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Abstract of Dissertation 

Temperature Dependence of Carrier Lifetime, Recombination, and 

Gain in 1.3 |im  InAsP/InGaAsP Multiple Quantum Well Lasers

In this dissertation we investigate the root causes o f  the strong temperature 

dependence o f  the threshold current in 1.3 pm InAsP/InGaAsP Multiple Quantum Well 

(MQW) Lasers. W e accomplish this through m easurem ents o f  the carrier lifetime, 

recombination coefficients, and material gain as a function o f  temperature. W e then 

analyze the temperature dependence o f the threshold current by building a mathematical 

model o f the threshold current using the measured param eters 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 o f  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 recom bination 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 recom bination 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. W e 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 o f accounting for barrier/SCH  carriers on the 

measurement o f basic QW  laser material properties.

The model calculation o f  the threshold current is found to be in excellent 

agreement with the experimentally measured threshold current from  ou r deep well 

InAsP/InGaAsP lasers. This model is then used to show that the dom inant cause o f the 

temperature dependence o f  these lasers is Auger recombination, but that the material gain 

also plays an important role.

Jon M. Pikal
Electrical Engineering Department 
Colorado State U niversity 
Fort Collins, CO 80523 
Fall 1999
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Chapter I 

Introduction

Long haul communication systems generally operate at either the zero dispersion 

wavelength o f  silica fibers, 1.3 pm, or the minimum loss wavelength o f  1.55 pm. One o f 

the largest obstacles for reducing the cost o f the long wavelength communication systems 

is the current need for active cooling o f 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 o f  effort has been expended in trying to 

understand the origin o f  the strong temperature dependence o f these lasers in hopes o f 

reducing it. The temperature sensitivity o f  long wavelength lasers has most recently been 

associated with an increased contribution o f  Auger recombination [l]-[4] and to changes 

in the differential gain, dg/dn, [5]-[8]. In 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 o f the temperature sensitivity find 

that as much as 80% o f  the current flowing through the device is due to Auger 

recombination. W hile 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 o f 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 Iasing. W hile gain can 

be measured w ithout direct knowledge o f  the carrier density, determining the material 

gain parameters, dg/dn and no, the transparency carrier density, requires a method o f

1
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determining carrier density in the active region. The most direct method o f examining 

carrier recombination processes and determining carrier density is through measurement 

o f the carrier lifetime [9],

It is therefore necessary to be able to measure carrier lifetime inside QW  active 

regions to fully understand the origin o f the temperature sensitivity o f 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]. In addition, 

high frequency poles and zeros created by carrier transport across the separate 

confinement heterostructure region, and capture and escape into and out o f the QW  [12],

[13] can also effect the determination o f  the carrier lifetime. Even if  these effects can be 

removed from the carrier lifetime measurement there has been no way o f accounting for 

the distribution o f  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 o f  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 o f  rate equations for the well 

and barrier/SCH population instead o f  the traditional single level analysis. This analysis

2
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shows that the measured lifetime is actually an effective lifetime that is a function o f  the 

well carrier lifetime, the barrier/SCH carrier lifetime, and the distribution o f carriers 

between the two regions [18]. We then use the measured spontaneous emission spectra 

to estimate the ratio o f  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 o f  the well material. 

We will see that the recombination coefficients and the temperature dependence o f 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 w e 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 o f  

the laser we can evaluate the effect o f 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.

3
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Chapter II 

Background

There are three sections to this chapter, the first provides a very simple 

introduction to the properties o f  semiconductor lasers that are important for 

understanding this dissertation. The second section outlines the problem that this 

dissertation addresses, namely the temperature dependence o f  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 

o f  optical gain and mirrors to provide optical feedback. The advantage o f the 

semiconductor laser is that the semiconductor itself can be used for both purposes. A PN 

junction provides a means o f direct electrical control over the material gain and the 

cleaved edges o f  a piece o f  this semiconductor provide the mirrors. In addition the large 

density o f electronic states in a semiconductor allows for reasonable optical gain (few 

thousand/cm) from a small length o f  material. A diagram o f a simple PN junction laser is 

shown in figure 2.1. Typical laser lengths are 200 pm  to 500 pm and the width o f  the 

active region can be as small as about 1 pm  for a buried heterostructure laser to 100 pm 

for the metal stripe laser shown in the figure. Thus a small piece o f  semiconductor

6
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material a few hundred microns long with cleaved edges is all that is needed for a 

complete laser.

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 a m 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].

Active
Region

Cleaved facet

(2 .1)

where
v. ̂ leff I j

7
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In these equations L is the cavity length, R is the mirror reflectivity (-0 .28  for our 

uncoated lasers), and rjefr is the effective index o f  refraction for the cavity mode. 

Equation (2.1) assumes equal reflectivity for both mirrors and yields a mirror loss o f  -26  

cm '1 for a 500 (am 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, ffee- 

carrier absorption, and inter-valence band absorption. It is usually between 5 and 40 cm '1 

(-27 cm '1 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 o f  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 jo in t probability that a pair o f  states 

separated by that energy will be occupied is lA. A photon with this energy, traversing the 

cavity, will have an  equal probability o f 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 ntr.

8
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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]:

r g th= a m + a i (2 -2 )

where go, is the material gain at threshold and T, 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 o f  carrier 

density n above transparency as [3]:

g = a ( n - n tr) (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 o f a natural log dependence on carrier density but for 

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 nth, we can solve for nth.

am+ai 
Tan«h = '  -r : ~  + n tr (2.4)

Since stimulated emission is such an efficient process any attempt to increase the carrier 

density above no, results in additional light output and the carrier density is pinned at nth.

The carrier and photon processes in semiconductor lasers are generally described 

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

dn frinĵ  n / \ r \
' 2 -5>

v a ( n - n tt)s + p —— — (2.6)
d t t  t p

9
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In this equation r | inj is the injection efficiency, I is the injected current, q is the electronic 

charge, V is the volume o f the active region, t  is the spontaneous recombination lifetime, 

vg is the group velocity, P is the fraction o f  spontaneous emission which couples into the 

cavity mode, and xp is the photon lifetime. The first term on the right hand side o f (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 a m + a i described earlier.

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

between the photon density and the bias current.

qV
qv

x q

\

m ) J
+ Pt p ^  (2-7)

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

lifetime t  is also pinned at ith- By defining the second term in the brackets as the

threshold current [4]:

r  n th q v
I* = 7 Lf -  (2.8)

T th Minj

we can rewrite (2.7) as.

^ ( . - u +ptp̂  (2.9)

10
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Fig. 2.2 • Light-Current curve for 500nm long deep well InAsP laser

This equation is only valid above threshold since we have assumed that the carrier 

density is pinned at no,. 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 o f the threshold current (2.8) we can see that either an increase in n* or a 

decrease in tth or qinj- can lead to an increase in the threshold current. r|jnj is a measure o f

11
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the amount o f current leaking around or over the active region. As such it is a 

fundamental parameter based on material and structural properties o f  the laser and we 

will discuss it in more detail later. The threshold carrier density was written as a function 

o f material and structural parameters in equation (2.4) and we now turn our attention to a 

description o f 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 + B n 2 + C n 3 = — (2.10)
T

Generally the A coefficient is associated with Shockley-Hall-Read or defect 

recombination due to the expected linear dependence o f this type o f  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 o f 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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(2 . 11 )
x' dn

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 o f 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 term s o f  the recombination coefficients and n*, who’s relationship to 

fundamental material parameters we repeat here for convenience.

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 o f  current that leaks around the active region, qinj. This is a 

complete description o f  the process involved in determining the threshold current o f  a 

semiconductor laser and clearly if any o f 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 I, the temperature dependence o f  the threshold current is 

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

where (2 . 12)
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section we described what is required for a laser to reach threshold concluding with 

equation (2.12) which contained all o f the relevant material and device parameters 

contributing to the threshold current. Despite the complexity o f  this equation, the 

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

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

Iu, = l0e x p ^ j  (2.13)

To is the characteristic temperature, with a low value indicating a strong temperature 

dependence. A great deal o f work has been done investigating the origin of the low To 

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

—  E.
fn

Fig. 2.3 - S ch em atic  sh o w in g  carrie r leakeage  o v e r  th e  h e tero b arrie r
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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 o f the low To in long 

wavelength lasers. Heterobarrier leakage, illustrated in figure 2.3, is the drift o f  high 

energy particles, usually electrons, over the heterobarrier defining the active region. 

Once these carriers reach the other side o f 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 o f the active region.

Low T High T

CB

■►k

HH

SO

CB

E HT

HH

SO

Fig 2.4 - Temperature dependence of Intervalence band absorption

The temperature dependence o f 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 o ff  band and raising it to the heavy
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hole band. The strong temperature dependence o f  this process arises from the reduction 

o f the band gap energy with increasing temperature. This results in emitted photons o f 

lower energy, Elt > Eht 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 o f the gain and loss parameters in (2.4). Second, the Auger coefficient C 

also increases with temperature for reasons similar to the IVBA increase. As discussed 

earlier, Auger recombination involves three particles, an electron that recombines with a 

hole and gives o ff 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 o f 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 To has been achieved. 

Recently the focus has concentrated on the temperature dependence o f  the gain [22]-[25] 

along with numerous studies maintaining that Auger recom bination is to blame [26]-[29]. 

The fact that the material gain (2.3) decreases with tem perature is expected. If  we 

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

rules hold we obtain [3]:

16
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g(E,T) oc DOS x [fc(E,T) + fv(E,T) - 1] (2.14)

DOS is the joint density o f  electronic states between the conduction and valence bands, 

which is independent o f temperature. fc and fv 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 o f these functions, lowering the peak gain at 

a given carrier density, and thus resulting in increased transparency carrier density and 

decreased differential gain parameters o f equation (2.3). However, because this effect is 

related to the broadening o f  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 To 

values.

Looking at the most recent studies on To we see a pattern develop. All o f 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 o f examining the makeup o f the device current, all o f  these studies neglect the 

effect o f 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 o f  the A uger recombination and an overestimation o f the active region 

carrier density and thus the incorrect analysis o f  the tem perature dependence.

The recent studies that determine Auger to be dom inant use spontaneous emission 

measurements, sometimes coupled with gain measurements, to determine the

17
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nonradiative current contribution to To [26]-[29]. This is accomplished by estimating the 

fraction o f  spontaneous emission collected in order to determine the total radiative 

current. The amount o f 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 o f  two ways. I f  it is assumed that collection efficiency is constant 

and that all o f  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% o f 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 o f 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 o f 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 InAsP/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 o f  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 o f  a 1.0 pm n-type InP cladding layer 

(lx lO 18 cm '3), the active region, a p-type InP cladding layer (7 x l0 17 cm '3), and finally a 

0.2 pm p-type InGaAs contact layer (2 x l0 19 cm '3). The active region consists o f six 

wells o f I n A s o . 4 5 P o . 5 5 ,  4.5 nm thick, with lattice matched InGaAsP barriers, and 110 nm 

thick InGaAsP separate confinement layers on both sides o f 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 o f  the barrier/SCH regions.
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Fig 2.5 - Shallow  (a) and deep well (b) InAsP/lnP MQW SCH lasers  
u sed  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, Ab = 1.06 pm, lasers, referring to the difference in quantum 

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

P aram e ter Shallow Well Deep Well
Length 500 pm 500 pm
Width 1.7 pm 1.4 pm

Ith -8  mA -1 0  mA
r 0.0636 [1] 0.05486

Hi 0.7 [1] .906
Oti 10.5 cm '1 [1] 27.5 cm '1
A 4.5 x 107 s '1 3.5 x 107 s '1
Bw 7.2 x 10~“ cnvVs 6.8 x 10'11 cm3/s
Cw 5.1 x 10'2ycmt7s 3.4 x 10'29cm6/s
ntr 1.8 x 1 0 18 cm 'J 2.35 x 1018 cm'3

dg/dn (at n^) .967 x 10 '15 cm2 1.09 x 10-13 cm2

T able 2.1 -  C om parison  o f m aterial and s tru c tu ra l p ro p erties  o f the shallow well 
and  deep well InA sP buried h e te ro stru c tu re  (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 10 mA for the shallow and deep well lasers, 

respectively. Table I 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 III

Carrier Lifetime Measurements in InAsP Lasers

Carrier lifetime measurements are fundamental to understanding the basic 

operation o f semiconductor lasers. Many semiconductor laser parameters such as 

threshold current, internal loss, material gain, index o f refraction, and line-vvidth 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 o f  the carrier lifetime as a function o f  injection current. This is 

accomplished through the use o f  sub-threshold laser rate equations, and the results are 

therefore subject to all the limitations and assumptions o f  these equations. However, if 

done properly, the calculated carrier density as a function o f  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 o f  the different recombination processes: defect, radiative, and Auger, which 

comprise the current flowing into the active region o f  the laser. Knowledge o f the 

relative strength o f these processes as a function o f 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 o f measurements on 

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

The lasing delay from the start o f  an injected current pulse has been used to 

determine carrier lifetimes in semiconductor lasers [l]-[4]. The experimental setup for 

this type o f 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 o f 

the laser is measured by a fast photodiode using a sampling oscilloscope. The most 

critical aspect o f 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 o f 

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

Bias Tee

Low
Noise
Amplifier

50Q Series 
Resistor

Bond Wire

High Speed 
I Photodiode

-2VLaser

Pulse
Generator

DC Current 
Source

Temperature
Control

Sampling
Oscilloscope

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

o f this type o f  measurement.

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

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

dn _ hinj[___n_

dt qV t(n )
(3.1)

where I is the current pulse height and x(n) is the carrier density dependent recombination 

lifetime as defined in eqn. (2.10). Rearranging this equation and integrating from the 

start o f the current pulse at t=0 and carrier density no, to the onset o f  lasing at t=T and 

n=nth we obtain the turn on delay T.

f d t  = T = f — ^ ------- dn (3-2)
0 n0 ^ l in j^  _  A

qV x(n)

The general expression for turn on delay above can be simplified under various special 

conditions to yield either the carrier lifetime at threshold, tth, or the differential carrier 

lifetime at threshold, T'm, directly.

