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Time Resolved Spectroscopy of ternary
semiconductors Ga,In,_, P and Gaas,_, P, under

Picosecond Laser Pulse Excitation

Hassan . J . Zarrabi

Advisor : Professor R . R . Alfano

" ABSTRACT

In the thesis ,the ultrafast physics of carriers in two ternary sem-
iconductors Ga, In;_, P and GaAs;_, P, were studied under picosecond Laser
Pulse Excitation .

The dynamics of hot carriers In Gasln P, were studied by means of
time resolved spectroscopy . The effect of high pump intensity on the
temporal behavior of the emission at different wavelengths were investi-
gated. At high excitation power fluence, the temporal profile at short
wavelengths (high energy portion of the photoluminescence spectra) were
exponential similar to the low excitation power fluence . However the
temporal profiles at long wavelengths (low energy portion of the photo-
luminescence spectra close to band edge) exhibited an unusual and com-
"plex profile . The time resolved profiles at long wavelength acquired a dis-
trict tail as excitation power increased even to the point of developing a

secondary peak. A model is proposed to explain the temporal behavior of



the emission at different wavelengths. The rate equations describing the
time dependence of dynamical variables (n,.7..¢(v)) were solved
numerically by computer to simulate the temporal behavior of the emis-
sion at different wavelengths under different excitation power fluence .

The time resolved photoluminescence spectra in Ga s¢ln 4P Was meas-
ured with 10 ps time resolution using the streak camera as a detection
system . From the theoretical fitting of the photoluminescence spectra we
have determined the time evolution of carrier density and carrier tempera-
ture. We found that the carrier energy loss rate to be slower than
predicted from a simple model assuming a Maxwell Boltzmann distribu-
tion function. This is attributed to the screening of the hot carrier energy
relaxation under high carrier densities. Integro-differential equations
describing the time dependence of carrier temperature have been solved
and the results are compared with the experimental data.

The time resolved photoluminescence Kinetics in GaAsg,P33 , were
measured by streak camera to determine the radiative, non radiative
recombination rates. The photoluminescence decay profile was found to be
intensity dependent. When excitation power fluence increased above 6x108
W/cm?, the decay profile of emission deviated from an exponential form.
This is attributed to bimolecular and Auger processes. The biomolecular
and Auger rates were determined to be Bp=9x10"°cm3/s and
Cng =3%X107%%cm®/ s by fitting the time resolved photoluminmcénce decay
profiles to the solution of rate equations which describes the dynamical

behavior of the photogenerated carriers.
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CHAPTER 1

1« -

INTRODUCTION

Over the past two decades a great deal of effort has been devoted to the
research for the study of large band gap III-V ternary alloy semiconductor system

of the type A,-.,B.M and AM,_,N, . The interest is easily traced to the need for

wide band gap semiconductor lasers especially materials with direct optical transi-
tions for the generation of efficient visible p - n junction luminescence . The realiza-
tion of efficient conversion of electrical energy to optical energy in GaAs has led to
partial substitution of P for As or Al for Ga in order to widen the the forbiden gap
while retaining the direct optical transitions of GaAs . This substitution provides
GaAs;—, P, and Ga;_, Al, P ternary semiconductors . Recent developments in the
growth techniques of the compound semiconductors ( Molecular Beam Epitaxy |,
Vapor Phase Epitaxy) has led to the opening of a new era in the fabrication of mul-
tilayer heterostructures , thin layer superlattices and semiconductor lasers .

Alloy semiconductors are beset by three sets of problems . First the problem of
preparing the material . It is difficult and sometimes impossible to prepare large sin-
gle - crystal samples of uniform composition by any method . The second set of
problems comes in defining the'composition of such less than perfect samples .
Finally ., the third set of problems consists of measuring the optical properties of
these samples and relating them to alloy composition .

The study of hot - electron effect in III-V compound semiconductors has been
the subject of a large number of papers’” . Considerable effort has been devoted to

the investigation of momentum and energy loss mechanisms of the hot carriers to the



to

lattice . The comparison between the experimental results and the theoretical expres-
sions has to overcome the difficulty that energy distribution function of carriers can
not be determined direclly from transport experiments . Therefore , one has to solve
the Boltzmann equation for various type of scattering mechanisms . An alternative
method is 10 assume a certain type of distribution function and to obtain a calcu-
lated mobility - field characteristic from momentum and energy balance considera-
tions . If the assumed disiribution function is a Maxwellian or a Fermi Dirac distri-
bution with the only adjustable parameter being the carrier temperature 7. , this
model is called " electron - temperature model " . However it was pointed out by
Straton® that it is applicable only for semiconductors with high carrier concentra-
tions where interelectronic collisions are frequent enough to establish the described
type of distribution function . Excitation of semiconductors with picosecond laser
pulse generates high density carriers without causing any damage or heating the sam-
ple and makes it possible to study energy relaxation of degenerate hot carriers .

Information about the dynamics of hot carrier energy relaxation is important
and fundamental in the design and fabrication of high speed devices . Time resolved
absorption and luminescence spectroscopy of semiconductors provides direct informa-
tion about the evolution of the carrier density as well as distribution function® .
There are a variety of direct and direct techniques such as pump and probe® , optical
Kerr gate® , upconversion gate’ , and autocorrelation 8 1o study the ultrafast processes
in semiconductors . Each of these techniques has advantage as well as disadvantage .
The streak camera offers the only direct method to measure the intensity profile on a
picosecond lime scale . The linear dependence of the detected light in this method
avoids the confusion of nonlinear optical processes involved in the detection which is
not offered in other techniques .

Energy relaxation of low densily carriers in GaAs has been studied by Ulbrich

by measuring the photoluminescence spectra under nanosecond laser pulse excilation®



. As tunable picosecond laser pulse became available , several groups ( Smirl !,
Leheny ', Von der Linde!? and Alfano!® ) used these pulses to study the absorption
and luminescence of semiconductors on picosecond time scale . They were able to
obtain information about carrier carrier energy relaxation at intermediate excitation
regime ( photogenerated carrier density of less than 108¢m™3 ) and concluded that
electron gas cools to within 100 K of the latlice temperature in about 2-5 ps . From
the results of picosecond reflection measurements Shank at el.!* concluded that in
GaAs , carriers with initial energy of .0 ev lose their energy in about 2 ps . In polar
semiconductors like GaAs , Ga;_,In, P , the dominant mechanism for energy relaxa-
tion is carrier - LO phonon scattering!® . Shah and coworkers!! found modest slowing
of energy lose rate at 10'8¢m ™3 carrier density . They attributed this reduction this
reduction of energy relaxation to the screening of electron phonon interaction . Yoffa
at el.’® based on Random Phase Approximation approach calculated the effect of
screening on the energy loss rate . She concluded when photogenerated carrier density
exceeds the a critical value n. , the interaction between carriers and 1.O phonons is
reduced . Seymour at el.!” studied the screening of hot carriers in GaAs by measuring
the rise time of emission at different excitation power . He observed that the rise time
of emission increased with excitation power as a result of the screening of the
interaction of carriers and LO phonons . Similar work has been done by Yao at el.!8
in the case of GaSe which is a layered semiconductor and he observed that phonon
emission rate by holes decreased with increasing excitation power . At the same time
Van Driel®® presented another argument that under high power excitation , enough
optical phonons could be created 1o raise the optical phonon temperature into equili-
brium with the partially cooled e-h plasma . In most of the experiments done 1o date
, the semiconductor samples were excited at low temperature . There has not been
that much information available in the literature about the carrier energy relaxation

at room temperature even though most of the devices fabricated {rom semiconductors



are used at room temperature .

This thesis deals with the physics of high density carriers in Ga, In;_, P and
GaAs -, P, under picosecond laser pulse excitation at room temperature . The
dynamics of carriers in optically pumped Ga, In;_, P were studied by means of time
resolved photoluminescence spectroscopy . The radiative and nonradiative recombina-
tion processes in GaAs;_, P were studied experimentally . In chapter 2 , the experi-
mental set up including the laser system , detection system , and data storage and
analysis system are explained . The generation of single pulse , selection and second
harmonic generation of laser pulse will be discussed . The streak camera with the
white cell delay unit will be covered in the detection system . The digitized data for
time resolved fluorescence stored in the DEC Minc 11 minicomputer are analyzed by
the scientific programs . The dynamics of carriers in Ga sIn sP under picosecond laser
pulse excitation is presented in chapter 3 . The time evolution of carrier density ,
carrier temperature and the output photon density at different spectral region is cal-
culated by solving the appropriate differential equations . The effect of stimulated
emission in the output of the optically pumped semiconductor Ga s/n sP will be dis-
cussed and the computer simulation of the detected output at different wavelengths
is presented . The screening of hot carrier energy relaxation in Ga, In,_, P(x =.56) at
room temperature is studied by analysis of the time resolved photoluminescence
spectra measured by a stireak camera is presented in chapter 4 . Time resolved pho-
toluminescence spectra at different times following the excitation pulse were deter-
mined experimentally and were fitted to direct transition expression to obtain the
reduced band gap , carrier density and carrier temperature . Theoretical lime evolu-
tion of carrier temperature assuming M . B . distribution , F . D . distribution is cal-
culated and the results are compared with the experimental data . In chapter 5 the
radiative and nonradiative processes were studied in GaAs,_, P, under high excitation

power . The radiative and nonradiative rates , bimolecular and Auger rates have been



determined by studying the intensity dependence of the time resolved photolumines-

cence profiles .
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CHAPTER 2

EXPERIMENTAL TECHNIQUES

The experimental setup used for this research is described in this chapter . A
briefl introduction to the concept of mode-locking , pulse selection technique , second
harmonic generation is given in the subsequent sections . The detection system ( streak

camera ) is described at the end of this chapter .
2.1 Steady State Photoluminescence Setup

This setup has been used to characterize the samples under study . The photo-
luminescence spectra of samples under low excitation power have been studied using
the setup which is shown in Fig. 2 . 1. 1.

The excitation source can be a lamp or gas ion laser . The output of an Argon
laser at 488 nin was chopped and focussed onto the sample under study . The photo-
Iuminescence from samples was collected by a combination of lenses and imaged to the
slit of Spex double spectrometer , and detected by a RCA S-20 photomultiplier and
me wured by . lock-in amplifier .The output of lock-in amplifier can be either con-

nected to a computer or X-Y recorder .
2.2 TIME RESOLVED EXPERIMENTAL SETUP

The experimental setup! used to study the time resolved photolumines-
cence is shown in Fig. 2 . 2 . 1 . It is composed of a laser cavity , pulse selector ,
amplifier . second harmonic generator . and , a detection svstem , and data storage and

analysis system .
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2.2.1 Laser Resonator

A typical cavity design is shown in Fig. 2 . 2 . 2 . The lasing medium is
Nd : glass rod pumped by a helical flash lamp connected 1o a power supply for optical
excitation . The Nd : glass is a four level laser and ils schematic energy level is shown
in Fig. 2 . 2. 3. The excitation of laser rod with the flash lamp creates electrons in the
excited states . The excited electrons can decay back to ground state either by spon-
taneous or stimulated emission . In practice , the electrons in the level 2 decay to the
metastable level 3 by nonradiative transition . The metastable level acts as a trap and
in the process of population inversion , the photon generated by spontaneous emission
bounce back and forth in the laser cavity and they stimulate more atoms to emit .pho—
tons of the same frequency , phase and direction? .

The light emitfed by the laser is determined by the fluorescence band width ,
quantum yield of the lasing medium and the configuration of the laser cavity ( Yarive
et. al * ) . Usually the fluorescence spectrum of the lasing medium is broad and from
all the possible frequencies only some are allowed in the laser cavity which are called
modes* . There are two types of modes in the laser cavity ; longitudinal and transverse
modes . The longitudinal modes differ from each other only in frequency , and
transverse modes are different from each other in the distribution of the field as well
as the frequency . The allowed longitudinal modes in the cavity is governed by the

equation of a standing wave which is given by
ni; =L (2.2.1)

where L is the length of the cavity , A; is the wavelength of an allowed mode and n is
an integer . The number of active modes in the laser cavity is generally high ( order of
10%) for a 1- meter cavity . The number of transverse modes ( TEM,,, ) in the cavity is

lower than longitudinal modes . The output of the laser cavity is usually is noise like
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Fig.2.2.2 Configuration of the optical cavity resonator ( Ref. 1 ).
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and it has a pulse width of a few microseconds ( time duration of the flash lamp ) .
To obtain a short pulse , all the different modes are forced to oscillate in phase by
placing a saturable absorber in the cavily . This process is called mode-locking .
Mocker and Collins® and DeMaria® were the first to produce mode-locked pulses using
a saturable absorber . It is a combination of lasing medium and the saturable absorber
which produces the short pulses . The pulse width of the generated laser pulse is
determined by the recovery time of the dye typically 10 ps . The initial noise like
modes are absorbed by the saturable absorber and only modes above the background
will get through the dye . When gain increases , the high intensity modes will bleach
the dye . In general one can say that the saturable absorber acts as an optical shutter
closing and opening at frequency equal to the difference in frequency of two adjacent

modes ( C/ 2L ).
2.3 Single Pulse Selection and Pulse Width Measurement

A schematic diagram of the experimental apparatus is shown in Fig. 2 .3 . 1.
The single pulse can be selected from the train by a pair of cross polarizers placed
between a Pockell cell and a spark gap . The spark gap is filled with Nitrogen gas
under pressure and connected to the high voltage power supply through a 10 M Q
resistor by a double sheathed cable which forms the transmission lines from the elec-
irode of the spark gap. The output of the Pockells cell was dumped into a 50 Q resis-
tor through a 15 {1 long cable to eliminate the high voltage pulse reflection from
returning to the Pockell cell. A 4 cm focal length cylindrical lens was used to focus
ihe laser pulses into the spark gap. The first polarizer is polarized along the direction
of polarization of the output laser irain at 1.054 um from the cavity. When the first
few pulses pass through the first polarizer and Pockells cell , they get reflected by the
second polarizing prism and focused into the spark gap, the Nitrogen gas in the spark

gap is ionized by the first few laser pulses and the avalanche breakdown across the
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electrode appears 1o form a conductive path for high voltage . Because of the
impedance matching between two ports of the cable, a high voltage pulse 8 kv, 5 ns is
then applied to the Pockell cells . The axes of the index ellipsoid of refraction of the
crystal (KDP) inside the Pockells cell are rotated because of the nonlinear electro-
optical effect. The polarization of the next subsequent incoming laser pulse just after
the first few pulses is then rotated to match the polarization direction of the second
prism polarizer and escape through it. Since the high voltage (8 kv) applied to the
Pockcells cell lasts for about 5 ns, there is not a long enough time period to have
another single pulse being transmitted. Actually, the time separation between two
adjacent single pulses is about 7 ns, which is longer than the time period for the Pock-
ells cell to be functioning. Fig. 2 . 3 . 2 shows the typical picture of the train and a
selected pulse as measured by fast oscilloscope .

The amplification of selected pulse can be obtained by passing the selected pulse
through a laser rod same as the one used in the oscillator . However the diameter of
the rod in the amplification stage should be larger than the rod employed in the oscil-
lator , typically 3/4 inch . Also the amplifier rod has to be doped at lower concentra-
tion for more uniform pumping .

The pulse width of the selected pulse can be measured by a variety of methods
such as second harmonic generation’ and two photon fluorescence ® and streak camera .
In our lab we used the ( TPF ) technique to measure the pulse width . The experimen-
lal arrangement for the TPF is shown in Fig. 2.3.3 . The beam is split into two beams
by a 50 % transmission beam splitter and directed into a cell containing a dye which
does not absorb al the laser wavelength . The dye molecules however may absorb 1wo
photons simultaneously which leads to fluorescence . A camera is placed in front of
the bright spot and measures the width of the spot . The measured value of the pulse

width in our setup at 1.06um was ~8 ps .
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Fig.2.3.2 (a) - The picture of the picosecond laser pulse train with one

pulse selected .

(b) - The picture of a selected laser pulse .
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2.4 Second Harmonic Generation

In order to photoexcite the electrons in a semiconductor from valence band to
conduction band , the energy of the exciling photons must exceed the band gap of the
semiconductor under investigation . Since most of the semiconductors have a band gap
greater than photon energy of 1.06um (1.17 ev ) , the conversion of 1.06um pulses 10
S53um is desirable . The pulses of 530 nm can be obtained by passing the 1.06um
through a KDP ( Potassium Dihdrogen Phosphate ) crystal .

The intensity of the second harmonic is given by

sin® AkL

I (20.1)=(X%)? __mz.r () (2.4.1)
( )

where Ak is expressed as
20
Me = 1 k,—2k |=(—-C—-)(n2w-—nw)

In Eq. 2.4.1 , I (w) .1 (2w) are the intensity of the laser and generated second‘ har-
monics , L is the crystal length , k , n, and n,, are the wave vector and index of
refraction of the crystal at laser and its second harmonics and finally X is the suscep-
tibility constant . In Eq. 2.4.1 when Ak =0 , the bracket is maximum and highest
degree of conversion can be obtained . This condition is called phase matching . This
can be satisfied by orientation of SHG crystal . In a properly phased matched condi-

tion the efficiency of conversion is about 10 % .
2.5 Streak Camera System

The detection system used in this research is a streak camera which offers the
best way of directly measuring the time resolved photoluminescence in ps time scale .

The streak camera is a device which converts time information from a luminous
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event 10 a spatial information®. In early 1970’s the streak camera was introduced by
Bradly!® and Shelev!! to study the transient photoluminescence . A simplified
schematic diagram of the streak tube operation is shown in Fig. 2.5.2. The photoelec-
irons generated by light incident on the photocathode are proportion to the intensity
of the light . These electrons are then accelerated inio the streak tube by a accelerating
voltage applied to the plates and al the mean time they are swept at a known rate
over a known disance which converts the temporal information into spatial informa-
tion'? . The accelerated electrons then strike a microchannel plate capable of producing
multiplication through secondary emission . These secondary electrons strike a phos-
phor screen forming the streak image . This image can be digitized 10 store the infor-
mation in a computer for data analysis .

Because of the nonlinearity of the streak tube each streak camera has to be cali-
brated . To do this a 8 ps, 530 nm laser pulse is passed through a pair of partially
reflecting mirrors ( etalon ) with transmission coefficient of T . The result is a series of
pulses separated in time by A7 =2d/ ¢ , where c is the speed of light and d is the
spacing of the mirrors . The intensity of each pulse decreases respect to the previous
pulse by a factor of (1 —7)2 In general the envelope of these pulses decays exponen-
tially according to the following equation

it

. 2
ATln(l T) (2.5.1)

I==1,exp

where ¢, =k A7 and k is an integer . Fig. 2.5.1 shows the intensity profile of these

pulses which can be used to calibrate the time axes of the streak camera . The sweep
rate -g-—; per channel versus the channel number can be used 1o calibrate the time axes

and intensity calibration can be done according to the following equation

1) = 1(x)2X (2.5.2)
At
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where A X is the number of channels between peaks and A 7 is fixed for a given etalon
mirrors .

