
current and efficiency we must first measure these laser parameters on the lasers of

interest. Both of these parameters can be determined from the light versus current (LI)
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measurements using the setup shown in figure 5.1. Because these lasers have fairly large
threshold currents at high temperature, we must measure the LI relationship using a
pulsed drive current. If we use a short pulse with a low duty cycle we can minimize
resistive heating of the active region from the current being injected into the laser and
keep the active region temperature near the substrate temperature. In our experiments we
found that active region heating started to occur on a time scale of about 125 ns. We

therefore kept our pulses below 125 ns and used a repetition rate of 10 KHz for a duty

0-6 T l L3

0.5 T=10°C 20°C 30°C 40°C 50°C 60°C

Light (mW)

Current (mA)

Fig. 5.2 - Light current curves for 500um deep well InAsP laser

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cycle of ~0.1%. The 1 kQ series resistor in the setup serves to provide a constant
impedance and thus a constant current pulse from the voltage pulse generator. The pulse
current is obtained from a current probe and then both the light and current signal are fed
to a gated box car integrator with a 40 ns gate placed in the middle of each respective
signal pulse. The gated integrator first integrates during the gate and then averages a
number of pulses, 1000 in our case, yielding a DC signal proportional to the current and
light pulse which is fed to a pair of digital multimeters and read by a computer.

The light current curves for a ~500 um long deep well laser at temperatures from
10°C to 60°C are shown in figure 5.2. The threshold current is obtained by extrapolating
the above threshold linear region back to the current at which the light is zero. The

external efficiency, ng, is related to the slope of the light current curve above threshold

through [14]:
4" he dI (>-1)

where q is the electronic charge, h is Planks constant, ¢ is the speed of light, and A is the

wavelength of light. From figure 5.2 we see that the threshold current increases
dramatically with increasing temperature and the slope efficiency decreases slightly.

With these effects combined the amount of current needed to generate a fixed amount of
light, e.g. 0.2 mW, changes from ~7 mA at 10°C to ~27 mA at 60°C. This very large

drive current change is what makes it so difficult to design a system using these lasers

without temperature control.

The most common figure of merit for the temperature performance of a laser is

the characteristic temperature, To [14],[15]. T is obtained by fitting the measured rise in
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threshold current to the exponential equation (5.2), where we see that a low T,

corresponds to high temperature sensitivity.

T
Iy =ljexp| — 5.2
th =l P(Toj (5.2)
Fig 5.3 shows the measured increase in threshold current on a log scale of four different
length deep well InAsP lasers along with the fit to equation (5.2) and their extracted Ty.

From this figure we see that T decreases slightly as the lasers are made shorter. This is

because shorter lasers have higher mirror losses leading to higher total losses and thus
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Fig. 5.3 - Temperature dependence of threshold current for four different
length InAsP deep well lasers along with exponential fitand T,
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require more gain to lase. More gain means higher carrier densities and Fermi levels and
as we have already discussed Auger is very sensitive to carrier density and carrier

overflow of the QWs is sensitive to Fermi levels and thus the lower To. We also see
some interesting behavior from the 248 pm long laser in that the T of this laser decreases
so dramatically from that of the 465 um laser that their curves cross and as such it has a
larger threshold current than the longer laser above 30°C. Another interesting feature of
this laser is that the threshold trend is also slightly stronger than exponential. It is
possible that an additional process has either become important, or possibly even
dominant, at the carrier density and Fermi levels present in the 248 um laser.

The external efficiency of the lasers is also a very important parameter. From the
efficiency versus laser length we can determine the internal loss, a;, and internal

efficiency, ni. This is done through the relationship [14],[16]:

L=ﬂi L+ a;L (5.3)
N4 1n(}/ém )

where L is the cavity length and R, is the mirror reflectivity. If the measurements are
done as a function of temperature we can also determine the temperature dependence of
these parameters. Fig 5.4 shows the inverse efficiency versus cavity length, for all but
the 248m laser, along with a fit to (5.3). We exclude the data from the short laser
because we do not want the unusual characteristics of this laser to skew the results. We
found that gave better results than including the short laser even though this left only
three data points at each temperature. Table S.1 shows the fitted internal efficiency and

internal loss obtained from figure 5.4. From this table we see that n; decreases with
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Fig 5.4 - Inverse efficiency versus cavity length for the deep well InAsP lasers

temperature, slowly from 10°C to 40°C and much more steeply above 40°C. This trend
is expected since the largest factor in n; is carrier leakage over the heterobarrier, either
across the junction or around the active region, which should increase with temperature.
The internal loss a;, however, shows no clear trend with temperature as it fluctuates
between ~25 and ~30 cm™ until it drops to 22 cm™ at 60°C. Usually a; increases slightly

with temperature and carrier density and it is possible that the small number of data
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Table 5.1 — Temperature dependence of internal efficiency and loss

in deep well InAsP laser

Temperature il Q;
10 934 27.2
20 .856 25.1
30 .848 27.1
40 .839 29.6
50 175 29.0
60 607 22.2

points is affecting the fit parameters. We can also get an estimate of o; from the gain data

and we will revisit this issue later in section 5.3 when we look at gain curves from these

lasers.

5.2) Temperature Calibration

Clearly temperature is a very important measurement parameter that must be
controlled during our experiments. While all of our measurements utilize a Thermo-
Electric-Cooler (TEC) to control substrate temperature, what we really want is to control
active region temperature. For the LI measurements of section 5.1 this was accomplished
by using a short, low duty cycle, pulse drive current which did not allow time for resistive
heating to occur. However many of our measurements cannot be conducted with pulse
drive since they require long measurement times. In the case of the lifetime
measurements the spectrum analyzer can be used in a gated fashion but the bandwidth of
the measurement would be limited by the gate width, significantly increasing the noise
floor. The gain measurements which we will discuss in the next section also require very

low noise floor and we therefore use a LN, cooled InGaAs detector with very high
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transimpedance gain (10'®). Thus it is not possible to achieve the noise floor necessary
using only a 125ns pulse. Therefore we measure the amount of active region heating that
occurs with a given drive current and then adjust the substrate temperature to compensate
for any resistive heating.

Figure 5.5 shows the shift of a single Fabry-Perot cavity mode emission peak with
injected current. The open circles are the measured shift when injecting a DC current
shown along with the linear fit giving a rate of 0.03207 A/mA. This shift is mostly due to
resistive heating, however, since carrier density is not completely pinned above threshold
the peak position does shift slightly due to increased carrier density. Therefore we repeat
the same measurement using pulsed current to obtain the shift due to changing carrier
density only. This is also show in figure 5.5 as open squares along with the linear fit
showing a small negative shift of -0.0015 A/mA. Therefore the total shift due to
resistive heating is ~0.0336 A/mA. Figure 5.6 shows the shift of the same peak with
small changes in substrate temperature using three different current pulse heights where
small changes in temperature were used to make sure we could track an individual peak.
We see that there is little difference in the data from the different current pulses and we
use an average shift with temperature of 0.88 A/°C. Thus we can find the thermal
impedance of the laser by dividing the shift due to current heating by the shift with
temperature. We obtain 0.038°C/mA for these ~500um long lasers which we can now
use to adjust the substrate temperature and maintain constant active region temperature
when the DC bias current is increased. This adjustment was used for all lifetime

measurements as well as the gain measurements described next.

92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.3) Gain

Material gain is another important laser property that has been blamed for the
high temperature dependence of threshold, both through the transparency carrier density
and the differential gain [1]-[4]. The most common method for measuring gain in Fabry-
Perot lasers was first described by Hakki and Paoli [17]. In this method the net modal

gain G is determined from the peak to valley ratio of the amplified spontaneous emission

(ASE) and equation (5.4)
G—llnill—z;l-l“ - —-Q 5.4
L rl/g +1 g m i ( . )

where L is the cavity length, r is the peak to valley ratio of the ASE, I" is the optical

confinement factor, g is the material gain, an and a; are the mirror and internal loss
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Fig. 5.7 - Experimental setup for measuring the amplified spontaneous
emission spectra
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respectively. The setup for these measurements is shown in figure 5.7 and is very similar
to the spontaneous emission measurement setup discussed in chapter 4. The main
differences are that the light is collected from one of the facets of the laser instead of the
side, and that the monochromator slit openings are very small, less than 20um, so that we
can properly resolve the cavity resonance peaks. It is important to scan the wavelength
slowly so that the peaks are not reduced due to filtering, this is especially important near

threshold where the gain is high and the resonance peaks are very narrow. We used a
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Fig. 5.8 - Amplified spontaneous emission spectra from deep well
InAsP laser at T=20°C
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scan speed of 0.2 A/s, a filter time constant of 100 ms (300 ms for lower bias curves), and
a sample rate of ~3 samples/s to collect the data.

