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ABSTRACT

In the thesis ,the ultrafast physics of carriers in tw o ternary sem­

iconductors Gax Inj_x P and GaAsi_x Px were studied under picosecond Laser 

Pulse Excitation .

The dynamics of hot carriers In Ga,5In 5P, 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



v

the emission at different wavelengths. The rate equations describing the 

time dependence of dynamical variables ( ne ,TC ) 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.56In 44P was meas­

ured w ith  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 M axwell 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 w ith the experimental data.

The time resolved photoluminescence kinetics in GaAs6 2 P.38 - were 

measured by streak camera to determine the radiative, non radiative 

recombination rates. The photo luminescence decay profile was found to be 

intensity dependent. When excitation power fluence increased above 6 x l0 8 

W /cm2, 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 BR =9xlO~10cm“3/  s and 

CNR = 3 x l0 _29cm6/ s by fitting the time resolved photoluminescence decay 

profiles to the solution of rate equations which describes the dynamical 

behavior of the photogenerated carriers.
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CHAPTER 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 i - XBXM and A M ^ XNX . 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 A1 for Ga in order to widen the the forbiden gap 

while retaining 1he direct optical transitions of GaAs . This substitution provides 

GaAs'i_, P.x and Gai_.» Alv 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 papers1-2 . Considerable effort has been devoted to 

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



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 directly from transport experiments . Therefore , one has to solve 

the Boltzmann equation for various type of scattering mechanisms . An alternative 

method is to 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 distribution function is a Maxwellian or a Fermi Dirac distri­

bution with the only adjustable parameter being the carrier temperature Tc , this 

model is called " electron - temperature model " . However it was pointed out by 

Straton3 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 w ith picosecond laser 

pulse generates high density carriers w ithout 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 w ell as distribution function4 . 

There are a variety of direct and direct techniques such as pump and probe5 , optical 

Kerr gate6 , upconversion gate7 , and autocorrelation 8 to 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 time 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  density carriers in GaAs has been studied by Ulbrich 

by measuring the photoluminescence spectra \inder nanosecond laser pulse excitation9
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. As tunable picosecond laser pulse became available , several groups ( Smirl 10 , 

Leheny 11 , Von der Linde12 and Alfano13 ) 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 1018cm~3 ) and concluded that 

electron gas cools to within 100 K of the lattice temperature in about 2-5 ps . From 

the results of picosecond reflection measurements Shank at el.14 concluded that in 

GaAs , carriers with initial energy of .6 ev lose their energy in about 2 ps . In polar 

semiconductors like GaAs , Ga!_vInvP , the dominant mechanism for energy relaxa­

tion is carrier - LO phonon scattering15 . Shah and coworkers11 found modest slowing 

of energy lose rate at 1018cm-3 carrier density . They attributed this reduction this 

reduction of energy relaxation to the screening of electron phonon interaction . Yoffa 

at el.16 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 nc , the interaction between carriers and LO phonons is 

reduced . Seymour at el.17 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.18 

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 Driel19 presented another argument that under high power excitation , enough 

optical phonons could be created to raise the optical phonon temperature into equili­

brium with the partially cooled e-h plasma . In most of the experiments done to 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 

a1 room temperature even though most of the devices fabricated from semiconductors
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are used at room temperature .

This thesis deals w ith the physics of high density carriers in Gaxl n l^xP and 

GaAs i_v Px under picosecond laser pulse excitation at room temperature . The 

dynamics of carriers in optically pumped Ga.vln1_A.P were studied by means of time 

resolved photoluminescence spectroscopy . The radiative and nonradiative recombina­

tion processes in GaAs!_.v 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 w ill be discussed . The streak camera with the 

white cell delay unit w ill be covered in the detection system . The digitized data for 

time resolved fluorescence stored in the DEC Mine 11 minicomputer are analyzed by 

the scientific programs . The dynamics of carriers in Ga 5In ,5P 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 5In 5P w ill be dis­

cussed and the computer simulation of the detected output at different wavelengths 

is presented . The screening of hot carrier energy relaxation in Gax In t_v P(x =.56) at 

room temperature is studied by analysis of the time resolved photoluminescence 

spectra measured by a streak 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 time 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 Px under high excitation 

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

brief 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 Photolum inescence Setup

This setup has been used 1o 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 nm was chopped and focussed onto the sample under study . The photo­

luminescence 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 mred 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 setup1 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 system , 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 to a power supply for optical 

excitation . The Nd : glass is a four level laser and its 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 direction2 .

The light emitted 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 3 ) . 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 

modes4 . 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

n kj = L (2.2.1)

where L is the length of the cavity , Xj 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 

1 0 4) 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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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 cavity . This process is called mode-locking . 