The total time resolution of a streak camera deponds on many factors such as
initial velocities of the photoelectrons , spatial resolution of the siilt and time spread
occurring between the photocathode and mesh electrode . The temporal resolution is
defined as the FHWM of the streak image . This is measured by allowing a sufficiently
short pulse to enter the streak camera and recording the FHWM of the image . If we
assume the temporal resolution of the sireak camera is 7, and the FHWM of the
incident pulse to be 7, then the measured FHWM time T is given by1?

1
T =(I,2+7T,%)* (2.5.3)
Therefore if 7, is known then it is possible to determine the 7, which is the temporal
resolution of the streak camera . The overall resolution of the streak camera used for
this research is 12 ps.

A DEC Minc 11 minicomputer was used to store the digitized data from the tem-

poral analyzer and this data was transfered 10 a VAX 11/780 for curve fitting and

data reduction .
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CHAPTER 3

Picosecond Carrier Dynamics in optically Pumped

Semiconductor Ga;lnsP

3.1 - Experimental Observation of Unusual Time Resolved Photoluminescence in

Ga sInsP under Picosecond Laser Pulse Excitation.

Before embarking on the discussion of the experimental aspects of picosecond
optically pumped semiconductors, it should be noted that the objective of this chapter
is to explain and interpret the unusual behavior of time resolved photoluminescence in
Ga sln sP semiconductor under picosecond laser pulse excitation. Fig 3.1 .1 shows the
time resolved photoluminescence profiles of GasInsP under excitation power of
10MW / cm?. The two curves represents the output at two different spectral regions
with the same pumping power. These spectrally resolved temporal profiles were
obtained by placing filters in front of streak camera. The important feature is the
different temporal behavior at different wavelengths . Time resolved profile at short
wavelengths is shown in Fig 3.1 . 1 (a) . This corresponds to the temporal profile at
wavelengths shorter than 620 nm( XA <620nm or E > 2 ev ) or another words the
time resolved profile of high energy portion of the photoluminescence spectra . The
decay profile is exponential with decay time of 18+2 ps . Fig. 3 .1 . (b) shows the
temporal profile for wavelengths‘longer than 620 nm (A > 620 nm or E <2 ev ) or
one can say the time resolved profile at lower energy portion of the photoluminescence
spectra . The decay time of this curve is about 40 +5 ps . When excitation power

increased 1o ~50 MW / cm?, the general trend was again the same as Fig. 3.3 . 1 but
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several interesting features begén to appear. As expected from band filling, shorter
wavelength time resolved profile is the same as the low excitation power (compare Fig
3.1.1 a and Fig 3.1.2 b ) but at longer wavelefigths there is an unusual temporal
profile . At longer wavelengths , the time resclved profile acquired a distinct tail as
excitation power increased even to the point of developing a secondary peak at longest
wavelength of emission (see Fig 3.1 .2 b ). In order to explain the results of the
measurements shown in Fig. 3.3.1 and Fig. 3.3.2 one has to calculate the time evolu-
tion of carrier density and carrier temperature . This is because the time dependence of
output photon density depends on these two dynamical variables . In the remaining
of this chapter , 1 have tried to explain, interpret and also present a computer simula-
tion of output of optlically pumped Gasln P under picosecond laser pulse excitation .
Before concentrating on the dynamical equations for carrier density , carrier tempera-
ture and output photon density, the experimental method involved in this chapter
will be given and then band structure of Ga,In,_,P is discussed to give a background

about the sample .
Experimental Method

The experimental setup used here is described in detail in chapter 2 . A second
harmonic ( 527 nm ) of Nd : glass laser pulse of 8 ps duration was used to excite the
sample of Ga;lnsP on the front surface . The sample was 1 um thick , n doped (
~1x10"cm ™ ) and grown by MBE on a GaAs substrate . The composition of sample
was determined from the calibration of the band gap versus composition!? . The band

gap of the sample was determined to be 1.87 ev at room temperature from the direct

transition relationship £, = hv, — -;_kT where hv, is the peak energy in the low power

P
steady state photoluminescence spectra and .;.kT accounts for the direct transition of

the carriers . The photoluminescence from sample was collected by a combination of
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lenses and imaged 10 a 30 um slit of a Hamamatsu streak camera . The time resolution
of detection system was approximately 10 ps . The excitation area was measured to be
5x1073 ¢m™? and excitation power fluence was varied between 5 to 50 MW / cm? by
placing ND filters in the path of the exciling laser pulse . In order to measure the time
resolved photoluminescence at different energies various filters were placed in front of
the streak camera . For example the time resolved photoluminescence profiles shown in
Fig. ( 3.1.1 -a ) and Fig. ( 3.1.2 -a ) which are correspond to high energy portion of the
photoluminescence specira were obtained by placing a SP 620 in front of the streak
camera . Similarly , the time resolved profiles shown in Fig. ( 3.1.1 - b ) and Fig. (
3.1.2 - b ) were obtained by placing a R62 filter in front of the streak camera . These

profiles are coresopnd to low energy portion of the photoluminescence spectra .
3.2 - 'The Band Structure of Ga,In;_, P

It is well known that direct band gap semiconductors have inherently short
radiative life time and high radiative efficiency. Unfortunately, such direct band gap
semiconductors have low band gap, leading to emission in IR or near IR . In order 1o
increase the direct band gap and shifting the emission to visible region of the spectrum,
ternary semiconductor have been prepared from a small band gap like InP and an
indirect large band gap like GaP leading 1o production of Ga, In,_, P ternary alloys. In
spite of the large mismatch of the binary components InP ( 5.8688 A° ) and GaP (
5.4512 A° ) and the difficulty in the synthesis of the alloy by means of both Vapor
Phase Epitaxy ! (VPE) and Liquid Phase Epitaxy ? , progress has been made in the
preparation of Ga, In;_, P by Molecular Beam Epitaxy .

The band structure of GaP and InP have been calculated theoretically and band
structure parameters of these semiconductors have been determined thoroughly from a
large number of experiments*® . However the band structure of Ga,In,_,P has been

controversial especially determination of crossover composition. It is important 1o
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determine the behavior of the conduction bands ( T and X band edges ) as a function
of the composition x, particularly the location of I'—=X crossover ( Er=Ey ,x =x.).
There has been disagreement about the value of crossover composition (x.) . From the
measurements on diodes , Lorenz at el. ® determined x. = .8 . Measurements of band
edge absorption coefficient as a function of photon energy by Rodot at el. 7 determined
x. = .63 . This value has been confirmed by Williams at el. using the photolumines-
cence spectra and by Hakki at ei. ° using hydrostatic pressure measurements. Using
the cathodoluminescence peaks at 300 K as the position of the band gap, Lorentz
assigned the value of x.=.74 to the crossover composition with a parabolic empirical

variation of the band gap which is given by ¢
E, =134+ 1.426 x +.758 x (x—1) (3.2.1)

Onton and Chickota ° confirmed the results of Lorentz based on low temperature
photoluminescence spectra. In GaP an InP, the indirect band gap E; = X{ Ty is nearly
the same, so that the disagreement on the value of x. is mainly due to discrepancy on
the variation of lowest direct band gap £, = I'§—Ty versus the composition. In order to
determine the precise electronic structure of GalnP and to clarify the discrepancy , Ali-
bert et al. !* and coworkers applied the modulation spectroscopy technique to InP and
GaP and GalnP alloy system since it is generally recognized that this method
represents the most accurate process for determining transition energies of interband
critical points. The sharp optical structures obtained by modulation method is usu-
ally not washed out by alloy composition fluctuations. They performed Electro-
Reflectance (ER) experiments on high purity and very homogeneous materials at room
temperature. The important results obtained by them are given by empirical formula

for variation of direct band gap which is given by
E; = 1.345+1.435x +.5 x(x—1) (3.2.2)

and they assigned the value of x. = .63 +.015 to crossover composition with

C
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E. =2.144 .01 ev . One of the reason behind the discrepancy of determining the cross-
over composition is attributed 1o the poor quality of the samples. The higher estimate
ofx, has been based primarily upon photoluminescence measurements while electro
reflecltance has given usually a lower estimate. Also photoluminescence measurements
are sensitive to donor and acceptor impurities which yield transitions below the band
edge. R. J. Nelson and N. Holonyak Jr. at el. 2 used both absorption and photo-
luminescence measurements on high quality lattice matched GalnP grown by constant
temperature Liquid Phase Epitaxy on GaAsp substrate. These crystals were of
sufficient quality and low enough impurities ( <3x10*cm™3 ) to permit the first obser-
vation of T exciton peak in the absorption measurements at T=77 K . Fig 3.2.1 shows
the absorption curve for an x=.69 of Ga,In,_,P sample. At 77 K the exciton peak
occurs at 5530 A (2.242 ev ) but as shown in Fig 3.2 . 1 this peak is not present at
room temperature. To determine the direct band gap at T point they used the Elliot’s
expression for the absorplion coefficient for E >Er assuming the optical transition was
direct belween nondegenerate parabolic energy band including the exciton effect.

According to Elliot’s theory, the absorption coefficient al energy E can be described as

a(E) = oz'(Er)exp(é)sinhz (3.2.3)

1

2 , o' (Er) is the value of absorption coefficient at the energy gap

cxC

where z =7
E—Er

and E,. is the exciton binding energy. At 77k where exciton peak is resolved ithey
determined the band gap by adding the exciton energy to the exciton peak energy. To
obtain the exciton binding energy they have fitited the experimental data of Fig.3.2.1 to
the Eq. (3.2.3) where o' (E}) was sel equal to the minimum value of the absorption
coefficient on the high energy side of the exciton peak. At 300 K where the exciton
peak was not resolved they varied both Er and E,,. to obtain the best fit 1o the experi-

mental data. In summary, they found the variation of band gap with composition at



-32 -

Facergy (eV)
120 1 2
T T T

|n| La P =000

| PL photoluminescence
tE, absorption

. H L tHoullic and Ahliben,

'

»

Absorption Coeificient, et 10 cm™!)

1 1 1 |
s7 56 5.5 59

Wavelength (107 A)

Fig.3.2.1- Absorption coefficient of Ga,In;—, P (x=.69) at 77 and 300 K .
The position of direct band edge (Er ) is shown by arrow .

Also indicated are the photoluminescence peaks ( Ref. 12 ) .
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T=77 K can be expressed as
Er=1.414+1.452x +.758x (x —1) (3.2.4)
For T=300k, the band gap is given by
Er=1.351+1.429x +.786 x (x —1) (3.2.5)

The Egs. (3.2.4) and (3.2.5) for the I energy gap are more accurate than those previ-
ously reported by luminescence and modulation reflection measurements where the
exciton peak was not resolved. Fig. 3.2 .2 and Fig 3.2 .3 shows the experimental
plot of the absorption edge in GalnP at 77 and 300k respectively. Therefore on can see
from Eq. (3.2.5) that band gap of GalnP ternary semiconductor increases from 1.351
ev ( x=0, direct gap ) 10 2.78 ev ( x=1 , indirect gap) and at x=.73 the direct -indirect
crossover occurs. The band structure of GalnP is shown in Fig. 3.2 .4 . The direct
band gap, hereafter referred 10 as Er is given by Eq (3.2.5) for T=300k. The spin orbit
splitting is located about .1 ev below the light and heavy hole valence band. The cen-

tral T valley effective mass is given by 13
mix)=(.068+.052x )m’, (3.2.6)

The effective mass of heavy hole, light hole and split off holes in GaslnsP can be
determined by interpolation between the values in InP and GaP and are calculated to
be .51, .16, .1 respectively. There are effectively 6 X valleys in the [111] symmetry
directions at the Brillouin zone edge and they are located higher than T valley . In

Ga 5In sP the separation of X and T valley is AE = .34 ev .
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3.3 - Carrier Dynamics in Ga;ln ;P under picosecond Laser Pulse Excitation

In general, the state of the semiconductor can be described by giving the occu-
pation number of k states in the various bands in the form of distribution function

f;(k ) for each band j, where we can write
_rd3k 2 ,
n_zjwf,-(k) (3.3.1)

where n is the number of carriers in the band j. In most of the situations , because of
the parabolic nature of the conduction and valence band the Eq. (3.3.1) can be con-

verted into the energy space as
n =f0mp(E )f (E)dE (3.3.2)

where p(E) is the density of states and is given by

3 1
p(E) = am(2)? (£-p,)? (3.3.3)

and f (£) is the Fermi-Dirac distribution function and in given by

-1

f(E)={1+exp(E—F,)/ KT. (3.3.4)
E-E, F. _ ,
If we choose € = X and 24 P then the Eq. (3.3.2) becomes
1
w 7 3.5)
n=Nf Wde (3.3.5
. 3
2am kT, |7 . o .

where N, =2(————) and sometimes it is called the effective density of states.

h-
The integral in Eq. (3.3.5) is called Fermi-Dirac integrals and unfortunately there is no
analytical solution for this integral. However tlables do exist for these integrals

including the various powers of the reduced energy multiplying the Fermi-Dirac dis-
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tribution function. The actual integrals are in the form of

e'de (3.3.6)

_ 1 =
E;(m)= 1"(j+1)f0 T4

When carrier density exceeds a certain value n,, , the quasi-Fermi level moves
into the band and carrier distribution is called degenerate!®. Fig. 3 . 3 . 1 shows the
degenerate and nondegenerate electron distributions . The equation establishing the
degenerate condition in a parabolic band can be used to calculate approximately the

degenerate carrier concentration which is given by

. 3
8KT.m |7
2o ]2 (3.3.7)

w
nd‘,g =(?) ]22

where k is the Boltzmann constant,m’ is the effective mass of carrier and 7, is the car-
rier temperature. For GaslnsP we obtain ng, =4.5x10"7cm™ at T =300 K and
Ngep = 7%10%cm ™ at T=78 K . Fig (3.3.1) shows the electron distribution for both low
density (nondegenerate) and high density (degenerate) cases . Because F, and F, are
related to carrier temperature and carrier densily through the Fermi integrals , to cal-

culate these Fermi levels at a given carrier density and temperature one has to calcu-

n
A

late F.(n) from the relation F.,(n) = and then referring to the tables for Fermi

integrals finding out the value of m for which the Fermi integral is computed. For
example to calculate the Fermi level in GalnP at RT for the carrier density of
3

5x10¥cm ™2 | one has to calculate the value of N. which is equal 10 7.23x10"em™

5x1018

T33x10T7 = 6.9 and by referring to the Fermi integrals we see

Therefore , F,(n) =

that m = 4.2 . Hence , the fermi level is calculated by multiplying the n by the kT
which is 25 mev , F, = 25%4.2 = 108 mev . This is very inconvenient in many situa-
tion of fitting procedures which requires the value of the Fermi level. Fortunately ,
there is an approximate analytical expression which eliminates the need for the Fermi

integrals. This approximate analytical expression for m is given by !*
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Fig. 3.3 .1 Degenerate and non-degenerate electron distributions n ( E ) .

The density of states , g ( E ) is also shown . For the non-

degenerate case the Fermi function f ( E ) is shown . ¢ is the

Fermi level . Note , in non-degenerate case the Fermi level is

below the conduction band edge and in degenerate case the

Fermi level in the conduction band ( Ref. 14 ) .
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mn = In(

n n -3 n \» —4r N \3 —6 n 4
_— —) — 4. + 1.48X10 — 4.42X10 — )+
N ) + 353 ( N ) — 4.95%10 (Nc ) (Nc ) (N(- )

(3.3.8)

n

This expression is accurate at low carrier densities ( )< 1 and at high carrier densi-

o

n

ties ( ) ~15 there is less than 5% error calculation of Fermi levels. Fig. 3 .3 .2

<

shows the comparison between the exact calculated value of Fermi level by Fermi
integrals Eq. (3.3.6) and the approximale analytical expression Eq. (3.3.8) at room

iemperature .
3.4 - Energy Loss Mechanisms of Photogenerated Carriers

Photoexcitation of a semiconductor with band gap of E, by a picosecond laser

pulse of energy fw creates electrons with initial energy of AE, = 77-1-17-_:"7()‘zw-~Eg) in the
¢ h
conduction band and holes with excess energy of AE, = ———ni';-—(hw—Eg )in the valence

m, +m,,
bands . The photogenerated carriers lose their energy and thermalize with lattice as a
result of various interactions and scatterings .

There are four possible mechanisms in which carriers lose their energy and can
be divided into two groups . The first group which includes electron-electron interac-
tion and plasmon emission redistributes ihe excess energy of the photogenerated car-
riers among the system of carriers with no loss of the energy as a whole and carriers
thermalize with each other to a temperature which is usually. higher than lattice tem-
perature . The second group , are mainly the interaction of carriers with phonons (opt-
ical and acoustical phonon ) results to loss of energy from carriers to phonon system
and lattice .

The energy relaxation via electron-electron interaction is given by!®
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X 4 2
dE___dmee? (33.9)

e2(2mE)?

where n, is the number of electrons at energy E , m, is the effective mass of electron
and € is the dielectric constant . For an electron in the central T valley‘of Ga sIn 5P
with effective mass of .094 injected .34 ev over the band edge by a 527 nm picosecond
laser pulse in the case of free carrier density of 5x10'cm™3 , this yield an energy loss
rate of ~1.1 ev /ps as calculated from Eq. 3.3.9 . Another words the carriers ther-
malize with each other in aboutl .3 ps . This rate increases as the electrons cool and
thus in a small fraction of a picosecond , the electron has given its excess energy to the
other electrons . In general il is possible to characterize the state of electrons in the T
valley with an electron density of n, and a temperature 7. . Electron-electron colli-
sions are fast enough to ensure that also electrons in X valley system have the same
lemperature 7. . Because the momentum must be conserved , the electron-electron
scatltering is ineffective in transferring the electrons into and out of X valley system .
Transfer of electrons from one valley 1o other ( T=X ,X —T ) is accomplished via
phonon emission and absorption and this occurs on a picosecond time scale . In practice
, this means the I' and X valley electrons will be characterized by the same tempera-
ture but Fermi levels for each valley will be independent , and relative population of
the two valley must be calculated dynamically and these rate equations will be part
of a set of differential equations which will be discussed in later sections .