Dixon and Joyce showed that if  the current pulse, I, is slightly higher than the 

threshold current, Im, and the dc bias current, lo, is allowed to approach Im, then in this 

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

T = *m In
^ I - I  N J  hi.

l - U M
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 o f response curves shown in 

fig 3.2, where the turn on delay time is found from the 50% point o f the rising edge o f a 

given curve. As Io approaches Ith the quantity inside the natural log o f  eqn. (3.3) goes to 

zero and we can determine x'* from the slope o f  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 Io is not too far from Im (i.e. Io > 0.5U). The differential carrier 

lifetime at threshold, x 'th ,  is found from the slope o f  this linear region and in these lasers 

is 1.7 ns.
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Fig. 3.3 - Turn 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, tth- To accomplish this the DC prebias is set to zero and a progressively larger 

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

equation simplifies to [ 1]:

I - > ° °  (3.4)

and the limiting slope at large pulses is tth. 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 o f the current 

pulse. Since the current pulse is generated with a voltage pulse into a series resistor and
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Fig. 3.4 • Turn on delay of shallow well InAsP laser versus normalized inverse 
pulse height as the pulse height is increased and zero prebias.

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 o f  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 o f  m easuring 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 o f  eqn (3.1).

W t h  _  n th ( 3 . 5 )

q v  t*
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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 o f the rate equations. A diagram o f 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 o f the signal to be fed
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Amplifier------ M r

500 Series 
Resistor

Bond Wire

fc I uyi1
p p  Photodiode 

-2V
Laser

Spectrum
Analyzer

Frequency
Synthesizer

DC Current 
Source

Tem perature
Control

Fig 3.5 - Experim ental se tup  of small signal optical re sp o n se  m easurem ent 
u sed  to obtain earner lifetime
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to the laser, the difference is that the AC component is a “small” sinusoid instead o f  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 o f  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 o f current. This allows the determination o f  the 

actual recombination coefficients by simultaneous curve fitting o f the lifetime as a 

function o f  carrier density and the current as a function o f  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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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:

= l0 + i,e J(Ut n = n0 + n ,e jolt s = s0 + s,e j u i t (3.7)

where i i « I o ,  n i« n o ,  and s i« s o . I 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.

J<on,
n,

qV t'

n, s, 
jcos, = -^- —

I T„

(3.8a)

(3.8b)

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

h l = —rqV

%

(  , 1  ̂
OJ* + ---- :

V;
’ ■> l N
(D* + —~

x '* ;

(3.9)

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

lifetime is at much higher frequencies than we are interested in, i.e © « 1/ xp , the above

equation simplifies to.

f e l - P V 1dl —" qvt'^vw (3.10)
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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 o ff 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

-20

t ’ = 1.69ns«  -30

-35

-40
1 10 100 1000

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 o f  this technique is that we can 

measure the differential carrier lifetime, x', as a function o f  bias current. A plot o f  the 

variation o f x' 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

m 3.0

0 1 2 3 4 5 6

Bias Current (mA)

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 o f 

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 o f the form

ZL(to)= Rs + ------^ ------
LV '  5 1 + jw R dCd

with t ' = R„Cd’-d (3.11)

where Rs is the series resistance o f  the diode, Rd is the current dependent diode resistance, 

and t' is the differential lifetime. Assuming a 50 Q  voltage source driving the 

combination o f the 50 Q  series resistor and laser diode impedance o f eqn. (3.11), a 

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

R h
ĉorr ^ 1 +  -

R s + 5 0 n
(3.12)
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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 

o f 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 o f  this 

technique is the large impedance mismatch that occurs at the laser diode. This mismatch 

causes some o f  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.

P o rt 1

Bias Tee

Bond Wire

L aser

Network
Analyzer

DC Current 
Source

Tem perature
Control

Fig 3.10 - Experim ental se tup  of small signal im pedance 
m easu rem en t used  to obtain carrier lifetime

3.3) Small Signal Electrical Impedance

Another alternative for measuring the differential carrier lifetime is the purely 

electrical technique o f  measuring the differential electrical impedance o f 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 o f 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 o f frequency and bias 

current and the differential lifetime is obtained from a fit o f  the data to an impedance 

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

Z L(co) = R s + ,  +jcoL where t '  = RdCd (3.13)
1 + jcoRdCd

The only difference between (3.11) and (3.13) is the inclusion o f 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 Rs+Rd 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 o f  fitting parameters determined from 

one set o f data, reduces the accuracy o f 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 o f fitting four model parameters and requiring data to be taken 

at high frequencies. It also eliminates the impedance corrected optical technique’s 

disadvantage o f  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 o f  the laser impedance. The impedance stabilization circuit, shown in fig.

50n Shunt 
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M r

Bond Wire

Photodiode
Laser

-2V

Temperature
Controller

DC Current 
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Spectrum
Analyzer

Sweep
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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 o f a 10 KQ series resistor and a 50 Q  shunt resistor. Since the differential 

resistance o f  our laser diodes varied from about 3 Q  near threshold to nearly 400 Q at low 

bias and low frequencies, the addition o f 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 o f 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 o f  0 dBm develops approximately 224 mV across the 50 Q  shunt and 

therefore 22 pA into the series combination o f the 10 KH 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 o f 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 o f the 50 Q  shunt impedance o f  the high speed detector.

The modulation responses obtained with our impedance independent optical 

technique on the shallow well 1.3 pm InAsP/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 o ff 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 o f S. 

Weisser, I. Esquivias et. al. [10][11], and make it difficult to extract the carrier lifetime.

Excellent agreem ent 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, 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 o f carrier 

lifetime and several different methods o f obtaining these lifetimes. The most useful 

lifetime is the differential carrier lifetime, t ' ,  which obtained as a  function of bias current, 

allows for determination o f  the carrier recombination coefficients o f the active region 

material. This is accomplished by fitting the measured bias dependence o f the 

differential carrier lifetime to equations obtained from an analysis o f  the laser sub­

threshold rate equations. As we will show, the results o f  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 o f  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

[l]-[3]. In chapter III we used these equations to obtain the sub-threshold frequency 

response o f 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 recom bination coefficients from x'(I) using 

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

d n  _  Hinj1 n

d t qV  x

Combining the steady state version o f this equation (dn/dt=0) with the definition o f  the 

recombination rate expressed in (2.10), we can write a relationship between the bias 

current I and the carrier density nefr.

. q V n  q V ( .  2 ~  3 )
— V^efF^efF / (4.2)

ninjT Tlinj

In this equation we have explicitly written the carrier density as well as the recombination 

coefficient A f̂f, Beff, and Cetr 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. W e can also relate the differential carrier lifetime to the carrier density 

through the definition o f  the lifetime.

  (_efr) _  a  + 2 B e{rnetT + 3Ceffn eff'  (4.3)
T (netf ) neff

Thus we can measure the differential carrier lifetime as a function o f bias current with 

one o f 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 o f  bias current n«;ff(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 o f 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 o f
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Fig. 4.1 - M easured 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 o f  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 o f  the extracted recombination coefficients are somewhat 

unusual. The extracted A coefficient is reasonable at around 3 .3 x l0 7 s' 1 indicating 

excellent w ell/barrier interface quality as well as material quality. However, the radiative 

coefficient is found to be 3 .1  x 1 0 * 11 cm3/s, which is lower than the typical bulk number of 

—IxlO " 10 cm3/s [2],[3],[8 ]. In addition, the C coefficient, which has a very wide range of 

reported values in bulk material, lx l0 *29 to 9x1 O' 29 cm6/s [2],[3],[8 ], falls considerably 

outside o f this range at 5.8x1 O' 31 cm6/s. While it has been speculated theoretically [9]-

[11], 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 o f carriers spilling out o f  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 o f  the lifetime o f  the well and barrier/SCH 

carriers and is thus longer than the well lifetime. The smaller extracted recombination 

coefficients are a direct result o f the longer measured lifetime.

In order to see if the carrier population in the barrier/SCH region produced invalid 

recombination coefficients in the analysis o f 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 o f  90pm  stripe width and buried heterostructure (BH) lasers with 1,4pm width. 

This was done to increase the current density range over which lifetime data was 

available and thus improve the sensitivity o f  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 o f  the BA data is 

from ~ lm A /cm 2 to ~35mA/cm2 while the BH lifetime data was obtained from 

~30mA/cm2 to m ore than l300mA/cm2. Thus by making use o f  the BA data we were 

able to extend the current density range over w hich we obtained carrier lifetime data by 

about a factor o f  30. We can see from the figure that the fit is very good across the entire
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range o f current density with a single set o f  recombination parameters. The A coefficient 

for the deep well laser was found to be 3 .47xl0 7 s' 1 which is very close to the value 

obtained for the shallow well laser o f  3.3x107 s*1. The B coefficient, however, increased 

from 3.1 x 10*11 cm3/s in the shallow well to 4.91x10'" cm3/s in the deep well and the C 

coefficient increased dramatically from 5.8x1 O' 31 cm6/s to a more reasonable 1.00x1 O' 29 

cm6/s. These results are consistent with the effect o f  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 o f 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 o f 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 o f the Auger coefficient can also be attributed to 

carrier population o f  the barrier/SCH region. Increasing the temperature is analogous to 

decreasing the effective barrier height thus increasing the number o f  carriers in the 

barrier/SCH region. The result is that the additional carriers spilling out o f the well at 

higher temperatures compensate for the increasing Auger recombination and in our case 

nearly exactly cancel. W hile 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 o f these results are consistent with the theory that carriers spilling out o f  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 o f 

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 o f  the laser structure.

4.2.1) Quantum Well Rate Equation Analysis

The standard analysis o f 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 o f  the carriers would have to be in the well material. W hile 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 o f carriers that occupy the

e s c ' .  , . /  cap

I ,w X s

E O 0 o

0 0 6  o

I
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 o f  the total number o f carriers 

outside the well to that inside is dependent on the barrier height, temperature, injection 

level, and the ratio o f  the volume o f  the well to the volume o f  the barrier/SCH. Figure 

4.4 is an illustration o f the capture, escape, and barrier recombination processes that must 

be included for a proper analysis o f  a QW laser. From this figure we can write a new set 

o f  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:

dn1 = j W   ns ( nw Vw

^esc V sdt qVs tc ap

dn. ns Vs n„ n„
dt

ds _ (3nw  s
dt t.

X V Xwcap w *■ w •esc (4.4)

where nw is the density o f carriers in the well, t w is their lifetime, Vw is the total volume 

o f the well region, ns, xs and Vs are the density o f  carriers, their lifetime, and the volume 

o f  the barrier/SCH region. Finally Tcap and reSc are the capture and escape times into and 

out o f the quantum well as shown in figure 4.4. The definitions o f 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 o f  the laser.

As = ■
I

1
JQ) + ----

TP

with

JCO +  —

1 I

JCD + T --------cap ,
2 / •esc

T-,
 + ----
x f %'*esc w

(4.5)
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The differential lifetimes, t ' ,  in (4.5) are defined in the traditional way as the derivatives 

o f the respective recombination, capture, and escape rates with respect to the carrier 

density. For constant current modulation A/ is not a function o f frequency and all 

frequency dependence is explicitly shown in (4.5). In addition, if  q) « 1 / tp, which is the 

case for these sub-threshold measurement, we can eliminate the pole due to the photon 

lifetime, t p. From the roots o f  the denominator we obtain the remaining two poles. 

However, a numerical analysis o f the two roots using typical parameter values for our 1.3 

pm InAsP lasers reveal that only one pole, which we call the effective differential carrier 

lifetime, T'efr, is found to dominate over the entire frequency and bias current range o f  the 

lifetime measurement. It is this lifetime, x'efr, which we obtain when we fit the measured 

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

1 ^  A 0 yjA 0 4A , (4.6)

Xeff

A -  1 1 2where A o — + T 2 +  i t
M 2 T capT esc

A , -  ‘ 2T,2T? T .T V , C  x ' J z ' J

While we find that only one pole dominates, in accordance with our measurements, the 

pole is not uniquely determined by the differential lifetime o f  the carriers in the well. 

The effective differential lifetime, x'efr, is a function o f  the well differential lifetime, x'w, 

the differential well capture, x'caP, and escape times, x'esc, and the recombination lifetime
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o f  the carriers in the barrier/SCH, x's. To obtain the intrinsic differential carrier lifetime 

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

well lifetime.

It is evident from (4.7) that we must know the differential capture and escape times o f the 

carriers as well as the differential carrier lifetime o f  the barrier/SCH material to extract 

t'w from the measured x'etr. Numerical analysis o f  (4.7) reveals that x'w is only a weak 

function o f 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 num ber o f  carriers 

there is far more important than their lifetime. Thus accurate determination o f  the well 

lifetime is possible w ithout exact knowledge o f  the barrier recombination coefficients. 

Furthermore, we show later that the intrinsic well lifetime is mainly a function o f  the ratio 

o f  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 tim es but we can

(4.7)

where 1 1  2  1
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obtain an estimate o f  the ratio o f the two from the measured spontaneous emission 

spectra.

A steady state solution o f  the carrier rate equations reveals that the ratio o f the 

number o f  carriers in the barrier/SCH to that in the well, ns/nw, is approximately equal to 

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

3 l = t  v *  

n cap Vl i \V V S

1 I

I  t''esc
~ Tcap (4.8)

t  Vu esc  v s

As we will see this approximation is valid for our lasers since tw is larger than TeSc and 

both decrease as the carrier density in the well increases. Since t^c 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 o f  the carriers are in the well and 

not in the barrier/SCH. The ratio rcap/Tesc in (4.8) is the DC or steady state ratio o f 

capture to escape time. The ratio required to extract the intrinsic well lifetime is the AC 

or differential ratio. However, we can make use o f  previous results that showed that the 

AC ratio is approximately a factor o f two larger than the DC ratio [16]. Therefore if  we 

can find the ratio o f  the total number o f carriers in the barrier/SCH to that in the well we 

can extract the differential lifetime of the carriers in the well.