Mocker and Collins5 and DeMaria6 were the first to produce mode-locked pulses rasing 

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 

w ill get through the dye . When gain increases , the high intensity modes w ill 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 S ingle Pulse Selection  and Pulse W idth M easurement

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 1 0  A/ IT 

resistor by a double sheathed cable which forms the transmission lines from the elec­

trode of the spark gap. The output of the Pockells cell was dumped into a 50 ft resis­

tor through a 15 ft long cable to eliminate the high voltage pulse reflection from 

returning to the Pockell cell. A 4 cm focal length cylindrical lens was oosed to focoos 

the laser pulses into the spark gap. The first polarizer is polarized along the direction 

of polarization of the output laser train at 1.054 /xm 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 focoosed 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 to form a conductive path for high voltage . Because of the 

impedance matching between tw o 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 , topically 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 generation7 and tw o photon fluorescence 8 and streak camera . 

In our lab we used the ( TPF ) technique to measure the pulse w idth . The experimen­

tal 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 at the laser wavelength . The dye molecules however may absorb two 

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 .06/j.ni 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 H arm onic Generation

In order to photoexcite the electrons in a semiconductor from valence band to 

conduction band , the energy of the exciting 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 1.06fim (1.17 ev ) , the conversion of 1.06fim pulses to 

,53/j,m is desirable . The pulses of 530 nm can be obtained by passing the 1.06jxm 

through a KDP ( Potassium Dihdrogen Phosphate ) crystal .

The intensity of the second harmonic is given by

/  (2w ,L  ) = (X 2“ ) 2

. 2MZ sin — —
/ 2 ( oi ) (2.4.1)

where Ak  is expressed as

Ak  =  I k 2 — 2k  I = ( - ^ - )  ( n 2lJ>—n 0) ) c

In Eq. 2.4.1 , I (a>) .1 ( 2 o») are the intensity of the laser and generated second har­

monics , L is the crystal length , k , and n 2oi 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 A k  =  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 1 0  % .

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 to a spatial information9. In early 1970’s the streak camera was introduced by 

Bradly10 and Shelev11 to study the transient photoluminescence . A simplified 

schematic diagram of the streak tube operation is shown in Fig. 2.5.2. The photoelec­

trons generated by light incident on the photocathode are proportion to the intensity 

of the light . These electrons are then accelerated into the streak tube by a accelerating 

voltage applied to the plates and at the mean time they are swept at a known rate 

over a known disance which converts the temporal information into spatial informa­

tion12 . 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 to 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 A t = 2d i e  , 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  — T )2. In general the envelope of these pulses decays exponen­

tially  according to the following equation

where tk = k A t 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 

A Trate —— per channel versus the channel number can be used to calibrate the time axes A X 1

and intensity calibration can be done according to the following equation

I = = / 0 exp —r—— In ( 1 — T ) 2 A t (2.5.1)

7 ( 0  =
At

(2.5.2)
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Fig. 2.5.2. Schematic diagram of a streak camera tube ( Ref. 1 )
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where A X is the number of channels between peaks and A r 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 slit 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 streak camera is Ts and the FHWM of the 

incident pulse to be Tp then the measured FHWM time T is given by 12

i
T = ( Ts 2 + Tp 2 )y  (2.5.3)

Therefore if Tp is known then it is possible to determine the Ts which is the temporal 

resolution of the streak camera . The overall resolution of the streak camera used for 

this research is 1 2  ps .

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

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

data reduction .
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CHAPTER 3

Picosecond Carrier Dynamics in optically Pumped 
Semiconductor Ga.5 in.5 P

3.1 - Experim ental O bservation o f Unusual T im e Resolved Photolum inescence in  

Ga.5 In.5 P 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.5 In.5 P semiconductor under picosecond laser pulse excitation. Fig 3 . 1 . 1  shows the 

time resolved photoluminescence profiles of Ga.5 In5P under excitation power of 

10M W / cm2. 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( X <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 (X >  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 to —50 MW / cm2, the general trend was again the same as Fig. 3 . 3 . 1  but
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several interesting features began 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 wavelengths there is an unusual temporal 

profile . At longer wavelengths , the time resolved 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 , I have tried to explain, interpret and also present a computer simula­

tion of output of optically pumped Ga 5In 5P 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 

w ill be given and then band structure of GavInj_vP is discussed to give a background 

about the sample .