Examples of the ASE curves collected from a 518 pum long deep well InAsP laser
sample at T=20°C and bias currents of 4 mA and 10 mA are shown in figure 5.8. The 10
mA curve is very near threshold while 4 mA is just above transparency. From the 10 mA
curve we see the importance of a low noise, high dynamic range, measurement system as
the signal intensity changes by more than 4 order of magnitude. These curves are

processed using a basic program that fits the peaks and valleys to a parabola to more

e
S
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o
© .
3
£ 1 t
2 704 =4 mA i
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Wavelength (A)

Fig 5.9 - Net modal gain G spectra at bias currents from 4 to 10mA
for deep well InAsP laser at T=20°C
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accurately find the extrema and then calculates the net modal gain G from (5.4). This is
shown in figure 5.9 where we see that the peak gain increases and shifts to lower
wavelength as the bias current increases. The peak gain at threshold should be 0 cm™
while we measure -3 cm”. Most of this discrepancy comes from the finite spectral
resolution of the monochromator that reduces the measured peaks and therefore
underestimates the true gain. There are other methods of analyzing the ASE spectra to
determine the gain which factor out the response of the monochromator [18], but they are

more complicated and not deemed necessary here.

Net Gain (cm™")

——1|=4mA
--------- 11 point moving average

-90 T
12800 12900 13000

T T T )

1 ° 1 1 |
13100 13200 13300 13400 13500

Wavelength (A)

Fig 5.10 - Net modal gain G at 4mA bias current for deep well InAsP laser
at T=20°C, both before averaging and after.
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There were two major problems that showed up during the gain measurements.
The first problem was a noticeable modulation in the gain spectra, particularly at low
currents, i.e. near transparency. This is illustrated in figure 5.10 which shows both the
unfiltered gain spectra and the same gain spectra that has been put through a moving
average filter. The unfiltered curve shows significant modulation with a periodicity of
around 50A. All of the deep well lasers tested suffered from this problem but all had
different periods and amplitudes of modulation. We believe that this is due to the
presence of cavity defects that partially reflect the light, breaking the cavity up into two
or more cavities [19]. The modulation depth would therefore depend on the strength of
the reflection and the period would depend on the location of the defect in the cavity.
Because the yield on this material was so low we were not able to find a laser that did not
exhibit this problem. Thus we chose a laser where the modulation period was short,
which enabled us to filter out most of the unwanted modulation as shown in the figure.
However, since this problem was most severe at low gain we were still not able to collect
gain spectra all the way down to transparency. As we will see later this will have some
effect on the accuracy of our determination of the transparency carrier density.

The second problem in these measurements arose from very sharp, anomalous
features in the ASE spectra observed above 13,450 A. Since this was at the long
wavelength end of the gain spectra it mostly affected the determination of the losses as
we will describe later and was only important above room temperature. Considerable
effort was made to eliminate these features including different lens, monochromators,
gratings, and detectors all without success. We now believe that these features are water

vapor absorption lines and that it is not possible to eliminate them without a closed
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system. [t was found, however, that the features were reproducible and could be mostly
calibrated out using calibration curves from a tungsten-halogen lamp. Figure 5.11
illustrates the effectiveness of this procedure on the long wavelength end of an ASE
spectra taken at 60°C. The top panel in figure 5.11 shows the uncorrected ASE spectra in
the wavelength range from 13,400 to 13,700 A, where we see many very sharp drops in
the ASE spectra. Since the program written to analyze the ASE spectra is looking for the
peaks and valleys it naturally has a difficult time separating the true peaks and valleys
from the water vapor lines. The center panel is the calibration curve taken using a
tungsten-halogen lamp where we see the same sharp spectra as in the laser ASE spectra.
The trick now is to line up the spikes in the two curves and divide the ASE by the
calibration curve. While the spikes are very consistent in wavelength the magnitude of
the absorption lines is not completely consistent. We speculate that this is due to changes
in room humidity and some of this effect was factored out. This was accomplished by
picking a single spike from each curve that was easy to isolate visually. The calibration
curve was then multiplied by a constant factor and renormalized to unity. The constant
multiplier factor was adjusted until the chosen spike was properly calibrated out. This
generally did not require a large change in the amplitude of the calibration curve
absorption lines but it did provide more complete calibration of all of the spikes in the
data. The lower panel in figure 5.11 is an example of a final corrected ASE curve that
was used to calculate the gain spectra. We see that most of the spikes have been removed
but that the data is still not as clean as the data outside of this spectral region.

The long wavelength saturation of the gain seen in figure 5.9 is an important

region of the gain spectra. Since this region is below band-gap there is zero material
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gain/loss and what we measure here is the total loss of the cavity. Thus theoretically, we
can determine the internal loss from this figure since it is just the total loss minus the
mirror loss, which we can easily calculate. Figure 5.12 shows the internal loss
determined from the LI data of section 5.1 (open squares) compared to the internal loss
determined from the gain spectra (stars). From figure 5.12 we can see that there is a large
scatter in the data and thus large uncertainty in the internal loss obtained from these

measurements. In order to get as close as possible to the actual internal loss we also take
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into consideration information on internal loss from other similar lasers [2] which show a
slight positive temperature dependence. Thus the best guess line in figure 5.12 is just
that, an educated guess based on our measurements and those of others [2]. We now use
these best guess numbers for a;, shown in table 5.2, and fix this parameter in the fitting of
the inverse efficiency data of section 5.1. This provides the internal efficiency values

also shown in table 5.2.

Table 5.2 — Temperature dependence of internal efficiency and loss
in deep well InAsP laser

Temperature ni Qi
10 929 27
20 906 27.5
30 865 28
40 819 28.5
50 175 29.0
60 724 29.5

The largest difference between these values and table 5.1 is a slightly slower and more
consistent drop in .. The values shown in table 5.2 are used for both the carrier lifetime
analysis of chapter 4 and the analysis of the temperature dependence of the threshold
current in the next section.

While the internal loss information is useful, the most important information we
can obtain from the gain data is the material gain. From the measured net modal gain, the
calculated optical confinement factor, and eqn. (5.4), we can calculate the material gain.
The optical confinement factor was calculated using the finite difference method and
knowledge of the layer structure, shown in section 2.3, and the index profile, discussed in
section 4.2.2. An example of the Mathcad program developed to perform this calculation

is given in appendix C where we see that ' for the deep well laser is found to
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Fig 5.13 - Material gain g spectra at bias currents from 4 to 10 mA
for deep well InAsP laser at T=20°C

be 0.05486. Using this [" and the losses of table 5.2 we calculate the material gain as
shown in figure 5.13. Note that we assume @, is not a function of bias only because we
are not able to measure the bias dependence of this parameter using the techniques
described here [2]. Lasing will occur from the cavity mode nearest the gain peak and

since the cavity modes are very closely spaced (~5 A) we assume that lasing occurs from

the gain peak. Thus the peak material gain is the value we are most interested in.
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Figure 5.14 shows the peak material gain versus carrier density for the deep well

laser at 20°C. In this plot the carrier density is calculated using both the bulk analysis

and the new QW analysis. Unfortunately the shape of the gain curve is not linear with

carrier density and we need to use a little more complicated gain expression than the

simple linear relationship that is traditionally used. This is not unusual for QW lasers,

particularly strained QW lasers like ours, which frequently require a logarithmic gain

expression as shown in eqn (5.5) [16].

g=goln( n+ns)
n, +ng
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In this equation g is an empirical gain coefficient, n, is the transparency carrier density,
and n; is a shift to force the gain to be equal to the unpumped absorption at n=0. The fits
are shown in the figure along with the extracted parameters for both sets of carrier
densities. We see that the transparency carrier density, ng, is lower using the new QW
analysis while the other gain parameters are mostly unchanged. Still, considerable error
would result in the threshold current model if the bulk analysis gain parameters were used
instead of the intrinsic QW parameters. We also see that, due to the modulation
discussed earlier, the lowest gain point that we can obtain data for is quite far above
transparency (~300 cm™"), making it difficult to accurately extract n,, from the data.
Material gain data was obtained on the deep well InAsP lasers from 10°C to 40°C
in order to determine the importance of gain changes due to temperature in the overall
temperature dependence of threshold. Figure 5.15 shows the material gain versus well
carrier density of these lasers while table 5.3 contains the fitted gain parameters from
fitting these data to equation (5.5). From these data we see a steady increase in
transparency carrier density from 10°C to 40°C and only small changes in the other gain
parameters. Unfortunately while we measured the gain at 50°C and 60°C, the results
were very unusual and in direct contradiction with what we would expect from figure
5.15 and theory. The 50°C and 60°C data reversed the trend seen in figure 5.15 and
indicated that it was possible to achieve similar gain at 60°C with lower carrier densities
than at 50°C or even 40°C. We believe this is due to the drop in internal efficiency
measured at 50°C and 60°C and shown in table 5.2. We assumed that the injection

efficiency was equal to the measured internal efficiency when we calculated carrier
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densities from the lifetime data in chapter 4. It has been shown that non-uniform carrier
density among the QWs can also lead to reduced efficiency [20], which may mean that
we underestimated ni; and overestimated its temperature dependence. This would lead
to slightly lower recombination coefficients and higher carrier densities at higher
temperatures. There are several other possible causes of this unexpected behavior at
higher temperatures and more work is clearly needed to more fully understand this effect.
For now we assume the trend above 40°C is not real and limit our temperature analysis to

the range of 10°C to 40°C.
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Table 5.3 — Temperature dependence of gain parameters in deep well
InAsP laser

Temperature | n,x 10™? go ngx 107
10 2.27 1107 -1.39
20 2.35 1134 -1.31
30 2.44 1086 -1.40
40 2.57 1079 -1.52
50 2.53 841 -1.75
60 2.52 593 -2.16

5.4) Model Analysis

We now have all the information we need to model the temperature dependence
of the laser threshold current and to look at what happens when we eliminate expected
sources of the problem. To calculate the threshold current at a given temperature we plug

the threshold carrier densities for each region into equation (4.13).