The energy loss rate of a hole to other holes is also given by Eq. (3.3.9) with m,
should be substituted for m, . The rate is then slower by the square root of the mass
ratio . However , since the holes excess energy are usually lower than electrons , the
equilibration rate are effectively almost the same as electrons and time scale would be
on the order of subpicosecond. In our discussion we assume here that hole-hole colli-
sion is effective in maintaining a distribution among the light and heavy valence

bands.
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Electron - hole energy transfer can be calculated by modifying Eq. (3.3.9) to take

into account the mass ratio . For energy loss of electrons to holes, one has to multiply

the Eq. (3.3.9 ) with mass ratio of Tnnfc_ , which brings the electron - hole equilibration
h

rate up 10 a picosecond time scale . The electron loss rate to the light holes would be
faster , but because the population of light holes is much smaller , then the rate would
be almost the same as order of ps . To calculate an estimate for the energy loss of elec-
trons 1o holes , we can use the resulls from two temperature plasma theory with

Maxwell Boltzmann distribution . The average energy loss of an electron to the hole is

given by 17
dE, _ 8men, (T, ~T),) (3.3.10)
dt e 2 T(' T/) 2
v 2wk m,m, € +—
m. my,

where k is the Boltzmann constant , € is the dielectric constant and 7. and 7, are the

electron and hole temperatures . The average hole energy loss rate is simply given by

dE, _ dE,
= (3.3.11)

However , since the electron-electron and hole-hole collision is very fast ( typically
10'? collisions per second ) , it is reasonable to assume that electrons and holes reach
thermal equilibrium in about 1 ps and for the remaining of this chapter we assume the
electrons and holes have the same temperature namely 7. .

The second group of energy loss mechanisms , is optical and acoustical phonon
scattering . In polar semiconduetors like GaAs and Ga sln sP , the dominant mechanism
responsible for carrier energy loss is the interaction of carriers with 1.O phonons as
long as carrier temperature is above 40 K .

The general Hamiltonian for the electron-phonon interaction is given 1©



- 43 -

(7' (Tei‘—’ﬂ"_"+Mq—4‘a{7-+e_"‘7"F, (3.3.12)

- f (27r)3

where ag and ag are the annihilation and creation operators for phonons of wavevec-

tor ¢, and H is the Hamiltonian interaction for the electrons at # . For the polar longi-

tudinal optical phonon the matrix element is M, = % where C is given by

1
2w, pe? 7
c =i (008 42 (3.3.13)

€

and hw;, is the optical phonon energy , and the € is given by

=11 (3.3.14)
€. €,

M| =

where €., and €, are the high frequency and static dielectric constants , respectively .

The rate of change of electron energy is

de,
T

Zeokaf( =2 2 Wi €f ]“’(k)ll —fo (k" )]

6 Lok'o!

~ T X Weeflf ) |1- 170 | (33.15)

k,ok'oc'

where o is the spin index , and f (% ) is the occupation number of electron state o,k

and W, _, - is the transition rate given by Fermi Golden rule as

W, = Z! <k'.o'{n') | H'k o {n}>128(e,—€ +E{n}—E{n})
In

(3.3.16)
where {n } denotes the set of phonon occupation numbers and E{n } is the energy of
whole phonon states associated with these numbers . The polar longitudinal optical
interaction is spin conserving , and because H contains only the first power of a, and
al , {n} can only change + 1 . The matrix element insures the momentum conservation

and the result becomes
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|2 { Ry oy S(Gk —ek'+hw]_o )80—'0"{'(71/\»_]{ +1 )S(GUA. _Gak —hﬂ)LO )80’0-'}

(3.3.17)

where the first term in the bracket is the phonon absorptlion and the second term
represents phonon emission . The energy delta function are converted to delta func-
tion in k space , summations are converted to integrals and after some algebra the
average energy loss of the carriers due to interaction with LO phonon in the case

Maxwell Boltzmann distribution becomes!®

1
. 7 xcl2
de 3 Yo g (x./2)%e™ "Kolx./2)
<—7>ms = ~Fo e 7773 (3.3.18)
The parameter P, is independent of carrier temperature and is given by
2hwso 2
>
Po—eEo( ,LO )2 (3319)
m
and E, is defined as
m ehwro | 1 1
= — .3.20)
Eg = ‘ew < ' (3.3.20.

hw Fw
In Eq. ( 3.3.18 ), the xo,= K;O and x, = K;O nad K, is the modified Bessel func-
L c

tion of order zero . The parameter P, can be simplified to

(NI

Po=3.54x10! ev/ sec (3.3.21)

Funy o (mev ) ]

The Eq. ( 3.3.18 ) is derived for nondegenerate case ( n<0 ) and is independent of the
density of carriers . In GaslnsP the distribution of electrons at room temperature is
degenerate when n, > 4.5x10'¢m ™ and one has to consider the carrier dependent cool-
ing rate . The cooling rate in the case of degenerate Fermi Dirac distribution is calcu-

lated by Bauer and Kahlert following Conwell and is given by!®



1
de _ _ ., 3,2 1 o l_ . _1 € \7
<> = Py x, (VF)WIN‘J«» f(e)|1—f (e+x.) [sinh (xc Y2 de
- -1 7
— (N‘7+l)fo f (€+xc)ll f (€) |sinh (Z) de (3.3.22)
where Fy, is the Fermi integral and N, is given by
N=— L1 (3.3.23)
g = hwy e
e B —1

Again the first 1{erm in the bracket is due to phonon absorption and the second term
represents the phonon emission . Fig. 3 . 3 . 3 shows the electron energy loss rate to
lattice via phonon emission as a function of carrier temperature for Maxwell
Boltzmann distribution calculated from Eq. 3.3.18 and Fermi Dirac distribution from
Eq. 3.3.22 at carrier densities of 1x10'® , 5x10'® and 1x10'%m ™2 . For the above calcu-
lation we used the following parameters m,=.094 , fw;» = 48mev , €, =9.1 , €,=11.6 .
The Maxwellian resull is independeni of carrier density . Fig. 3.3.3. shows that at
given carrier temperature the cooling rate decreases with increasing carrier density .
Fig. 3.3.4 shows the logarithmic plot of carrier energy loss as a function of carrier den-
sity in Gasln sP for temperatures 500 , 1000 , 2000 K . The reduction of cooling rate is

due to Fermi Dirac statistic is more clear at high carrier densities .
Screening of Hot Carriers

A1l high carrier densities achievable by picosecond laser pulse , the energy loss
rate will be reduced as a result of the the screening of the interaction between carriers
and phonons'®?" ., The Hamiltonian in this case is derived by considering the interac-
tion of electrons with the charge density p.s; = —V. P which results from a polariza-
tion wave P . In the presence of a large free carrier density , this effective charge is

screened by carriers via Thomas Fermi or Debye dielectric constant which is given by
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elg)=

1+_Q_‘; ] (3.3.23)
e

where Q is the Debye screening wave vector . In this case , the general Hamiltonian

for the electron-phonon interaction becomes

a3k g

[ l_'l_d * + —ig.r
H'= WW Ca(79 +C aze™ (3.3.25)

Here , the transition rate from state & to & ' can be calculated from Fermi Golden rule

which is given by

. 2 |k '~k |2 0y :
woe =22 (Cc|? iy 8 (€ F—efthwio )840
k=4 7 T Tk =% |2+Q2]2[’IA k k L0 :
+( ny. +1 ) S ( G;T—G‘q',—thO ) 80‘0-' (3.3-26)

Again , if we convert the delta function into the k space and substituting Eq. (3.3.26)
into Eq. (3.3.15) and some algebra we obtain the cooling rate in the presence of screen-

ing and the result is given by?2!22

de _ —m; 62( wLO )2 o ek ek +hw10
| (k+VE 4 2m, 00/ B )+Q2 0?
n - 2 >
(k= k2 +2mw;0/ B ) +Q2 (k= k2 H2m,w10/ B ) +Q?2
2
Q (3.3.27)

(k+~ k2 H2m w50/ B ) 4Q2

where N (7.)—N(T;) is the difference in phonon occupation at the carrier temperature

and lattice temperature and is equal to
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NTO=-N (T = L (3.3.28)
T T

where Q is the Debye screening wavevector and is given by?3

1
32me’n, 7

For example at carrier density of 6x10%cm™ and T=500K the value of Q is calculated

to be 1.25x107ecm ™! . In Eq. (3 . 3 . 27) the value of € is given by

-1 (3.3.29)

1
€0 €

o ~

where €., and €, are the optical and static dielectric constanis. At low carrier densities
where screening is not important Q — 0 and in addition the Maxwell Bolizmann statis-

tics can apply the the electron distribution becomes

f(%;_)=exP (n(.—{‘;)= iy

A
T. 2 2mm kT,

exp (W) (3-3-30)

Under these conditions , the integral in Eq. (12) can be worked out analytically 1o give

the equation

de de .
<7t_> =n, <d_[ >1\"I.B‘ (3.3-31)

where <%. >up i given by Eq. (3.3 .18 ). Fig. 3.3 .5 shows the electron energy

loss rate to latlice in GasIlnsP as a function of eleciron temperature with screening
effects included for carrier densities of 1x10*® , 5x10'® and 1x10'9 cm ™3 |, respectively .
The parameters used for this calculation has been described before . As shown in the
Figure , the cooling rate at a given temperature decreases with increasing carrier den-
sity .

The variation of energy loss rate as a function of carrier density is shown in log-

log scale in Fig. 3 . 3 . 6 for the case where the effects of screening has been taken into
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Fig.3.3.5 Electron energy loss rate to lattice via optical phonon interaction as a
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account as calculated from Eq. 3.3.27 for T=500 , 1000 and 2000 K .
Intervalley Scattering

In order to have a complete set of equations describing the dynamical behavior
of carrier density , one also has to take into account the intervalley scattering rate

from I' =X and X —T valley . The intervalley scatlering time as a function of carrier

energy is given by!®

5 13
D r_\'(thO )zm

V2mitpw,; (e —1)

1 1
(x +x1=x2)2 4+ e (x=x,=x,)2 (3.3.33)

Z
X

(TI‘.\' )_l(x )=

where Dry is the deformation potential associated with coupling between T and X val-
leys , p is the material densily , fAw; is the phonon energy ( optical or acoustic )
required to provide the momentum necessary for a transfer from I to X valleys ,

AE

o XD e x o= ca= (2 = . The x 7x; terms in Eq.
KT ! hw; o hw o hw; o hw; o o a

3.3.33 correspond to phonon absorption and emission , respectively . It is also under-
stood that in Eq. 3.3.33 , the electronic energy involved in phonon emission are
x 2 (x+x)) ., where x, is the normalized energy separation .

The total rate of electron transfer from I' to X valleys can be written as'?

dnry 8f r(x) .
d[I |r_,_\' = f————gt— d3k (3.3-34)

The time rate of change of the distribution of electrons in the T valley is written as

9 fgfx ) o = T{jfxx) (3.3.35)

Substituting Eq. 3.3.35 into Eq. 3.3.34 gives the rate at which electrons are transferred
from T to X valleys . These equations were used by Conwell to evaluate the interval-
ley rate of transfer in GaAs when an impressed field increased the electron tempera-

ture above the lattice temperature . Under low excitation power where the distribution



of electrons is Maxwellian the integration can be performed to give the analytical
expression for the transfer rale . However, in our experiments since we are in the high
excitation regime and the distribution of electrons is described by Fermi-Dirac statis-
tics, computer evaluation of the integral is necessary. The importiant parameter enter-
ing the calculation of the transfer rate is the phonon energy Aw; associated with those
phonons imparting the necessary momentum to the electrons. In GaAs , T to X
transfer takes place via electron interaction with LO phonons ®. In other binary sem-
iconductors it is necessary 1o resort to group theory in order to determine which pho-
nons participate in intervalley transfer of electrons. Birman et al. ?* concluded that
the selection rule for phonons depend on the ratio of the group V atomic mass m, to
group IIl mass my;; of the binary. In the case of GaP and InP il is LA phonons that
take part in I'—X transitions. It is also possible that in ternary semiconductors, the
phonon selection rule is relaxed such as in GaAsP, thereby allowing both LA and LO
take part in the I'-X transfer. For GalnP, it is LA phonons that are important in
intervalley transfer 3. Since LA phonon energies for InP and GaP are 25 and 33 mev
, respeclively . one can determine the LA phonon energy in Ga,In,.,P by interpola-
tion . only parameter which is not known for GaslnsP is the deformation potential
and for the calculations we use the value of 5x10% ev/ cm used by Conwell in GaAs .
Using the material density of 4.455gr / cm® and LA phonon energy the faw; = 29 mev,

the Eq. (3.3.34) can be written as

1 1 1
e 2 1 1 2 X 2
oy = 1.12X10%2 f-\'n»\']xz T o™ v (x —xpa+x; )% +e" (x —xp—x,)°

dn
dt

=T (3.3.36)

Trx

Similarly , we can write the total rate at which electrons are transferred from X

to I valley . The transfer time as a function of carrier energy is given by
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1 3
Dev 2(Fuw 2,72 1 .. 1
ryri(x) =20 w)rmr (x +x1)Z+e  (x—x 1)? (3.3.37)
V2mhipow; (e ' —1)

Again we can write

dny _ rdfx o fx(x)
S lxr= [ = d3% -fmaﬂk (3.3.38)

Substituting Egs. (3.3.37) into Eq. (3.3.38) and converting the integral from k space

to energy we obtain®3

dn_\'
dt

3 oo A x .
IX—oI'= 72;X5N\f‘ f-\ (l)dx = n_\ (3.3,39)

1 Txor TxT

Here , the lower limit of integration is dictated by the minimum energy required for
phonon emission . Again using the parameters used for the evaluation of 7ry, the Eq.

3.3.39 can be written as

A b=

1
lyorp = 7.62><103”f__1x% 1\__” \,1 (x +x1)2+e (x —x,)
v=t e gn g

dnr

— (3.3.40)

Fig. 3 . 3 . 7 shows the intervalley scattering times ( 7ry , 755 ) in GasInsP as a
function of carrier temperature for the carrier density of 1x10'8cm™ calculated from
Egs. (3.3.36) and (3.3.40) , respectively . It should be point out that intervalley
scattering time is very weak function of carrier density and as is seen from the Fig.
3.3.7 it is however strongly depends on carrier temperature .

The other factors which effects th dynamics of the carriers in semiconductors are
band filling , dynamical Burstein shift , recombination and gain/loss which have to be

taken into account.
GAIN / LOSS

The absorption coefficient al photon energy kv and at carrier density n. and

carrier temperature 7. is described by
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1
oz(V,n(. ,7“‘ ) =A (h V_Eg )'7 l l—f(- (Z(- Me )—-f (Zh Nh )

where f (x.,y) is the Fermi Dirac distribution and is given by

flxy)=

-1

In equation (3.3.42), the parameter Z, is equal to

7 = m, (hv—E,)
" m, KI.
and
m, (hv—E,)
Zh = ____—'g
my K]c

where m, is the reduced mass of the carriers and is given by

1 _ 1 1
m, m, my
The constant A is expressed as
2m 7 262
m, .3 . - . -
A=y 2 <o K=01E.Flvi=0>12
hz moycn w

(3.3.41)

(3.3.42)

(3.3.43)

(3.3.44)

(3.3.45)

(3.3.46)

where p' is the electron momentum and € is the optical polarization vector. In practice

the value of A is determined experimentally by fitling the measured absorption

coefficient versus the photon energy to the Eq. (3.3.41) at energies share the band gap,

1

and the value we used in our calculation is 2x104 cm™lev 2 . At low excitation power

where the distribution of carriers is nondegenerate { m<0) the absorption coefficient

given by Eq. (3.3.44) is positive at all the photon energies. However, at high carrier

densities where electron distribution is degenerate ( m >0), the absorption coefficient

could become negative . In general one can write



a >0 for hv >E, +F. +F, Absorption (3.3.47)

o <0 for E,+F, +F,>hv >E Gain (3.3.48)

Therefore at high pumping power one expect 1o observe the stimulated emission on the
low energy side of the photoluminescence spectra . The spontaneous emission rate

r(v) into the frequency interval d vabout vis given by 2

1
yz 87 2y2dv
ot e”

rwn, I )=Ahv-E, felZoem) F0(Zh my) (3.3.49)

where n is the refraction index and the rest of the parameters have been defined previ-
ously. So far we have written all the equations describing the optical interactions and
now we derive the temperature dynamics of carriers by considering and energy balance
equations.

The rate of change of the average carrier energy U can be written as®®

% =H()-L() (3.3.50)

In Eq. (3.3.50) , H ( t ) describes the increase in the energy due to optical pumping

and in our expermental situation can be written as
w1, (1)

H()=
]_mlp (r)d T

. . . my
where W is the excess energy of electrons which is equal to m(h v—E,) and I,(t)
h e

(3.3.51)

is the pump intensity which we assume Gaussian shape with FHWMof 8 ps. L({z) is
the energy loss rate due to relaxation, recombination and intervalley scattering which

can be written

de de de a
L (l ) = d_l ]L(‘) + —dl_ linrcrmlh’y + 7 lrccombinmion (3‘3'52)

where the first term is the carrier energy loss due to interaction with LO phonons
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which we discussed in detail and is given by Eq. (3.3.27) and second term is interval-
ley contribution which is the rate which energy is iransferred from I' to X valley and
the last term is loss of energy due to recombination . Note that each time an electron is
iransferred from the I' to X wvalley system, the kinetic energy of electron is reduced

by Awhere A is the separation between I' and X valley . Therefore we can write

d dn
"Tf" |in{rr|'u[/0y =—A dlr |r_._\' (3-3-53)
dnr c . .
where = Iy is given previously by Eq. (3.3.36) .

. 7
For a Fermi gas %(l—- can be expressed as 2°

5
)
du _ 3
rra N

2
2 c .
.3.54
Fl('n)'—F-]('r)) dt (3 )
2z 2

F,y ('T))"
z

-
[y

where F; are the Fermi integrals of order jand m= T
To complete the set of equations which describes the dynamical behavior of sem-
iconductors one also has to include the rate of equation for output photon density ¢(»)
which at high excitation power is broad band .
In general in an optically isotropic lasing medium with ( gain / loss ) coefficient «

, the propagation of the photon density along the direction of medium can be written

as

C4eV) ey (3.3.55)
dz

where z is along the length of the medium and « is the ( absorption / gain ) coefficient
. If >0 ( absorption ) , the photon density will exponentially decrease due to the
absorption along the medium . In the case where o <0 ( gain ) , the photon density

will be amplified exponentially as propagate through the lasing medium .