The analysis ju st described requires the ratio o f  barrier/SCH carriers to well 

carriers. This ratio is a strong function o f laser bias and temperature and therefore must 

be obtained under the same conditions as the lifetime measurement. We show next that 

the ratio o f well carriers to barrier/SCH carriers can be determined from the measured 

spontaneous emission spectra. The integrated spontaneous emission intensity is

61

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



proportional to the density o f  carriers and the emission spectra provides information on 

how the carriers are distributed in energy. I f  we assume the traditional carrier density 

squared dependence o f the integrated spontaneous emission intensity we can write the 

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

where Vs is the total volume o f  the barrier and SCH regions, Bs and Bw are the quadratic 

(radiative) recombination coefficients o f  the barrier/SCH and the well respectively. The 

carrier densities in the barrier/SCH and well are ns and nw respectively. Rearranging

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

Thus by measuring the ratio o f barrier/SCH spontaneous emission to well spontaneous 

emission, Rt, and knowing Bw/Bs we can obtain the ratio o f capture to escape times, 

tcap/tesc- While Bs is known to be approximately 1.0x1 O' 10 cm3/s [8 ], Bw is one o f the 

parameters we are trying to determine. Therefore we must perform our analysis in a self- 

consistent manner by choosing an initial value for Bw, finding the intrinsic recombination 

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

solution.

(4.9)

(4.10)
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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 o f  the laser sample was cleaved as close as possible (-8 0  to 100 pm) to the 

active region stripe in order to maximize light collection. The laser was then In bonded, 

p-side up, onto the end of a gold plated brass mount. The side o f  the laser with the cleave 

close to the active region was oriented to face o ff the end o f  the mount as shown in the 

expanded view o f figure 4.5. As can be seen from the figure, this allowed access not only 

to the side o f  the laser but also both facets. The spontaneous emission was collected with 

a low numerical aperture lens (N.A. = 0.15) from the side o f the laser through a ~300pm 

pinhole in order to remove any light scattered from the facets. The collected light was 

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

Pinhole Filter
Computer

Gold PlatedGold Plated 
Brass Laser 
Mount

)

Lockin Amplifier

Reference Current Source
Frequency

Chopper
InGaAs
Detector Polarizer +

Monochromator

f
Temperature Controler

Fig. 4.5 - Experimental setup for measuring the spontaneous 
emission spectra
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equipped with a LN2 cooled InGaAs detector and lock-in amplifier for signal detection. 

The input slits o f  the spectrometer were set at 400 pm while the output slit width was 

varied from about 200 pm at high bias to 400 |im at low bias in order to maintain 

maximum dynamic range o f  the measurement. Both unpolarized and transverse magnetic 

(TM) polarized spontaneous emission curves were collected using a Calcite prism 

polarizer thus allowing accurate determination o f the heavy hole, light hole, and barrier 

transition energies. Because o f  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 pm seemed to fix most o f  this problem.

The solid lines in Fig. 4.6 show typical unpolarized spontaneous emission spectra 

obtained from our shallow well InAsP M QW  lasers at low bias Fig. 4.6(a) and near 

threshold Fig. 4.6(b). Due to the large overlap o f 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 o f  the material parameters are included. 

The band alignment and the effects o f  strain are calculated using the method o f  Van de
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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% o f 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 o f 65/35 was used between the well and the 

barrier/SCH as the InAsP is predicted to have more o f  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 o f  the layers was calculated using equations 

from Adachi [20], both for use in the spontaneous em ission spectra as well as in 

calculating the optical confinement factor which will be discussed later.

We can then calculate the spontaneous em ission 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 o f  states function with a hyperbolic 

secant function to account for alloy and/or well width fluctuations. In addition, we add 

coulomb enhanced continuum and excitonic effects [2 1 ] to the calculation in order to 

obtain the narrow linewidth seen at low current. We then assume that the total number o f  

electrons is equal to the total number o f 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 o f  the form 

[8],
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where |m  I2 = mo ^ i(^ i +
1 bl " 6 m e ( E 1 + ^ A )

In this equation <t> is the Heaviside step function, and Ei is the energy separation o f  the 

transition o f interest, for instance, the first confined electron level to the first heavy or 

light hole level. The term P is the polarization dependent part o f 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 o f  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 [2 2 ] 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 1 / 2 5/6 2/3

TM Polarized 0 2/3 1/3

calculation. An example o f  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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o f  which are not known with great accuracy. Fortunately, we only need the appropriate 

shape o f each band in order to find the ratio o f 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 o f 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 o f 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 o f barrier/SCH to  well em ission  for both th e  shallow  well 
la se r  a t T = 20°C and th e  d eep  well lase r at T = 20°C an d  60°C
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4.6(b), the calculated spontaneous emission has slightly increased emission from the high 

energy tail o f 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 o f  Rt. One can easily see from Fig. 4.6 that the amount o f  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, Rt, for the shallow well 

laser at 20°C and deep well laser at 20°C and 60°C. W e see that, as expected, the 

shallow well laser has significantly more (~lOx) 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:

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.

— = R(n) = An + Bn2 + Cn3 (4.12)
t

I = — [ Vw(a wiiw + B wn w2 + C wn w3
Hinj

) + V , ( A , n , + B , n , 2 + C , n , 3) ]  (4-13)
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We can also relate the well differential carrier lifetime to the well carrier density through 

the standard definition o f  the lifetime.

T w n w

)  _  A , 1 D  .  I ~1 f~ *  _  - -  A w + 2 B wn w + 3 C wnw (4.14)

As in the case o f  the bulk analysis we can obtain the recombination coefficients from a 

simultaneous fit o f equations (4.13) and (4.14). However, in this case we obtain the 

intrinsic recombination parameters, Aw, Bw, and Cw. 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 o f  barrier/SCH to 

well emission and equations (4.7) and (4.10). In order to limit the number o f free 

parameters in our analysis we assume that the nonradiative Shockley-Hall-Read 

recombination coefficients, Aw and As, 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, Bs, is set to I x 10*10 cm3/s as 

before. The Auger coefficient o f  the barrier/SCH, Cs, is not well known but we know it 

should be less than the Auger coefficient o f  1.3 pm bulk [3] material since the band-gap 

is larger. We therefore choose a value o f  lxlO' 29 cm6/s for C s knowing it will have little 

effect on the results due to the low carrier densities in the barrier/SCH layers. As 

mentioned earlier, Bw is one o f  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 o f  the well lifetime from the measured lifetime. W e must therefore determine 

its value in an iterative fashion by making an initial guess at Bw in eqn (4.10), calculating 

the well lifetime, and obtaining a  new value o f  Bw from the fitting o f  equations (4.13) and
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(4.14). The new value o f  Bw 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 Bw 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

10 -

8 -

V)c

□

0 2 4 6 8
Bias Current (mA)

Fig. 4.8 - Intrinsic well lifetime vs. b ias 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 o f  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 o f 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 4.5x107 s '1. 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 ''1 cm3/s while the C coefficient increases almost 2 orders o f magnitude 

to 5.1x1 O'29 cm6/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 o f  the lifetime 

data o f figure 4.9 was accomplished using the more com plicated QW laser rate equation 

analysis described earlier in this section. This w as combined with the procedure 

described in the bulk analysis o f the deep well laser, w here we obtained Aw and Bw from 

the BA data, fig. 4.9(a), and Cw from the BH data, fig. 4.9(b). Again the fits are very 

good to both sets o f  data using only one set o f  recom bination parameters. For the deep
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well laser the A coefficient was nearly unchanged from the bulk analysis at 3.54x107 s '1 

while the B coefficient increased -38%  to 6.78x10‘‘1 cm3/s. As in the case o f  the shallow 

well laser the largest increase was in the C coefficient, which increased by a factor o f 

-2 .4  to 3 .44x l0 '29 cm6/s. So while the intrinsic recombination coefficients o f  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 o f  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
A x  10‘7 3.3 4.5 3.5 3.5
B x  10" 3.1 7.2 4.9 6.8
C x 1029 .058 5.1 1.0 3.4

on the carrier lifetime data o f  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 o f  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 o f  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 o f  the Aw and Bw 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 o f  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 o f  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% o f  the current, while at 60°C Auger 

comprises nearly 80% o f  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 o f 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/cm2, there would have been no region where the defect recombination would 

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

therefore increased the error o f the other coefficients as well.

4.2.5) Analysis Sensitivity

We are now in a position to investigate some o f  the assumptions made earlier in 

the analysis and determine the sensitivity o f our method to some o f  the parameters that 

we had to estimate. In section 4.2.1 we stated that the differential well lifetime was 

mainly a function o f  the ratio o f the capture to escape time and not very sensitive to the 

absolute values o f these times. Table 4.3 shows the intrinsic recombination parameters 

obtained from the analysis o f 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 o f Rt in (4.10). Table 4.3 shows that 

even with capture times covering three orders o f magnitude the change in the intrinsic 

recombination coefficients is less than 15% illustrating the insensitivity o f  our technique 

to the absolute value o f  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

TCap 0 . 1  ps 1.0 ps 1 0  ps 1 0 0  ps

A w x 1 0 ‘7 4 . 4 7 4 . 4 7 4 . 4 9 4 . 7 0

B w X  1 0 " 7 . 1 9 7 . 1 9 7 . 0 9 6 . 2 3

Cw X 1 0 29 5 . 0 5 5 . 0 6 5 . 0 2 4 . 7 6

We also investigated the sensitivity o f our analysis to the barrier/SCH 

recombination parameters fixed in section 4.2.3 to reduce the number o f  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 Bs and Cs. Note that as described previously, A, 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 .0x l0 '30 cm6/s to 5 .0x l0 '29 cm6/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

0.2

Cs x 1029 

1.0 5.0 0.8

Bs x 10l° 

1.0 1.2

Aw x 10'7 4.49 4.47 4.36 4.67 4.47 4.31

Bwx 10“ 7.09 7.19 7.75 7.37 7.19 6.98

Cwx 1029 5.03 5.06 5.23 6.80 5.06 3.95
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The parameter to which our method is most sensitive is Bs. This is not surprising 

since Bs 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 o f  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 therefore we know it more 

accurately than Cs or t cap. The typical number for Bs in InGaAsP alloys is 1 .Ox 10'10 cm3/s 

and we therefore vary Bs from 0 .8 x l0 'l° cm3/s to 1.2xlO '10 cm3/s. From table 4.4 it is 

clear that this resulted in little change for the fitted Aw (~8%) and Bw (-5% ) coefficients. 

The Cw coefficient however varied from 3 .95xl0 '29 cm6/s to 6 .80xl0 '29 cm6/s, an increase 

o f about 70%. While this is a fairly large range, it is quite small compared to the 

approximately two orders o f magnitude difference in Cw 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 o f  the most critical problems in long 

wavelength semiconductor lasers is the rapid change o f lasing characteristics, mainly 

threshold current and slope efficiency, with temperature. While m any studies have been 

conducted on this subject no clear consensus has yet been achieved [l]-[8]. One 

explanation for the differing opinions could be incorrect measurement o f  carrier lifetime, 

due to neglecting the laser impedance [9],[ 10], along with incorrect determination o f 

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 o f  these effects lead directly to incorrect determination o f the 

recombination coefficients in QW lasers and thus incorrect evaluation o f  the temperature 

dependence. Up until this point we have been laying the foundation for a proper study o f 

the root cause o f  this problem by developing new methods for determining carrier 

lifetime and the recombination coefficients in QW lasers. W ith these new methods in 

hand, we can now turn our attention to the larger problem o f the temperature dependence 

o f  long wavelength lasers.

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

by more than two orders o f  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 o f  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 o f the recombination coefficients, and therefore the deep 

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

this analysis.
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Fig 5.1 • Experimental setup of pulsed light-current measurement

5.1) Threshold Current and Efficiency

Before we can evaluate the cause o f  the temperature dependence o f  the threshold 

current and efficiency we must first measure these laser parameters on the lasers o f  

interest. Both o f  these parameters can be determined from the light versus current (LI)

84

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



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. I f  we use a short pulse with a low duty cycle we can minimize 

resistive heating o f  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 o f about 125 ns. We 

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

0.6

T=10°C 20°C 30°C 40°C0 .5 - 60°C -
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Fig. 5.2 - Light current curves for 500pm deep  well InAsP laser
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cycle of -0 .1% . The 1 k£2 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 o f each respective 

signal pulse. The gated integrator first integrates during the gate and then averages a 

number o f pulses, 1000 in our case, yielding a DC signal proportional to the current and 

light pulse which is fed to a pair o f digital multimeters and read by a computer.

The light current curves for a -500  pm 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, qd» is related to the slope o f  the light current curve above threshold 

through [14]:

2qA. dL
'1‘1 = ~ h c"d f <5"

where q is the electronic charge, h is Planks constant, c is the speed o f light, and X is the 

wavelength o f 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 o f  current needed to generate a fixed amount o f 

light, e.g. 0.2 mW, changes from -7  mA at 10°C to -2 7  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 o f merit for the temperature performance o f  a laser is 

the characteristic temperature, To [14],[15]. To 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 To 

corresponds to high temperature sensitivity.

I* = I0exp
)

(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 T0. 

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

because shorter lasers have higher mirror losses leading to higher total losses and thus

<
£
c<D
3
o
2
o£CO
® IQ -

30 40 50 60-10 0 10 20
Temperature (°C)

Fig. 5.3 • Temperature dependence of threshold current for four different 
length InAsP deep well lasers along with exponential fit and T0
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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 o f the QWs is sensitive to Fermi levels and thus the lower To. We also see 

some interesting behavior from the 248 jam long laser in that the To of this laser decreases 

so dramatically from that o f the 465 pm laser that their curves cross and as such it has a 

larger threshold current than the longer laser above 30°C. Another interesting feature o f 

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 pm laser.

The external efficiency o f the lasers is also a very important parameter. From the 

efficiency versus laser length we can determine the internal loss, aj, and internal 

efficiency, r |j. This is done through the relationship [14],[16]:

r \

where L is the cavity length and Rm is the mirror reflectivity. If the measurements are 

done as a function o f  temperature we can also determine the temperature dependence o f 

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 w ant the unusual characteristics o f  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 5.1 shows the fitted internal efficiency and 

internal loss obtained from figure 5.4. From this table we see that r\i decreases with

ctiL
(5.3)

v
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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 r\i is carrier leakage over the heterobarrier, either 

across the junction or around the active region, which should increase with temperature. 