La(T) =~ “}T)[ V, (A(T)N 1y (T) + By (T (T)? + Co (T (T )
inj

(5.6)
+ V,(A(T)n gy (T) + Byigy (T)? + Cyngy (T)°) ]

Where we have explicitly shown the temperature dependence of the laser parameters we
are interested in. Since we have not measured the temperature dependence of the
barrier/SCH recombination parameters we have left these as constants. This should not
affect the results much since the carrier density in this region is very low and there is
little recombination current. The temperature dependence of the intrinsic well
recombination coefficients A.(T), Bw(T), and C(T) are obtained from the carrier

lifetime measurements (chapter 3) and the QW rate equation analysis of chapter 4. The
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well threshold carrier density, nwn, can be calculated because we know that at threshold
the net modal gain, G, is zero. Thus we can set equation (5.4) to zero and use the gain

expression (5.5) to solve for the nya.

nwmm=(n,,m+ns(T))exp[ﬁ“r;:—‘T()n]-ns(T) 5.7

Using the well threshold carrier density from this equation and the relationship between
the well and barrier/SCH carrier density in equation (4.10) we can determine the
barrier/SCH carrier density. Thus all terms in (5.6) and (5.7) are known and we can
calculate the threshold current from 10°C to 40°C.

The top panel of figure 5.16 shows the measured threshold current (solid squares)
along with a fit to the exponential equation (5.2). Also in the top panel is the calculated
threshold current from the model described above (open circles). We see that the slope,
To, of the calculated data agrees very well with the measured Ty but that the calculated
threshold currents are shifted higher by about 10 to 15%. As mentioned earlier, without
gain data at lower gain it is very hard to accurately determine n,. As it tumns out a
difference of only 3.5% in n, completely removes the discrepancy between the measured
and calculated threshold currents. This small change is well within the accuracy of the
fitted ny and the new calculated threshold currents are shown as open diamonds in the
figure. The agreement is now excellent and all further analysis is done assuming these
slightly lower transparency carrier densities.

The advantage of the model is that we can now remove the suspected causes of
the temperature dependence one at a time and see what happens to the threshold current

and To. The lower panel in figure 5.16 shows the resuits when the temperature
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dependence of the gain was eliminated and when Auger recombination was removed.
We are interested in the effect Auger has on the temperature dependence of threshold
current and Auger current increases both when C increases and when the threshold carrier
density increases. Because of this we need to set the Auger rate to zero, not just its
temperature dependence, in order to see its full effect on To. When investigating the
effect of the other parameters on Ty we set their temperature dependence to zero by using
the 10°C values for all temperatures in the calculation. In the figure we see that
compared to the measured data, setting either the Auger or the temperature dependence of
the gain to zero results in considerable improvement in To. Removal of Auger has the
largest effect yielding a T of 109°C. The removal of Auger also results in considerable
lowering of the threshold currents at all temperatures. This is expected since we saw in
chapter 4 that even at 10°C Auger accounted for almost 60% of the threshold current.
Removal of the temperature dependence of the gain did not lower the threshold current at

low temperature but did provide considerable improvement in Ty, doubling it to 75.8°C.

Table 5.4 — Results of model analysis of temperature dependence of threshold

IO (mA) To (°C)
Measured 5.21 38.8
Calculated 5.21 37.2
n*0.965 5.08 37.3
C=0 2.86 109
de/dT =0 5.68 75.8
dnini/dt =0 5.36 44.5
day/dt=0 5.16 39.3
dR/dt=0 5.10 37.8
/S 3.28 43.2
ny/1.25 2.20 43.2
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We also investigated the effect of the removal of the temperature dependence of
several other parameters on To. The results of this analysis are summarized in table 5.4.
Removing the temperature dependence of niy; only increased Ty to 44.5°C but we did
notice that changes were beginning to occur at 40°C and it is possible that this parameter
would be more important at higher temperatures. Changes in a; do not seem to affect the
results much either, but our model is somewhat limited since we did not measure the
carrier density dependence of ;. We also tried removing the temperature dependence of
the ratio of well to barrier/SCH carriers by fixing R,. Even though the barrier/SCH
carrier population dramatically affects the carrier lifetime and the recombination
coefficients it has little effect on the threshold current. This is because the barrier/SCH
carrier density is still quite low and the lifetime of these carriers is long, thus few of these
carriers recombine and contribute to the current. This situation could change at higher
temperatures or with lasers that have lower QW barriers. Finally we looked at what
would happen if the deep well laser material were improved. The deep well lasers had
much higher internal losses than the very similar shallow well lasers, so we divided a; by
5 to bring it down near what has been achieved in this material system in the past [21]-
[24]. We see that the threshold currents do drop significantly but that the Ty remains low.
A similar result was obtained by lowering the transparency carrier density. Thus the
parameters that control the temperature dependence of threshold in these lasers are Auger
recombination and gain. We can also state that while Auger does dominate over gain in
this temperature range, they are close enough that at higher temperatures this may not be

the case, and to completely understand temperature dependence of this material system

both processes must be considered.
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Chapter VI

Conclusions

The objective of this work was to understand the temperature dependence of the
threshold current in long wavelength InAsP/InGaAsP semiconductor lasers. We
accomplished this by measuring the temperature dependence of the most critical laser
material parameters and then developing a model that predicted the lasers’ behavior. We
then varied the parameters in the model expected to contribute most significantly to the
temperature dependence to see how the threshold current was affected.

The bulk of the work presented here was in the development of new measurement
techniques and analysis of the carrier lifetime. We showed that the turn on delay
technique and the traditional small signal optical technique yielded the same lifetime but
that the small signal technique was more useful since it provided the carrier lifetime as a
function of bias current. We also investigated the dramatic effect that laser impedance
had on the lifetime obtained from the traditional small signal optical response technique.
To remove the effect of the changing laser impedance with bias and frequency from the
measured lifetime, we studied two previously proposed techniques. The first one
incorporated a correction for the laser impedance to the optical technique and the second
obtained the lifetime from the measured frequency response of the laser impedance. We
also developed a new technique, which we called the impedance independent optical
technique, where we added an impedance stabilization circuit to the traditional small
signal optical technique. We showed that while all three of these techniques produced
the same carrier lifetime, our technique has several advantages over the other two

previously reported methods. The main advantage of our technique over the electrical
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impedance technique is that it requires only two fitting parameters allowing the lifetime
to be extracted from data taken at much lower frequencies. The lower frequencies used
allow accurate determination of the lifetime in QW lasers by determining the lifetime
from data at frequencies below where any possible transport and capture poles and zeros
become important. In addition, our technique is simpler, more accurate, and has a lower
noise floor than the impedance corrected optical technique.

The most significant contribution of this work was the development of a rate
equation analysis of the carrier lifetime as a function of bias current specifically for QW
lasers. This analysis has allowed us, for the first time, to extract intrinsic properties of
the well material that comprise the laser active region and thus accurately evaluate the
contribution of the processes that affect the laser threshold current and its temperature
behavior. Previously, this analysis had been performed using equations derived from the
bulk laser rate equations even though it was known that this was not valid. Our new rate
equation analysis included an additional carrier equation to account for carriers in the
barrier/SCH region. This analysis showed that the measured lifetime was not the intrinsic
well lifetime but a function of the intrinsic well lifetime, barrier/SCH lifetime, and the
QW capture to escape ratio. We also derived an expression from the analysis that
allowed us to extract the capture to escape ratio from the measured spontaneous emission
spectra, thus allowing the determination of the intrinsic well carrier lifetime as well as the
intrinsic recombination coefficients. The new QW analysis provided a very different
picture of what goes on inside the laser. While the bulk analysis provided very different
lifetimes and recombination coefficients for the shallow and deep well InAsP/InGaAsP

lasers, the values obtained from the QW analysis were in good agreement with each
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other. This indicated that the analysis was properly accounting for and removing the
effect of the barrier/SCH carrier population. By comparing the Auger coefficient C
obtained from the QW analysis to that obtained from the bulk analysis we found that C
was being masked by the barrier/SCH overflow. The QW analysis also revealed that the
value of the intrinsic C coefficient in these highly strained QW lasers was higher than
previously measured and close to bulk values reported for 1.3 um lasers. Thus we
believe that previous reports of C being very low and even insignificant in strained QW
lasers are due to incorrect analysis of the lifetime data and not an intrinsic property of the
highly strained system. The same can be said for the temperature dependence of C,
which has been reported as either very small or even negative. While using the bulk
analysis on our InAsP/InGaAsP lifetime data provides the same conclusion as previously
found, the QW analysis reveals that the intrinsic C coefficient has a strong positive
temperature dependence. Thus we have not only developed a proper analysis for carrier
lifetime in QW lasers but also demonstrated the dramatic effect that not taking the
barrier/SCH carrier population has on the measured laser material properties and their
temperature dependence.