Experim ental M ethod

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.5In5P on the front surface . The sample was 1 ixm thick , n doped ( 

~  l x l 0 17cm- 3  ) and grown by MBE on a GaAs substrate . The composition of sample 

was'determined from the calibration of the band gap versus composition12 . The band 

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

transition relationship Eg = h vp — ^ k T  where h vp is the peak energy in the low power

steady state photoluminescence spectra and -i-kT accounts for the direct transition of 

the carriers . The photoluminescence from sample was collected by a combination of



lenses and imaged to a 30 fim slit of a Hamamatsu streak camera . The time resolution 

of detection system was approximately 10 ps . The excitation area was measured to be 

5 x l ( ) ~ 3 cm- 2  and excitation power fluence was varied between 5 to 50 MW /  cm2 by 

placing ND filters in the path of the exciting 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 spectra 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 o f  Gav I n ^  P

It is well known thal 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 1R . In order to 

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 to production of Ga.vIni_.vP 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 1 (VPE) and Liquid Phase Epitaxy 2 , progress has been made in the 

preparation of Gav In!_A P by Molecular Beam Epitaxy 3.

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 experiments4-5 . However the band structure of Ga.v In!_x. P has been 

controversial especially determination of crossover composition. It. is important to
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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 T—X crossover ( E r = Ex ,x = x c ). 

There has been disagreement about the value of crossover composition (xc ) . From the 

measurements on diodes , Lorenz at el. 6 determined xc = .8 . Measurements of band 

edge absorption coefficient as a function of photon energy by Rodot at el. 7 determined 

x0 = .63 . This value has been confirmed by Williams at el . 8 using the photolumines­

cence spectra and by Hakki at el. 9 using hydrostatic pressure measurements. Using 

the cathodoluminescence peaks at 300 K as the position of the band gap, Lorentz 

assigned the value of xc =.74 to the crossover composition with a parabolic empirical 

variation of the band gap which is given by 6

Eg = 1.34 + 1.426 x + .758 x ( x - l )  (3.2.1)

Onton and Chickota 10 confirmed the results of Lorentz based on low temperature 

photoluminescence spectra. In GaP an InP, the indirect band gap E-t = X \  -Tg is nearly 

the same, so that the disagreement on the value of xc is mainly due to discrepancy on 

the variation of lowest direct band gap Ed = T^—r^  versus the composition. In order to 

determine the precise electronic structure of GalnP and to clarify the discrepancy , Ali- 

bert et al. 11 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

Ed = 1.345+1.435 x +.5 x ( x - l )  (3.2.2)

and they assigned the value of xc = .63 j..015 to crossover composition with
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Ec =2.14 i  . 0 1  ev . One of the reason behind the discrepancy of determining the cross­

over composition is attributed to the poor quality of the samples. The higher estimate 

ofx> has been based primarily upon photoluminescence measurements while electro 

reflectance has given usually a lower estimate. Also photo luminescence measurements 

are sensitive to donor and acceptor impurities which yield transitions below the band 

edge. R. J. Nelson and N. Holonyak Jr. at el. 12 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 ( < 3 x l0 16cm~ 3 ) to permit the first obser­

vation of r  exciton peak in the absorption measurements at T=77 K . Fig 3.2.1 shows 

the absorption curve for an x=.69 of Gavlni_vP 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 Y point they used the Elliot’s 

expression for the absorption coefficient for E >Er assuming the optical transition was 

direct between nondegenerate parabolic energy band including the exciton effect. 

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

« (£ ’) = a  ' {Ey) exp (^-) sinhz (3.2.3)

where z = v
F■̂c.vc , a  ' (Er) is the value of absorption coefficient at the energy gapE - E  r

and Ecxc is the exciton binding energy. At 77k where exciton peak is resolved they 

determined the band gap by adding the exciton energy to the exciton peak energy. To 

obtain the exciton binding energy they have fitted the experimental data of Fig.3.2.1 to 

the Eq. (3.2.3) where a ' (Er) was set 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 Eexc to obtain the best fit to the experi­

mental data. In summary, they found the variation of band gap with composition at
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Fig. 3 . 2 . 2 -  Dependence o f  absorption edge and photoluminescence peak 
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absorption band edges are indicated by squares and photo­

l u m i n e s c e n c e  p e a k  en e r g ie s  b y  c i r c l e s  ( Ref.  12 ) .
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T=77 K can be expressed as

Er = 1.414+1.452x +.758x ( x - l ) (3.2.4)

For T=300k, the band gap is given by

E r = 1.351 + 1.429 x + .786 x ( x - l ) (3.2.5)

The Eqs. (3.2.4) and (3.2.5) for the r  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 ) to 2.78 ev ( x=l , 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 to 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

The effective mass of heavy hole, light hole and split off holes in Ga5In5P 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 [ i l l ]  symmetry 

directions at the Brillouin zone edge and they are located higher than T valley . In 

Ga.5 ln.5P the separation of X and r  valley is AE = .34 ev .