The internal loss otj, however, shows no clear trend with temperature as it fluctuates 

between ~25 and -3 0  cm '1 until it drops to 22 cm '1 at 60°C. Usually a; increases slightly 

with temperature and carrier density and it is possible that the small number o f  data
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Table 5.1 -  Temperature dependence of internal efficiency and loss 
in deep well InAsP laser

Temperature hi a-,
10 .934 27.2
20 .856 25.1
30 .848 27.1
40 .839 29.6
50 .775 29.0
60 .607 22.2

points is affecting the fit parameters. We can also get an estimate o f  cti 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 tem perature is a very important measurement parameter that must be 

controlled during our experiments. While all o f 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 o f  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 o f  the lifetime 

measurements the spectrum analyzer can be used in a gated fashion but the bandwidth o f 

the measurement w ould 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 LN2 cooled InGaAs detector with very high
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transimpedance gain (1010). Thus it is not possible to achieve the noise floor necessary 

using only a 125ns pulse. Therefore we measure the amount o f  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 o f 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 o f 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 o f -0 .0015 A/mA. Therefore the total shift due to 

resistive heating is -0 .0336 A/mA. Figure 5.6 shows the shift o f  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 o f  0.88 A/°C. Thus we can find the thermal 

impedance o f  the laser by dividing the shift due to current heating by the shift with 

temperature. We obtain 0.038°C/mA for these -5 0 0 pm 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.
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5.3) Gain

Material gain is another important laser property that has been blamed for the 

high temperature dependence o f  threshold, both through the transparency carrier density 

and the differential gain [l]-[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 o f  the amplified spontaneous emission 

(ASE) and equation (5.4)

where L is the cavity length, r is the peak to valley ratio o f the ASE, T is the optical 

confinement factor, g is the material gain, a m and cti are the mirror and internal loss

(5.4)

Computer

Gold PlatedGold Plated 
Brass Laser 
Mount

)
Lockin Amplifier

Reference Current Source
Frequency

Chopper

1/2 Meter 
Monochromator

InGaAs
Detector Polarizer +

Temperature Controler

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 o f  the facets o f  the laser instead o f  the 

side, and that the monochromator slit openings are very small, less than 20pm, 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

= 10 mA

b  0.011 
<
>»
'55
c(D
c  1E-3-

= 4 mA1E-4

12800 13000 1320012600 13400

Wavelength (A)

Fig. 5.8 - Amplified spontaneous em ission spectra  from deep well 
InAsP laser at T=20°C
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scan speed o f 0.2 A/s, a filter time constant o f  100 ms (300 ms for lower bias curves), and 

a sample rate o f  ~3 samples/s to collect the data.

Examples o f  the ASE curves collected from a 518 fim long deep well InAsP laser 

sample at T=20°C and bias currents o f 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 o f  a low noise, high dynamic range, measurement system as 

the signal intensity changes by more than 4 order o f  magnitude. These curves are 

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

= 10 mA
- 1 0 -

- 2 0 -

03
T 3O
2
o5
z

-60-

= 4 mA-70-

-80-

-90-

12600 12800 13000 13200 13400
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Fig 5.9 - Net modal gain G spectra a t bias currents from 4 to  10mA 
for deep well InAsP laser a t 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 '1 

while we measure -3 cm '1. Most o f this discrepancy comes from the finite spectral 

resolution o f  the monochromator that reduces the measured peaks and therefore 

underestimates the true gain. There are other methods o f analyzing the ASE spectra to 

determine the gain which factor out the response o f  the monochromator [18], but they are 

more complicated and not deemed necessary here.

-4 0 -

-50-

-80 I = 4  mA
I I  point moving average

-90
12800 12900 13000 13100 13200 13300 13400 13500

Wavelength (A)

Fig 5.10 - Net modal gain G at 4mA bias current for deep well InAsP laser 
a t T=20°C, both before averaging and after.
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There were two m ajor 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 o f 

around 50A. All o f  the deep well lasers tested suffered from this problem but all had 

different periods and amplitudes o f modulation. We believe that this is due to the 

presence o f 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 o f 

the reflection and the period would depend on the location o f 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 o f  our determination o f  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 o f the gain spectra it mostly affected the determination o f  the losses as 

we will describe later and was only important above room temperature. Considerable 

effort was made to elim inate 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

97

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



LU 0 .4 -

T3

A

0 .2 -

0.0

0.8  -

_i
0.6  -

n  0.4 -

0.2  -

0.0

0.4 -

5  0.2 -

0.0
13400 13450 13500 13550 13600 13650 13700

Wavelength (A)

Fig. 5.11 - Calibration of ASE spectra to  rem ove anom alous spikes; 
(a) uncorrected spectra; (b) w ater vapor spectra 
obtained with lamp; (c) corrected gain spectra

98

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



system. It 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 o f  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 o f 

the absorption lines is not completely consistent. We speculate that this is due to changes 

in room humidity and some o f  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 o f the calibration curve 

absorption lines but it did provide more complete calibration o f  all o f the spikes in the 

data. The lower panel in figure 5 .11 is an example o f  a final corrected ASE curve that 

was used to calculate the gain spectra. We see that most o f  the spikes have been removed 

but that the data is still not as clean as the data outside o f  this spectral region.

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

region o f  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 o f 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 o f 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 sim ilar 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 o f  others [2]. We now use 

these best guess numbers for a;, shown in table 5.2, and fix this param eter in the fitting o f 

the inverse efficiency data o f  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 Cti
10 .929 27
20 .906 27.5
30 .865 28
40 .819 28.5
50 .775 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 r\\. The values shown in table 5.2 are used for both the carrier lifetime 

analysis o f  chapter 4 and the analysis o f  the temperature dependence o f the threshold 

current in the next section.

While the internal loss information is useful, the m ost 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 o f  the layer structure, shown in section 2.3, and the index profile, discussed in 

section 4.2.2. An example o f  the M athcad program developed to perform this calculation 

is given in appendix C where we see that T for the deep well laser is found to
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be 0.05486. Using this T and the losses of table 5.2 we calculate the material gain as 

shown in figure 5.13. Note that we assume a , is not a function o f  bias only because we 

are not able to measure the bias dependence o f this param eter 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 o f  the gain curve is not linear with 

carrier density and we need to use a little more com plicated 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].

(5.5)
g = go ln

f \
n + ns

Vntr j
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In this equation go is an empirical gain coefficient, n^ is the transparency carrier density, 

and ns 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 o f carrier 

densities. We see that the transparency carrier density, ntr, 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 o f 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 '1), making it difficult to accurately extract ntr 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 o f gain changes due to temperature in the overall 

temperature dependence o f  threshold. Figure 5.15 shows the material gain versus well 

carrier density o f  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

104

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



1000

T = 10°C 20°C

800- 40°C

600-

400-

200 -

3.5x10183.0x10182.5x1018 4.0x10

Well Carrier Density (cm'3)

Fig. 5.15 - Temperature dependence of material gain v ersu s  well carrier 
density of deep well InAsP laser

densities from the lifetime data in chapter 4. It has been shown that non-uniform carrier 

density am ong the QWs can also lead to reduced efficiency [20], which may mean that 

we underestimated r|inj and overestimated its temperature dependence. This would lead 

to slightly low er recombination coefficients and higher carrier densities at higher 

temperatures. There are several other possible causes o f this unexpected behavior at 

higher tem peratures 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 o f  10°C to 40°C.
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Table 5.3 -  Temperature dependence of gain parameters in deep well 
InAsP laser

Temperature PtrX 10'18 go nsx 10‘18
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

o f the laser threshold current and to look at what happens when we eliminate expected

sources o f the problem. To calculate the threshold current at a given temperature we plug

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

U (T) = — 7= r[ Vw(A(T)nwth(T) + Bw(T)nwa,(T )2 + Cw(T)iW T ) j )
’linjCT) (5.6)

+ Vs(A(T)nslh(T) + B,n*,(T)2 + C,nSIh(T)3) ]

Where we have explicitly shown the temperature dependence o f  the laser parameters we

are interested in. Since we have not measured the temperature dependence o f  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 o f the intrinsic well

recombination coefficients AW(T), BW(T), and CW(T) are obtained from the carrier

lifetime measurements (chapter 3) and the QW rate equation analysis o f  chapter 4. The
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well threshold carrier density, n^h, 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 r.wth-

^wth(T) = (ntr(T ) + ns(T))exp am + aiC D
n=oCO

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 o f  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, o f the calculated data agrees very well with the measured T0 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 ntr- As it turns out a 

difference o f  only 3.5% in n^ completely removes the discrepancy between the measured 

and calculated threshold currents. This small change is well within the accuracy o f the 

fitted no- 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 o f  the model is that we can now remove the suspected causes o f 

the temperature dependence one at a time and see what happens to the threshold current 

and Tq. The lower panel in figure 5.16 shows the results when the temperature

107

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



Th
re

sh
ol

d 
Cu

rre
nt

 (
mA

) 
Th

re
sh

ol
d 

Cu
rre

nt
 (

m
A)

Measured 
3̂— Calculated 

O Calculated with n *0.96515 -

10 -

Measured

dg/dT = 0

Auger = 0

35 4525 30 402010 155

Temperature (°C)

Fig. 5.16 - Model calculations of temperature dependence of threshold 
current and analysis of parameter sensitivity

108

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



dependence o f  the gain w as eliminated and when Auger recombination was removed. 

We are interested in the effect Auger has on the temperature dependence o f  threshold 

current and Auger current increases both when C increases and when the threshold carrier 

density increases. Because o f this we need to set the Auger rate to zero, not just its 

temperature dependence, in order to see its full effect on T o . When investigating the 

effect of the other param eters on To 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 o f 

the gain to zero results in considerable improvement in T o . Removal o f Auger has the 

largest effect yielding a To o f  109°C. The removal o f  A uger also results in considerable 

lowering o f 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% o f the threshold current. 

Removal o f the temperature dependence o f the gain did not lower the threshold current at 

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

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

Io (mA) T o  (°C)
Measured 5.21 38.8
Calculated 5.21 37.2
ntr*0.965 5.08 37.3oII1 2.86 109

dg/dT = 0 5.68 75.8
driinj/dt =  0 5.36 44.5
d a /d t  = 0 5.16 39.3
dR,/dt =  0 5.10 37.8

a /5 3.28 43.2
n t /1.25 2.20 43.2
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We also investigated the effect o f the removal o f  the temperature dependence o f 

several other parameters on To. The results o f  this analysis are summarized in table 5.4. 

Removing the temperature dependence o f  r|i„j only increased To 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 im portant at higher temperatures. Changes in otj do not seem to affect the 

results much either, but our model is somewhat limited since we did not measure the 

carrier density dependence o f  oij. We also tried removing the temperature dependence o f 

the ratio o f well to barrier/SCH carriers by fixing Rt. 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 o f these carriers is long, thus few o f  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 otj 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 To remains low. 

A similar result was obtained by lowering the transparency carrier density. Thus the 

parameters that control the temperature dependence o f  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 com pletely understand temperature dependence of this material system 

both processes m ust be  considered.
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Chapter VI 

Conclusions

The objective o f  this work was to understand the temperature dependence o f the 

threshold current in long wavelength InAsP/InGaAsP semiconductor lasers. We 

accomplished this by measuring the temperature dependence o f  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 o f  the work presented here was in the development o f new measurement 

techniques and analysis o f  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 o f 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 o f 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 o f  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 o f  these techniques produced 

the same carrier lifetime, our technique has several advantages over the other two 

previously reported methods. The main advantage o f  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 o f  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 o f  this work was the development o f  a rate 

equation analysis o f  the carrier lifetime as a function o f bias current specifically for QW 

lasers. This analysis has allowed us, for the first time, to extract intrinsic properties o f 

the well material that comprise the laser active region and thus accurately evaluate the 

contribution o f  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. O ur 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 o f 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 o f  the intrinsic well carrier lifetime as well as the 

intrinsic recombination coefficients. The new QW analysis provided a very different 

picture o f  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 o f 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 o f the intrinsic C coefficient in these highly strained QW  lasers was higher than 

previously measured and close to bulk values reported for 1.3 pm lasers. Thus we 

believe that previous reports o f C being very low and even insignificant in strained QW 

lasers are due to incorrect analysis o f  the lifetime data and not an intrinsic property o f the 

highly strained system. The same can be said for the temperature dependence o f 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 o f  the laser w as developed that allowed 

calculation o f  the threshold current. W e found excellent agreem ent 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 o f  the laser threshold current. Through this analysis we found 

that the most significant contribution to the temperature dependence o f the threshold 

current is Auger recombination. However we also found that the temperature 

dependence o f 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 o f  the threshold current is 

not. This is because the lifetime o f  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 To 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 o f work to 

be done in this area. Because o f  the poor quality o f  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 

barrier/SCH recombination. In our analysis we also made many assumptions, and the 

effect o f these need to be understood. Internal loss as a function o f 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 o f 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 o f  uniform carrier density. All o f  these may have an 

effect on the accuracy o f  the analysis performed here and need to be understood.
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Appendix A -  Band Alignment Calculation 

InAsP/InGaAsP (MBE1015) Band diagram Calculations

T h is  p r o g r a m  calculates confined energy levels, effective m asses and wave functions in 
square strained-layer quantum  wells of lnA^,Pt.^,/ln1.,0Ga,0As<0P, y0 materials system , where 
lnt i0Gai0Asj6P, y(i is lattice-matched to InP substrate.

The schematic energy diagram for this system is a s  follows:

What we need to do in this program is to  in p u t

1) q u a n tu m  w e ll t h i c k n e s s  L y y  ,

2) A s c o n c e n t r a t io n  Y w  o f  q u a n tu m  w e l l l n A s ^ P ,  ^  a n d

3) B an d  g a p  Egb o f  b a r r i e r  I n 1 , xbG a xbA S y bP 1 la t t ic e - m a tc h e d  t o  In P .