We also measured material gain versus carrier density on the deep well
InAsP/InGaAsP lasers and again found a considerable difference between the material
gain parameters determined from the bulk and QW analysis. The QW gain parameters
produced lower transparency carrier density and larger differential gain than the bulk
analysis. Using the QW gain parameters and the recombination coefficients obtained
from the QW lifetime analysis a model of the laser was developed that allowed

calculation of the threshold current. We found excellent agreement between the model
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calculation and measured threshold current versus temperature on the deep well
InAsP/InGaAsP lasers tested. The mathematical model allowed us to remove certain
parameters and/or their temperature dependence and determine the effect on the
temperature dependence of the laser threshold current. Through this analysis we found
that the most significant contribution to the temperature dependence of the threshold
current is Auger recombination. However we also found that the temperature
dependence of the gain is not far behind and should not be ignored. Interestingly, we
found that, while the measured laser parameters are significantly affected by the
barrier/SCH carrier population, the temperature dependence of the threshold current is
not. This is because the lifetime of the carriers in the barrier/SCH region is long, and
therefore they do not contribute significantly to the current but act more like a charge
storage region. That may explain why even though the deep well lasers have much lower
barrier/SCH emission than the shallow well lasers the Ty is not any better. Thus when
designing new laser structures in this material system it may be preferable to concentrate
less on carrier confinement and more on optical confinement, leakage, and optical losses.

Despite the progress made here and elsewhere there is still a great deal of work to
be done in this area. Because of the poor quality of the deep well lasers we were limited
to a very small temperature range in our analysis. It is possible that at higher
temperatures other effects will become more important, particularly leakage and
barriet/SCH recombination. In our analysis we also made many assumptions, and the
effect of these need to be understood. Internal loss as a function of carrier density and
temperature need to be measured more directly. The difference between the measured

internal efficiency and the injection efficiency as well as the bias dependence of the
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injection efficiency needs to be understood and included in the analysis. The assumption
that the well radiative recombination follows a quadratic recombination law needs to be
checked, as does the assumption of uniform carrier density. All of these may have an

effect on the accuracy of the analysis performed here and need to be understood.
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Appendix A — Band Alignment Calculation

InAsP/InGaAsP (MBE1015) Band diagram Calculations

This program calculates confined energy levels, effective masses and wave functions in

square strained-layer quantum wells of InAs,P, .. /In, .Ga, As,.P,,, materials system, where
In ,Ga,As P, is lattice-matched to InP substrate.

The schematic energy diagram for this system is as follows:

| ‘ 1 LW 1 l-l-——
I 1 ) 1
! |
InP IPAS WP, InP
IM.x0GaxpASyuP 140 IM.uGaxpAS P 1.yp

What we need to do in this program is to input

1) quantum well thickness L, ,
2) As concentration Y, of quantum welllnAs P, and

3) Band gap Egb of barrierIn, ,beabeP1_ybIattice-matched to InP.

T:=20+273 T=293 dm_dT:= l.23-10'3
Ly:=50 n nanometer (109 m), quantum well thickness
Yy =047 As concentration Yeras Of quantum well InAF, |
A g0 1.0611 in um. band gap of barner quarternary WGa,wASynP 1.y 1attice-matched to InP
9
gb L2985 _ 387.10°(T - 299) Egp= 11685
A gb0
s
A g A gp= 10611
E gb
yp=0 yp = ool 135-0775.yp #0149y, > - 2% o
gb0
Yp = 02459 As concentration y of barrier In_;,GaxAsysP1.yp lattice-matched to InP
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Part 1: Material Parameters

1) material parameters for binaries InP,GaAs,InAs & GaP, and some constants

E glnp 1.35 - 4.0-107(T - 293) E gGaAs™ 1425 - 3.95-107%(T - 293) in eV, energy gaps at T,

A solnplo.“

M ppp = 0077-(1 +dm_dT:(T - 293))
M jpg1ap= 0121-(1 + dm_dT(T - 293))
M ppgfaps= 0-46-(1 + dm_dT(T ~ 293))
M gyp = 017 1 +dm_dT(T - 293))
a |,pe 5.86875

3 50Gaast0-34 ineV,

M .GaAs = 0-067-(1 + dm_dT«(T - 293)) in emu, electron effective masses
M hoGaAs= 0-094-(1 + dm_dT(T - 293)) in emu,
M hhzGaAs= 0-43-(1 + dm_dT(T - 293))

M (oGaAs = 0-15-(1 + dm_dT(T - 293))

in emu,
in emyu,

2 GaAs® 5.65315 in A, lattice constants

C | 1np=1022 C |1Gans™ 1.8 in *10"" dynicr?

C 121qp=3-76 C 12Gaas®3-38 n *10"! dyn/cm?

AE g plppe8.34 AE gy pGaas™ |13 in 108 eV emikg

a npe-3.04 3 Gaas® 717 ineV

aynp= 127 3 yGaas = 116

b yinpe-1.6 b yGaAs®- 1.7 ineV

1 ompe 124 1 0Gaas® 13-18 dc dielectric constants

E vavinp*- 704 EvavGaas-692 Average Valence Band

E glnas= 036 - 3.5° 10T - 293) in eV, energy gaps

.4
E gGaP = 278 -4.6-10 (T -293)
3 5olnAs*0-38

M [nas= 0.023-(1 +dm_dT(T - 293))

A 4Gap*0.08 inev,

M Gap = 0-82(1 +dm_dT(T - 293)) in emu, electron effective masse

M jhzinAs™ 0:026-(1 + dm_dT-(T - 293))

m[thap: Q.14-(1 +dm_dT-(T- 293)) inemu,
M phzinas 0341 +dm_dT(T-293))  mypGap= 041 +dm_dT(T-293))  inemu,
Minas= 0051 +dm 4T(T-293))  mgogup=0.24(1 +dm dT(T-293)) inemu,

2 [pAsn6:05838
Ci1nag* 8329
C |21nast 526
AE g pinast9-81
3 cfnAs®- 508
ayinAs= 100
byipase-1-8

1 0OlnAs® 14-6
E vavin Ae"6'67

aGape54512

C | 1Gap® 1439
C 12Gape6-52
AEgApGnP' 11.0
2 Gap*-7-14

2 yGap:= 170

by Gap*- 15

X 0Gap® 1.1
E u-n/(:oD"-’-"o

in A, lattice constants
in *10"! dyn/cm?

in *10'! dyn/crm?

in *108 eV cm2/kg
inev

ineV
dc dielectric constants

Average Valence Band

me9.10956-10°""

hbarw 1.05459-10" > eVe1.60219-10°"°

a) David GERSHONI and Henryk TEMKIN, Journal of Luminescence 44,381-398,(1989)

b) Sadao Adachi, J. Appl. Phys. 53(12) , 8775-8792, (1982)

c) G.P.Agrawal and N.K.Dutta, Long-wavelength semiconductor lasers, Chapter 4, p142-171
d) Sado Adachi, Physical Properities of Ili-V Semiconductor Compounds, 1992

Q x,y,B ac,B ad'B bc'Bbd.. =(1~-x)yB ac+( [-x)(l- y)-Badf xy-B be + X( l- y)-Bbd Veguard's Law
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2) Material Parameters for lattice matched barrier material

a) relation between x and y for In, ,Ga,As P, lattice-matched to InP substrate

0.18965y g Adachi 92
X ia, = achi' X1 T X xy, =0.1125
qua ¥ Q. 7 31758 - 001243y g b= “qua¥b b
0.41758-x
qua
X = =0.2459
Yaua ¥ qu G g6 + 001243 % gy d
b) Effective masses Adachi'92
M equa ¥qua = 0.080-0.039-)’11“a (1 +dm_dT(T - 293)) Mep = Mequa ¥ m .y, = 0.0704

™ phqua ¥ qua = 0.46-(1 +dm_dT(T - 293)) Mphb = M hhqua Y b M ppp = 0-46

= _ R . 2 (T <2 =
mlhquayqua = 0.12-0.099 yquaf 0.03 Yqun (1 +dm_dT(T 293)) MLy mlhqmyb My = 0.0975
- M w . - . 2 . " - =
M goqua Yqua = 021 =001y gup - 005y o .7 (1 + dm_dT(T- 293) Msob* Msoqua ¥b  m_ . -0.3045

¢) Bandstructure Parameters

AE =2Q X, ¥pAE JAE AE AE energy-gap dependence on AE 4 pp = 8.9683
g b7 gaplnAs == gAplnP ™ gaplads == gapGiaP hydrostatic pressure dEg/dp(x) #p

X gb = Q XpeYb X 0lnAs X OInP* X 0GaAs X 0GaP DC dielectric constant Lob= 12.7914

3 ob=Q XY d soinAs solnPd soGuAs soGaP spin orbit valence band splitting 3 5ob 201727

3 soquay qua =019+ 03y gup - 0107y o 3 40b™ 3 soqua ¥b 3 sop = 01863

E vavb® Q XY b-E vavinas E vavin® E vavGaas E vavGaP E yavp = .9865

0.502y 1y - 0152y, °
RubeA Yqus = Lt R Adachi '92 Rypea Yb = 06316

0.502-y qua™ 0.152-y qua * 0.268-y quat 0'003'yqun
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3) Material p arameters of unstrained bulk InAs P,

This section calculates the parameters of unstrained bulk InAB, | by using the interpoiation scheme. X; is the As concentration of
the ternary InAgP, .