m r(x ) =  ( .068 + .052 x ) m* 0 (3.2.6)
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Fig. 3 . 2 . 4  Simplified band structure of Ga, Inx_x P(x=.5) .
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3 . 3 -  Carrier D ynam ics in Ga 5In 5P 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 

/  j ( k ) for each band j , where w e can write

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

/ , 00
p( E ) f  (E ) dE (3.3.2)

0

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

3 1

p(£) = 47r(^L ) 2 ( £ - £ , , ) 2 (3.3.3)h k

and /  (E ) is the Fermi-Dirac distribution function and in given by

f { E )  = 1+exp(E—Fe)/ KTC
- 1

(3.3.4)

E —E F
If we choose e = 8 and c = 17 then the Eq. (3.3.2) becomesK1c K1c

/ , g. £.
__ —d. e (3.3.5)

0 1 +e 11

3
2irm’kTc T

where Nc - 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 tables 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

(3.3.6)

When carrier density exceeds a certain value n deg , the quasi-Fermi level moves 

into the band and carrier distribution is called degenerate14. 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

where k is the Boltzmann constant,m' is the effective mass of carrier and Tc is the car­

rier temperature. For Ga.5ln 5P we obtain ndeg = 4.5x1017cm' 3 at T =300 K and 

nd(.g = 7 x l0 16cra- 3  at T=78 K . Fig (3.3.1) shows the electron distribution for both low  

density (nondegenerate) and high density (degenerate) cases . Because Fe and Fh are 

related to carrier temperature and carrier density through the Fermi integrals , to cal­

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

late F vXri) from the relation F vXt}) and then referring to the tables for FermiJ\c

integrals finding out the value of r) for which the Fermi integral is computed. For 

example to calculate the Fermi level in GalnP at RT for the carrier density of 

5 x l0 18cm- 3  , one has to calculate the value of N c which is equal to 7.23xl017cm-3 .

5 x l0 18
Therefore , F 1/:(r))  = 2 3 x l 0 17 = 6 - 9  anC* ^  referring to the Fermi integrals we see

that Tj = 4.2 . Hence , the fermi level is calculated by multiplying the rj by the kT 

which is 25 mev , Fc = 25x4.2 = 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 p is given by 15

8 KTC m ' 2
3

n des = ( y ) (3.3.7)
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g ( E )  = 4 7 T ( 2 m c / h  2  ) 3 / 2 1/2

l imit of n(£) = 

f (E)g(E)  a t  T -  0

n ( E)  a t  f i n i t e
t e m p e r a t u r e

E Ec

Electron density distribution in a highly degenerate case.

f (E) g (E)

n(E) =■ f (E )g(E)

E

Li.t.ttron density d istribution  in a non-degenern:.' cose.

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 . <f> 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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y )  = ln ( - £ - )  + 353 ( J L )  -  4.95X10-3 ( - ^ - ) 2 + 1 .48x l(T 4( - £ - ) 3 -  4 .4 2 x l(T 6 ( - ^ - ) 4+ ___
Nc N c N c N c N c

(3.3.8)

This expression is accurate at low  carrier densities (_ ^ _ )< l and at high carrier densi-J\c

ties ) —15 there is less than 5% error calculation of Fermi levels. Fig. 3 . 3 . 2
/V c

shows the comparison between the exact calculated value of Fermi level by Fermi 

integrals Eq. (3.3.6) and the approximate analytical expression Eq. (3.3.8) at room 

temperature .

3 . 4 -  Energy Loss M echanism s o f Photogenerated Carriers

Photoexcitation of a semiconductor with band gap of Es by a picosecond laser 

pulse of energy ho creates electrons with initial energy of AEe = —^ — (ho—Eg) in themc i TTbfj

m(,
conduction band and holes w ith excess energy of AEh = ---------- (fuo—E„ )in the valencemc +mh k

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 the 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 w ith 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 16
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where nc is the number of electrons at energy E , ml is the effective mass of electron 

and e is the dielectric constant . For an electron in the central T valley of Ga.5In 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 5 x l0 18cm~ 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 w ith each other in about .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 it is possible to characterize the state of electrons in the T 

valley with an electron density of nc and a temperature Tc . Electron-electron colli­

sions are fast enough to ensure that also electrons in X valley system have the same 

temperature Tc . Because the momentum must be conserved , the electron-electron 

scattering is ineffective in transferring the electrons into and out of X valley system . 

Transfer of electrons from one valley to 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 T and X valley electrons w ill be characterized by the same tempera­

ture but Fermi levels for each valley w ill be independent , and relative population of 

the two valley must be calculated dynamically and these rate equations w ill be part 

of a set of differential equations which w ill be discussed in later sections .