The Eq. 3.3.55 can be converted to time dependence by considering

dp _d¢pdz _ _ C
s A= a;—gb(v) (3.3.56)

The final set of integro-differential equations describing the time dependence of

electron density n., carrier temperature 7., photon density ¢(v) are as follow :

dnr dn]‘ dn\' nr

— = (1-R) aly, .nr.T. )1, (t ) - Ipo + — 1_\74—7 (3.3.57)
dnx _ _Pr M (3.3.58)
dt Ty Txr
dl. WI,(¢) o dnry de 1
= f AOYE =/, 7w TOhvdy — A —— Iy — == l10 Sy (3.3.59)
d dly;
¢c§tv ) = _CF —:;—a(V,'.nr.Tc)(,'b(V;) (3.360)

In all the equations we assume that electrons and holes have the same temperature
namely 7. Description of the equations describing the time dependence of the dynam-
ical variable n, ,T. ,¢(v) are as follows : In Eq. (3.3.57) , R is the reflectivily constant
and the first term is the generation term which depends on the actual shape of the
exciling laser pulse ; the second term is the rate at which generated electrons from I
valley will be transferred to X valley system ; the third term represents the electrons
which are transferred from X valley to I valley ; and the last term represents the
depletion of electrons by radiative and non radiative process .

The relation between the total life time ( 7,), radiative life time ( 75 ) and non

radiative life time ( 75 ) is in the form of

%:iil (3.3.61)

In Eq. ( 3.3.58 ) the first term is the fraction of electrons in I' valley transferred to X
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valley : and the second term represents the return of the electrons from X valley to T
valley . In Eq. (3.3.59) , the first term is the rate at which laser pulse deposits energy
into the system of carriers . This term has been introduced by D. von der Linde at el.2®
to study the time dependence of carrier temperature in GaAs in a pump and probe
experiment , and the rest of terms represents energy loss routes which has been out-

lined previously and G () is given by

:2_173(77)-%& ()
2 z ’
(3.3.62)

3
Gn)= 5ks Fim=F_ ()

2 2

The bracket in Eq. (3.3.62) is close to unity when n<2 , which implies at RT for car-
rier densities below 2x10%8c¢m =3 .

The integration in Eq (3.3.59) which is the rate which energy is lost due 1o
recombination can be converted to discreate sum in the interval of 5 nm to simplify
the computations. In Eq. (3.3.60) , the first term is the usual absorption of photons
with frequency v in a medium with loss/gain a(v.n..7.) . When « is positive, it is a
loss process which implies the photons generated at frequency v inside the semicon-
ductor will be reabsorbed. However, when a(v,n..7.) becomes negative , the gain
would be established and the stimulated emission could occur which leads to the
amplification of the generated photon density ¢(v) . The first term in Eq. ( 3.3.60 ) is
the same as Eq. ( 3.3.56 ) but a confinement factor Cr is included . In the best double
heterostructure laser where the stimulated emission is confined within the cavity of
laser the confinement factor C» varies between .1 to .5 . The Eq. (3.3.60) is a set of
differential equations which extends from »; to v;,. The broad photon density was
assumed 10 extend from the band gap to 1000 A above the band gap . This interval
then is divided to 10 discreate wavelengths , the first wavelength which is very close

to the band gap correspond to photon energy v; and the 10th discreate wavelength
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would correspond to photon energy vy, . This set of differential equations which
describes the time dependence of the dynamical variables of carrier density ( n. ), car-
rier temperature ( 7.) and output photon density ( ¢(v) ) can be solved numerically
by the computer to obtain the time evolution of ( n..7. .é(v) ) which are the
dynamical variables . This model predicts almost all the observed features of the
short and long wavelength output photon density at high and low excitation power.
In particular, the strong A dependence of the output photon density is correctly
predicted , even in detail down to unusual shapes of the second peak shown Fig. 3.1.2 .

The process mainly responsible for the secondary peak at long wavelength is
cooling of the plasma and downward motion of the Fermi levels . Another possible
mechanism responsible for the observation of the second peak at long wavelength is
the many valley effect which is included in Eq. (3.3.56) and Eq. (3.3.57) and shown
schematically in Fig 3.3.8. Because of the high density of states in X valleys, the elec-
trons are rapidly scattered there during the initial excitation when plasma is still hot
and T valley Fermi level is high. After depletion of the central I' valley by spontane-
ous emission , the X valley electrons return slowly because of the low density of
states in T valley and they cool to the band edge to allow the long wavelength emis-
sion 10 continue .

In our calculation we assume the laser pulse in Gaussian and its time dependence

is give by
;2
L(t)=1, exp{—(T) In2 } (3.3.63)

where T is the FHWM of the pulse which is centered at 1 = 0 and / is the normaliza-
tion constant which can be determined by f: I, (¢ ) dt = No. of photons in the pulse
per unit area .

We use the T=8 ps as measured from two photon fluorescence technique ( see

chapter 2 ) . Fig. 3.3.9 shows the actual shape of the laser pulse which is calculated
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_

Fig.3.3.8 Schematic diagram for many valley effects . In Fig. a . immedi-
ately following excitation the high density hot carriers spill
over into the X valley system and emission begins at both long
and short wavelengths . In Fig. b , after some time when T

valley depleted the carriers in X valley slowly return back to I

valley to allow the long wavelength emission to continue .
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Fig. 3.3.9 The time dependence of a 8§ ps laser pulse as calculated from Eg.

3.3.62 for 10 uj energy . The area under the curve is the number of

photons in the pulse .
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from Eq. (3.3.63) .

Fig. 3.3.10-a shows the electron density in the I valley as a function of time for
excitation power fluence of 10 MW/ cm?. 11 shows in about 15 ps the electron density
reaches its maximum value of 8x10'7 ¢m ™3 and then it decays exponentially . The time
dependence of electrons in X valley is shown in Fig. 3.3.10-b . It shows that electron
density in X valley reaches the maximum value of ~1.4x10* ¢m™ in about 30 ps ,
and then it decays much slower than the electrons in T valley . Fig. 3.3.11 shows the
time evolution of c¢lectron temperature as calculated from Eq. 3.3.59 for excitation
power of 10MW/ ecm? It shows in about 1 ps the electron temperature reaches 1100 K
and then it cools down 1o lattice temperature in about 20 ps .

The computed normalized output photon density at short ( 610 and 620 nm )
and long ( 630 and 640 nm ) wavelengths are shown in Fig. 3.3.12 a-d , respectively
for excitation power fluence of 10 MW/ cm? . For the above calculation we used 7 = 40
ps which is the decay time of the time resolved at long wavelength near the band edge
emission ( see Fig 3.3.1 a ) and we assume the photon density reaches its maximum
value in about 5 ps following the excitation pulse and then it decays according to Egq.
3.3.60 . The value of confinement factor used for the calculation is set to be
Cr = 3x1073 . As can be seen from the Fig. 3.3.12 there is no secondary peak present at
long wavelengths . These curves are the computer simulation of the carrier density ,
carrier temperature and output photon density at four different wavelengths .

When excitation power fluence increased to 25MW / cm? , the results were similar
to the case of low excitation power fluence of 10MW / cm? . The time dependence of
electron density , carrier temperature and output photon density is shown in Fig.
3.3.13 , Fig. 3.3.14 and Fig. 3.3.15 a-d , respectively . The only feature which is
different from the result of the low excitation power is the presence of a small tail at
output photon density of 640nm which is shown in Fig. 3.3.15d .

When excitation power fluence increased the level ~50 MW/ cm? the calculated
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a - The electron density in I" valley as a function of time for

excitation fluence of 10MW/ em? and Dry = 5x10%ev/cm .
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b - The electron density in X valley as a function of time
for excitation power of 10MW/ cm? and Dry = 5x10% ev /
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results were different. Fig 3.3.16 -a shows the time dependence of the electrons in the
I' wvalley . The electron density in I valley reaches the maximum value of
~4x10*%cm ™3 in about 15 ps and then it decays exponentially . The time dependence
of electron density in X valley is shown in Fig. 3.3.16 - b and it shows after 30 ps the
electron density reaches the maximum value and then it decays exponentially . Fig.
3.3.17 shows the electron temperatufe as a function of time for excitation power
fluence of ~50MW/ cm™3 . It shows in about 1 ps the electron temperature reaches
1100 K and then it cools for 5 ps and then it rises again for a while then it cools to
lattice temperature in about 24 ps . This complex time dependence of temperature
arises from the strong temperature dependence of intervalley scattering term .

The most interesting results of the computation is the time dependence of the
output photon density . Fig. 3.3.18 shows the computed normalized output photon
density at short ( 610, 620nm ) and long ( 630 , 640nm ) wavelengths , respectively .
At short wavelength of 610 , the general trend is the same as in the case of low power
fluence of SMW/ cm? ( compare Fig. 3.3.12 -a and Fig. 3.3.18 -a ) . However at long
wavelength of 640 nm , the tim: :lependence of output photon density is quite
different . In this case , the unusual second peak is present and is separated from the
main peak about 50 ps .

Comparing the computed results of the Fig. 3.3.12 and Fig. 3.3.18 with the
experimental results which is shown in Fig. 3.1.1 and Fig. 3.1.2 shows that the the
overall agreement between experiment and theory is seen 1o be quite good . In order to
see the similarity of the experimental result and the theoretically calculated curves we
have superimposed the experimental output photon density at long wavelength (
A >620nm ) measured by streak camera shown in Fig. 3.1.2 -b and the computed
result at long wavelength of 640 nm shown in Fig. 3.3.18-d . This is shown in Fig.
3.3.19 and it shows the theoretically calculated curve fits the experimental curve rea-

sonably well .
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To investigate 1he effect of confinement variation on the shape of the output pho-
ion density , we also calculated the temporal profiles at different wavelengths for
different confinement factors . Fig. 3.3.19 and Fig. 3.3.20 shows the output photon
density at different wavelengths at excitation power of 50MW/ cm? for Cp = 1.5x107?
and Cr = 6x1073 , respectively . By comparing the Fig. 3.3.20 and Fig. 3.3.21 we see
that the smaller the confinement factor results to longer decay time at short
wavelengths and higher intensity of secondary peak at long wavelengths .

The other factor which entered our calculation is the deformation potential Dy .
To investigate the effect of deformation potential variation in the theoretical calcula-
tions we changed the value of Dy by a factor of two . The time dependence of elec-
tron density, carrier temperature and output photon density is shown in Fig. 3.3.22 ,
Fig. 3.3.23 and Fig. 3.3.24 , respectively for deformation potential of Dy = 1x10° ev /
c¢m . In this case the lime dependence of electron density in I' valley is very similar to
the case of Dry= =5x10% ev / ¢cm ( compare Fig. 3.3.22- a and Fig. 3.3.10-a) . But the
time dependence of electrons in X valley is different . In this case , the electron density
reaches its maximum in about 60 ps and then they return back to the I' valley much
slower . As shown in Fig. 3.3.23 and Fig. 3.3.24 the time dependence of electron tem-
perature and output photon density remained unchanged .

Similar calculations were performed for smaller deformation potential by a fac-
tor of two namely Dy = 2.5x108 ev /cm . The time dependence of eleciron density
and electron temperature and output photon density is shown in Fig. 3.3.25 , Fig.
3.3.26 and Fig. 3.3.27 , respectively for excitation power of 50MW / cm? . In this case
again as we can see the results are the same as before and only this time the electron
density in X valley decays faster than before . From these calculations we can con-
clude that the variation of deformation potential will not effect the shape of the out-
put photon density at different wavelengths . The factor which has a significant effect

in the shape of the output photon density is the confinement factor Cr .
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The main physical process involved in the observation of the second peak at long
wavelength is the downward motion of the Fermi levels due to cooling of carriers and
depletion of the carriers due 10 spontaneous and stimulaled emission. The Fermi lev-
els are thus moved down rapidly, which by Eq. (3.3.41) converts the absorption
coefficient (a >0, loss ) to the gain coefficient ( &« <0, gain) .

Fig. 3.3.28 shows the Fermi level of electrons in T valley as a function of time
for excitation power fluence of 10 and 50 MW/ cm? . At low excitation power of
10MW / ecm? |, the Fermi level of electrons in T valley is mostly below the conduction
band and only between ¢t =15 and =35 ps the Fermi level is above the conduction
band and its maximum value is around 10 mev . So in this case there is no gain which
means « is always positive for all the wavelengths . However , at excitation power of
50MW / cm? the Fermi level is moved up into the conduction band for most of the
time . In this case the behavior of o at different wavelengths is described by Eq. 3.3.47
and Eq. 3.3.48 .

The phenomena observed here , especially the dynamics of the carriers could play
a role in the performance design and fabrication of semiconductor lasers .

In conclusion we have used picosecond time resolved spectroscopy lechnique to
observe some novel picosecond laser dynamics in high quality MBE grown GalnP sem-
iconductor we also have shown that a model which includes the broad band stimu-
lated emission and intervalley scattering accounts for the most of the observed

features of our experiment .
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CHAPTER 4

Time Resolved Photoluminescence Spectra of
Ga, In;—, P under Picosecond Laser Pulse Excitation

measured by a streak camera

In this chapter , the experimental technique involved in the measurements of
photoluminescence spectra in Ga,Ing—,)P (x =.56) with 10 ps time resolution using a
streak at various times following the exciting picosecond laser pulse will be presented .
From the theoretical fitting of photoluminescence spectra we have determined the time
evolution of the carrier density and carrier temperature . We measured that the carrier
energy loss rate to be slower than predicted from a simple model assuming a Maxwell
Boltzmann distribution function . This is attributed to the screening of the hot carrier
energy relaxation under high carrier densities . Integro-differential equations describing
the time dependence of carrier temperature in the case of Maxwell Boltzman distribu-
tion , Fermi Dirac distribution and in the presence of screening have been solved and

the results are compared with the experimental data .

February 10, 1985
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4.1 INTRODUCTION

Information about the dynamics of hot carrier energy relaxation in highly
excited semiconductor is important and fundamental in the design and fabrication of
high speed devices . Time resolved absorption and luminescence spectroscopy of sem-
iconductors provides direct information about the evolution of the carrier density as
well as the distribution function'. To study the ultrafast processes in semiconductor
there are a variety of direct and indirect techniques such as pump and probe?,optical
Kerr gate?, upconversion gate®, and streak camera®. Energy relaxation of low density
carriers in GaAs has been studied by Ulbrich by measuring the photoluminescence
spectra under nanosecond laser pulse excitation®. From the resulls of picosecond
reflection measurements Shank at el.” concluded that in GaAs , carriers with initial
energy .6 ev lose their energy and thermalize with the lattice in about 2 ps . In most
of the experiments done 1o date , the semiconductor samples were excited at low tem-
peratures . There has not been that much information available in the literature about
carrier energy relaxation at room temperature even though most of the electronic and
optical devices fabricated from semiconductors are used at room temperature .

Steady state photoluminescence spectra of Ga,In;_,P alloy system has been
reported by many groups at different temperatures . The main objective of these meas-
urements was to characierize the band structure of Ga,In;.,P and to determine the
cross over composition . Kressel et al.® studied the photoluminescence spectra of
GaslnsP grown by VPE between 4.2 and 300 K at various doping levels . At very low
temperature , four major emission bands were identified , involving intrinsic recombi-
nation , donor-1o valence band transition , conduction band to acceptor transitions and
donor 1o acceptor transition . The intrinsic recombination dominatied when T > 150 K
. The value of shallow donor ionization energy was determined to be 7+ 1 mev , the

same value as in InP . The spectral data of Cd doped samples ( with p doping varying



- 90 -

from 1.8x10' to 9.3x10'7cm ™ ) suggestied a consisient shift of acceplor ionization
energy to lower values with increasing doping .

In steady state photoluminescence where usually the excitation source is the low
power ( 10-100 mW ) argon laser , the density of phologenerated carriers is less than
impurity concentrations , therefore impurities play a major role in the photolumines-
cence spectra . When carriers are photogenerated above 10'8c¢m~3 by picosecond laser
pulse , the emission spectra will be the result of radiative recombination of electron-
hole plasma . In this chapter , we report on the measurements of the time
resolved spectra of Ga, In(;—,)P (x =.56) at room temperature 1‘1sing the streak camera as
the detection system . The photoluminescence spectra at various times were fitted 1o
the theoretical expression for direct iransitions . From the fitting , the time evolution

of the photogenerated carrier density and distribution function has been determined .
4.2 EXPERIMENTAL METHODS

The experimental setup used in this research has been described in detail in
chapter 2 . A second harmonic (527 nm) of the Nd : glass laser pulse of 8 ps duration
was used to excite the sample of Ga( -, In, P(x =.56) on the front surface . The excita-
tion area was measured to be approximately 8x103cm? . The sample was 1.5 um
thick , moderately pure (10%m™* ) and grown by VPE on a GaAs substrate . The
composition of the sample was determined from the calibration of the band gap versus

composition of ° . The band gap of the sample was determined to be 1.903 ev at room

temperature from the direct relationship E, =h v,,—%-kT where hv, is the peak energy

in the low power sleady state photoluminescence spectra and %kT accounts for the

direct transition of the carriers . The photoluminescence of the sample was collected
by a combination of lenses and imaged into a 30 um slit of a Hamamatsu streak cam-

era . The output was detected by temporal analyzer and computer for data analysis .