P "m“pP mPPinasYas =Pimp 1= Yas *PrnasY as This is the definition of the
linear interpolation.

a, =P linterp® [nP+2 nAsY w ternary InAgP. , lattice constant: a a,, =5.9579

o liw = P lintcrpc ] ”np.c 1inAs' Y w ternary lnA§P,, stiffness C Mw = 9.3312
coefficients: Cyy and Cy2

C 12w = Plinterp € 121nP-C 121nAs Y w Claw=318

Moy = P linterp™ efnP* ™ elnAs Y w ternary InAsP, | effective m oy = 0.0516
Masses ‘Me,Mip Mpp aNd Myq

M jhw= P linterp ™ IhzinP M thzinAsY w M |y = 0.0764

M hhw* P linterp ™ hhzinP ™ hhzlnAsY w M phw = 0-4036

™ sow = P linterp ™ solnP* M solnAs+Y w m sow = 0.1136

AE =P AE AE oY ternary InAgP., energy-gap AE 29.0309

Lo linterp == gapInP- == gaplnasTw dependence onvhydrostatlc wpw

pressure dEg/dp(x)

3 yw = Plinterp @ vinP-? vinAs Y w Ay = 113

3w = Plinterp 2 cInP 2 clnAs ¥ w 3oy 2750588

bow.=P b b .0.704 ternary InxGa(1-x)As valence

vw ™" linterp vinP- vinAs ¥ w band shear deformation potential by ="1.1926

Low=P linterp X OlInP*X OlnAs'Y w ternary InAgP, , DC dielectric 1 Qw = 13434
constant

N ow=P limerpA solnP+ soinAsY w ternary InAsP. , Spin orbit valence 3 gow 2 0:2369
band spilitting

Evavw=P linterp E vavinP E vavinas Y w E yayw = "0.8661

The following parabalic interpolation model is used to estimate the ternary Inf8, | energy-gap
dependence on the in concentration.(l!l-V data book. M.Yamamoto IEEE JQE, Val. 30, No.2, 554(1994))

ng0;= 1.351 - |.315Awa032~yw’ ng0=0.8036
-4
= -2 . (T~

ng. EBWO 2.71-107(T-293) E . =08036
gw

We have caiculated all the parameters of bulk strain-free ternary Inf% , which are needed 123985

In the computation. = 1.5428

E BwW
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Part 2 : Compute band offsets

1) Band offsets between In, ,.Ga,As P,  ,and InP

E b= 09957TLE o op Change to achive 40/60 offset

AE 5= E grpp- Egp AE g = 0.1815

Evp= E yavb* - ;°b E b= 6.8944

Evink* Evavinp* - S:lnp Eyinp = ~70033

AE b =Eyp- Eypnp AE ,p =0.1089

vacv‘E—AEjbE— R ypey = 0.6
glnP gb

SEh=3Egp=3E AE = 0.0726

Ecb=Evp+Egp E o ==5.726

Lbi=20

Lp Lp
E.(x) :=EglnP'° x+2:Ly -AE o X— +3E 0 X —

Ly Ly
EV(X) :=AEvb‘® X+—_,— -AEvbQ K-T-

x=-Lp,-Lp+0.1.Ly

1.5 T T T T 1 T T T
13 -
Edx)
075 -
Ey(x)
038~ —
0 1 ] [ A | [
-0 -6 -12 -8 <-4 0 4 12 16 20
X
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2) Band offsets between In, ,,Ga, As P, ,and InAs P,

E yavw:= 0.999805-E 1oy Change to achive 45/55 offset of strained system E yavw = 68648

AE gy = Egp-Egy AE g, = 03648
&) SoOwW

va:= Evavw' 3 va='6.7858

a) Biaxial in-plane strain

a -a
€ inplane™ i_w. biaxial in-plane strain tensor component £ inplane” -0.01496
ay ( hydrostatic strain)
€ iow strain te t along the growth 0
3 =-2 € in tensor component along the gr: 3 = 0.01661
perpen Cliw inplane direction (uniaxial strain) pery
STE R inplane™ € perpen €y =-0.0133
‘U'"pcrpcn“inplane ey =0.0316
1 1
3w -AE gpr’? Clwt2C o -ﬁ-o.‘)l-t lm.mGaMswP. ~ band-gap hydrostatic L -5.5285
: deformation potential
SE gw T8 gwt H band-gap change with the hydrostatic strain SE awe 0.0736
E gwstr = E gwt OE gw strain-inducediny.,,Gay As P, . E gwstr © 08772
band-gap
3 sow
E cwstr® Evavw® E gwstrt E eyt = 59086
3y = L3
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b) Uniaxial strain

Theuniaxial strain introduces two important effects First, it removes the valence-band degeneracy
at the Bnllouin-zone centessecond.it mixes the (3/2.+-1/2) valence band and the (1/2,+-1/2) split-off valence band.

eg=byweEy the splitting between J=3/2, m=3/2 (heavy
hole) band and the J=3/2, m=1/2 (light
hole) band
€
X=0
3 sow

SE gg1 = b ywt U :

3E gg) = 0.0

-1
w
[

9.3
Xl 19X

140 —

12X+ 9X

l
! 1 | !

= ———— X

™M hhdosw =

Mphdosw = 0.1082
Mhw  + Mhw Mhaw

1 1.
E ywhh® Evavw* 2 vw't H"E"‘\ sow ™ 3 9E o1

vahh= -6.7634
AE phsir=E vwhh~ Evb AE g 01311
1
- 1 | | 2 P 9 5 2 2
EVWlh'-EVaVWfaVW{ H-Z'A SOW’:‘BEOOl f';' ) SOW r3 sow’ EOO[ ’:' EOOl valh:-6'8253
AE hste= Evwin Evb AE jrgge= 0.0691
E gihstr® E cwsir ™ Evwih E glhsir= 09167
E cwstr  E gwstr* E vwhn E cwstr = —5-8861
E ghhstr= E gWStr
AEcw=Ech - Ecwstr AE, =0.1602
AE =
__hhsr o4 E gb = 11685
_\E hh&ﬂ'* AE oW
AE +AE
thstr” __vb =0.5076
.\Ehhsu.f AEVb’AECWPAECb
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Part 3: Quantum size effects

1) eletron levels in conduction band

Let us to evaluate the electron states in conduction band neglecting the effects of band nonparaboli

ta| —

Mep E ) ) )
rei(E):= -—E—-E- In this calculation we use the effective
ew 3Ecw - mass in *my, EineV and L, in "10%m
1
ki v 3
- mo-e 29
Fean = — 10 =5.1231
hbar® fe22=>--

12—

fea(E)=reny My E "Ly

fe(E) = l’el(E) -

‘sinr 4(E) - 2-cos r5(E)
o1 (E) el el

E:=0.001,0.002..AE ,, - 0.001

flEY 5

0 002 004 006 008 0.1 012 014 016 018 02

E
Npoint:= 100
Nvar:= 0.. Npoint- |
B ™ i Ee
Y euar ™ e Fengar Y e~ ¥ Npaint— 1
Nzero =0

Nzeer N ifly eNm-y Envare ‘<0, Nzeer +1, Nzeer

Nzer := Nzeeri nt Nzer, is the number of energy levels in conduction band
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NI1:=0. Nzer,

inu:waliI =-0.5+ NI

Nth := histintervals Nzer) Nthy := Nthy - 1 Nthzerqg, = 0
N2 =1 Naer, Nth is the distribution of zero points
Nthzera, = Nthzerq, | + Nthy,_ | Nthzero is the order of points where function
o - - changes its sign
N3 = 1. Nzer,
-E Ezer may be used for the initial values to
Ezens- 1% B e Nihaeroy, find the solution
Nd =0
X = Ezeq,