The energy loss rate of a hole to other holes is also given by Eq. (3.3.9) with ml 

should be substituted for ml . 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
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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

mc
the Eq. (3.3.9 ) with mass ratio of —— , which brings the electron - hole equilibrationmh

rate up to 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 to holes , we can use the results from two temperature plasma theory with 

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

given by 17

dEc &ve 4ne (Te —Th )
dt

V 27rk mcmh 6 2

(3.3.10)

mc ni/.

where k is the Boltzmann constant , e is the dielectric constant and Tc and Th are the 

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

dEh dE“ (3.3.11)dt dt

However , since the electron-electron and hole-hole collision is very fast ( typically 

1 0 12 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 Tc .

The second group of energy loss mechanisms , is optical and acoustical phonon 

scattering . In polar semiconduetors like GaAs and Ga 5ln 5P , the dominant mechanism 

responsible for carrier energy loss is the interaction of carriers w ith LO phonons as 

long as carrier temperature is above 40 K .

The general Hamiltonian for the electron-phonon interaction is given 16
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" = /
d 3k

( I T T ?
Mr arfe “' '  + M r a?+ e - ' « - r (3.3.12)

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

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

Q
tudinal optical phonon the matrix element is Mq = — where C is given by

*7

2TTfmLOe2 2 
C =  i ( ----------------) (3.3.13)

and hii)L0 is the optical phonon energy , and the e is given by

1 1 1

-oo '-s
(3.3.14)

where and ev are the high frequency and static dielectric constants , respectively 

The rate of change of electron energy is

k  , u  O l  k . a k ' . a '

i - / CT'U  ')

-  Z Z Wk ^  et< f  °Xk •)
k  , < r  k  \ c t '

l -  /  ° U ) (3.3.15)

where cr is the spin index , and /  °T k ) is the occupation number of electron state cr.k 

and Wk ■ is the transition rate given by Fermi Golden rule as

Wt - 4  ■= ^ - Z  1 <* ’ .cr' ,{n '} I H '\k , o \ {  n }> I 2 8  (  et - e k . + E { n } - E {  n } )
I n  I

(3.3.16)

where { n } denotes the set of phonon occupation numbers and E i n } is the energy of 

whole phonon states associated w ith these numbers . The polar longitudinal optical 

interaction is spin conserving , and because H contains only the first power of aq and 

a /  , h i } can only change ±J • The matrix element insures the momentum conservation

and the result becomes
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W,
97T

k-,k •= —  I M(j I2 { nk •_* 8  (e* -  e* ■ + fmL0 ) 8 <r.CT- + ( nk- k '+1 ) 8  ( eak - e ak -hxiL0 )Sa }

(3.3.17)

where the first term in the bracket is the phonon absorption 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 becomes16

,d e
~dt<—r- = ~P,

1

e * 0 —Vc _  J ( x j  2 ) 2V'r/ 2Kq(xc /  2)

e * ° — 1
V  77-/ 2

The parameter P0 is independent of carrier temperature and is given by

(3.3.18)

2h(t)jQ 2
P0 = eE0(  ±?-) (3.3.19)

and E q is defined as

m efuDL O

t?
1 1 (3.3.20)

In Eq. ( 3.3.18 ) , the x 0= fmw  Jand xr =KTl c KTt

tion of order zero . The parameter P 0 can be simplified to

nad K q is the modified Bessel func-

P 0 = 3.54X1011 fui)L0 (mev ) ev /  sec (3.3.21)

The Eq. ( 3.3.18 ) is derived for nondegenerate case ( pcO  ) and is independent of the 

density of carriers . In Ga 5In SP the distribution of electrons at room temperature is 

degenerate when nc >4.5x10 i7cm~3 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 18
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2  } 1 / ■ 00 1 (= —
f  (e) 1 —f  (e+xc ) sinh-1( — ) 2 d e

" xc

n  OO f .  .__

— ( N9 + 1  )Jn f  (e+xc ) 1 —/  (e) sinh- 1 ( — ) 2 d e
I J xcc

(3.3.22)

where F y, is the Fermi integral and Nq is given by

(3.3.23)

Again the first term 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 lx lO 18 , 5 x l0 18 and l x l 0 19cm~3 . For the above calcu­

lation we used the following parameters mc=.094 , hcoLO = 48mev , e.v = 9.1 , eM= 11.6 . 