- 9] -

The time resolution of the detection system was approximately 10 ps . Various nar-
row band filters centered at different energies were placed in front of the streak cam-
era 10 select different spectral regions of the photoluminescence spectra corresponding

to carriers with different energies .
4 .3 EXPERIMENTAL RESULTS

Time resolved photoluminescence profiles at different energies are shown in Fig.
4 .3 .1 for an excitation pulse of 60 wJ . We used N(E,1) = A [ exp( —%:—t-—) - expl(
d(E)

—t

- ) ]} to fit the experimental time resolved profiles of Fig . 4 .3 .1 to determine rise
r(E)

and decay times of the emission at different energies . In the above equation , N(E,t)
is the number of photons detected al energy E where E is the central energy of the
narrow band filter ,7,(E )and7, ) are the decay and rise time of the time resolved
profiles at energy E , A is the proportionality constant . The vertical scale of the time
resolved profile at E=1.981 ev has been normalized to 1000 counts and the rest of the
vertical scales are relative to E=1.981 ev for comparison . All the time resolved
profiles shown in Fig. 4 . 3 . 1 are corrected for nonlinearity of the detection system ,
streak camera tube spectral response and the transmission of the narrow band filters .
Each time resolved profile shown in Fig. 4 . 3. 1 was repeated several times and devia-
tion in the vertical scale was less than 5% . The salient features of the time resolved
profiles shown in Fig. 4 . 3 . 1 are as follow : The rise time 7,(E£) of the emission
increased moderately from 10 ps at E=2.107 ev (Fig. 4 . 3.1 - a ) to 18 ps at E=1.919
ev (Fig. 4 . 3 . 1f) . The decay time of the emission 7,(E) increased from 47 ps al
E=2.107 (Fig. 4 . 3.1 - a) to 310 ps at E=1.919 ev near the band edge (Fig. 4 .3 . - 1f
) . Figure 4. 3 . 2 shows the plot of the rise time of the emission vs energy. The vari-
ation of the decay time with respect to energy is shown in Figure 4 . 3 . 3 . Since the

number of photons detected N(E) dE at different energies decayed with different decay



_92 -

600 T T T 900 T r T y r .
a) E ] b) 3
E~2107 ev ] 3 E-2081ev ]
G-i0ps  J 700 £~ Telops
2 400 3 G4 ’(;.70;:
3 3 3 so
* 3 k]
n
gt 1.
Z ™ E 2 w0
3 Z .
100
0 .
400 o 100 200 300 400
1 T
000 T T T y r . S ]
3 d 3 3
3 E=1.981 ev E=2.046¢v 3
W T-i2ps Tat2ps 4
- T=i50ps " Tg=86 ps :
600 £ E g 3
g 3
3 3 3 — E
8 - 3 3 3
-
g ] ; -
400 E 3 "
w 3 3 @ 3
= -~ 4 Z E
w
Z 200 E- E __
3 3 A
0 L 1 A 1 X 1 N ™
0 100 200 100 400
T () 200 - . : ‘ , -
L] l s l 1 = e) E
f) b= =
7 - E=1.945ev }
E=i919cv 3
€00 f- Cetsps 3
T-is ps 3
. Q-ZlOm
T-310ps "
g
- S b
g 5 400
3 A K
s \/ A '|
3 \__: ’%: l
a ; Z 100 |
2 |
Z
B {
E I 3
0 s | L ! 3 1 '
. ! . Lo ] . 0 100 200 300 400
0% 100 200 300 400 .

Fig. 4.3.1 (a)-(f) Time resolved photoluminescence profile of Gassln 4P at
energies of 2.107 , 2.081 , 2.046 , 1.981 ,1.945 and 1.919 ev

, respectively .



RISE TIME (PS)

-03 -

20 LI I | l ¥ I T l 1 [ T l 1 l 1 l ] l L) l 1 | T I ] j T |
E ]

t o ]

: ]

O .

15 [~ —
L 9) j

[ ! o) i

I T o i

; o _

X J

10 — o0 O 0o —
| -

5 i I SUEE R WAV NN RNSATUN ST TN UUNY VU U TR N UU ST N | ST ]

580 590 600 610 620 630 640 650
WAVELENGTH (nm) |
Fig. 4. 3.2 Plot of the rise time of the time resolved photoluminescence

profiles as a function of the energy .



DECAY TIME (PS)

- 94 -

s [TrTTrTrTrrTror vt T T
L o A
300 N —
- ]
250 -
I .
200 |- ° ]
- o ]
L -
150 | o) -
i 1
100 L ]
i o ]
- o ]
0 - o ° } | _'
O i PR SR NNC VOO JUNE SN SN TS ST AN SN SUNY 0N NN TN PUNTN NN NN O
580 590 600 610 620 630 640 650
WAVELENGTH (nm)
Fig. 4.3 .3 Plot of the decay time of the time resolved photolumines-

cence profiles as a function of the energy .



- 95 -

time we have plotted N(E,t) versus E to obtain the photoluminescence spectra at
different times . Figure 4 . 3 . 4 shows the photoluminescence spectra at 1=0, 25 , 50,
100, 150, and 200 ps . The circles are the experimental results and the solid lines are
the theoretical line shapes assuming direct transitions of the carriers with k conserva-
tion . Theoretical fitting will be discussed in the nexi section . The photoluminescence
spectrum at t=0 ps (Fig. 4 . 3. 4 - a ) is very broad with FHWM of ~ 200 mev . At
longer times the spectra become narrower and the maximum shifts 10 lower energies .
The slope of the high energy tail becomes steeper reflecting the cooling of the carriers .
At t=200 ps (Fig. 4 . 3 . 4 f ) the peak of the spectrum is around 635 nm with
FHWM of ~ 100 mev . The decrease in the FHWM of the spectra with time is due to
the reduction of the photogenerated carrier density by recombination and possibly
plasma expansion!® . Comparing the spectra at t=0 ps and t=200 ps shows that the
intensity of the photoluminescence around the band edge (645 nm) increased with

iime .
4.4 Recombination Models

In order to obtlain information about the carrier density and carrier temperature
a line shape analysis of the photoluminescence spectra is necessary . There are various
recombination channels in a photoexcited semiconductor . At low temperatures one has
to consider the possibility of recombination due to different sources like exciton
recombination , intrinsic emission , donor to valence band ( D-B ) , conduction band to
acceptor ( B-A ) and donor to acceptor ( D-A ) . Depend upon the experimental condi-
tion of temperature or excitation power fluence one can eliminate some of the above
recombination models . For example , at room temperature where the thermal energy
of carriers ( kKT = 25 mev ) is larger than the exciton binding energy ( typically 5-7
mev ), it is very unlikely to observe the photoluminescence due to excitons . Also at

high carrier densities achievable by picosecond laser pulse , the exciton state becomes
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unstable due to the screening of the Coloumb interaction . Furthermore , the density
of photogenerated carriers exceeds the impurity concentration , therefore the recombi-
nation is most likely arises from band to band recombination of e-h plasma . In this
case , the electrons in conduction band can recombine with holes in the valence bands
either by direct ( k-selection ) or indirect transition (non-k-selection ) .

For a direct transition , the spontaneous emission intensity at pholon energy #w

can be written as

I(hw) ~3 3 IM (ke k) 12 (ko) fn (ky ) 8Ck,—ky, )a(hw—Eg—Efe—E,f"' ) (4.4.1)
Poe

where 7k, and hk, are the momenta of electrons and holes , M (kj,k,,—') is the transi-
tion matrix , f. (k, ) and f, (k, ) are the probability of occupation of electrons and
holes , E, is the band gap , Ef:and E,f; are the kinetic energy of electron and holes .

In order to obtain an analytical expression for the spontaneous emission intensity
at photon energy Aw the summation in Eq. 4 . 4 . 1 is converted to integral in k space

and we have

d3k d3 . ,
I (hw) ~ | - fW’ | M 12 [ (k) [ (ky) 8k, =k, ) 8(hw—E, —Es<—E," ) (4.4.2)

where in direct transition we have k, = k, . After performing the first integral we

obtain
d3k 2 e hy, e h .
I(hw) ~ 5 M 12 f (%) f,(e™) 8k, ~k,) 8w — E, — €f—€/') (4.4.3)
2
Further simplification of Eq. 4 . 4 . 3 can be obtained by considering €f =f212n]j ;
o Wk . .
€i=—— and thier sum can be written as
h
27, 2 27,2
e“'+€['=hk 1 +L)=hk =g, (4.4.4)

2 m, my, 2u
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where u is the reduced mass of electron and holes . Therefore , Eq. 4 . 4 . 4 can be

writien as

1 () ~f%f%‘% M 127, (%) f4Ce )8 (komky )8 (ho— B, — €5 — ')

(4.4.5)

1

r|

—1
After substitution of k2=(%1-/2i)€k and dk =(2—’;Z_7 €, °de;, in Eq. 4 . 4 . 5 and

assuming the transition matrix is independent of energy we can write

1
J(w) ~ (hw=E, )% fo( — (hw—E,) . F) [y (—— (h—E,) . F, ) (4.4.6)
) h

m, +my m.+m,

where f ( x ,y ) is the Fermi Dirac distribution function is given by

f(x .y)=

-1
x—y
1+e ] (4.4.7)

In the case of low carrier densities where Maxwell distribution applies , the Eq. 4.4 .

6 can be written as

_ hw—E,

—7 (4.4.8)

1
1 (hw) ~( hw—E, )Zexp

The peak energy of photoluminescence described by Eq. 4 . 4 . 8 is al Auwp,, = E, +%kT

and its FHWM is about 1.8 kT . At low carrier densities , the carrier temperature can
be extracted from the shape of high energy tail of the photoluminescence spectra . This

is done by plotting the intensity of photoluminescence vs. photon energy on a semilog

paper . The result is a straight line and the slope of this line would be _?17"— . This

method has been used by Shah at el.!! to study the effect of pumping intensity on the
carrier temperature .
For an indirect band to band transition ( non-k-selection ) one can go through

similar derivation and after some algebra , the spontaneous emission intensity at



- 099 -

photon energy fw in a semiconductor with band gap E, for non-k-selection rule can be

writlen as!?

E'-F,

- 1

hoy i = R
1) ~ [ FE T (hw—E,~E )7 |14e & (4.4.8)

-1
hm—Eg—E !
1+e kT

Again in the limit of low excitation power where Maxwell Boltzmann statistics
can be applied , Eq. 4 . 4 . 8 simplifies to
~(hw—E,)
I(w)~ (hw—E, ¥ e (4.4.9)
The peak of the photoluminescence spectra described by Eq. 4 . 4 . 9 is at
hwmax = E, +2kT and its FHWM is 3.4 KT .
In order 1o see the difference between the shapes of the photoluminescence spectra
of direct and indirect transitions , the theoretically calculated spectra in GaslnsP at
room temperature for n = 1x10® and 5x10'8 ¢mn ™3 is shown in Fig. 4 . 4 . 1 and Fig. 4 .

4.2, respectively .
4.5 THEORETICAL FITTING

In order to determine the carrier temperature and photogenerated carrier den-
sity at different times the photoluminescence spectra of Fig. 4 . 3 . 2 were fitted to the
theoretical expression of line shape assuming direct transitions . The photolumines-
cence spectra neglecting the effect of the reabsorption of the emitted photons through

the epilayer can be described by 13

me

1
N(EYE ~E?(E-E)?f, | ———(E—E,),
2 ( 2" m, +m,,( Ee ) e my, 4m,

fh l T (E—Eg)./.l,/, dE (4.5.1)

where N (E)dE is the number of photons detected within energy dE of energy E , Eg is
the reduced band gap , f. and f, are the electron and hole occupation probabilities

which is given by



INTENSITY (AU

Fig.d.4.1

INTENSITY (A.U)

lzot T 1 1 { T T T

T=30K

100 =3
Eg' 1.9ev \
80
60
0 -
60

(r" Ty

g — oy
.

o
SN RARRN LA

i SR l !

580 600 620 640 6

WAVELENGTH ( nm)
{a) - The calculated photoluminescence spectra in Ga yln P at RT for

carner density of 1x10'® for the case of direct transition { k-

selection rule ) .

T T T

WAVELENGTH ( nm )
(b} - The caicuiated photoluminescence spectra in Ga uln P at RT for

carrier density of 1x10'%m =* for the case of indirect transition ( non-
k-selection rule ),



-101-

]20 :Tﬁ' o [ NI A T T [ v
' E
[
o
L
100
E’ \
£ : \
-~ 80
2 3
< -
A b N .
-~ b
= 60 !
2 C
8
- N
£ 4w E
3
20 £
3 1
0 F ! { L { { %
580 600 - 620 640 660
WAVELENGTH ( nm)

Fig.4.4.2 (a) - The calculated photoluminescence spectea in Ga gln 5P at RT for
carrier density of Sx30'%am =} for the case of direct transition { k selec~
tion rule),

120 ! | L T T T T ]

o ]

32 3

E ]

L 3

100 -

- 3

£ 3

3% F —;
< E 1
N’ L . _;
N :
Z r 3
73] E 3
= e .
Z = b
T 40 3
3 z

20 F. ]

5 3

e 3

0 3 d A i | | I i
580 600 620 640 660

WAVELENGTH ( am)
(b) - The calculated photoluminescence spectra in Ga ln P at RT for
carrier density of Sx10**m~* in the case of indirect transition ( non-

k-selection rule} .



- 102 -

. (e—u;) |7

| = 5.2
T for i =e ,h (4.5.2)

1

file, p)=

where T; is the carrier temperature . In Eq. (4 . 5 . 1 ) the recombination matrix ele-
ment is assumed to be independent of the carrier energy .

The carrier density for a degenerate distribution is given by

n=N.Fy(n;) for i=e ,h (4.5.3)
2am kT 3
Tkl (7 i . L
where N, =2(—-ZT)2 and 7); =_:T . The F,.(m;) is the Fermi integral and is given

by 1

x7 dx . (4.5.4)

— 1 “
FJ- ('r),- )= I—(j_*_lj f() 1+exp(x _ni)

Since u, and w, are related to carrier temperature by equation (3) through the Fermi

integral we used the approximate analytical expression for m given by 13

n n n — n — n
3 —4. =3 ()2 +1. 4 3-4. 6 A S
N ) + .353 (Nc )—4.95x%10 (Nc )? +1.48x10 (Nc )3—4.42x10 (Nc )+

Nn=1In (

for simplifying the fitting procedure . The equation (4 . 5 . 5) is accurate at low carrier

"_)<1 and at high carrier densities (——) ~ 15 there is less than 5 % error

densiti
ensities ( A A

in calculation of Fermi levels . To determine the carrier density (n) , reduced band gap
Eg and carrier temperature (7, ) we have fitted the time resolved photoluminescence
spectra to Eq. (4 . 5. 1) assuming electrons and holes have the same temperature . At
t= 200 ps (Fig. 4 . 3 . 1f) the carrier temperature was assumed to be the same as room
temperature namely , 7.= 300 K and Eg and n were treated as parameters to obtain
the best fit between the experimental photoluminescence spectrum and the theoretical
line shape given by equation (4 . 5.1 ). The best fit was obtained when E,=1.913 ev

and n = 3.4x10'® ¢m ™ . The reduced band gap obtained from the fitting of the spec-



trum at 1= 200 ps is lower than the band gap by ~ 10 mev as a result of band gap
renormalization at high carrier densities’®!”. The fact that we assumed that the car-
riers are in thermal equilibrium with the lattice at =200 ps is juslified by the fact
thatl the carrier temperature drops at the rate of ~ 1000 K/ps assuming a Maxwell
Boltzmann distribution function!8. For the rest of the photoluminescence spectra we
used the value of £=1.913 ev as a fixed parameter and carrier temperature (7, ) and
carrier density (n) as dynamical variables . The best fit of the experimental data of
Fig.4.3.4 to Eq. 4.5.1 was when n=6.6x108cm ™3 , T, = 725 K for t= 0 ps spectra (Fig. 4
.3 .4 a);n=6.1x10"%m ™3, I'.=540 K for 1= 25 ps (Fig. 4 . 3.4 b) ; n=5.6X10"%cm ™3,
T. =445 K for t= 50 ps spectra (Fig. 4 . 3 . 4 ¢) ; n=4.7x10%¥cm™3 | 7.=325 K for
1=100 ps spectra (Fig. 4 . 3 .4 d) ; n=4.2x10%cm =3, 7.=310 K for t= 150 ps spectra
(Fig. 4 . 3. 4 e) and n=3.4x108cm 3 and 7T..= 300 K for t=200 ps spectra (Fig. 4 .3 . 4
) . The theoretical fits are shown by solid line in Fig. 4.3.2 . The main objective of the
fitting was to obtain the best fil on the high energy side of the photoluminescence
spectra where the effect of the band gap renormalization and band filling is not impor-
tant . The time dependence of the photogenerated carrier density as determined from
the fitting is plotted in Fig. 4 . 5 . 1 . The experimental points of Fig. 4 .5 . 1 were

fitted to the equation

n(t)=n(0) exp (-;) (4.3.6)

where 7 is the time were the carrier density drops to % of its initial value . The best

fit was obtained when 7=290+ 10 ps . Note that this value is very close 1o the decay
time of the time resolved profile near the band edge (see Fig. 4 . 3 . 1f) . The carrier
temperature obtained from the fitting of the time resolved photoluminescence spetra is
plotted in Fig. 4 . 5 . 2 as a function of time by circles . The dot-dot curve is the
theoretically calculated curve assuming M . B . distribution , the dot-dash curve is cal-

culated for F . D . distribution function and solid line is calculated when the effects of
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screening of hot carriers has been taken into account . The calculation of these curves

will be discussed in the next section .
4.6. DISCUSSION

Excitation of Gaseln 4P (E,=1.903 ev) by a 527 nm (2.34 ev) picosecond laser

—mh—(h v; —E,)=.35 ev in the conduc-
h

1 R
pulse creates electrons with initial energy of e

m,

tion band and holes with excess energy of —
m, +m,,

(hv,—E;y=.09 ev in the valence

band . The photogenerated carriers lose their energy by interaction with LLO phonons
as long as their temperature is above 40 K . The average rate of energy loss due to

carrier LO phonon interaction for a Maxwell Boltzmann distribution is given by!®

1 e
Xo 5 X
de xu—u\r_l (——)Ze 2 K()( 3 )
<Z= >=-p 4.6.1)
dt T v/ 2 (
where P, is a parameter independent of carrier temperature and is given by
3 o1
P, = 3.54x101 [hww(mev) 2(Meyz |11 ev (4.6.2)
m €, € sec
hwro _hwio

y X = and K 4(x ) is the modified Bessel function

In equation (4 . 6 . 1) x,=

N %7,

[

of zero order and the rest of the parameters have their usual meanings . Since elec-
trons in conduction bands are Fermi gas , the average energy <e> of electrons is %kTC

assuming the electrons can be described by M . B . distribution function . Therefore

darT.
10 obtain the
dt

the left hand side of equation (4 . 6 . 1) may be replaced with -g—k

differential equation describing the time evolution of carrier temperature . For

Ga 56ln 44P this equation simplifies to
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1 e

3,7 Xe

5 )2e 2 Ko > ) £ (46.3)
v/ 2 ps

Xe

(

dT.

e Ve
e '—1

= —8x10°

To determine T. vs t from Eq. (4 . 6 . 3) we used the value of m,=.094 for electron
effective mass 1%, €,.=11.6 ,,=9.1 and 48 mev for the LO phonon energy?°. The Eq.
(4 . 6 . 3) has been solved numerically by computer to obtain the time dependence of
the carrier temperature . This is shown in Fig. 4 . 5 . 2 by a dot-dash curve and it
shows that in the case of a Maxwell Boltzmann distribution (n < 0) the carriers are
thermalized with the lattice temperature in less than 1 ps for the initial temperature
of 725 K . In Gasln P the distribution of electrons is degenerate when
n > 3.5x107cm™3 and one has to consider the Fermi Dirac distribution function . The

cooling rate in the case of F . D . distribution is calculated by Bauer and Kahlert and is

given by?!
1
de _ _ _ L) 1 oo l _ 1y € \T
<> = P () s Ny [ f (€11 (e fsinh ()7 d e
- 1
— (N, +1 )fo f (e+xcy|1—1 (€) ]sinh—l(xe )2 de (4.6.4)
1 . . 1
where N, = —Fa— IS the occupation probability of phonons . In the case of F . D .
e T —1
distribution the changes in carrier temperature is given by??
5 3
~F3(m) ZF;(n) :
2 = 2 = aT
de 3 2 2 c (4.6.5)

@ 2| TF (n) F L (n) | &
Z 2z

where F; is the Fermi integral of order j and n=':—} . When (n <2) the bracket in Eq.