E“"m =root £ (X)X

N4 = if Nzer , - 220,1,0
X = Ezen,

Em:rm =root f (X)X

N4 = if Nzer , - 320,2.0

N = Ezeq, N4 =0

E"“m =root f,.(X), X

Nlevel, = lengthE . Nlevel, = 1 E eger = 0.0701

Now.we have obtained theelectron energy levels of conduction bandn E,,,and thenumber of the energy levels
n Nlevel, Note that themaxium number we caiculate 1s three
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2) light hole levels in valence band

Let us to calculate the light hole states in valence band ofBa(y..)As neglecting the effects of band nonparabolicit

wi—

M hb E . . .
Fhi(E) = — ——m—— In this calculation,we use the effective
M ihw 3E jpsyr= E mass in *my, Ein eV and L, in *10%m

1

FpAE) =T jpay mpE "Ly,

fi(E) = rp(E) - ) -sin T |hXE) - Z-cos r o E)
r

E = 0.001,0.002.. AE jpgpr- 0.001

6.25

fiE) 25

-1.25 -

0 0.008 0.016 0.024 0.032 0.04 0.048 0.056 0.064 0.072 0.08
E

Npoint:= 150

Nvar:= 0.. Npoint- |

Nvar+ 0.1
E % —AE
thV ar Npoint lhstr
=fy E =
Y [thnr th “kvax Y “Npoim Y thpoinl -1

Nzcro =0

Nzeva“+ 1= ify [m“r-y thm+ l< 0, Nzerr,mr +1, Nzevaar

Nzeny, is the number of energy levels in light hole

N =N .
288 1h = N2€Npoint valence band.It may exceed three.
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N1 = 0. Nzer th
intervalg, = -0.5+Nt

Nth := hist intervalg Nzer)

Nthn = Ntho -1
Nth is the distribution of zero points
Nthzerq) =0
N2 := 1. Nzer th
Nthzerq, = Nthzerq, | + Nth, :htgf\?:slustsms?g?\rder of points where function
N3 = . Nzery,

Ezeng;_ ) = E th Nihaero,
: N Ezer can be used for the initial values to find

the solution
N4:=0

X = Ezen,
E =root {1 X), X
Ihzeg,, = 10Ot I X)

N4 := if Nzery, - 220,1,0

X:= Ezeq,

E [m‘“ = root fIh(X).X

N4 o= if Nzery, - 320,2,0
X = Ezen,

E "‘ll!s“ = root flht X). X

Nievelyy, = length E 1,

Nlevel h= 1

E Ihzee= 0.0374

Now.we have obtained thelight hole energy levels of valence bandin Ejpze,and thenumber of the energy levelsin
Nlevel,, Note that themaxium number we calcuiate isthree.
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3) Heavy hole levels in valence band

Let us to calculate the heavy hole states in valence band neglecting the effects of band nonparabol:

191 -

m
Tha(E) = _@__E__ In this calculation,we use the effective

M hhw SE phsee- E mass in *my, Ein eV and L, in *10%m
1
3

2 mo‘eV - 9

fhh22°* 10 Frpas = S5.1231
hbar” hh22

1

3
ChpA B) = Fppoy mppwE "Ly

fhh( E)= ryp(E) - sinrppolE) - 2-cos rppaE)

T hh1(E)

E:=0.001,0.002.. AE o~ 0.001

1.25 ST 0
faptE) =25 ™~

=6.25

=10
0 0.015 0.03 0.045 0.06 0.075 0.09 0.1t 0.2 0.14 0.15
E

Npoint:= 200

Nvar:= 0.. Npoint- |

E - NvaH—OJ.AE
thva.r . Npoint hhstr

=i E =
y thvar hh. thvur y heroim y hhNpoim- 1

Nzer0 =0

Nzeer+ = ifly thmy thvu+ l< 0,Nzern  + I ,Nzeer

Nzerpy = Nzeeroim
Nzemp is the number of energy levels in heavy hol
Nzerpp=2 valence band.lt may exceed three.
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N1 := 0.. Nzer
imerval;“ :=-0.5 + NI

Nth := hisCintervalsNzer)

Nith, := Nthy - 1 Nth is the distribution of zero points
Nlhzm'cb =0
N2 = 1. Nzery,
. Nthzero is the order of points where function
Nthzerq, := Nthzerq, | +Nthy, , changes its sign
N3 = 1. Nzer hh
Ez =E ’ Ezer can be used for the initial values to find
N hh Nikzeroy 5 the solution
N4 :=0
X:= Ezeq

E hhzcgu 'z root fhh( X). X

N4 = ifNZthh- 220,1,0
X:= Ezcrm

E hhzc&_‘ = root fhh( X)X

N4 := if Nzerp; - 320,2,0
X:= Ezzgu

E hhleg“ = root fhh( X).X

Nlevelp,:= lengthE by

Nlevelp, = 2
E 0.0199
bhzer™| 4,076

Now.we have obtained theheavy hole energy levels of valence bandin E;,e,and thenumber of the energy
levelsin Nlevel,, Note thatthemaxium number we caiculate isthree

131

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Part 4: Resuits

1) Band Diagram
L

2

LW w
VBlth) :=‘\Elhstr'® KfT —.\E|hsu;0 X-

Ly Ly
Vth(K) 1=AEhmn.‘0 xq»T --\Ehhsu.'m K-T

Lw Lw
CB(x) := Egbw x+2Ly -AE O X+-— +AE O X-—

3,03 3
oLy 2oLy S#005. Ly s xlimeL oLy 05. Ly,

12 T T T T T T T T T
089 -
CBx)
VBp(x)
AL TYYEY)
Emro"Egh - AE,
.57 S
“Elheery * OE ihate
“E hhgerg * AE hhstr
“Enhzer, + € nistr
0.26( -
i t
008 1 L 1 L L 1 Il L !
-8 6.4 ] 732 18 0 16 32 1.8 6.4 8

ISR RIRINIRY

Eezer, 00701 AEcy~Eer =00901  Ecypny = E sy Evwhh® Eczer, *Ebiaey,  Ecihng 096719 123985 Lo

E
elhhl
EM=0‘0l99 AEhhstr-Ehhzes=o'l“2 Emro=0.070[ Ehhz:s=0.ﬂl99
EMB=0.0374 AElhstr' EthEB=°‘0317 Eel[hI;S Ecwm- E\fwlhf Emr0+5|hu§ Eellhl’ 1.0467 1.23985 = 1.1846
E
ellhl
Ehhzeli =0.076 AE phstr— Ehhzeti =0.055 E elhh2:= Ecws!r'vahh’Eczero*Ehhzmi Eelhh2= 1.0234 1.23985 = L3116
E
elhh2

Eetih1~ Eetnny =0.0795
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Part 5: Calculate Wavefunctions and overlap

2mpeV
A= 0 400
hbar”
i !
K ewlE) = A m g, E~ kepE) = A{mey AEcy-E |
! !
k IhVJ E)=Am ‘hWE - k lh# E):= A‘[m thb AE thstr™ E ]-
! !
h) -
K phw(E) = A mppE KpnbE) = A mppy SEppgye- E |
1) electron wavefunctions
L L
w . w
cos k ew( E)-_,— -sink CW( E)—_,-
B (B e — 4~ C (E) =2 —_——
el Ly el L,
exp -k ebl E)-T exp -k eb(E)~—2—
L w
Y1 o(E.x):=exp k gp(E)-x -0 --—2—- -X
L L
Y2 o(E,x) = cos kewlE)x @ x+-Tw -® Tw-x
LW
Y3 el(E"‘) =exp -K op(E)x @ x- T
¥ o(E.X) = B g(E) Y1 o(E.X) + Y2 ((E.X) + B o(E)-Y3 o (E.x)
CON(E) B e k o (E)-L L sink, (E)L bw
(E) = €xp -K g (E)'Ly +————ssink o (E}L,, +—
k gp(E) 2K ot E) 2
el ECZEI'O'K el Eezero"‘
¥ (%) 12— 93 (%) = - x:=-5-L,-5Ly+0.1.5L,
’CON E ezer, ,cou E ezer,
06
T 1 T LI T T T
REE
0451~ - -1
B
ol o(x) / \.‘
2 03 ,‘l ‘\ -
# o) oo
R J \
-\
0.15- ,/ -\ -
P \
i B N\
] ] _L/L i L~ 0
-30 24 -8 -1 -6 0 6 12 18 24 30
X
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2) light hole wavefunction

L L
€05 K [y E)-— -sin K jpu( E)—
B lh( E) = T C lh( E):= L"
w w
exp -K [l E)-T exp -K jhil E)-T

i Lw
Yl |h(E,x) = exp klhb(E)"‘ -d —- X

L Ly

w
o} [ X - —_— 0 — -~
Y-lh(E'x)' cos klh\\ﬂE)" ¢ x+ 5 (U] 3 X

Lw
Y3 lh(E.x) = exp -k lhb(E)"‘ ‘D x- =

-

.
CON (E) B (&Y k mr(E)-L : K mo(E)-L bw
( = -exp - (E)- — sin )  —_—

LK TSR Tk pof E) hwlE)bw +—

% 1h E thzeg ¥

’CON ih E thzeg,

o1 lh(x) =

0.4 T T T

| ™ T T T
Lyt Lw I
7 T
! '
030 : \ -
i )
O |n(x) i “\
, 02+ ’ \ -
8l () / \
U, ’/‘ - \
/' .\\
0.1 / \\\ _
_J——/ AN
0 ] i a ! . l\_x_ | 0
-0 -24  -18 -12 -6 0 6 12 8 24 30
X
134