The Maxwellian result is independent 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 Ga.5 ln.5P 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 o f Hot Carriers

At high carrier densities achievable by picosecond laser pulse , the energy loss 

rate w ill be reduced as a result of the the screening of the interaction between carriers 

and phonons19-20  . The Hamiltonian in this case is derived by considering the interac­

tion of electrons with the charge density peff = —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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Fig. 3 . 3 . 3  Electron energy loss rate in Ga.v Ini_x P(x=.5) as a function of electron

temperature calculated from Eq. 3 . 3 . 18 for 1X1018 (dot-dash) , 

5 x i0 18 (dashed) and l x l 0 19cm- 1  ( solid line) . The Maxwellian result 

is independent of electron density .
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Fig. 3 . 3 . 4 Electron energy loss rate vs electron density in Gav I n ^  P(x=.5) on 

semi-log scale for 500 , 1000 , 2000 K calculated from Eq. 3 . 3 . 22 . 

The low est curve corresponds to 500 K and dashed lines are for 

M axwell distribution case .
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e { q )  = 1+ Q: (3.3.23)

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

for the electron-phonon interaction becomes

H '=  f  d ^.. q 
J (27r)3 Q 2+q2

Caf ’ + C * ale-'* r (3.3.25)

Here , the transition rate f rom state k to k ' can be calculated f rom Fermi Golden rule 

which is given by

Wk°Z?' = ^ Z -  1C I 2n
I k - k  I

/  Ik - k  I 2+Q2 ]2
nk ■_* 8 ( e  *— ek ‘+ho)LO ) S C

+( nk-k '+1 ) S ( €.^—ek ‘—fmL0 ) 8 C (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 by2 1 2 2

d € -™e e 2( u)L0 )2
dt 27T2€

Nlo ( Tc ) -  Nlo (Tl >1 s: kdk ,  e k  , e k  + h o ) r o  xf  ( * ) - / • ( _ ____ _ )
kTc kTc

In
( k + - J k 2+2mca)LO/ h )2+Q2 
( k —V k 2+2mc(oLO /  h )2+Q2 ( k —V  k 2+2mea)LO / h )2+Q2

+
( k + V k 2+2mco)LO /  h ) +Q2

(3.3.27)

where N (Tc )—N (TL) is the difference in phonon occupation at the carrier temperature 

and lattice temperature and is equal to
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N (T, ) - N  (7>.) = - j j i  —  ’ ------ (3.3.28)
k T < 1 k T L— 1 e — 1

23where Q is the Debye screening wavevector and is given by

Q = (3.3.30)
e0 kbTc

For example at carrier density of 6 x l0 18c/n~ 3 and T=500K  the value of Q is calculated 

to be 1.25xl07cm_1 . In Eq. ( 3 . 3 .  27) the value of e is given by

1  = (3.3.29)

where €„ and es are the optical and static dielectric constants. At low carrier densities 

where screening is not important Q -> 0 and in addition the Maxwell Boltzmann statis­

tics can apply the the electron distribution becomes

f<- B 7 ) = 1 = TT( i X k T ,  ) ' e x p (2 ^ ^ ) ( 3 3 '30)

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

the equation

< 4 f >  = ", < ~ > u ,  (3 .3 .3 ))

d €where < —_  >MB is given by Eq. (3 .3 .18 ) . Fig. 3 . 3 . 5  shows the electron energy
at

loss rate to lattice in Ga.5In5P as a function of electron temperature with screening

effects included for carrier densities of lxlO 18 , 5 x l0 18 and lx l0 1 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 inlo
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Fig. 3 . 3 . 5  Electron energy loss rate to lattice via optical phonon interaction as a

function of temperature w ith  screening effects included as calculated 

from Eq. 3 . 3 . 27 for n = ! x i 0 18c. - : :~3 (solid l in e ) . 5 xiC,sc.Tv~ 3 (dashed 

line) , l x i 0 19cm - 3  (dot-dashed line)
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Fig. 3 . 3 . 6  Electron energy loss loss rate to lattice via optical phonon interaction ,

w ith screening effect included on a logarithmic scale . The three curves 

are for T=500 , 1000 , 2000 K , respectively . The upper curve is for 

T=2000 K and the lower curve is for T=500 K .
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account as calculated from Eq. 3.3.27 for T=500 , 1000 and 2000 K .

In tervalley  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 r -*X and X -*T valley . The intervalley scattering time as a function of carrier 

energy is given by 16

( TrA- ) 1 ( x  ) =
D TX(hi)L0 ) 2 mx 

V  iTrtfpw, ( e  ' ' — 1 )
(x + x j— x A ) 2 + e x' (x —x \—x A ) 2 (3.3.33)

where D rx is the deformation potential associated with coupling between T and X val­

leys , p is the material density , ho), is the phonon energy ( optical or acoustic ) 

required to provide the momentum necessary for a transfer from r to X valleys ,

hcoj fuiij ec Ex—Ey AZ?
x, = —— , xj = —-----  , x -   ------  and x A= ------- ) =    . The x terms in Eq.KT hoj1() fuoLO hoj jo ha)L0

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 > (x A+x j) , where x A is the normalized energy separation .