T  = 20 +• 273 T  = 293 dm_dT:= 1.23 • 10*3

L := 5.0 in n a n o m e te r  (1 09 m ), q u an tu m  well th ic k n e ss

y w := 0.47 A s c o n c e n tr a tio n  YerAs of q u an tu m  well InA ^3

X  gb0 := 1.0611 in u m . b a n d  g a p  o f b a m e r  q u a rte m a ry  io*bGa*bASyt)Pi.yB la ttic e -m a tc h ed  to InP

E _ b i-  1 23985 -  3.87 I0 '4 ( T -  293) E = 1.1685
X gbO

1.23985 .
X g b = —-  a. g b = 1.0611

gb

y b := 0 y b ; = r o o t
•> t .23985

I J 5 - 0 . 7 7 5  y b i - 0 .1 4 9 y b'   , y b
gbO

y b = 0 .2459 A s c o n c e n tr a tio n  y, o f b a m e r  lq .,bG a*bA syt,P i-yb  la ttic e -m a tc h e d  to  InP
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Part 1: Material Parameters

1) material parameters for binaries lnP,GaAs,lnAs & GaP, and some constants

E gInP:i 1-35-4 .0 -1 0 '4 ( T - 293)

3 so ln P '0 * *

m e|np  := 0.077-( 1 + dm jJ T  ( T -  293)) 

m lhzlnp;= 0 .121 •( 1 i-dm _dT ( T -  293)) 

m hhzinp-= 0.46-( 1 + dm _dT-(T- 293)) 

m so[np := 0 .17  ( 1 * d m _ d T -(T - 293)) 

a |np» 5.86875 

C l im p -  10-22

c  t2 InP"5-76

3 E g A plnP '8 -34

a d n p .-5 .0 4

a vlnP;= ' “ 7 

b v i n P - '- 6 

X o in P '12-4 

E vavlnP*"70 4

E gG aA s:= 1-425 -  3.95-10'4 ( T -  293) in eV , e n e r g y  g a p s  a t  T,

3 soGaAs*0,34 in e V -

m eGaAs := 0 067 I * -i-dm _dT-(T- 293)) in e m u , e le c tro n  e f fe c tiv e  m a s s e s  

m lhzGaAs;= 0 0 9 4 (1  * d m _ d T -(T - 293)) in e m u , 

m hhzGaAs'” °-45 ( * * dm _dT(T  -  293)) in e m u , 

m soG aA s:= °-*3 (  1 * d m _ d T -(T - 293)) in e m u , 

a G aA s* 3 -6 3 3 15 in A - la ttic e  c o n s ta n ts

C n c a A s * 11-88 in "1° n  dyn/cm2 

C |2 G aA s"5-38 in *1011 dyn/cm?

3  E g4 pG aA s*113 in ‘ 106 eV *cm 2/kg 

a c G a A s " 7 1 7  in e V  

a vG aA s'=

b vG aA s"> -7 in e V  

X oG aA s*1318 d c  d ie le c tr ic  c o n s ta n t s  

E vavG aA s"'6 93 A v e ra g e  V a le n c e  B an d

E gInAs~ 0,36 ”  3.5-I0’4 ( T -  293) E gG aP := 2.78 -  4 .6-10'4 ( T -  293) in eV , e n e rg y  g a p s

3  soInAs*0 38 3  so G a P '00 8 in eV ,

m d n A s := 0.023 ■( 1 + dm_dT (T  -  293)) tn := 0.82 < 1 + dm_dT-( T  -  293)) in e m u . e le c tro n  e f fe c tiv e  m a s s e

m |hzinA s= 0.026-( 1 r  dm_dT ( T -  293)) m IhzGaP:= ° - ,4 (  1 + dm _dT -(T - 29 3 )) in e m u ,

m hhzlnAs= °-3 4 ( * -t-dm _dT-(T- 293)) m hhzG aP^ °-4 <1 r  dm_dT-( T -  293)) in e m u ,

m soInAs;= °-05 ( 1 * dm_dT-(T -  293)) m S0G a P ;= °-2 4 (  • * Jm_dT-( T -  293)) in e m u ,

a lu A s '605838 a G a P '5-4512 in A, la ttic e  c o n s ta n t s

C liIn A s ’ 8-329 C 1 IG aP * 1439 in *1011 dyn/crr?

C U ln A s '4 -326 C 12GaP*6-52 in "1 0 1’ dyn/cm?

3 E gdpInA s"9 '8 * 3 E g ap G aP * U 0 in ’ 100 e V 'c r r^ /k g

a cInAs*"3'08 a c G a P '" 714 in eV

a vtnAs;= 100 a vGaP ■“ (,7°

b v ln A / ' E8 b v G aP '"* '3 in e V

XOInAs*14-6 X O G a P '11-1 d c  d ie le c tr ic  c o n s ta n t s

E „ ,„ in 4 ^ - 6 - 6 7 E „ „ „ r : ,p « -7 .4 0 A v e ra g e  V a le n c e  B a n d

m 0 «9.10956-l0 '31 hbar» 1.05459-10"34 e V . 1.60219-10'19

a )  D avid G E R S H O N I a n d  H en ry k  T E M K IN , J o u rn a l  o f L u m in e s c e n c e  4 4 ,3 8 1 -3 9 8 ,(1 9 8 9 )

b ) S a d a o  A d ach i, J .  A ppl. P h y s . 5 3 ( 1 2 ) ,  8 7 7 5 -8 7 9 2 , (1 9 8 2 )

c ) G .P  A g raw al a n d  N .lC D u tta , L o n g -w a v e le n g th  s e m ic o n d u c to r  l a s e r s ,  C h a p te r  4 , p 1 4 2 -1 7 1

d) S a d o  A d ach i, P h y s ic a l P ro p e r it ie s  o f  lll-V  S e m ic o n d u c to r  C o m p o u n d s , 1 9 9 2

Q = (1  -  x )-y -B a c * (  1 -  x)-( 1 - y ) - B ^ x - y - B ^ x (  1 -  y ) - B M  V e g u a r d 's  L aw
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2) Material Parameters for lattice matched barrier material

a) relation between x  and y  for ln1.xGaxAsyP1.y lattice-matched to InP substrate

0.18965 y
x uua y

r qua

qua J qua. ~ 0.41758 - 0.0l243 y Adachi '92
qua

0.41758-x
ûua x

qua
qua qua. q.18965 s-0.01243 xqua

b) Effective m asses  Adachi '92

m equa S' qua = 0.080 - 0.039 y qua < 1 * dmjJTlT- 293)) 

m hhqua y qua = 0.46 < l s-dm_dT (T - 293))

m Ihqua '  qua = 12 ’ ° °"y  qua * 003 -v q J  <1 * dm-dTt T -293))

m soqua y qua = 0.21 - O.Ol y qua- 0.05 y qua‘ (I s-dm_dT(T- 293)1

*b ■" xqua ^b Xl = 0.1125

yb = 022459

meb =mequa b̂ meb =0.0704

mhhb = m hhqua ̂  b mhhb= 0.46

mlhb;= mlhquayb m lhb == 0.0975

msob ” m soqua b̂ msob= 0.2045

cj Bandstructure Parameters

A^g\pb “ Q xb,!'b"3^g4plnAs,‘3^g6plnP’‘3^g4pGaAs,'3^gApGaP

X Ob =Q xb-yb-I OlnAs'X OlnP'X OGaAs-X OGaP 

A sob xb'yb"i solnAy3 solnP,A soGaAs,A soGaP 

A soqua y qua * 0119 + °-3 y qua* 0107 ? qua'

E vavb = Q x b1 y b • ̂  vavlnAs ̂  vavlnP ̂  vavGaAs ̂  vavGaP 

^ vbcA y qua ~
0.502 yqua- 0.152 yqua-

energ y -g ap  dep en d en ce  on 
hydrostatic  p re ssu re  dEg/dp(x)

DC dielectric constant 

spin orbit v a lence  band splitting

A sob := A soqua  ̂b

Adachi '92

A Ega p b *  8.9683

X Qb = I2-79'9

sob

sob

= 0.1727

= 0.1863

0.502 y qua - 0.152 y qua' 1- 0.268 y qua r 0.003 y qua

E vavfa = -0 ^ 5  

v̂bcA y b = 0-6316
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3) Material p arameters of unstrained bulk lnA sPt f

This section ca lcu la te s  th e  p a ram e te rs  of unstrained bulk In^S ,., by u sing  th e  interpolation sch em e . ys is the As concentration of 
the ternary InA^P,.,.

P linterp P InP- P InAs’ ^  A s = P InP l - Y , «  f PAs *  r  InAs 1 .As

3 w = P lin te rp 3 In P 'a  In A s '^  w

I Iw  " p linterp^" 1 I ln P -^  1 l ln A s '^  w 

^  I2w  5 P linterp*- 12 I n P * l2 I n A s , Jl w 

m ew  := P linterp m e ln P 'm  elnA s’ Y w 

m Ihw ” p linterp m  IhzInP m IhzlnA s Y w 

m h h w := p linterp m h h z ln P  m hhzInA s Y w 

m sow  “ p linterp m s o ln P 'm so lnA s' ■ w 

■ '^gA pw  = p l in te rp ^ ^ g A p In P '^ ^ g A p In A s 'J 1 w

a vw " P lin te rp a vlnP ’ 3 v lnA sY  w 

3 cw = p linterp 3 c ln P '3 clnA s’ Y w 

b vw  = p linterp*’ vlnP ,b  v lnA sY  w  ° -7 w

I  Ow = p  linterp I  O lnP'X  OlnAs’Y w

'  sow 3 p l in te rp '' so ln P " 1 so lnA s1 Yw

E v a v w  = p l in te rpE v a v l n P E  vav lnA s Y w

T his is th e  definition of th e

linear interpolation.

te rnary  In A ^ P ., lattice constan t: a

te rnary  In A ^P ,, stiffness 
coefficients: C ( i an d  C 12

ternary  InA^P, ( effective 
m a s s e s  m^.mm m^n an d  m^Q

ternary  InA ^P ,, energy -gap  
d e p en d e n c e  on hydrostatic  
p re s su re  dEg/dp(x)

te rnary  lnxGa(1-x)As va len ce  
b a n d  s h e a r  deform ation potential

ternary  InA ^P ,, DC dielectric 
co n stan t

te rnary  In A ^P ., spin orbit valence 
b an d  splitting

a = 5.9579

llw = 9.3312

12w : 5.18

m Ihw = 0 0 7 6 4

’ hhw : 0 .4036

iE^pw^.0309

: 1.1431

I  Ow = ‘3-434

T he following parabo lic  interpolation m odel is used to e stim ate  the  te rnary  In^B,., energy-gap  
d ep en d e n ce  on th e  In concentration.(Ill-V  d a ta  book. M .Yamam oto IEEE JQ E . Vol. 30, No 2. 554(1994))

E g w 0 :s 1 -3 5 1 - 1 . 3 l 5 y w <- 0 J 2 y w- E gwO = O'8036

E g w := E g ^ o *  2.71-10 - (T -  293)

W e have  calcu la ted  all th e  p a ram e te rs  of bulk strain-free ternary IryS^,  which a re  n e ed e d  
m th e  com putation.

E ^  = 0 .8036

1.23985

-gw
= 1.5428
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Part 2 : Compute band offsets

1) Band offsets between ln1mXbGaxbAsybPUyband InP

E v a v b 1 0.99571 E vavb C h a n g e  to  a c h iv e  4 0 /6 0  o f f s e t

A E g b  := E  g j n P  E  g b ■iE gb = 0.1815

E vb = E vavb-1" '
sob

E  v b  = - 6 . 8 9 4 4

E vinP * E vavinP*
soInP

-  vlnP ~ ” 7 -’033

■i E vb := E v b "  E vInP A E vb = 0.1089

A E

^  vbcV = ‘
vb

E g In P -  E gb
^  vbcV = 0 0

A E c b = A E g b - A E v b

E cb = E vb *  E gb

A E c b  = 0 . 0 7 2 6  

E , b = - 5 . 7 2 6

L b :=20

E c ( x ) : = E g i n p O  x + 2 L b  - A E c b 4) x  +  —  + A E c b 0  x - — -

E v ( x )  := A E v b <t> x  +  —  A E v h <5 X -  —vb

x = - L b . - L b  4 - 0 . 1 . .  L [

1.13

Ec( x) 

Evlx) 0.75  ~

0.38  -

-2 0  -1 6  - 1 2  - 8  - 4  0  4  8 12 16 20
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2) Band offsets between ln1_xbGaxbAsybPUyb and lnASyJ>Uyw

E vavw := 0 " 9805 E vavw  C h an g e  to achive 45/55  offset of strained  system  E v av w = -6 .8648

3 E g w '= E g b ~ E gw *^E gw  =

3  sow
E v w := E vavw <’ j  E vw = -6 .7858

a) Biaxial in-plane strain

a InP ~ a w 
: inp lane5 "

c  I2we —  ̂ iE perpen * c
l lw

inplane

biaxial in-plane strain te n so r com ponent 
( hydrostatic strain)

strain  tenso r c om ponen t along the  growth 
direction (uniaxial strain)

E inplane5 "0-01496

E perpen 5 001661

H " -  c inplane*'E perpen 

E U 3 E perpen "  E inplane

c H = -0.0133

c y  = 0.0316

gW ■ 3 E g j\p W — C j | w f  2 C  |7 W  0.914
9.8

I n i .^ G a ^ A s ^ P .  „  b and -gap  hydrostatic 
deform ation potential

1 gw  5 "3-5285

aE  g w := a  gw E H 

E gw str 5 E gw r  ^E gw

cw str 5 E vavw *  E g w str*  ^

band-gap  ch an g e  with th e  hydrostatic strain

itrain-inducedln1.tJ3atMAsrJ , ,,fm
band-gap

5E ^  = 0.0736 

E gw str = 0-8772
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b) Uniaxial strain

T he uniaxial s tra in  in troduces  tw o im portant effects First, it rem oves  th e  v a le n ce -b a n d  d e g en e racy
a t th e  Bnllouin-zone c e n te s e c o n d .i t  m ixes th e  (3/2.+-1/2) v a len ce  band  a n d  th e  (1/2.+-1/2) split-off va lence  band.

v w E U th e  splitting b e tw een  J= 3 /2 , rrj=3/2 (heavy 
hole) b an d  and  th e  J=3/2 . rg = l/2  (light 
hole) band