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3) heavy hole wavefunctions

L L
cos k hh\v\x E)—‘:—v -sink th‘ E)Tw
B hh( E):= [: C hh( E):= L-
w w
exp -k hhb(E)'T exp -k ppi E)-T
L

w

Y! hh(E.‘() = exp khhb(E)‘( - -—2- -X

Y2, (E.x) = cos k ppul E)x -® LW«DL“'
2 hp(Evx) = cos k pp(E)-x x+T - X

-

LW
Y3 hh(E.‘() = exp -k hhb(E)‘( ‘d x- T

CON 14(E) B £ K pi(E)-L L sinkypo(E)L tw
(E) = exp - : + sin : +
hh £y &P K hnb(B)rbw o B hhwlELw =
® hh E hhzeg*
¢l hh( X) =

CON pp E hhzerb

“¢ hh Enhzer

¢3 hh( X) =
‘CON hh E hhzer,
0.6
- -,_lw L R A
/ N
0.451 / \ -
/ \\
8l (0 / \
, 03 f -
$ pp(x) / ' !
/ y
0.15f~ /o -
// - B
./ ; b.
0 N ] . -\1_\1\0
“6 48 <36 24 12 0 12 24 36 48 6
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Lw Ly
Y4hh(E,x) = simkhhw(E)-x ) x+—_,- O

—_—=X
2

¢b hh(E.'() =C hh(E)Yl hh(E") +Y4 hh(E,x) -C hh(E)Y3 hh(E,‘()

CON2  ((E) := Chh(E)-~ex =K hhi(E)L y -
<hht®) K pi(E) XP'~X hhb w

L sinkpp(E)L,, + L
o Sk pwWEY Ly v —

-~

5 hi E hzer - ¥

5Ly
2 =
92 pp(X): - 2 pp(X) 92 ppx)dx = 1
CON2 b E phzer sy,
06 T T T LA L T T T
5 T
03 : ‘n'
& pp(x) ‘I
— . ok I
&hh("’- .
03 .
|
-0.6 1 1 1 1 | 1 | 1 |
=30 24 ~-18 12 -6 0 6 12 18 24
4) Calculate overlap Integrals
°SLy
01 ()91 pp(x)dx = 0.9367
. SLW
°S-Ly
91 o(x)91 (x)dx = 0.9898
5Ly
.S.Lw L 'S,Lw
1 o(X)92 pp(x)dx =0
o 91 ¢[(x)42 pr(x) Pl e(0)93 pp(x)dx =
’ W ',S'Lw,‘
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Part 5: Calculate Refractive Index of Layers

q=1610"  nbi= 10510

hbe := — r:=00
q
Yo o.E hbew +i [ E hbe'w +i -T
0w, g/::— lsou,)_ g T ——
Eg Eg+v.\
. B -z[, 0.5 0.5 ]
FrwBEgd =y 2=+ 1) - (1- )"0 -1)
A(y) = 840- 340y B(y) := 6.60 + 3.40-y
0.5
o - 1o
n m.y,Eg..\ = ‘A()’)'l' X0 m.E& ,m.Eg..\ 4-? Eg+;\ 1 s m.Eg..\ .m,Eg..\ +B(y)]
0.6 0.605 1.0
@ 5 ——— . —
hbe hbe hbe
36 T T T 1 T T <~ T T
h Ecinnl
35
“m')'w'Eghhsu'Amw X it
RICSA R UIE P L
n “"O'EglnP'A\olnP b ‘_4,,/—‘" -
32
3 L L 1 1 L i 1
Q.55 0.6 0.65 0.7 Q.75 03 [iX.3 0.9 0.95%
hbe @
=0.9672 1.23985 1.23985
Ecihh = 09672 = 1.2819 Et:= Et=0.9537
E ethhl 1.3
E
elhhl
n = 'yw'EghhstrA sow = 34824
E
ethhl
n Y Eghed sop = 3.3069
E
eihhl
n 'O'EglnP'A solnP: =3.206
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Appendix B - Spontaneous Emission Calculation

This program pikal\Spon_em\1015\F10\T10\ Sp4m6 calculates the Spontaneous
Emission spectra from the InGaAsP MBE1015 laser using band structure from
pikal\bandstruct\1015\T10c with T=283K

Physical constants
eg=88510"  c=310"

hb = 1.05-10" h:= hb2x

Environmental Conditions:

T:= 283

Laser Structure:
N,=6

Ly =5010"°

L gp:= 1100-10°°
Ly = 100-10°

W= 14107

L=47510"

Lpsch=35Lp+2Lgeh

Lw=Nyly
VLWL g,

Vbsch= L'W-L psch

Ec:=0 Ev:=0
RE.ED = ——
T (E-EDq
kb-T
e +1

-12
Vyp =6.6510

Vpscy = 179510 10
v
bsch =9
VW
138

mg=9.11-10""  gq=1610" kb := 1.38-10°"
hb h
hbe:= — he:=s - I =0.05486 [ =04347
q q
Number of Wells
Well Width
SCH width
Barner width
Laser active region width
Laser active region length
Lpge = 274107 Total Barrier and SCH width
L=l 0 Total well width
V., =199510""! Total well volume

Total barrier volume

Total barner and SCH volume

Ratio of barrier and SCH volume to total well volun

Fermi dirac statistics
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Cladding (InP) Properties

AE ¢ = 0.0728 +0.1133 First confined level to cladding energy
m . = 0.0761'-m Cladding electron effective mass
M ppe = 0.4543-m Cladding heavy hole effective mass
mpe:= 0.1195-m Cladding light hole effective mass
A =011 n=3.2078
m,.m m
M e S _hhe Cladding reduced effective mass thhe _ 0,065
m,.+m m
ec hhe [4]
El
2amekb [ 7 _ ‘ 17
Np=2 —————  — Cladding electron effective DOS N o =4.887¢10
g 100°
4 Etn= AE
n(Efn):=N ¢ kb-T Cladding electron density maxweli/boltzman
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Barmer Properties

E gh= 1.1646 -~ 0.004 Barrier band gap
AE 1= 0.1133 AE pppy = 0.0833 First confined level to barrier energy
m = 0.0695:m Bamer electron effective mass
Mppp = 0.4543-mg Barner heavy hole effective mass
M hp = 0.0963-m Barrier light hole effective mass
A =0.1863 Np = 3.3095
M. pm b m
M phb > d’_hh Barmer reduced effective mass _rhhb =0.06
Meb * M hhb mo
mo mqyE gb?d E gbtdip 9 Barner Matrix element Mpp ~
Mbb:= —_—-1 5 2. =543
m - ‘m
¢b 6- Egb";"‘b q qmg
3
TumgkbT 5 "
Nep=2 —m——  — Barner electron effective DOS N p =4.265:10
b’ 100°
3
2m kb T * 8
Nphps 3 ————— — Barner heavy hole effective DOS N hhb = 7-128¢10
" 100
3
3
2:tm lhb-kb"l" - 1 17
N = 2 ——— — Barner light hole effective DOS N |hp=6-957-10
W 100°
qQm - JI-m ‘E-q
G oplE) = __°.b_’._L._l_ Barner electron DOS
2 hb 100°
qm . ,Zvrn q
N epa:= _‘.b_’_eb__l Barner electron DOS
2 hb? 100°
q- Efn= AE 4y
np(Efm) = N pe kb-T Barner electron density maxwell/boltzman
Ec+ 0.2
np(Efn) = [ G op(E)fE,Ef- AE |, dE Barner electron density full integral
Ec
q- Efp=- AE
Pp(EM) =N pppe kT Barner heavy hole density maxwell/boitzman
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Well Properties

E ghhsir= 0-8799

E gihste= 0-9215

E o1hhj = 097575 - 0.016
E oy = 10538 - 0.013
E elpha= 1027

m .y = 0.051'-mg
Mppw s 0.128'm
m = 0.1924-mg
3 ,=0.2369

Athi=E b1 - Eetnhl

Ny = 34767

ARhI2:= E gypypa- E eynhi

E ghhstrd” E ghhstr® & w 4

m _ MewMhhw
rhhw’ Mew + Mhhw
R Mew ™ |hw
rihw Mew ¥ Mihw
mo mo-
Mbhh: o -1
ew

OVEr opb| = 0.9608

Y
6 Eghhslr"'s'"\ w4

M thh* OVeF ehh1™M bhh

mo _, m0°E glhsd" E glhstr™ & w 4

Mpih= | —~
M ew
OVefelhl = 0.8448
m:w'kb'T 1
New=———
x-hb~ 1007
Mppwkb T |
N hhw= _—
x-hb™ 100
M bT
N jpw= ——
r-hb™  100°
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S
6- Eglhstr’s"s w4