The total rate of electron transfer from F to X valleys can be written as13

dn i 
~dt (3.3.34)

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

0 /  r(* )
1 r-x

/  r (* ) 
t r->.v (-*- )

(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 Con w ell 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 rate . 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 important parameter enter­

ing the calculation of the transfer rate is the phonon energy hi), associated with those 

phonons imparting the necessary momentum to the electrons. In GaAs , F to X 

transfer takes place via electron interaction with LO phonons 16. In other binary sem­

iconductors it is necessary to resort to group theory in order to determine which pho­

nons participate in intervalley transfer of electrons. Birman et al. 24 concluded that 

the selection rule for phonons depend on the ratio of the group V atomic mass m,, to 

group III mass mIU of the binary. In the case of GaP and InP it is LA phonons that 

take part in 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 transfer. For GalnP, it is LA phonons that are important in

intervalley transfer 13. Since LA phonon energies for InP and GaP are 25 and 33 mev 

, respectively . one can determine the LA phonon energy in Ga.vIni_vP by interpola- 

tion . only parameter which is not known for Ga.5In 5P is the deformation potential 

and for the calculations we use the value of 5 x l0 8 ev /  cm used by Conwell in GaAs . 

Using the material density of 4 .455gr /  cm3 and LA phonon energy the hi), = 29 mev, 

the Eq. (3 .3 .34) can be written as

7 r.v

Similarly , we can write the total rate a1 which electrons are transferred from X 

to T valley . The transfer time as a function of carrier energy is given by

1.12X1032

(3.3.36)
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1 x  - r
- l

U  )

1 3

D rx ) 2 m r 2
V  2 7 r / i3p a ) ;  ( e — 1 )

_i_ i
I 2  i „  ' i  f  „ __ „  'i 2(x + x  i ) 2 +e ' (x —x ]) ‘ (3.3.37)

Again we can write

d t l y

d t
a / x  j3

a?
=

J r.Y_r( x )
(3.3.38)

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

to energy w e obtain13

dnx
~ d T (3.3.39)

A T

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 r rx , the Eq. 

3.3.39 can be written as

dn i 
~dt I / GO -J

x * — L_
v = l  l + e v-

1
-V -ve 1

l i
(x +x j ) 2 + e A'(x — x-! ) 2 (3.3.40)

Fig. 3 . 3 . 7  shows the intervalley scattering times ( rrx , t A i ) in Ga.5 In.5P as a 

function of carrier temperature for the carrier density of l x l 0 18cm- 3  calculated from 

Eqs. (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 at photon energy h v and at carrier density ne and 

carrier temperature Tc is described by



IN
TE

R 
VA

LL
EY

 
SC

AT
TE

RI
NG

 
TI

M
E 

( 
PS 

)
- 5 5  -

1 0 0 0

1 0 0

0.01
900 1000800600 700500400300

TEMPERATURE

Fig. 3 . 3 .7 Intervalley scattering time in Ga.5 In.5 Pas a function of electron tem­

perature .
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a(v,ne Tc ) = A (h v—E„ ) 1 ~ f c(Ze ,7)e ) - /  (Zh .t)h )

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

/  (x ,y ) = i + e x~y
-i

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

Z„ =

and

Z* =

mr (h v—Eg ) 
me KTC

mr (h v—Es ) 
mh KTC

(3.3.41)

(3.3.42)

(3.3.43)

(3.3.44)

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

mr mc mh

7’he constant A is expressed as

A = ) 2 ] e2 \< c  ,k = 0 \  e , p \ v , k  = 0 >  I2
ft  mocnio

(3.3.45)

(3.3.46)

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

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

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

_ i
and the value we used in our calculation is 2 x l 0 4 cm-1ev 2 . At low excitation power 

where the distribution of carriers is nondegenerate ( p <  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 ( rj > 0 ), the absorption coefficienl 

could become negative . In general one can write
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a > 0  for h v > Eg + Fc + Fh Absorption (3.3.47)

a < 0 for Eg + Fc + Fh > h v >Eg Gain (3.3.48)