(11) is close 1o unity . The Egs. (4 .3 .6),(4.6.4) and (4.6 .5) together give a

complete description of the time evolution of carrier temperature in the caseof a F. D
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. distribution They have to be solved together to yield the time dependence of the car-
rier temperature . Note that carrier temperature and carrier density are both dynami-
cal variables and change with time . The time evolution of carrier temperature in the
case of the F . D . distribution is given by Eq. 4.6.5 and has been solved numerically
assuming the initial carrier temperature to be 725 K . The result is shown in Fig. 4 . 5
. 2 by a broken line and it shows even in the case of a F . D . distribution the carriers
are thermalized in less than 3 ps . The temperature of carriers determined from the
fitting even at t= 50 ps is around 450 K and shows that the carriers are not thermal-
ized with the lattice.

In order to calculate the changes in carrier temperature at high carrier densities
one has to take into account the effect of the screening of the carriers . This topic has
been discussed in detail in chapter 2 and here we only write the rate at which carriers
lose thier energy .

The equation describing the rate of energy loss of carriers in the presence of

screening is given by

de _ —m.e*(wp )P o € €, thwro
TR Nio (T)= Nyo (T1) | [, kdk | f A
o | AR+ 2mews0/ Y+Q? | 0?
(k—VEkH2m w0/ 1) +0?2 (k=K 42m, 050/ B ) +02
, .
Q (4.6.6)

(k+VE+2mw,0/ B ) +02

where N (7.)—N(T;) is the difference in phonon occupation at the carrier temperature

and lattice temperature and is equal to
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N(T )—N(T; )= 1 - ! (4.6.7)

huy o hw; o

T T
e <=1 e 'L -1

where Q is the screening length and is given by?*

1
32me’n, 7

Q =( eOkBTC (4-6-8)
In Eq. 4.6.4 , the value of € is given by
1-1_1 (4.6.9)
€ €x €

where €, and €, are the optical and static dielectric constants and the rest of the
parameters have been defined previously . The values of thses parameters are the same
as the one we used in the case of F . D . distribution . At low carrier densities where
screening is not important Q — O and in addition the Maxwell Boltzmann statistics can
apply the the electron distribution becomes

___th 2
2m kT,

3
2 il
h 2

i )2exp (

KT

€, n.

7 T

f( )=exp (1, — ) (4.6.8)

Under these conditions , the integral in Eq. (4 . 6 . 6) can be worked out analytically

to give the equation

de de
o= < S P (4.6.9)

where < (fi_te >uz is given by Eq. (4 .6 . 1) . To obtain the time evolution of carrier

temperature in the presence of screening we solved the Eq. (4 . 6 . 6) numerically con-
sidering the fact that carrier density is a dynamical variable and its time dependence is
given by Eq. (4 . 3.6) . The resull is shown in Fig. 4. 5 . 2 by solid line . The cooling
curve fits the experimental data well for (1 <50 ps) and at longer times there is some
deviation . This curve shows that carriers with initial temperature of 725 + 25 K lose

their energy and reach the temperature of 325 + 25 K in about 100 ps . One of the
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reasons that the theoretically calculated cooling curve from theory is slightly off from
the experimental data is the fact that one has 1o consider other factors such as energy
loss to coupled plasmon phonon modes? , the population of nonequilibrium phonons?®

and plasma expansion due to Fermi pressure?” .
4.7 CONCLUSION

In conclusion we have measured time resolved spectra of Ga s¢ln 4P with 10 ps
resolution . From the theoretical fitting of the photoluminescence specira we have
oblained the time dependence of the carrier temperature . The theoretical time depen-
dence of carrier temperature in the presence of screening has been determined and com-
pared with experimental data . It is found that the electron phonon interaction has
been reduced as a result of the screening of the carriers. The rate at which carriers lose
their energy has been reduced from 100 K / ps (in the case of F . D . distribution) to 4

K / ps (in the presence of screening) .
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CHAPTER 5§

Time Resolved Kinetics of e - h plasma in GaAsP

under Intense Picosecond Laser Pulse Excitation

5.1 Introduction

Information about carrier recombination rates are essential in the design and
implementation of semiconductor lasers , light emitting diodes and electro-optical
switches' . Over the past three decades a great deal of effort has been devoted to the
understanding of radiative and nonradiative processes in semiconductors? . The relia-
bility of photonic devices has to be tested under extreme operational conditions , and
any deviation from. linearity may limit their applications . Most of the problems
encountered regarding nonlinearity has been attributed to loss mechanisms associated
with the nonradiative Auger process . Therefore , it is important to determine the
radiative and nonradiative recombination rates in semiconductors under high excita-
tion power . There are a variety of direct and indirect techniques 1o measure or esti-
mate recombination rates in semiconductors under current injection or laser pulse
excitation . Conventional techniques such as turn on delay , phase shift and photons
counting are limited to the nanosecond time scale’* . In most of the experiments to
date , semiconductors were excited under quasi stationary conditions where the excit-
ing laser pulse duration was longer or comparable to the carrier lifetime . Since
direct band gap semiconductors have inherently short radiative lifetime , radiative
and nonradiative processes have to be studied by picosecond techniques such as pump

and probe® , optical Kerr gate® , upconversion gate’ and streak camerad .
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In this chapter , the radialive and nonradiative processes involved in a photoex-
cited semiconductor particularly GaAs,.,.P, ( x= .38 ) is investigated . Time resolved
phololuminescence kinetics of GaAs,_, P, were measured by streak camera in order
to determine the radiative and nonradiative recombination rates . The photolumines-
cence decay profiles was found to be intensity dependent . When excitation power
fluence increased to 6x108W/ cm? , the decay profile of emission deviated from an
exponential form . This is attributed to bimolecular and Auger processes . The
bimolecular and auger rates were determined to be Bp=9x10"'°m3/ s and
Cnr =(5+ 2)x107%°cm®/ s by fitting the time resolved photoluminescence decay profiles
to the solution of rate equation which describes the dynamical behavior of the photo-
generated carriers . Before embarking on the technical aspects of the experiment , the

band structure of GaAs;_, P, is discussed 10 give some background about the sample .
5.2 Band Structure of GaAs,._, P,

Because of its technological importance , GaAs is the most widely studied
semiconductor . The band structure of this semiconductor has been thoroughly inves-
tigated by many groups and the band structure parameters have been determined
both experimentally and theoretically®!® . The observation of stimulated emission in
GaAs has led to the intense interest in the fabrication of junction lasers . Because of
small band gap , the emission of GaAs lasers is in IR ( .8 um ) region of spectrum .
Limited tunability can be achieved in GaAs lasers by operating it at different tem-
perature . In order to increase the tunability and makig visible junction lasers and
light emitting diodes , GaAs,_, P, alloy system can be fabricated from GaAs and GaP
. In 1962 , Holonyak at el.!! announced the first p-n junction laser in the visible part
of the spectrum and after that a considerable amount of work was devoted by many
groups to study the physical properties of this material . Following the work of

Ehrenreich'® | it is accepted that band structure of GaAs,_, P, consists of a high
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mobility , low effective mass conduction band at T point [000] in the Brillouin zone
and six equivalenl low mobility high effective mass conduction bands at X point
[100] . Fig. 5.2.1 shows the schematic diagram of the band structure of GaAs;.P, *.
As GaP is added to the system , the GaAs band edges ( solid lines ) sweep continu-
ously through shaded area and approaches the GaP band edges ( dashed lines ) . The
variation of the direct band gap with composition has been studied by many groups .
Thompson at el.!* used the Electro-reflectance technique to study the compositional

dependence of direct band gap in GaAs,_,P, . He concluded that the variation of

direct band gap with composition x can be written as
E,(ev ) =1.424 + 1.150 x + .176 x? (5.2.1)

Fig. 5 .2 . 2 shows the variation of the direct I and indirect X band gap with compo-
sition . The effective mass of elecirons in T valley increases linearly with composi-

tion and roughly can be written as
m =.072(14+x)m’y, (5.2.2)

Since this chapter deals with the dynamics of carriers at high excitation power (
~3x10°W/ em? ) , we will discuss the process which is important at high carrier
density , namely the Auger process . The Auger process is a third order reaction
kinetics . In an Awuger process , the energy released by the recombination of an
electron-hole pair is transferred to a second electron or to a second hole , which the
second carrier will be energetically lifted within the thier band or into another band .
The Auger carriers dissipate this energy by emission of phonons . During the energy
relaxation , a radiative recombination of these carriers with the thermalized carriers
in the opposite band is possible . This leads to an extremely weak luminescence spec-
trum above the band gap . This has been observed in GaSb experimentally by Benz
and Conradt!® .

The Auger processes can be divided into conduction band or valence band
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processes . Fig. 5.2.3 shows schematic diagram for these processes .

In the CHCC Auger process , an electron and a hole recombine and the released
energy is given to another electron in the conduction band which is then lifted to
higher states . In the CHSH Auger process , the energy released by recombination of
an eleciron-hole pair is given 10 a hole in the split off valence band which then will
be lifted to the heavy valence band . Similarly , in the CHLH Awuger process , the
releaed energy resulling from the recombination of an electron-hole pair will lift a
hole from the light hole valence band to the heavy valence band . In a semiconductor
with the band gap E, , and split off valence band separation of A, if £, > A, then
the CHSH is dominante Auger process . For semiconductors where E, <A, the CHLH

would be the dominant Auger process!’ .
5.3 Experimental Methods

The experimental set up used in this research has been described in detail else-
where in chapter 2 . A 527 nm pulse of 8 pa duration was used to excite the sample
of GaAs;_P, ( x=.38 ) on the front surface. The sample was 30 um thick, n type,
Te doped ( ~2x10'cm™) and grown by VPE on a GaAs substrate. The composition
of sample was calculated by calibration of band gap vs composition '*. The band gap
of the sample was determined to be 1.892 ev at room temperature from the direct
transition relationship E, =hv, + E; —1/ 2kT'" where hv,is the energy of the peak in
the low power steady state photoluminescence spectra,E, is the donor ionization
energy ( ~5mev) and 1/2 kKT term accounis for the direct transition of the carrier.
The photoluminescence was collected by a combination of lenses and imaged into a
30 um slit of a Hamamatsu Streak Camera. The output was detected by a temporal
analyzer and computer for data analysis. The time resolution of the detection sys-
tem was approximately 10 ps . The excitation area was measured to be approxi-

3

mately 8x1073cm™® and excitation power fluence was varied by placing neutral
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Fig.5.2.3 The schematic diagram for three possible Auger precesses in semicon-

ductors ( Ref. 17 ).
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density filters in the path of the laser pulse.
5 .4 Experimental Results

The time resolved photoluminescence profiles of GaAs;_,P, (x=.38) at room
temperature for different excitation power fluences are displayed in Fig. 5§ .4 . 1.
The solid curves are experimental data , the dashed lines are theoretical fit assuming
a simple exponential decay and the circles are the theoretical fit to the model which
includes the bimolecular and Auger rates . The salient features of the experimental
curves shown in Fig. 5. 4 . 1 are the following . The rise time of photoluminescence
did not change appreciably with excitation power fluence and was between 10 to 15
ps . The decay time of the emission decreased from 207 ps to 44 ps when excitation

2, When excitation power fluence

power fluence increased from3x10'8 10 3x10° W/ cm
was below 6x10%2 W/ cm? the decay profile was exponential (see Fig. 5.4 . 1 aand 5.
4 . 1 b) . As the excitation power fluence increased above 6x10® W/ cm?the decay
profile of the photoluminescence deviated from an exponential form . This was most
apparent at the highest excitation power fluence of 3x10 °W/ cm? ( see Fig 5.4 .1d
) . An effective decay time 7., (n) defined as the time which photoluminescence
Jdntensily dropped to 1/e of its maximum value , were determined form the experi-
mental time resolved profiles . The 7., (n) are plotted versus the excitation power
fluence in Fig. 5 . 4 . 2. Each experimental point is the average of 3 to 4 shots . The
scattering of datla points around a given excitation power fluence was due to changes
in the duration of the laser pulse and could not be controlled . Fig. 5.4 . 3 shows
the maximum intensity of the time resolved photoluminescence profiles as a function
of excitation power fluence . The instantaneous intensity of photoluminescence
shown in Fig. 5 . 4 . 3 grew with excitation power fluence as Ir o P*% when exci-

tation power fluence was below 1.510° W/ ecm? . When excitation power fluence

increased beyond 1.6x10°W/ em? there was some deviation from linearity . The
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Fig. 5.4.1 (a)-(d) The time resolved photoluminescence profile of
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observed sublinearity of photoluminescence intensity may be attributed 1o loss
mechanisms at high carrier densities most likely arising from nonradiative Auger

Process .
5.5 Recombination Models

To analyze and explain the changes observed in the decay profile of the time
resolved photoluminescence of GaAsP at room temperature under different excitation
power fluence the following two models for rate equations have been developed . In
model 1, the rate equation describing the time dependence of photogenerated carriers

is given by

(;—’;= (Z)—ARn—ANRn—BRnZ (5.4.1)

where g(1) is the generation term which depends on the actual pulse shape of the
exciling laser, Ayp , Ar and B are nonradiative, radiative and bimolecular recombi-
nation coefficients independent of carrier density. The ratle equation for the second

model includes the Auger nonradiative rate is given by

(di_’[l = (t )—ANR n _AR n —BR YIZ_CNR n3 (5.4.2)

where Cyy is the nonradiative Auger rate . At low excitation power fluence where the
density of photogenerated carrier is low and ( Ap n + Ayg n + Br n° > Cpp n’ )
the two models will approach each other in calculation of the decay time. The
absence of any termn representing the population of excitons is justified by the fact
that at high carrier densities (n > 5x10'ecm ™3 ) the exciton state becomes unstable due
to the screening of Coloumb interaction '8. The Mott transition in GaAs;_,P,(
x=.38) at room temperature from exciton state to plasma state occurs at carrier den-
sity of 3x10cm™3. The photogenerated!® carrier densities here are in the range of

3x10!8 10 3x10¥9%em ™3



Since we are concerned with the changes in the decay profile of the tlime
resolved photoluminescence, we set g(t)=o0 for ¢ >¢, where ¢, is the rise time of time

resolved profiles. solution of model (1) becomes *°

ne)= 2 n (0) (5.4.3)

B A 4 000) |explar )=n (0)

By

where A=Ay + Ayp . The time for which the carrier density drops 1o 1/e of its ini-

tial value 7., (n) for the model (1) is given by

1, [2.718 + Brn(0)
T(‘ff = Zln . BRn(O) (5.4.4)

A

In order to determine A and B, the experimental data of Fig 5 .4 .2 were fitted to
the equation (5 . 4 . 4 ) for excitation power fluence below 8x10% W/ cm?. The best
fit was obtained for A4 =3.4x10%"! and Br=9x10"1%m3/ s . Modesti estimated the
bimolecular recombination rate GaAs;_, P, ( x=.38 ) to be 3.6x1078m3/ 5 in terms of

hydrodynamic expansion model 2!. This rate is 40 times larger than the rate we have

determined. A simple calculation assuming only bimolecular recombination yields an
estimate for lifetime ie, 7=§1_’; . If we use the Br=3.6x10"8¢m3/ s and the lifetime of

98 ps measured by streak camera at 1.2x10° W/ em™ we see thal carrier density
should be around 3x10'7¢cm~3 . This value is about 40 times smaller than the
estimated carrier density of 1.3x10Y%m ™% at P = 1.2X10°W/ cm? . Also the value of
B =9x1071%m3/ s determined by us is within an order of magnitude of the values
reported for GaAlAs 22 and GalnAsP 23,

The radiative and nonradiative rates alt low excitation power are related to the

internal efficiency of a semiconductor by the relationship

. Tnr
nin'_m"“ (5-4.5)



assuming the internal efficiency is independent of the density of photogenerated car-
riers. The external efficiency of this sample was measured to be 2x10™* by comparing
the area under low power steady state photoluminescence spectra with GalnP 4.
Taking into account the geometry of the emission, a value of 7x1072 was estimated
for the internal efficiency of this sample 25. Note the decay times measured by the
streak camera are the photoluminescence lifetime and ihe relation between photo-

luminescence lifetime (7), radiative (73 ) and nonradiative time ( 7z ) is given by

.]_=L. + 1 (5.4.6)
T Tr TNR

Because equation (5 . 4 . 5 ) is true only at low excitation power and we have
measured the external efficiency of our sample at low carrier density ( ~2x107cm™3)
we have estimated the 7 for n=2x107ecm™3. Using the Eq. ( 5. 4 . 4) and the values
of A and Bp obtained by fitting, a value of 285 ps has been calculated for 7 at low
carrier density . Since the photoluminescence lifetime was calculated to be 285 ps at

low carrier density , a simple calculation using the equations (5 .4 .5) and (5.4 .6)

yields a value of 2.5x10% an 3.25x10% ™! for the radiative ( A, =T—1-) and nonradiative
R

(Anp= ) rates , respectively .

TNR

So far, we have determined all the recombination rates involved in model (1) ,
therefore 7., (n) for this model has been calculated from equation ( 5.4 .4 ) and is
shown in Fig. 5.4 .2, by a solid line . This curve as expected fits the experimental
points at low power fluence but does not fit the experimental points at higher excita-
tion power fluence (>2x10° W/ em?). This is due to the fact that at high carrier den-
sities the Auger effect can not be ignored . Clearly the model (2) is a more complete
model to describe the changes observed in the decay profile of photoluminescence in
GaAsP (x=.38) at room temperature particularly at high carrier densities.