M= over g Mpip

Strained heavy hole energy gap

Strained heavy hole energy gap

Electron to heavy hole 1 transition energy

Electron to light hole 1 transition energy

Electron to heavy hole 2 transition energy

Well electron effective mass

Well heavy hole DQS effective mass

Well light hole effective mass

Heavy hole to light hole spilit
Heavy hale 1 to heavy hale 2 split

Well heavy hole reduced effective mass

Well light hole reduced effective mass

Well heavy hole Matnx element

Well Light hole Matrix element

Well electron effective DOS

Well heavy hole effective DOS

Well light hole effective DOS
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Alh=0.08t1
Ahhl2=0.067

M thhw

=0.036

'
]
w
oo
-3
[oes

M 2
21— 63
qmg

i
N ey = 5239410

2
N ppw= 1315010

12
N jhw=1.976:10
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2 h
i=0..600 k:=100.500  AE:= 105107  Ed:=E qpp,-0.1783 + FAE 123985 _0.949 123985 _ | 3087
EdSOﬂ.O 100,0
3 3
Mebhw o 123985 _ 08784 123985 _\.s866
mo -3 x Edsg0,0 .0
— =3.37410 Ep 0003  A(E)=
Nw (E + 0.0000003)
Eg
*E+0.2 ,
JEA-B)
hibe  hbe
! E e
LOR(E. 1) 1= : HSEC(E,t) = sech, — GAU(E, 1) = e oEndEM
T hbe " N hbe 5 hbe
+(E) r— - 2R—
. t t
. i JE-02
EL:=-300.300  EH:=-200..200
hbe EL hbe
! T EL € * 000 T EL
LDOSZD(E.:)'=Z—' = | ® Er s aE Loosmu—:.n:z {— © Er—2 aE
z 2 2 x 2 :
EL | hbe”  EL EL hbe ® EL
P 1000 T 1000
& K E+l—
LCIDAE.0) = Y | —— |0 E+ ]EL ek
ELR ﬂ’_’-’_ EL ° cosh. 3 E+—
T 1000 000
EL
A Ee
B 130 = gt ET :xto .
LOID(E. ) = ) j—=——|o Es AE
" hbe EL - 1000 . EL
EL e, sinhd E+—
. n 1000
EH EH EH
1 1000 EH oA 1000 EH
HDOSZD(E.:):Z sech| —— |-® E+—— -AE HDOSJD(E,:)::Z L N [0 Er—t AE
hbe hbe 1000 hbe hbe 1000
EH ® — —_— EH R — —_—
4 T T
EH L
ey 1000/
000 -
HCID(E, t .x) = LSOt B WP L . +(1-x)|-AE
hbe hbe 1000 EH
EH ® — —_ cosh. A E ¢ ——
T T 1000
EH
EH EH 5 BT
1000 1000 e Y P o0
HCID(E.t) = D E+—0 AE
hbe hbe 1000 EH
EH =#’— —_— sinhA E+ —
T T 1000
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E:=-0.10,-0.09..02 * hhdosh= 00910 * bdos = 0.08-10°" T lhdosh:= 01107
* hidos!™ 2% hhdosh ® bdasl = 27 bdos ® Ihdost= 2% Ihdosh
X ph = 0.04 Xp =00 X jp:= 0.04
N ewd
n el ERE) := T -l E.Efn)-[ 1 = Xy, "HDOS2D E,t ppgocy + X piyLDOS2D E ¢ hhdosl‘] Well electron density
nbe( EmE):=N ebzr E.Efm- AEtlb -HDOS3DE,t bdos
' T T T T T
L B
" HSEC E.t pryosh
n-003E)  i0!® b = —_—
bt HCIDE.¢ 0.008. '
— 2 nhdash +0.008
1 el-0.03,E)-100 " co i
: 1e10'® = SHDOSIDE.C pgosn |
1
e :
° L
=0.1 [} [+ X} 0.2
E
i 1 1
=0.0% 0 .08
00 2 E
Newd o 20
nwlEf = RE.Ef 1 - ¢y ‘HDOSID E.t ppogp, + X pyEDOS2D E.t oy |4E
-0.2
0.2
npil Ef = N CbZ'J FE.Efn- AE ¢, *HDOSID E, ¢ pyos dE Barner electran density full integral
-0.2

Efn2:2-0.15,-0.14..0.1

1e1'® F T T T =
1.[0“ = T - -
n (Efm2) l-lon = - ) -
__L‘" leia'® - -
':bn( Efnd) o' b |
0 (EM2) 13,645
1o’ - -
o - -
G L ) ! L
-0.15 0.1 -0.08 ) 0.08
Efn2
ah
P el EM) = N pp e o Well heavy hole 1 density
4{Efp— AhhI2)
PhadEM) = Nppoie T 41 Well heavy hole 2 density
q (Efp- Alh)
P IHEM) = N i e d 1 Well light hole density
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Caiculate fermi leveis and carner densities

P w(Efp) := p i Efp) + p | EP) + p X E)

P w(Efp)
Py Efp) = V w
w
n (Efn)
N(Efn):=V w'
w

Efn:=0.02  Efn:= root(log N(Efn)) - log Pt(Efp)) ,Efn)

n (Efn)

N= V4V psch ™ bil EM)

w
AEf:= E  pp + Efn+ Efp

Npn = Dl Efn)

Ny = 0 y(Efn)

*V bsch P o¢EfP)

*V psch 0 il EM

E elhhl =0.9597

Efp:=-0.025

Total density of weil holes

Total number of holes

p W EfP
Y soamae?
w

PUEfp) = 3.344¢107

Total number of electrons

Calculate electon ferm level assuming number of electrons Is equal

to the number of holes

Array containg total number of electrons N = 3.344-!07

Array containg fermi level separation AEf=09613

Array containg totat number of barner/SCH electron: [.23985

Calculate various quanties at the maximum fermi level

Efp=-0.025

Efn=0.0265

n
M 1saseio'8

w
16
Ny = 1458410

l = l.676'l0l8
v

w

v w
Tl Eff) =3.082:10

w

7

6
V bsch by = 2617410

v n
_bxh e o085
vw
L—'" wn
w
n W (Efn)
—_—=1915
P hi( EfP)

n (Ef) =7.082010"

P hutEfP) 7

=8.06810"
w

P pUEfp) =8.434010'C

8

P‘_\(/-E@ = 1.676+10"

w

A
P o EP)— = Lete10’

w

7
V bschP bl Efp) = 1.514¢10

144

=1.2898
AET

Array containg total number of well electrons

Efn=0.02655

Electron ferm level

Hole ferm level

Well and barner electron density

Total Electron and hole density assurming all in well

Well electron and heavy hole numbers

Barner eiectron and hole numbers

Ratio of barrier to well electrons (Rdc)

Ratio of well electrons to heavy holes

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Caiculate Spontaneous Emission Spectra including sech broadening and band-gap renormaniization

-3 n
sE 16-10 . L__."“ AE,=0.0185 Cog =00 t g 00710
10“'3 i 4
? 2 2
A | 2w T Manh Qv Alhh=3.135410%

€Eqgm ol-cs-h‘-L w

M thhw
. Ed.l- Eelhhl LEfn

R2hh := AZhREd:
1 [
Mew

™ thhw A
‘{mhh " Ed - Eqypn) .Etpl' l-xexvf 1 - Xpp HCID Ed - E o pp1- ¥ hidoste® ex |
™ \* * hwLDOS2D Ed, - E ¢ n:? hhdost
Ix 4 E
- = Trne WSEC F&-Ehnp T en
HSEC 0,1 o -ao:osh(!)f.hbe
Tex

3

qz«m M -
Cohh = oW 7 thh C3hh=5.222:10°

|
—_—
cgmg chbn L9

Chh| | Mrhhw ™ thiw i
azhhy =~ 1= * Ed - Eypny Efn| - “Ed - Egphy EfP|}Y 1~ xpp HC2D B~ E iy phdoste X ex -
Ed L m

hhw + XpyLDOS2D Ed - E ¢1yp) ¥ hindost
- k + 100 1 4 - K k + 100 1 4 - £
hh= 0 Sy D) R — e ——L|AE Badw - D e — st
gak-l00  t— — g=k-100  T— —
© bh ¥ hh ¥ hh * hh

lonln o R hi= 0.3
S S
Allh= wi Trhw Tdh )V odb

w
egm oz‘c)h"L w

A2lh=8.395010°

- N M rlhw M rthw "
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Appendix C - Optical Confinement Factor Calculation

hg=1310° 1 well= 34824 1 bar = 3-3069 1 clag = 3-206
21 t well:= 0.005-10°° Uyae = 0.01-107
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Lo _ ]
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