X  = -

3 E OOI = 2 b v w E U c

X I := -
U 9 X

- -  1

I r  2 X -i- 9-X"

m hhdosw 1 ' I I I
m Ihw 2 m Ihw m hhw

■XI

E vw hh = E v av w 1-a v w E H *- 7 ’A s o w ”  ~ b E OOI

2  E hhslr = E vw hh~ E vb

I
E vwlh = E vavw *- a  vw  E H “  7 A sow  *  — o

■ ^ i h s t r  E vw lh* E vb

E g lh s tr ' E c w s tr"  E vw lh

E c w s tr*  E gw str*’ E vw hh

^ btooi *■-
i  7 i

3  s o w '1-4  sow  5E 001 5 E OOl‘

E g h h s tr= E  gw str 

A E cw  = E c b "  E cw str 

A E h-h h s tr
■ = 0.45

AE hhstr*- i E cw

AE hhstr*- A E vb 

A E hhstr*- A E vb*- A E cw *- A E cb
= 0.5076
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001 ■ ■°0' 53

m hhdosw  = 0 1 0 8 2

E v w h h = ^ 7634  

AEhhstr 01311

E v w l h = ^ 8253

A E Ihstr* 0 0 6 9 1  

E g lh str= 0 .9 ! 67

E cw str = - 5 8 8 6 1

3 E CW = 0 .1 6 0 2  

E g b = 1.1685
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Part 3 : Quantum size effects

1) eletron levels in conduction band

L e t  u s  to  e v a l u a t e  t h e  e le c t r o n  s t a t e s  in  c o n d u c t io n  b a n d  n e g le c t in g  t h e  e f f e c t s  o f  b a n d  n o n p a r a b o l i

m
r e [ ( E )  •=

eb E
In  th is  c a l c u la t io n  .w e  u s e  t h e  e f fe c tiv e  

m a s s  in *rr\j, E  in  e V  a n d  I*  in " lO ^ m

r ~ - n  ■ -
2 m 0 eV * „

hbar"
I0

r e22  = 5 -1231

I

f e (E ) :=  r e l ( E) -
r e , ( E )

■sin r e 2 (E )  -  2 cos r e2 (E )

E := 0 .0 0 1 .0 .0 0 2 .. A E c w - 0.001

. ( E)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

N point := 100

N v a r~  0 .. N p o in t-  1

Nvar-t- 0.1
E .  := ---------------- *A E £w

r4»ar N point

y  := f  E  y  ;= y
®Nvar e  eN var ^N poin t N p o in t  — I

Nzer0 := 0

N zerM„ _  . := ifTy _ y  .  < 0 , N z e r .  - i-1 , N z e r .,
N var-t-1 >  ejvjvar '  ^ v a r - t - 1 N var Nvar

N z e re  is  t h e  n u m b e r  o f  e n e r g y  l e v e l s  in c o n d u c t io n  b a n dN z e re :=N zerNpoiM
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N1 := 0.. N zere 

in te rv a l^  := -0 .5  *  N1

Nth := hist in te rv a l N zer)

N2 = I .. N zere

N thzert^ , = NthzercvJ, _  ( *  Nth^.^ _ 

N3 = I.. N z e r .

I = E e Ntluero^j

N t h u ^ N t h j - l  N lh ze n ^ ,= 0

Nth is the  disthbution of zero points

Nthzero is th e  o rder of points w here function 
changes its sign

Ezer may be u sed  for th e  initial values to 
find the solution

N4 ; 0  

X = E z e ^

E ezerN 4 i r o o t  f e<x >’ X 

N4 - if  N zere -  2 i 0 . 1 ,0

X = Eze^4

E ezerN4 = rOQt f e ( X ) ' X 

N4 .= if  Nzer e -  3 2 0 ,2 .0  

X = Ezer^j N4 = 0

E e z e ^ 4 = root f e l x »-x

NIevele = length E a x T  N levele  -  I

Now we have obtained iheelectron energy levels of conduction bandn E „ „ and  Renumber of the energy levels 
m Nlevel. Note that themaxium number we calculate is three
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2) light hole levels in valence band

L e t u s  to  c a l c u l a t e  t h e  l ig h t h o le  s t a t e s  in v a l e n c e  b a n d  o ^ Q a ( i_X)A s n e g le c t in g  t h e  e f f e c t s  o f  b a n d  n o n p a r a b o l ic i t

r lh l< E > :=
m lh b  E 

m lh w -i E l h s t r - E

In th is  c a l c u l a t i o n .w e  u s e  t h e  e f fe c tiv e  

m a s s  in *nr^, E  in  e V  a n d  L* in M O ^m

Ih22

2 - m 0 e V  -
10

hbar"

r lh2<E ) : = r lh 2 2  m l h w E ‘  L w

f  lht E > = r lh l< E >  ~ = r  s ir t r  lh2< E > - 2 c o s  r , h2(E )
r l h l ( E >

E := 0 .0 0 1 ,0 .0 0 2 . .  A E  ,h s t r -  0 .0 0 1

10

6.25

“ 1.25

■5
0 0.008 0.016 0.024 0.032 0.04 0.048 0.056 0.064 0.072 0.08

Npoint:= 150

N var:=  0 .. N p o in t-  1 

N v a r+ 0 .1  

E |fW  N po in t lhstr

y V i n . := y |1 V lp o in .- l

Nzer0 := 0

Nzew . ;= ipy nv^-y ̂  ,<0’Nzew + 1 -N“ W

N z er -  N z e  N z e |ih is  t h e  n u m b e r  o f  e n e r g y  le v e l s  in lig h t h o le
lh ' r4p°int v a le n c e  b a n d . l t  m a y  e x c e e d  t h r e e .
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N l :* 0.. Nzer lh 

im crval^j = -0 .5  N l 

N th -  hist intervals Nzer)

Nth,, ■= Nthg -  I 

Nthzerc^ = 0 

N 2 = I . N z e r , h

Nthzercv,, .= N th z e r n ^  , *  Ntlvsj, _  , 

N3 -  I.. N zer |h

E z e lN 3 -  I = E  I h N lh j c n ^ j  

N4 := 0

X = Ezê

E lhze^4 = r0 0 '  f l r f x >-x  

N4 := i f  Nzer |h -  2SO, 1,0  

X = Ezec^

Elhzĉ 4 =root flrfx'-x 

N4 ;= ifNz«|h-3S0,:,0 

X = Ezcr^j

Elhzê 4 =root fltfX)-X 

Nlevel,h.= length Eltuer

Nth is the  distribution of zero points

N thzero is th e  o rder of points w here function 
c h a n g e s  its sign

E zer can  be  u sed  for the  initial values to find 
th e  solution

N level|h = 1

E Ihzer" 0-0374

Now.we have obtained th flight hole energy levels of valence band in Ejhzara nd th enumber o f the energy levels in 

Nlevelff, Note that vnemaxium number w e calcu late  is three.
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3) Heavy hole levels in valence band

L e t  u s  t o  c a l c u l a t e  t h e  h e a v y  h o le  s t a t e s  in v a l e n c e  b a n d  n e g le c t in g  t h e  e f f e c t s  o f  b a n d  n o n p a r a b o l i

r h h l ^  ,=
mh hb  E

m h h w  ^  E h h s tr"  E

In  th is  c a l c u l a t i o n , w e  u s e  t h e  e f f e c t iv e  

m a s s  in  *nr\j, E  in  e V  a n d  L„ in *10"9m

’ hh22 '=

2 m g - e V

hbar"

10'
- 9

r h h , 2 = 5.1231

r hh2<E ) ; = r hh22‘ m hhw 'E ’ L w

rhh(E>:= rhhl<E)  777 'siarhh2̂ E) " 2cos r hh2<E)
r h h l< E >

E := 0 .0 0 1 ,0 .0 0 2 . .  A E  h h s t r -  0 .0 0 1

1.25

-6 .25

-10
0 0.015 0.03 0.045 0.06 0.075 0.09  0.11 0.12 0.14 0.15

N point := 200

N var:=  0 . . N p o in t-  I 

N v a r+ 0 .1

hW = “ i^inT  hhstr

y  W Vlvar "  f h h  E  h h N var * N p o i n t  = *  ^ p o i m -  1

NzerQ := 0

Nzew + 1:= if ,<0'Nzew 1 -Nzew

N z e rh h := N zerNpoinl 

N Ze r h h = 2

130

N z e ih h  is  t h e  n u m b e r  o f  e n e r g y  l e v e l s  in  h e a v y  h o i 

v a l e n c e  b a n d . l t  m a y  e x c e e d  t h r e e .
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N l := 0 .. N zer 

in te rv a l^  = - 0 .5  +  N l 

N th := his< in te rv a ls  N zer)

Nth,, = Ntho-1 

N thzertj, = 0

N 2 .= 1.. N zer hh

NthzertVj, := N th z e rt^ ; _  ( f  NthN :_ ,

Nth is th e  d istribution  o f z e ro  poin ts

N thzero  is th e  o rd e r  o f p o in ts  w h e re  function 
c h a n g e s  its sign

N3 = 1.. N zer hh

E z e S l 3 -  l =  E h h  N tl iz t r o ,^ E ze r c a n  b e  u s e d  for th e  initial v a lu e s  to  find 
th e  so lution

N 4 = 0  

X = E zet^4

E hhze^4 = root *"hl/ X)’X 

N4 = i f  N ze r h h - 2 2 0 ,1 ,0  

X =  E z e t^

E h h ze t,4 = r o o t  * W X ) - X

N4 := i f  N ze r h h -  3 2 0 ,2 ,0  

X ^ E z e ^

E hhzei^4 = ro o t f hh( X ) ' X 

N levelh h := le n g th  E h h z e r

N ,evelhh = 2

0 .0 1 9 9  

E h h z e r= [ 0 .0 7 6

Now.we h a v e  o b ta in e d  th theavy hole energy levels o f  valence bandm E^hier a n d  th enumber o f the energy 
levels  in Nlevelhh N ote  th a t them a y / u m  number w e c a lcu la te  isthree
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Part 4: Results

1) Band Diagram

V B lr f x ' := A E lhstr®  - i E lhstr®  X' ^ T

V B hh( x ) : = i E hh s tr® x t T  x -  —

C B (jc) :* E g b ‘*6 x-t-2  L w -  A E c w *D x - t - - ^  t A E ^ i D  x - _ ~

x = - L « , 4 * " L w'4  +  0-05 . 1 . ^ 4  x l = - L  W,- L  w 0 .5 .. L w

CBU)

V B lh<»>

VBhh*'*
 ̂C2Cfg + ̂  gb ~ CW

'  ^  H uctq  *  ^  Ihstr

' E htucfg + ^  hhstr

’^hfuer, * ̂  hhstr

-0 .05  L
-6 .4  -4 .8  -3 .2 -t.6 0 4.8 6.4

E ezer0 = 00701  1 E c w ‘  E ezer„ = 0 0 9 0 1  E e l h h l :s E cw str~  E vw hh1'  E ezer0 *’ E hhze^ E e lh h l  = 0 ,96719  1 23985

E e lh h l
:hhẑ E ezer„ = 0,0701 E hhze* = 0,0199

Mhzê = 0.0374 AE

: hhzeij

Ihstr" E Ih2c^ = 0.0317

- 0 .0 7 6  A E hhstr- E hhzel.= 0 .0 5 5

e l l h l 1 E c w jt r "  E vw lh+’ E ezerQ^  E Ihze^ t e l lh l = 1.0467 1.33985

E e  I Ih I

E e lh h 2 : s E c w s t r " E vw hh',’ E ezer0 + E hhzen E e lh h 2 = 1,0234 1,23985 ■

E e lh h 2

E e l l h l "  E e lh h l  = 0,0795
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P a r t  5: C a lc u la te  W a v e fu n c t io n s  a n d  o v e r la p

A  :=
2-rriQ-eV

hbar"

■10'

I
k E) ■-* A' m g '̂E

t

k | hv^ E )  :=A - m |h w E  '

I

k h h w tE ) := A ' m h h w E :

1) e lectron  w av e fu n c tio n s

k eb( E) “  A | m e b - A E CW-  E j -

t
k ^ E )  := A [m  lh b  A E  ,h s tr -  E ] '

I

k h h t / E > := A ' [ m h hb ' i E  h h s t r - E  ] '

B el(E )

cos k E ) -—

exp - k e b ( E )  —

- s i n k e w ( E ) ------

C e ,(E )

ex p  - k e b ( E )  —

Y l e | ( E ,x )  := e x p  k e b ( E )  x  <t> - x

L w E w  

Y 2 e |( E ,x )  := co s  k e w ( E ) x  <t> x-*- ——  -<t>

L w
Y3 e | ( E ,x )  := e x p - k  e b ( E )  x  <t> —

♦ el( E .x )  ;= B e ,(E ) - Y l  e , ( E .x )  -t- Y 2  e |( E ,x )  t- B ei(E )-Y 3  e ,( E ,x )

B e | ( E ) j L  w

C 0 N ( E ) : = r 7 F e x p ‘ k e b ( E ) L w  1~ 2 k "  (E )" s i l v k e w ( E ) ’L w

4»lei(x):«
^ e l E ezer0 ,x

C O N  E ezer„

♦ 3 el( x )  :=
^  el E ezerQ,x

C O N  E e z e r ,

x : = - 5 L  - 5 L  -t-O .l.