Since Cyr has not been determined experimentally, it was treated as the only



adjustable parameter 10 obtain the best fit between the experimental measured decay
time and the theoretical value calculated numerically by computer based on model
(2) at different excitation power fluences. The 7., (n) for model (2) versus the exci-
tation power fluence is shown in Fig. 5§ . 4 . 2 by a dashed line for
Cyr =3%X1072°cm®/ s and il fits the experimental data well. The Auger rate of
3x107%%m?®/ s is larger than the rate in GaAs ?° by a factor of 2 and is 3 times
smaller than the rate estimated for InGaAsP?3. In order to determine the uncertainty
in the value of Cyz , 7. (n)from model (2) has been calculated as a function of
excitation power fluence for Cyp =(5+2)x1072%m?®/ s . These curves are shown by
dots and dot-dash in Fig. 5 . 4 . 2 . In further support of the second model, each
decay profile were calculated using the recombination rates obtained from fitting.
The circles in the time resolved photoluminescence profiles of Fig. 5 . 4 . 1 are the
numerical solution of model (2) for Ap=2.5x10%/ s , Anp=3.25x10%s
Br=9x10""em3/ s and Cpp=3x10"2%m® s . The theoretical curves fit all the time
resolved photoluminescence profiles well at different excitation power. The
significance of model (2) was apparent at highest excitation power (see Fig. 5.4 . 1
-d) where there was significant deviation from an exponential form . As to the ques-
tion of which type of Auger processes involved in ihis research , one can eliminate
the CHCC Awuger process because this is very improbable in large band gap semicon-
ductors % . So it is very likely that the CHSH Auger process is dominant process in
GaAs P 3y -

In conclusion, the transient behavior of photogenerated carriers by picosecond
laser pulses in GaAsP (x=.38) at room temperature can be described in terms of
recombination model where nonradiative Auger term played an important role .
Auger process is included in order to explain the changes observed in the decay profile

of time resolved photoluminescence kinetics .
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TABLE 1

GaslnsP  Parameters

Parameter Definition Value Reference
E, Direct band gap ’ 1.9 ev 12
Ex Indirect band gap 2.25 ev 12
m, Electron effective mass .094 12

mun Heavy hole eﬂ'ectivg mass 31 11
my, Light hole effective mass .16 11
Mgy Split off hole effective mass 1 11
€ o Optical dielectric constant 11.6 12
€ Static dielectric constant 9.1 12

p Mass density 4.455 gr / cm? 13
hwro LO phonon energy 48 mev 13
hw; LA phonon energy 29 mev 13
Dry Deformation Potential 5%10% ev/em 13




TABLE 2

GaAsg,P 33 Parameters

Parameter Definition Value Reference
£, Direct band gap 1.892 ev 14
m, Electron effective mass .099 14
my, Hole effective mass 53 Interpolation
€ Dielctric constant 11.86 Interpolation
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THIS PROGRAM CACULATES THE FERMI
EXTERNAL FX

DIMENSION AF(1400)

REAL XL,XU,ETA

INTEGER N

COMMON ETA,XL.XU,N

XL=@

XUm50

N=10006

DO 5@ I=t1,1000
ETAw—s.02+(1e.02)
APRO=TRAP(XL,XU,N,FX)
AF(1)m2«APRO/1.7725385
OPEN(17,FILE="'FERMI.ZAP")
WRITE(17,308) (AF(1),1=1,)020)
FORMAT(S(F10.5,3X))

STOP

END

FUNCTION FX(X)

COMMON ETA,XL,XU,N
FXwSQRT(X)/(1.+EXP(X~ETA))
RETUEM

END

INTEGRAL EQ.

3

-3,

5
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[

THIS SUBROUTINE CALCULATES EQ. 3.3.8

SUBROUTINE FRM(AM,T.AN.eta)

ANC=2.51E19« ((AMeT/300.)se1.5)

CmAN/ANC

ATE=ALOG(C)+.23335+C~ 20435#(Cuw)wl . 48E~4a(Ce3s
6tamATEw“4  43E~Eo(Cena)

RETURN

END
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THIS PROGRAM WAS USED FOR CALCULATIONS OF FIG. 3.3.5 ., 3.38.
CHARACTERs1@ FILE1

EXTERNAL FX

COMMON /ZAP/ETA,AN,T.Q,TC

ATLw300.0

WRITE(6,45)

FORMAT(1X, ' TYPE PHONON ENERGY IN MEV ., CARRIER OENSITY °)
READ(5,46)PH AN

FORMAT(2G10.4)

T=360.8

AKT=(ATL/300.)«2%

AKTC=(T/300.)e25

Am@

Bwi  E7

N=1008

TCm(T/300.8)25

TCE=TC/1000.0

Q2=1.491E-6AN/TCE

Q=SQRT(Q2)

CALL FRM(.994,T AN,ETA)

CALL TRAP(A.B,N,FX,RES)

YaB . BTE4eRES/(ANe1 . 6E-12)

YEC=Ys1 E~1201008.0

WRITE(6.+)T,YEC

WRITE(17,¢)T,YEC

T=T+180.0

IF(T.LT7.2200)G0 TO 444

sSTOP

END

FUNCTION FX(X)

COMMON /ZAP/ETA,AN,T,0Q,TC

PHw4@2.0

AKH=2 . 988E6

AKP=AKHs AKH

AKwX

AEmd B3E-12e(XsX)

A=AE/TC

Fiamt /(1. +EXP(A1-ETA))

A2w(AC+PH)

F2mt./(1.4+EXP(A2-ETA))

F3mfFi=F2
C1N-((AK+SORT§(AK-AK)¢AKP))--2)+(Q-O)
C1D=( (AK=SQRT( (AK»AK)+AKP))ee2)+(0QQ)
C=LOG(CIN/C1D) .
D=QeQ/{ { (AK=SQRT ((AKsAK)+AKP))ee2)+(Q=Q))
GmQeQ/{ ((AK+SQRT( (AKeAK)4AKP))ee2}+(QeQ))
FACmAK«F3e (C~D+G)

FXaFAC

RETURN

END
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THIS PROGRAM CALCULTES TEMPERATURE EVOLUTION FOR M.8. DISTRIBUTION

EXTERNAL EONS,PRINT
DIMENSION ERRPAR(2)

REAL X{(2),DT,TSTART

DIMENSION AY{30e)
COMMON/OATA/ZRRPAR,DT X, TSTARTY
COMMON /ZAP/NP ,D,ATL.PH,JK,AY(300)
CHARACTERe18 FILE!
WRITE(6,83)

FORMAT("TYPE LATTICE TEMP,CARRIER TEMP AT T-e PH IN uEV
READ(S.87)ATL . X(1),PH

FORuAT(3c1a 4)

TSTART=0. N
ERRPAR(1)m1 E~S

ERRPAR(2)=1.E~6

DT=1.E-8

WRITE(S 5@)

FORHAT('TYPE THE NAME OF FILE")
READ(S,51)FILEY

FORMAT (A1)

OPEN(17,FILE~FILEY)

TSTOPm1.E~1

JKm Y

WRITE(6,996)TSTART, X (1)
WRITE(17,996)TSTART, X(1)

CALL ODES(EONS.X,3 ,TSTART.TSTOP,DT,ERRPAR,PRINT)
TSTART=TSTOP .
TSTOP=TSTOP+1.E~1

JKmIK+1

X(1)mAY(JIK~1)

1F(JK.LT.101)GO TO 77

DO 99 [=1,100

Tu=s]e1 E-1

WRITE(17,996)TM, AY(I])

FORMAT (G10.4,1X,610.4)

STOP

END

SUBROUTINE EQNS(T,.X,N,DX)

EXTERNAL ZBES

REAL T.x(1).0%x(1)

COMMON /ZAP/NP,D , ATL,PH,JK,AY(300)
AKT=(ATL/3080.)e25
AKTC=(X(1)/300.)e25

YC=PH/AKTC

YOmuPH/AKT

RIN=EXP(YO~-YC)—-1.

R1D=EXP(YO)=1.

R1=R1N/R1D
R2N=SQRT(YC/2.)sEXP(YC/2.)e.798
Y=YC/2.

CALL 2BES(Y,AKB)

R3IN=R2NeAKS

R4mR1eRIN
OX(1)m=23.37«(PHsu1.5)sR4

RETURN

END

SUBROUTINE PRINT(TO,x@, Tt ,X1,N,DT,TSTOR,E)
COMMON /ZAP/NP,D,ATL,PH,JK,AY(3080)
REAL To,x@(N),.T1,X1(N),DT,TSTOP
REAL E(N)

IF(T1.NE.TSTOP)RETURN
WAITE(6,391)T1,.Xx1(1)
FORMAT(G10.4.1X,G10.4)
AY(JK)=X1(1)

RETURN

END

FORMAT 3G18.4°)
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c THIS PROGRAM CALCULTAES EQ. 3.3.22
EXTERNAL EONS,PRINT
COMMON/DATA/ERRPAR,.DT X, TSTART
COMMON /ZAP/AME TC.ATL,PH, AN, JK, TAU,AY(300)
COMMON /ZAP2/ETA ,AXC,ANO
COMMON /ZAP3/BF RES!,RES2.CT1,CT2,0E.DE2,DE3
DIMENSION ERRPAR(2)

REAL X{2),.DT.TSTART
CHARACTER=18 FILE1
WRITE(6,83)

33 FORMAT( *TYPE ME,TC.ATL.PH(EV).N,.TAU 5610.48 ")
READ(S5.87)AME, X (1).ATL.PH,X(2).TAU

. 87 FORMAT(6G10.4)

WRITE{6.515)

515 FORMAT( ‘' TYPE DT, TSTOP 2618.4°)
READ(5,516)807,BST

516 FORMAT(2G10.4)

KKe(B8ST/8DT)+1
TSTART=0,
ERRPAR(1)m=1 . E-5S
ERRPAR(2)=1.E-6
DT=1.E~-8
WRITE(6,50)

59 FORMAT (" TYPE THE NAME OF FILE')
READ(S,S1)FILEY

51 FORMAT(A18)

OPEN(17,FILE=FILE?)
TSTOP=80T

JKm 1
WRITE(6,996)TSTART,X(1)
WRITE(17,996)TSTART.X{1)

77 CALL ODES(EQNS,.X,2,TSTART,TSTOP DT, ERRPAR,PRINT)
WRITE(6,995)X(2).X(1).ANQ ETA,BF,CTY.CT2
TSTART=TSTOP

995 FORMAT(6(G10.4,1x))

TSTOP=TSTOP+8DT

JKm K41
X(1)=AY(JK=1)
IF(JK.LT.KK)GO TO 77
DO 99 JJU=1,.KK
TM=JJ e80T
TML=LOG(TM)
99 WRITE(17,996)TML,AY(JJ)
996 FORMAT (G10.4,1X,G10.4)
STOP :
END
SUBROUTINE EQNS(T,X.N,DX)
EXTERNAL FX,GX
REAL T,x(2).0x(2)
COMMON /ZAP/AME  TC.ATUL,.PH, AN, JK,TAU,AY(300)
COMMON /ZAP2/ETA,AXC,ANQ .
COMMON /ZAP3/BF _RES!,RES2,CT1,CT2,DE.DE2,DE
AKTC=X(1)e.025/300.
AKT=ATL = 825/300.
ANC=1.2039E19«(AMEsX(1)/300.)ee1.5
ANC=ANC 2
700 BF=X(2)/ANC
CALL FRM{AME,.X(1).X(2),ETA)
ANQ=1, /(EXP({PH/AKT)=1.)
AXCmPH/AKTC
XL=9.
XU=ETA®1Q
M=208
CALL ZARA(XL.XU,M,FX,RES1)
CALL ZARA(XL,XU,M,GX,RES2)
CTi=ANQeREST
CT2=(1,+ANQ)sRES2
DE=5,56E11«SQRT(AXC)/BF
DE2wDE(CT1-CT2) -
DE3=DE2e¢(1.E-12)e300./.02%
DX(1)=0E3/1.5
DX(2)m=X{(2)/TAU
RETURN
END
SUBROUTINE PRINT(T2.X0,T1,X1,N,DT,TSTOP E)
COMMON /ZAP/AME TC.ATL,PH AN, JK TAU, AY(3a0)
COMMON /ZAP2/ETA,AXC,ANO
COMMON /ZAP3/BF ,RES?,RES2,CT1,CT2,.DE.DE2,DES
REAL T@,X0(N),T1,x1(N), DT, TSTOP
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REAL E(N)
IF(T1.NE.TSTOP)RETURN
WRITE(6.391)T1.x1(1)
FORMAT(G19.4,1X,G10.4)
AY(JK)mX1(1)

RETURMN

END

FUNCTION FX(X)

COMMON /ZAP2/ETA,AXC,ANQ
Cim1./(1.4EXP(X~ETA))
Cmt. /(1. +EXP(X+AXC~ETA))
C3ImX/AXC
C4mSQRT(1.+(C3C3))
CSmLOG(CI+C4)
FXmCla(1.-C2)sC5

RETURN

END

FUNCTION GX(X)

COMMON /ZAP2/ETA, AXC,ANQ
Dilmt . /(1.+EXP(X+AXC~ETA))
D2=1./(1.+EXP(X-ETA))
D3I=X/AXC
D4=SQRT(1.+(D3«03))

DSmLOG(D3+04)
GCXmD1e (1.~D2)0DS
RETURN

END

-
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c THIS PROGRA. CALCULATES TIME DEPENDENCE OF TEMPERAURE I[N THE
PRESENCE OF SCREENING
EXTERNAL EONS,PRINT
DIMENSION ERRPAR(2)
REAL X(2).0T,TSTART
DIMENSION AY(300)
COMMON/DATA/ERRPAR,DT ., X, TSTART
COMMON /ZAP/NP,EB.TAU,ATL,PH,JK,AY(300)
CHARACTER»10 FILE1
WRITE(6.83)

83 FORMAT{ ' TYPE ALT,ACT,PH(MEV) ,N(AT T=2),K TAU(PH) , EPSBAR- 5G18.4°)
READ(S,88)ATL,x(1),PH.x(2),TAU.E3
88 FORMAT (5G10.4) .
WRITE(6,125)
125 FORMAT(*TYPE DT.TSTOP 2610.4")
READ(S.126)80T,BTS
126 FORMAT (2G10.4)
TSTART=@.

ERRPAR(1)=1.E~S
ERRPAR(2)=1.E~6
MM=(BTS/BOT)+1
DTmi_ E-8
WRITE(6,508)
59 FORMAT (' TYPE THE NAME OF FILE')
READ(S.S1)FILEY
51 FORMAT(A10)
OPEN{17 . FILE=FILE1)
TSTOP=BOT
JKm1
WRITE(6.996)TSTART, X (1)
77 CALL ODES(EQNS.X,2,TSTART,TSTOP,DT,ERRPAR,PRINT)
TSTART=TSTOP
TSTOP=TSTOP+8DT
JKmIK+1
X(1)=AY(JIK~1)
IF{AY(JK=1).LT.300.0)C0 TO 990
IF(JK.LT.MM)GO TO 77
990 DO 553 l=mJK=1 MM
553 AY(l)=300.e
DO 99 =1 MM
Tu=[ 00T
TLG=LOG(TM)
99 WRITE(17,996)TLG,.AY(1)
938 FORMAT(G19.4,1%,610.4)
STOP
END
SUBROUTINE EQNS(T.X,N,DX) -
REAL T,x(1).0%(1)
COMMON /ZAP/NP EB,TAU,ATL PH,JK,AY(300)
CALL SC2(X(1).%x(2),RHN)
RH1=(2.696E5/EB) = (RHN/X{2))
RH2=RM1/1.6E-12
RH3=RH2e¢1.8E-12
RH4=(RM3/.025)e(300/1.5)
OX(1)m=RHA
DX (2)==%X(2)/TAU
RETURN
END
SUBROUTINE PRINT(TO,.X®,T1,X1,N,DT,TSTOP,E)
COMMON /ZAP/NP EB.TAU,ATL.PH, JK AY(300)
REAL TO,X@(N),T1.X1(N),DT,TSTOP
REAL E(N)
IF(T1.NE.TSTOP)RETURN
WRITE(6,381)T1.x1(1)
391 FORMAT(G10.4,1X,G18.4)
AY(JIK)=x1(1)
RETURN
END
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SUBROUTINE SC2(CC,DD.RH)
EXTERNAL FX

COMMON /ZAQ/ETA AN,8T7.Q,TC

BT=CC

AN=DD

A=Q

Bm1.3E7

N=200

TC=(BT/300.0)+25

TCE=TC/1000.0

ANM=ANS EXP(~1.8/300.)
DELN=AN~ANM

CALL FRM( .294 BT, AN,H1)

CALL FRM(.994.BT,ANM.H2)
DFw(H1-H2)eTCE
ONDM=mOELN/(DF=1.6E-12)
Q2=403.14e(4.8E~10002)«ONDM/18.0
Q=SQRT(0Q2)

CALL FRM(.094,8T,AN,.ETA)

CALL TRAP(A,B8,N,FX, RES)

RH=RES

RETURN

END

FUNCTION FX(X)

COMMON /ZAQ/ETA,AN,BTY,.Q,TC
PH=40. 0

AKH=2.988E6

AKP=AKH» AKH

AK=X

AE=4.03E~12e(XeX) |

A1=AE/TC
Flaml./(1 . +EXP(A1~ETA))
A2=(AE+PH)

F2m1 . /(1. +EXP(A~ETA))

F3mF1-F2
o_leM>x+m0qua>x.>xv+>xvvv..~v+ Q=Q)
C1Dm( (AK~SQRT( (AKsAK)+AKP)})=e2)+(QeQ)
C=LOG(CIN/C10)
D=QeQ/(({AK~SORT((AK~AK)+AKP))ee2)+ (2=
GmQeQ/(( (AK+SQRT( (AK=AK)}+AKP))se2)+(QeQ)
FAC=AKsF3e (C-D+G)

FXsuFAC

RETURN

END ~
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c THIS PROGRAM CALCULATES EQ. 3.3.49
SUBROUTINE ONGXO(BT,BN,RES)
EXTERNAL FX
COMMON /ZAP/ATX.X1.ETAX
CALL FRM(.094,BT.BN,ETA1)
AKT=8Ts.Q25/300.

FEmETA1eAKT

X1=.029/AKT

ATX=AKT/ .04

ETAX=FE/.D4

CALL TRAP(S8.1,30.,18@,FX,SUM1)
HSw1.121E28«5UM1

RES=HS .