0.6

0.45

0.3

0.15

3012 18 24-3 0 -1 8 -12 0 6“ 24 •6
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2) light hole w avefunction

B lh(E) := -

C° S  k lhJ E ) - — -  

e x p - k , hb(E) —

C , h(E):= -

-siakih^E) —  

exp - k , hy(E) —

' w
Y1 |h(E,x) := exp k |hfcj[E) x <D

Y2 |h(E,x) := cos k lhJ E )  x O x+-—  <t> —  - x

L w
Y3 lh(E,x) := e x p - k  lhb(E) x «t> x -  —

* (h(E,x) := B lh(E) Yl )h(E ,x )  + Y2 |h(E ,x)  + B ,h(E) Y3 |h(E ,x )

B  lh (  E )  j L  w

C 0 N  lh(E):= w— ^ r ex P ' k lhb<E>'L w + —  —  s i n k lhw(E) L w + —

*1 irfx) :=

k lhbtE)

^ lh E lhze^,x

JC0N Ih, E Ihze^

k Ihŵ E)

0.4

0.3

0.2

0.1

-3 0 -2 4 -1 8 -12 24■6 0 12 18 30
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3) heavy hole w avefunctions

cos k hhvv(E ) '—j -  -s in  k hhvv(E)

B hh( E ) : = --------------------- :------ c hh( E ) := ----------------------
w L w

exp -k  hhb(E) —  exp - k  hhb( E ) - —

L w
Y1 hh(E ,x )  := exp k hhb(E) x <D -  x

E w  E w
Y 2 hh(E ,x ) := co s  k hhvv(E) x «D x + —  <t> —  - x

Lw
Y 3 hh( E , x ) : = e x p - k hhb( E ) x  <J> x -  —

* hh(£ ' x) := B hh(E) Y1 hh( E ’x) + Y 2 hh( E ' x) + B hh(E) Y 3 hh(E’x>

B hh^E  ̂ 1 E w
C O N hh( E ) : = -  —  e x p - k hhb(E) L w + — ------ —  sin k hhw(E) L w  + —

k h h b ^  2 k l W E> 2

$  h h  E h h z e t ’ x  

* l hh(x) := ■ =

J C 0 N  hh, E hhze^,

hh E hhzer,,x 
* 3 hh( x ) := ,  -~ -=

Ic o n  hh e hhze^

0.6

0.45

0.15

■6 ” 4.8 -3 .6  “ 2.4 “ 1.2 0 1.2 2.4 3.6 4.8 6
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Y4hh(E ,x ) := s in k hh^ E )-x  -<t> x + - ^  <t> - ^ - x

*b hh(E-x> := C hh(E) Y1 hh(E '*> F Y4hh(E,.x) -  C hh(E) Y3 hh(E,.x)

C h h ( E ^" I L w
C 0 N 2 hh( E ) := - -------— e x p  - k h h b ( E )  L w   -------—  -sin: k h h ^ E ) - L  w  +  —

k hh\^b) ?

♦ 2hh(X) :=-

khhb(E)

^ b hh. E hhzeij

jcO N 2 hh hhzetj

5 L .

-5-L,
hhtx>M*'2 hhtx>dx = 1

0.6

0.3

-0.3

- 0.6
-24 -1 8 12 0 12 18 24 30-30 ■6 6

4) Calculate overlap Integrals

5-L.

- 5-L,
4 » le i ( * W 1 h h (x ) d x  = 0 9 3 6 7

5-L,

-5-L.
1 el(x)<l>1 ih(x>dx = °-9898

5-L,

- 5-L,
♦1 eiCx)<l>2 hhtx>dx = 0

5-L,

-  5-L,
ei(x)^ 3 hh(x)dx =

1 3 6
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Part 5: Calculate Refractive Index of Layers

q := 1 .6 -1 0 '19 hb :=  1 .0 5 1 0 '34 h b e :=  —  T := 0 .0

* o “.Eg, =•
hbe*o> +  i f hbe-u +• i T

=- X 7 T -

fX.u).Eg.A :=x' 2[2-(1 ^x)°'5- d  - Z )° 3 «» (I -x > ]

A (y ) := 8.40  -  3 .40  y B (y )  := 6 .60  i- 3 .4 0 y

A (y )>1 u .y .E g .A  =

1.3
0 0) •E g, •“ •Eg,A ♦ L - f l -  so • Eg,A ,o .Eg,A

10.5

^  B (y )

0.6 0 .605  1.0 

hbe hbe hbe

3.5

q  e l ,y  w . E ^ h h a t r s o w  

1  o»,y ^

H oi.O .E^np.A^inp
3.3

3.2 “

3.1

i --------- 1----------1----------1----------1--------- 1-------— r

J ___________L
0.55 0.6 0.65 0.7 0.75 0.8

hbe <u
0.85 0.9

Eelhhl = 09672

-clhhl

1.23985 
Eelhhl

= 1.2819

1 —j^ - -y w Eghh5trA sow =3-4824

Et:=
1.23985

1.3
E t = 0.9537

:elhhl
hbe

y b , E g b ’4  so b  =

-elhhl
9 hbe" , ° ' E glnP,A “ InP = 3 '206
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Appendix B -  Spontaneous Emission Calculation

This program pikal\Spon_em\1015\F10\T10\ Sp4m 6 calculates the Spontaneous 
Emission spectra from the InGaAsP MBE1015 laser using band structure from 
pikal\bandstruct\1015\T10c with T=283K

Physical constants

e 0 := 8 .85-10 '14 c := 3 10*°

hb := 1.0510*34 h:= hb-2-it

Environmental Conditions:

T := 283

Laser Structure:

m Q := 9 .1110 '

M. hb hbe := —

q :=  1 .6 1 0 ' kb := 1.38-10’-23

he,* r w := 0.05486 r  b := 0.4347

N w = 6

L w := 5 010

Lsch:= 1100 10*
.-8L b := 10010'

W 1.4-10'

L = 47 5 1 0 "

L bsch 1 5 L b * 2 L sch L bsch = 2-7*10
-5

N u m b e r  o f W ells

W ell W idth

S C H  w id th

B a r n e r  w id th

L a s e r  a c t iv e  re g io n  w idth

L a s e r  a c t iv e  re g io n  len g th

T o ta l B a r r ie r  a n d  SC H  w id th

L w t : = N w L w  -6  T o ta l w ell w id th
L w t “

V w : = L W L wt  V w  = 1.995*10 11 T o ta l w ell v o lu m e

V b := L W 'L  b  V b =6.65*10 T o ta l b a r r ie r  v o lu m e

V bSch  = L W L bsch  v bsch = 1-7 95*l0 ' l °  T o ta l b a r n e r  a n d  S C H  v o lu m e

v bsch
= 9 R a tio  o f  b a r r ie r  a n d  S C H  v o lu m e  to  to ta l w ell vo lun

Ec := 0  Ev:= 0

IT E , Ef) ;= ----------!----------  F e rm i d ir a c  s ta t is t ic s(E-EQq
kb-T . 

e -I- 1
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Cladding (InP) Properties 

A E e k := 0 .0 7 2 8 -t-0 .1133 

m K := 0.0761 -m g

m hhc = 0.4543 m 0

m lhc;= 0-1195m0

m r tih c = '
m c c m hhc

H c = 3 .2078

First confined level to  c ladding e n erg y  

Cladding e lectron  effective m a ss  

C ladding heavy  hole effective m a ss  

Cladding light hole effective m a ss

Cladding red u ced  effective m a ss
rtihc

ec m hhc

1
h‘  100

^ E l 'n - iE c | c

n c( Efn) := N ec e
kb- r

C ladding e lectron  effective D O S

Cladding electron  density  m axw ell/boltzm an

= 0.065

4 .8 8 7 .I0 17
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Barrier P roperties 

E „ h := 1.1646 -  0 .004

AEe ,b := 0.1133

m eb :* 0.0695 m

AEhhb =  0.0833

m0
m h h b = 0.4543 m•m0

m ihb = 0.0963 m

A l ;= 0 .1 8 6 3

■m0

n b := 3.3095

m c b m hhb 

m eb m  hhb

'b b  :i
' 0  m 0 E g b 9 '  E g b * A b '*1

’ eb 6' Egb1’7 ‘i b 9

Barrier band gap

First confined level to barrier energy  

B arner electron effective m a ss  

B arner heavy hole  effective m a ss  

B arner light hole  effective m a ss

B arner reduced  effective m a ss  

B arner Matrix e lem ent

’ rhhb
= 0.06

VI bb

qm0 = 5.43

2 it m - i ,  kb-Te b '“ ‘ 1 I

N hhb = 2-

100 
3

2 i r m h h b kb-T  -  ,

B arner electron effective DOS

B arner heavy hole effective DOS
I00

N eb = 4 .265-10

N hhb = 7 .l2 8 -1 0 ‘

Nlhb = 2
2 ir m ,hb kb T  * ,

I (XT

G eb<E>

q m c b  j ~  m  eb  E  'q i

i t : hb3 I003

q-meb. 2 m e b q  ,

1 eb2 -  ‘
i t : hb3 I003

q- E f i i -  A E c lb

n b (E f n ) := N e b e kb-T

rEc + 0.2
n bi(Efn) :=

Ec

p b (Efp) := N h h b e
kb-T

B arner light hole effective DOS

B arner electron DOS

B arner e lectron  DOS

B arner electron  density  m axw ell/boltzm an

G eb( E ) f  E .E f n -A E e | b dE B arner e lectron  density  full integral

N , hb = 6 .957 -10 '

B am er heavy hole  density  m axw ell/boltzm an
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W ell P ro p e r tie s

E g h h s tr=  0-8799 

E g |h s tr= 0.9215 

E e l h h l - 0 .97575  -  0 .0 1 6  

E e l lh l  := 1 0 5 3 8 - 0 .0 1 3  

E c lh h 2  = 1 0 2 7

S tra in ed  h eav y  h o le  e n e rg y  g a p  

S tra ined  h eav y  h o le  e n e rg y  g a p  

E lectron  to  h e av y  h o le  1 transition  energy 

E lectron to light h o le  1 transition  energy  

E lectron to  h e a v y  hole 2 transition  energy 

Well e lectron  effec tive  m a s s

m hhw = 0 . l 2 8 m 0 Well h eavy  h o le  D O S  effective  m a ss

m ,hw := O .I9 2 4 m 0 

A „  = 0 .2369 n  w  = 3.4767

Well light h o le  e ffective  m a s s

Alh:= E e | | h r  E e lhhl 

A hhl2 :=  E e lh h 2 -  E e l h h ,

H eavy hole to  light ho le  split Alh = 0 .0811

H eavy hole  1 to  h eav y  ho le  2  sp lit A hhl2  = 0.067

1 rh h w :

1 r lh w 3

m ew 'm  hhw  

m  ew  p  m  h j,w

m e w m lhw  

m  ew  *  m Ihw

m rtihw
Well heavy  h o le  re d u c ed  effective  m a ss  ----------- =0.036

Well light h o le  re d u c ed  effective  m ass

m0
m rlhw

= 0 .04
m0

Mbhh1
m 0 | m 0'Eghhstfll ' Eghhstr'1' A w '9 

m „’ ew
6- Eghhstr1 - w  9

Well h eav y  h o le  M atnx e le m en t
Mbhh

9-mo
■ = 5.873

o v e re h h l := 0-9608 Mlhh:=overehhrw bhh

Mblh =
m 0 | m 0'Eglhstf9 ' Egihstr1-15 w '9 

6- Eglhs^fA w -9
Well Light h o le  M atnx e le m en t

M blh

9'mo
= 6.134

o v e re l h l := 0  8448 M ,ih := over e m, M  bin

mewkb-T

it hb" 100-

1 hhw := *

‘lhw;=-

m hhw -kb-T 1 

it-hb2 1002 

m lhw-kb-7~ i 

it-hb2 1002

Well e le c tro n  effective  D O S 

Well h eav y  h o le  e ffective  DO S 

Well light h o le  e ffective  D O S

N ew  = 5 .239 .10*

N h h w =  <-315-10
12

N lh w = 1 .976-10
12
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i:= 0 ..6 0 O  k = 100.. S00 AE := I .0 5 -1 0 '3 Ed. := E e l h h , -  0 .1783 t  i-AE
1.23985

n rh h w .

Edsoo.o 

123985

= 0.949

13.5

 = 3.37-10-3 E b = 0 .0 0 3  A (E ) :=-

Ed,'600.0

( E t  0 .0000003)

123985

= 0.8784

Edtoo.o 

1.23985 

Edo.o

■ = 1.3987

• = 1.5866

L O R (E .t ) :=

hbe

t

hbe " _  :
—  f ( E )

H S E C ( E , i ) = — !— ■s e c h —  G A U ( E ,t ) :=
hbe hbe

t t

Ei-0.2
1 E2I- E)~

,  hbe :

- e  '  <t>( E 211dE 2l

J E -0 .2

EL = -3 0 0  .3 0 0  EH := -  2 0 0 .. 200

L D O S 2 D (E ,t) -Zi
EL

hbe

T

h b e  ‘  EL

T  * iooo

a> E t —  AE LD O S3D ( E ,t ) 
1000

E i-
EL

iooo

EL

hbe

hbe '  _EL_ ‘

T  iooo

<0 E t  —  AE 
1000

L C 2 D ( E . t ) : = ^ i

EL

hbe

t
hbe * _EL_ 

t  IOOO

4 E t -

■<J> El EL e

1000 EL
cosh A E t -------

IOOO

• AE

LC3D <E.t> = ^

E t
EL

IOOO

EL

hbe

t

hbe * _EL_

t r "iooo

4 E t —
JV E t  J L  e  ,0“

. _  EL 1000
<& E t  ----------------------------------------- AE

1000 . . _  EL
sinh A E t  -IOOO

H D O S 2D < E ,t) s Y 1 — !— sech 
4—i hbe

EH

IOOO
hbe

t

«  E t J »  -AE IOOO H D 0 S 3 D ( E .t )  = ^  -

E t
EH

IOOO

hbe 
EH * '—t

sech

EH

"iooo
hbe

t

■« E t A E  1000

H C 2 D ( E , t , x ) : = V  secH
4—' hbe

EH 11------i

EH

IOOO

hbe

t

<t> E t
EH

iooo

4  E t EH

cosh A E t
EH

IOOO

- t ( l  -  x) AE

H C 3 D ( E . t ) := ^ ]  -

E t
EH

IOOO

EH * '
hbe

-sech

EH

IOOO
hbe

T

<t> E t

. c ^4 Ei-------
. c  EH iooo
A E s  -

_EH__________IOOO_________

i000 . EH
s in h A  E t -------1000

■ AE
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E = -0 .1 0 ,-0 .0 9 ..0 .2  ^ h h d o s h 1 0 0 9  10' "  'b d o s  - 0 08 10' ' '  t  ,hdosh  = O .M 0T 11

T hlidosl:= -  T hhdosh 1 bdosl " -  T bdos 1 lhdosl = -  T Ihdosh

’t h h := 0-04 x b = 0 .0  x !h = 0-04

n w e(E fh .E ):= — — «E ,E fh ) f 1 -  HDOS2D E . t  +  x ^ L D O S 2 D  E , t  1 W ell e le c tro n  d e n s .ty
kb-1 J

n ^ E f a E )  := N eb2 ‘f  E .E fn -  ^ E Cib  HDOS3D E , t  W os

r t ^ - O . O J . E )  > i o l *  -

n^-O.Oj.E) 100 t  i*io'