RETURN

ENOD

FUNCTION FX(X)

COMMON /ZAP/ATX.XI,ETAX
A1=SQRT(X)

A2mt. /(1. +EXP ((X—ETAX)/ATX))
A3=1./(EXP(X1)=1.9)

A4=SORT (X+.6-8.1
ASmEXP(X1)sSQRT(X~7.5~.6) .
ABmAIeA2eAJsA4eAS

FXmAS

RETURN

ENO
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THIS PROGRAM CALCULATE EQ. 3.3.40

SUBROUTINE ONXGO(CT.CN,RES)
EXTERNAL F2X

COMMON /ZAP/ATX, X1, ETAX
CALL FRM(1.2,CT,CN,ETA1)
AKT=CTe.0825/300.
FEmETAYsAKT

XI=.029/AKT

ATX=AKT/.04

ETAX=FE/ .04

CALL TRAP!.5,30.,100,F2X,SUM1)
RES=m7.62E18+SUMY

RETURN

END

FUNCTION F2X(X)

COMMON /ZAP/ATX, X1, ETAX
Al=SQRT(X)
AZ-‘./51.+EXP((X—ETAX)/ATX))
Admt. /{EXP(X])~1.80)
A4=SQRT(X+.6)
AS=EXP(XI)*SQRT(X~.6)
AGmAleA2eA3eA40AS

F2XmAG

RETURN

END
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c THIS PROGRAM CALCULATES £Q. 3.3.57 AND 3.3.58
EXTERNAL EONS,PRINT
DIMENSION ERRPAR(2)
REAL X(3).DT, TSTART
COMMON /DATA/ERRPAR.DT,X,TSTART
COMMON /ZAP1/JK.AY(200),BY(2008),CY(2088).AMX, TAU,AFN, FAC
WRITE(6.11)

11 FORMAT(1X, *TYPE NG(®) .NX(8),AMX,TAU,AFN.DFAC,NO. OF PTS 6G12.4,14%)
READ(S5,12)X(1).X(2).AMX, TAU.AFN, FAC,NN

12 FORMAT (6610.4.14)
TSTART=@, n .

ERRPAR(1)=1.E=2
ERRPAR(2)=1.E=2
TSTOP=1t .E®
DT=1 . E-2
X(3)=300.
PHw=.0848
JKm
WRITE(6,11V)TSTART x(1),%(2),%X(3)
WRIT:217,.)TSTART.x(1)
WRITE(18,¢)TSTART,X(2)
WRITE(19,#)TSTART,X(3)

77 CALL ODES(EQNS,.X,3,TST

TSTART=TSTOP

TSTOP=TSTOP+1.£9

JK@JK+1

X(1)=AY(JK=1)

X(2g-BY(JK-1)

ART,TSTOP,DT.ERRPAR,PRINT)

X(3)mCY{JK=1)
WRITE(S.111)TSTART . x(1).%(2).X(3)
111 FORMAT(1X,4(G102.4,2X))

IF(JK.LT.NN=-1)GO TO 77

DO 1815 [=1,NN=1

WRITE(17,)1.AY(I1)

WRITE(18,¢)1,BY(1)

STT=CY{1)

IF(STT.LT.308)STT=300
1018 WRITE(319.)1.STT

STOP

END

SUBRQUTINE EQNS(T,X,N,DX)

REAL T.X(3).0%X(3)

COMMON /ZAP1/JK,AY(208) ,BY(200),CY(200),AMX, TAU AFN, FAC

CGX=750.0

IF(X(3).GE.1000)CCX=.01

1F(X(3).GE.908)CCXm=.1 R
( .GE.780)CCX=m.S
( .GE.G6@B)CCX=1.98

.GT.400)CCX=5.0
.GT.425)CGXm=30.

( .GE.350)CCXmi00.
( .GE.330)CGx=230.
{ .GE.310)CCX=500.
( .GE.385)CCX=6080,
CGX=CGX/FAC
Al=(T=~10.8)/4.8
A2mAlaAle 693
AdmAMXeEXP(-A2)/8B.5
DX(1)=A3=(X(1)/TAU)=(X(1)/CCX)+(X(2)/(20./FAC))
DX(2)=(X{1)/CCX)=(X(2)/(20./FAC))
AKT=_ 2325
AKTC=(X(3)/300.)e.025 ,
PH=_04
YCuPH/AKTS
YOuwPH/AKT
RINmEXP(YB-YC)=1.
RID=EXP(Y0)~-1.
R1=RIN/R1D
R2N=SQRT(YC/2.)=EXP(YC/2.)=.798
Y=YC/2.
CALL ZBES(Y,AKB)
R3N=R2NeAKB
R4=R1«R3N
25=23.37+(40.0vet 5)eR4
BFNm1+{ AFNaX{(1)/X(3})
26=25/BFN '
Stm(.4/.025)e3@8.+(1.8/CGX)
CALL TRS(T.S2)
DX (3)=52~51-26

et o et o 0t 5 e
MMM,
L 2 S & & 54
pagaiagapayagapal
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potwetutwhohoie!
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771 RETURN
END
SUBROUTINE PRINT(TO.X®.T1,X1,N,0T TSTOP E)
COMMON /ZAP1/JK ,AY(20@) ,BY(200),CY(200),AMX,TAU,AFN FAC
REAL TO.Xx@(N),T1 X1(N),DT,TSTOP
REAL E(N)
IF(T1.NE.TSTOP)RETURN
AY(JK)-x1é1)
evéJK)-xt 2)
CY(JIK)}=X1(3)
RETURN
END



~145-

Fob 8 13:44 1985 dttImg.F Page 1

c THIS PROGRAM CALCULATES E£0. 3.3.68@
EXTERNAL EQNS,PRINT
DIMENSION ERRPAR(2)
DIMENSION AT(280),AN(208)
DIMENSION XR(S58),YR(50)
REAL X(4),DT.TSTART
COMMON/DATA/ERRPAR, DT, X, TSTART
COMMON /ZP/AFN,TAU,ATL,PH,.JK, A(3@0),B(308).C(300).D(300).GA1,CA2
CHARACTER+1@ FL1,FL2,FL3
WRITE(6,421)

421 FORMAT(1X, ' TYPE N FILE , T FILE ')
READ(S.,422)FL1,FL2

422 FORMAT (A1)
WRITE(6.845)

845 FORMAT(1X,'TYPE THE FINMAL TIME IN PS *)
READ(S5,B846)NN

846 FORMAT(14)

OPEN(t7,FILE=FLT)
READ(17.¢)(DM,AN(I).I=1 NN)
CLOSE(17)
OPEN(17,FILE=FL2)
READ(17,»)(DM.AT(1),I=1,NN)
CLOSE(17)
X{1)=128.0
x(2)=100.0
WRITE(6,125)
125 FORMAT("TYPE DT,TSTOP ,CNNF FAC ,E5, aLi,ail G240
READ(S5,126)80T,B8TS,CF,. €6, ALY, AL2
126 FORMAT(5G10.4)
TSTART=8.
TSTUP=BDT
OT=t E-3
ERRPAR(1)=1_E~2
ERRPAR(2)=1.E-2
MM=(BTS/BOT)+1
BFN1=CF
BFN2mCF
WRITE(..S0)
se FORMAT('TYPE THE NAME OF FILE®)
READ(5,51)FL3
51 FORMAT (A1)
OPEN(19,FILEmFL3)
JKm1
HN1=12400./AL1
HN2=1240@./AL2 -
77 BKT=(AT(JK)/300.08)s.825
CALL FRM(.994,AT(JK).AN(JK).ETA1)
FEmBKTETAL
CALL FRM(:5,AT(JK),AN(JK),ETA2)
FHm=BKTeETA2
PHIwmt, /(1. +EXP((.16¢(HN1-EG)~FH)/BKT))
PH2=m1, /(1. +EXP((.168(HN2-EG)~FH)/9KT))
PE1=1./(1.+EXP((.84e(HNI1-EG)-FE)/BKT))
PE2w1 . /(1. +EXP((.B4e (HN2-EG)~FE)/BKT))
DD1=PE1+PHI~1.0
DD2=PE2+PH2~1.0
Gl=2 E4eSORT(HN1=EG) 0D
GAm  6«(3.E108/3.4)G1
GA1=GA/BFN1
DO2=PE24PH2~1.0
G2=2.E4+SQRT(HN2-EG)=0D2
GBw.65¢(3.E10/3.4)eG2
GA2=GB/BFN2
WRITE(19,.367)AT(JK) AN(JK),.X(1),X(2),GA,.GA1,GB,GA2
367 FORMAT (8G10.4)
CALL ODES(EQNS,X,2,TSTART,TSTOP,DT,ERRPAR,PRINT)
TSTART=TSTOP :
TSTOP=TSTOP+B80OT
JKmJK+1
X(1)mA(JK-1)
X(2)=B(JK-1)
IF(JK.LT.MM)GO TO 77
DO 185 I=1,2@
YR(1)=B(1)eEXP(-FLOAT(])
XR{I)mA (1)} vEXP(-FLOAT(I)
XR{I)=xR(I)e180./A(1)
185 YR(1)=YR(I1)e100./8B(1)
DO 186 I=1, 20
WRITE(18,187)1 ,YR(21-1)

/5.8)
75.9)
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186 WRITE(17.187)1 ,XR(21-1)

187 FORMAT(14,4X.G10.4)
00 99 [=1, MM=1
JH=14+20

A(I)=wA(I)et00./A(1

B(1)=8(1)«100./B(1

WRITE(17,187)JdH,A(
99 WRITE{18,187)JH,8(

STOP

ENO

SUBROUTINE EONS(T,X.N,DX)

REAL T.x(2).0%(2)

COMMON /ZP/AFN,TAU ATL,PH,JK A(300),B(300),C(3@0),D(3808).GA1,GA2

DX(1)=GA1e1 E=12e%X(1)

DX(2)=GA2s1 . E~12eX(2)

RETURN .

END

SUBROUTINE PRINT(TO.XQ,T1,X1 ,N.DT,TSTOP.E)

COMMON /ZP/AFN,TAU ATL , PH, JK A(300),.B8(300),C(380),D(300),GA1,GA2

REAL T@,x@(N),T1,X1(N),DT.TSTOP

REAL E(N)

1F(T1.NE.TSTOP)RETURN

A(JK)mux1(1)

8{JK)=X1{2)

RETURN

END
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c THIS PROGRAM CALCULTAES EQ. 4.4.6
DIMENSION AF(1000).X(1000),.5x(1@00),Z(1000),1RB(50).1Z(1000)
CHARACTER»18 FILE1
OPEN(17,FILEm"FERMI.ZAP")
READ(17,308)(AF([).1l=1,1200)
380 FORMAT (5(F10.5,3X))
CLOSE(17) .
hT-T-1:] XMwd
IM=a,
DO 555 [=1,500
X(1)=x(1)0.
SX(1)=Sx(l)e0. :
Z(1)=Z(1)e0. -

555 1Z(1)=12(1)s@.
WRITE(G,1) R

1 FORMAT (*TYPE ME,MH. AT N FORMAT(4G10.4)°)
READ(S ,2)EM MM AT BN

2 FORMAT (4G19.4)

BT=ATe . 025/300.
ANC=1 2039E19s (EMsAT/300.)es1.5
ANC=ANCe2
ANVImANCe ( (HM/EM)set.5)

700 BF=BN/ANC -
DO 6 Im1,10600
1F(BF.LT.AF(1))GO TO 11

6 CONTINUE

i1 ETEw—4 02+(1e.02)
EF=ETE«BT
CF=BN/ANV1

DO B 1m1,1008
IF(CF.LT.AF(1))GO TO 12

8 CONTINUE
12 Him—4.02+(10.082)
EHmH1BT
: WRITE(6,66)EF,EH
86 FORMAT (1X, 'FEw' F18.4, FH=' F10.4)
WRITE(6,77)
77 FORMAT {1X, 'TYPE LY,0L,EG,BLANDA FORMAT 4G10.4")

READ(S,78)ALY,DL, AEG, 8L

78 T FORMAT(4G1@.4)
AM1=HM/ (HM+EM)
AM2=1 ., —AM1
N=((12400./AEG)-AL1)/0DL
DO 19 l=t N
GuALI+{1-1)eDL
HN=12400./G
As(AM1« (HN-AEG))-EF
BeA/BT
Cat./(1.+EXP(8))
AAm(AM2 e (HN—AEG) )—EH
BBwAA/BT
CC=1./(1.+EXP(BB))

19 . X(I)m(HNee2)e (SCRT(HN=AEG))+CeCC
XMwmX 1
DO 29 [=mi,.N

20 TF{X(1).GT . xM)xM=x(1)
WRITE(S,734)XM

734 FORMAT (* INTESITY=".G10.4)
DO 401 [w! N
IF(X(1).EQ.XM)GO TO 402

401 CONT INUE

402 LM=ALT+(]e0L)
WRITE(6,483)LM .

403 FORMAT (1%, *LANDA MAX=*, [4)

DO 510 J=1,16
IRB(J)=BL+(J=1)e5
DO 620 I=1,58 .
ALL=IRB(J)=25
GmALL+(1=-1)
H=124@0./6
Am(AM1e (H-AEG))~EF
B=A/8T
Cm1./(1.+EXP(B))
AAm(AM2 ¢ (H-=AEG) )-EH
8BmAA/BT
CC=1./(1.+EXP(BB))
620 Z(J)mZ(J)+(Hev2)s(SART(H-AEG))+CsCC
6180 CONTINUE
IM=Z (1)
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DO 630 I=1,16
IF(Z(1).GT.2ZM)2ZMmZ (1)

DO 648 [=1,16
1Z(1)=(Z(1)/IM)=100.
WRITE(6.650)(IRB(1).1Z{1),I=1,186)
FORMAT(&(*(".14,")=",14))
WRITE(6,.660)

FORMAT(1X,° TYPE 1 TO REPEAT.2 TO WRITE')
READ(5.670)IR

FORMAT(14)

IF(IR.EQ.1)G0 TO 3000

00 686 I=1,N

SX(1)=m(X(1)/XM)et100.

WRITE(6.681)

FORMAT (1%, *TYPE THE OFILE NAME')
REAOD(S,682)FILE

FORMAT(A10)

OPEN(17,FILE=FILEY)

DO 683 l=1.,N

JL=ALI+(I~1)eDL
WRITE(17.687)JL,Sx(1)
FORMAT(1X,14,1X,F18.1)

sTOP -

END
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[»4

19

20
3o

49

THIS PROGRAM CALCULATES EQ. 4.4,

DIMENSION X(508),Y(500)
COMMON /ZAP/FE,.FH,38,AKT
EXTERNAL FX

WRITE(6.1)

FORMAT(1X, " TYPE EG,N.T ALI.DL")
READ(S5,2)AEG,AN,AT ALY, DL
FORMAT (5G18.4)

CALL FRM(.094 AT AN, ETA1)
CALL FRM(.S5,AT,AN,ETA2)
AKT=(AT/300.0)s.025
FEmETA1eAKT

FHuATA2eAKT
Nm((12400./AEG)-AL1)/DL
DO 10 l=i.N
Al=ALI+(I=1)eDL
HNm12400. /AL

BBwHN=AEG

CALL TRAP(®.,B8B,200,FX,RES1)
X(1)=REST

XMa=X (1)

DO 20 w1 ,N
IF(X(1).GT.XM)XMuXx (1)

DO J0 [wt,N
Y(1)m(X(1)/XM)er00.0 -
DO 40 =t N
ILwALI+(1=1)sDL
WRITE(17,«)IL,Y(I)

STOP

ENO

FUNCTION FX(X)

COMMON /ZAP/FE,FH,BB,AKT
A1=SQRT(X)

A2=SQRT(BB-X)

ASel /(1. +EXP((X—-FE)/AKT))
Adm) /(1. +EXP((BB=-X)/AKT))
FXmA1aA2eA3eAd

RETURN

END

8
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[ THIS PROGRAM CALCULATES THE EFFECTIVE DECAY TIME [N CHAPTER §
EXTERNAL EQNS,PRINT
CHARACTERe=10Q F1
COMMON/DATA/ERRPAR.DT . X.TSTART
COMMON A ,B8,C,J4K,AMAX,Y(300)
REAL X(2).DX,DT,TSTART
REAL AY(300).Y(399)

DIMENSION 1T(100)
CHARACTERe«1@ F1
REAL ERRPAR(2)
WRITE(6.115)

118 FORMAT('TYPE A,B,C,ANZ AMAX"')
READ(5.138)A,B.C,ANZ, AMAX

1186 FORMAT(5G19.4)
WRITE(6,116)A,B8,C,ANZ, AMAX

3e3 X{(1)=ANZ
TSTART=0Q.

ERRPAR(1)m1 E~4
ERRPAR(2)m1.E~4
DT=1.E~16
TSTOP=t . E~12
DO 55 JK=1,K 300
CALL ODES(EONS.X,1,TSTART,TSTOP,DT,ERRPAR, PRINT)
TSTART=TSTOP

55 TSTOP=TSTOP+1 . .E-12
YEmY(1)eEXP(~-1.)
00 61 J=29,281
1IF(Y(J).LT.YE)GO TO 71

81 CONTINUE

71 1 TM=y
WRITE(6,88)

88 FORMAT(*TYPE THE NAME OF FILE‘)
READ(5.89)F1

89 FORMAT(10A)

OPEN(17,FILE=F1)
DO 665 I=1.200

865 WRITE(17.612)1.Y(1)
612 FORMAT(14,1X,G18.4)
BRw1./1TH
991 FORMAT(10(FS.1.1X))
WRITE(6.887)1TM,BR
887 FORMAT(1X, 'DECAY TIME=',14,10X, RATE=",G18.3)
sTOP
END

SUBROUTINE EONS(T,X,N,DX)

REAL T.x{1).0x{1)

COMMON A.B.C,JK,AMAX,Y(300)
AAm(T—1.E-11)/4 . E~12

BOm, 693 vAAcAA

CC=AMAX®EXP(-88)
DX(1)=CCmAeX(1)}=(BexX(1)eX(1))=((Cox(1))ex(1)=x(1))
RETURN

END

SUBROUTINE PRINT(T®,X®,T1,X1,N,DT, TSTOP,E)
REAL TO.X@(N),T1,X1(N),DT,TSTOP

COMMON A,B,C,JK,AMAX,Y(3020)

REAL E(N)

IF(T1.NE.TSTOP)RETURN

Y(JK)YmX1(1)

RETURN

ENO



The energy of a system of carriers with carrier density n, and carrier tempera-

ture of 7. can be written as

E(n, .T.)=NkT.F;(7n) (1)
3
2mm kT 7
where N, = (——;l—_-—— )" and m, is the effective mass .

dE _ dE dT.

Bt 2
dt aT. dt (2)
3 3 3 s dF;3 (m)
_d§_=i(2 O GTOTGOF ) + CTR )T 2 (3)
a7, 2 3 dT.
dF 4
To obtain de we can use the chain rule and the result becomes
dFs(n) dF;(7n)
z _ z dm
dT ~ ~dm  dI. (4)
where 270 has been calculated by Blackemore (Ref.14,ch 3,page 86) and is given by

<

F,y (7])
dn _ -3 z
d7. 2T, F_{(m) (5)
dF, (n)
and considering the fact __d___ = F;(n) we can write
N 7
2 3 F, (n)
dE ' 5 mm,

IF we divide both sides of the Eq. 6 by carrier density which is equal to

n. = N. F;(n) and after some algebra we obtain the change of energy with respect to

=

Ald
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time per carrier which is given by

Fi(m) Fi(m)
aw _3,| 2 z
dar 2

]

(7)

Fitm)  F_ ()

2.