M S E C  E . t hhdosh

h c : o  e . .  . o . o o *

3HDOS3DE.thW o, h

J E"

n ^ (E fn )  =■
N*W«t

kb-T

• 0.2
ITE,Efn) [  I '  x ^  HDOS2D E . t  +  x hh-LDOS2D- E . t  u ^ J d E

- 0.2

n bl(Efn) = N cb2

0.2
I 'E .E f n -  ^ E e | b HDOS3D E , t M os d E

- 0.2

Efn2 ’  -0 .1 5 ,-0 .1 4 ..  0.1

n ̂  Efn2)

Barrier e lectron  density full integral

n b|( Efn2) 

n c( Efo2) 13.645

,1*IMG*

,181*10
,17(•10
.161*10
.15M0*
.!•*1*10
,13MG1

-0.05 0.050
Efn2

M Elp
P h h (EfPl - N h h w ln e “b r  <■1

Phh2<E,P>

PltfEfp)

[  «1 < E f p -  ^ h h ! 2 ) 

v, J  kb-T 
N hhw 'lrl c  *

r q (Efp- Alht
v. J  W>-T :* N lh w li ( e  +

Well heavy hole 1 density  

Well heavy hole 2 density  

Well light hole density
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C alcu la te  ferm i le v e ls  a n d  e a rn e r  d e n s it ie s Efp := -0 .025

p w( Efp) := p ^  Efp) f  p Efp) +  p hh2( Efp) 

P w l Efp)
Pt( Efp) -  V w - + V bscb p E^

T otal d en s ity  o f w ell h o le s  

Total n u m b e r o f h o le s

p w (Efp) , 7
---------------=9.171*10

Pt( Efp) =3.344*10

n w( Efn)
N( Efn) := V w ■ V bscb n b j( Efti) Total n u m b e r  of e le c tro n s

Efn:= 0.02 Efn:= ro o t( lo g N (E fn ))  -  lo g P t(E fp )),E fn ) C a lc u la te  e le c to n  ferm i level a s s u m in g  n u m b e r  o f e le c tro n s  is eq u a l 
to  th e  n u m b e r  of h o le s

n w( Efn)
N := v w — ;--------- + V bsch n b |l Efn> A rray c o n ta in g  to tal n u m b e r  of e le c tro n s  N = 3.344* 10

A E t:= E e l h h l i-E fn + E fp  

n bn = n bi‘ Efn>

E e th h l=  09 5 9 7

A rray co n ta in g  ferm i level s e p a ra t io n A E f= 0 .9 6 l3

A rray c o n ta in g  to tal n u m b e r  o f b a rrie r/S C H  e le c tro n : 1.23985 _ ^

A E f

A rray  c o n ta in g  to tal n u m b e r  o f w ell e le c tro n s  Q 0i 6J5

C a lcu la te  v a r io u s  q u a n t ie s  a t th e  m ax im um  ferm i level

Efp = -0.025 

E fn=0.0265

E lec tro n  ferm i level 

H o le  ferm i level

2 ^  = I.545* I018
p hh‘ EfP> „ _ 17

= 8.068*10
W ell a n d  b arrie r  e lec tro n  d en s ity

16
n bn = 1.458*10

—  = 1 .676 -I018
V .„

16
p b (Efp) =8.434*10

f^lM = 1 676..018 Total E lec tro n  a n d  h o le  d en s ity  a s s u m in g  all in w ell

 n j  Efn) =3.082*10
Lu u/

p hhtE fp )— ^  = I .6 l*107 W ell e le c tro n  a n d  h e a v y  h o le  n u m b e rs

v bSc h " b n  = --6 ,7 - !0 V bscb p b (Efp) = 1.514*10 B arrie r  e lec tro n  a n d  h o le  n u m b e rs

V hvti'hb s c h "  bn
-= 0 .0 8 5 R atio  o f b a rn e r  to  w ell e le c tro n s  (R dc)

E v* 

n w (Efn)

p hhi EfP>
= 1.915 R atio  o f w ell e le c tro n s  to  h e a v y  h o le s

n c ( Efn) =7.082*10
14

t
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C alcu la te  S p o n ta n e o u s  E m issio n  S p e c t r a  including s e c h  b ro ad en in g  a n d  b a n d -g a p  reno rm an liza tio n

A E g :=-
16-10'3 n wn

AE g = 0.0185

10

A2hh =
1 6 - x 'n  w <t* n ifhhw ' M thh

’ l , i ,
E 0 010 c w

qV, A2hh = 3 .135*10
36

m rhhw m rhhw _.R2hh = A2hhEd.-t ------ Ed, - Eelhhl • Ed;- Eelhhl -E1P
mt'M mhhw 1 ~ x e x . |  1 ‘  x hh. H C :D  Edi*  E e l h h l - '  hhdostrx ex 

[ -  x h h L D O S:D  E d . - E e lh h | , : hhdosl

3 x ex  d E  b
—  HSFC E d - F . ^ . r ^  
2hbe

C2hh = -
‘3 ' m rhhw M thh * I

2  rt c 0 m0 c'hh-h w L w q
C2hh = 5.222*10

a 2 h h  =
C :hh

Ed. 1 - 1 1 rhhw
' Edi “  E e lh h l  •Efn

1 rtihw
Edl "  E e Ih h l *EIP

‘ hhw
1 * x hh. H C :D  Edl * E e lh h l • '  hhdosh-x ex 

+ x hh'LD OS2D  E d  -  E e lh h l■' hhdosl

k*- 100
x hh = 0 ‘ 1 1° sph\= E i

R2hh   sech
4 hbe

g - k - 1 0 0  " -------
'h h

E^-Ed
hbe

'h h

k<- 100

AE Bal
I

a lh h  • sech
•  hbe

g - l c - 1 0 0  * --------
' h h

Edk * Ed |

hbe 

'  hh

A21h:=
16 x T w q m r|hw  tlh

• Q 'f n  q  'C  'h  'L  ^ q V w 'lh A 2lh=8.395*l035

lh:= 0.3

’ rlhw
R2llj = A21hEii-

q" m rlhw M tlh I

' Edi * E e lh h l  - Efn
1 rlhw 

n Ihw

C21h = —

' Edr E e lh h l *E«i»

C2lh = 4.661*10

I “  x lh. HC2D E d , - E e l lh | - :  IhdoshO j ■■ 

♦ x lh{L D O S 2E [ E d , - E e l lh | . .  lhdo5,]]

e 0'm 0 c‘hb*n w’L w q

x2ll̂  :=C2Ih

E d
I -  I

’ rlhw
Edi “  E e lh h l  •Efn

’ rlhw

n lhw
Ed, * E e lh h l  -EfP 1 " *1K HC2D 

+ xlh[LDOS2D
E d _  E e llh l • '  Ihdostr0 ] 

Edi ~ E e llh l • ' Ihdosll]

ks-100
t  |h ;= 0.036 1 0 '12 SPlh^ = ^  R2I1^— !— sech

g  = k -  100 11

1
hbe

T lh

-Ed
hbe

'lh

AE
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A 3b:=
2-nb q'- M bb '  - m rhhb

i 3 ■» i
!t-E Q -m g"-c h" hb"

b:= 1.31

100 V b s c h b A 3b =  1 .17-10 38

R3b. := A jb-Ed.
m rhhb m  rhhb
---------- • E d i - B e l h h , .E fn •t --- ------- i -  e lh h l  .E«P

. m eb m hhb
• H D O S 3 D E d - E g b , T M o s

C 3b  :=
q"h- Mbb " - mrhhb

4 n  'E Q’fn q c q  b hb
C 3b  = 2 .3 9 1 .1 0

lO O q"

C3ba 3 b . := ------
1 Ed

mrhhb „ m:hhbl - t ’ Ed,"  Eelhhl ' Etn - t ■ Edr Eelhhl.-EfP
meb mhhb

•H D O S3D  Ed1- E g b . t b d o s

k f  100

t  b := 0.08-1 O 'l :  S P B , = ^  R3bg-— !— sech
* hbe 

g  = k -  100 «■—
T b

E d , - E d

hbe

T b

AE

IOOO

500

1.3 1.33 1.37i.: (.4
1.23083 1.23985 1.23083 

Ed, ' Ed, ' Ed,

m ax (-B a2 h h )
: 20.224

AM  :=
12398.5 12398.5

13000 13007.56
AM  =

•W
SPIh * “ r wa2hhk i - A r w o ’lhv t i r b a J b ,  s

TM. .= - •   - - e  " 3 3 d x . . .\  1 w

•W
, SPB, - r r w ^hhk1. | r wsi2iht i . | r l>̂ b k x

—  e
3 W

dx

E d ,- q A M q - 0 .9 l0
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UnPk :=

W

SPĥ  - w ^ k ^ 1" w^"V+}r b^ht ■*
 e

W
d x ... • E d ^ q A M q O .9 1 0

W

0
•W

0
>W

0
■W

SPlt̂  - “r wo2hhk1- l r ŵ:iiVi . i rbaJbk ■,
 e  ’  d x ...

W

SPIly - | r  w ^ ^ k ^  f  w a2UV * -jr  b ^ 1*  '
 e  * d x ...W

SPBk - " r w ^ k * { r w a2lhk -'-- ;r b ’“3,,k '
 cW d x . .

SPBk - | r w a2Wik1‘f r  w “ i V } r  b ,aJbk '
 e  ’  dx

W

M S P -R E A D P R N C I4 A .d a t" )  rm eas:=  row s!M S P ) rm eas = 443 l = 0 .. rm e as - 2

C A L := READPRN( "U nPolC al.daO  CaiSP.
M S P ^  

CAL,

M TM  = READPRNl ”T M 4A .dat”) tm eas:= rows( M TM ) tm eas = 443 t := 0 ..  tm e a s -  2

T M C A L :» READPRN( "TM Cal.dat") CaiTM , =
TMCALj

AE = 1.05*10 '

'm c a s

m axtU nP) 

, ,-4
a  = 3.065*10

CUSP,

C U T M j- 0.005CttlSP|

0.1

0.01

•31*10

•4
1*10

1.351.25 1.31.15 1.21.050.95 1.1
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ISPhh : = ^ S P h l y A E q  l S P l h : = ^ S P I \ A E q  ISPB := ^ S P B ^ A E q

ISPhh = 4.543*10
15

ISPB = 2.334*10
13 ISPB

ISPhh
1 0 0 = 0 .5 1 3 8

1SPhh . =  I.8 2 7 * 1 0 -10
n w n P hh^

,S P B  . =  ..0 5 8 * 1 0 -10
V b s c h P b ( EfP ) n bn V ^  =  1.995*10

J 5 ™ L _  = 9 .5 4 3 * 1 0 - " ^ L _ = 6 ,2 ..0 -10
^  b s c h n bn

1.795*10
,-10

4 .0 1 0 7 *- I.O-IO*10-1 .0-1018

q n :=l 010 H p : = «

T „  =7.143*10

Xp := 1.010 I := 4 1 0

n b n = 1.458*10
16

n c ( Efn) = 7 0 8 2 * 1 0
14

kb-T
n = P  n

4
D „  = 24.653 ■ n  ' J ^  n 'T n L W

= 601.504

V ^-Pp 'lO ” —  = 0 .066

I L(Efn) = q  L W  D  n
n c ( Efn)

I l < Efn) 

L W
=  27.936

L - . kb 'T ° P  
L"*- — j !

L W

L n ,-= 1.234*10
.-3

J L(Efn) := q D n n c (E fn)-
I I

+• coth x .

L n" L n f

I I I

Ln: \ f: +L»f
J L ( E f n ) L W  

I ------------------------- = 0 .9 4 9 J L( Efn) = 3 0 .7 8 8
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Appendix C -  Optical Confinement Factor Calculation

i 0 “ 1.3-l0 '6 q weU:= 3.4824 n b a f := 3.3069 l c ,a d := 3.206

k n : = l i  t we„:= 0.005-IQ*6 t bar •= 0.01 ■ 10'6

11 clad 0.8 I O'6

1 bar 0.12-1 O'6

 ̂ well 1 well

1 bar 1 bar

1 well 1 well

1 bar 1 bar

1 well 1 well

1 bar w := 1 bar

n well 1 well

 ̂ bar 1 bar

1 well 1 well

1 bar 1 bar

1 well 1 well

1 bar 0.12 10‘ 6

1 cladj . i - o  i o *6

N := 15  Ax := 0.005- 10‘6 k 0

1 := 0.. N -  1 i := 0.. N -  I

XI := > w c

c = 0

w t ;=E w> - ________w t = 2 .12-10

w f k 0
m axpts.-   j  := I .. maxpts- 2 maxpts= 424

Ax
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2 2
v 0 .0 := ''o ;

Ax"
vo .r= A

a x "

Ax

V. . := J.J
2 2 . .  Ax . ,-15T*~ 1 n - i ’ ---- ; if —  (j-t-l)<wt -(-10

Ax" 0

for c € N -  2, N -  3.. 0

1 2 Ax - 1 <
T « -  n  i f — ( j - t - I  ) S x i  - t - 10

’c 1  K  J  c

Ax" K0

V.. = —J.J-*-1 ;
Ax

maxpts- 1, maxpts- 2 ' ->
Ax"

V -  n " -  —maxpts- 1, maxpts- 1 'N — I i
Ax"

ni2:= eigenvaUV) n low:= 3-2 n h j :=3.4

'e f f := for ce  0.. maxpts- I

if . 2 n low ■ J n Q hi

n ejT= 3.24048
maxV:= max(V)

U := eigenvec V, n etf P. := U.U. J J J maxll:=

T<_ U] ‘  i f V j ^ — ^ w e l l " 10 
Ax"

T«-0 otherwise 

T

,-io

— = 9.14091-10-3 r =  0.05485
6
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.1.

0.8

0.6 i
-  n c la d  *1 w ell

0.4

0
0.8 1.20 0.4 0.6 I 4 1.6 IS

—  < j + l >  IQ6 
fcn

2.1
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