Therefore at high pumping power one expect to observe the stimulated emission on the 

low energy side of the photoluminescence spectra . The spontaneous emission rate

■{v) into the frequency interval d imbout ids given by 25

r (p ,nc ,TC) = A (h v -E & y  *™~v d v f  ̂  ̂  } f  hUh ^  (3.3.49)
c~

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 as26

—  = H ( t } - L ( t )  (3.3.50)dt

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

H U )  = (3.3.51)
f  1„ (t )d r

—CO 1

where W is the excess energy of electrons which is equal to ----- -— (h v—Eg ) and lp (t )I TTLC

is the pump intensity which we assume Gaussian shape w ith FHWM of 8  ps . L ( t ) is 

the energy loss rate due to relaxation, recombination and intervalley scattering which 

can be written

j -  d e . d e . d e . , 2  ^ 9 5
\ L s ^  ' L(> ' ~ d t ~  m tc rv a ^ c-' ( fa  recombination

where the first term is the carrier energy loss due to interaction with LO phonons
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which wc 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 transferred from T to X valley and 

the last term is loss of energy due to recombination . Note that each time an electron is 

transferred from the F to X valley system, the kinetic energy of electron is reduced 

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

- - ^ 7  \  h u e ,  v a l l e y  = — A I r_A- (3.3.53)

where | jS given previously by Eq. (3.3.36) .at

For a Fermi gas can be expressed as 26  at

dU 3 ,
s r = 2 k‘

2 2

T i(p )-F _ i(r ))
dTc
dt

(3.3.54)

where F} are the Fermi integrals of order j and p = /•;
KT,

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 <f>(v) 

which at high excitation power is broad band .

In general in an optically isotropic lasing medium with ( gain /  loss ) coefficient a 

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

as

= - q  </>( v  ) (3.3.55)
dz

where z is along the length of the medium and a  is the ( absorption /  gain ) coefficient 

. If a  > 0  ( absorption ) , the photon density w ill exponentially decrease due to the 

absorption along the medium . In the case where a < 0  ( gain ) , the photon density 

will be amplified exponentially as propagate through the lasing medium .
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The Eq. 3.3.55 can be converted to time dependence by considering

d d> d <t> dz C . r s—— = —- -= —a —<z>( v )dl dz dt n (3.3.56)

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

electron density ne , carrier temperature Tc , photon density 4>(v) are as follow  :

dn r . , . , . dn t any-  = (1 - R ) a ( p p , n r ,Tc ) / „ ( f  ) -  - ^  lr_ , + — L , w -
dn\

dt dt dt
n T
T 7

(3.3.57)

dnx
~ d T

n  r
Tr-.v TA’-*r

(3.3.58)

dTc
~dt

WI„ ( t )  r 00 dn j
— r (v,ne ,TC )hvd v — A ——J o dt

f - J r  { r  )d 7
' r-x

d 6 
dt 1 L O G (r)) (3.3.59)

—- j  ' - -  —CF —a{v, , nv,Tc )(f}{v,) (3.3.60)dt n

In all the equations we assume that electrons and holes have the same temperature 

namely Tc . Description of the equations describing the time dependence of the dynam­

ical variable ne ,TC are as follows : In Eq. (3.3.57) , R is the reflectivity constant 

and the first term is the generation term which depends on the actual shape of the 

exciting laser pulse ; the second term is the rate at which generated electrons from T 

valley w ill be transferred to X valley system ; the third term represents the electrons

which are transferred from X valley to T valley ; and the last term represents the

depletion of electrons by radiative and non radiative process .

The relation between the total life time ( r , ), radiative life time ( r# ) and non 

radiative life time ( t n r  ) is in the form of

—  =  —  + —L- (3.3.61)
T1 T K TNP!

In Eq. ( 3.3.58 ) the first term is the fraction of electrons in T valley transferred to X
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valley ; and the second term represents the return of the electrons from X valley to r  

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. 26  

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 (it) is given by

G On) =
4 ^ 3  Or,)

2 2

F i (tj) F—i (r>) (3.3.62)

The bracket in Eq. (3.3.62) is close to unity when 7}<2 , which implies at RT for car­

rier densities below 2 x l 0 18cm- 3  .

The integration in Eq (3.3.59) which is the rate which energy is lost due to 

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 ot(v,nc ,Tc ) . When a  is positive, it is a 

loss process which implies the photons generated at frequency v inside the semicon­

ductor w ill be reabsorbed. However, when a(v,ne ,Tc ) becomes negative , the gain 

would be established and the stimulated emission could occur which leads to the 

amplification of the generated photon density . The first term in Eq. ( 3.3.60 ) is 

the same as Eq. ( 3.3.56 ) but a confinement factor CF is included . In the best double 

heterostructure laser where the stimulated emission is confined within the cavity of 

laser the confinement factor CF varies between .1 to .5 . The Eq. (3.3.60) is a set of 

differential equations which extends from v x to v 10. The broad photon density was 

assumed to extend from the band gap to 1000 A above the band gap . This interval 

then is divided to 1 0  discreate wavelengths , the first wavelength which is very close 

to the band gap correspond to photon energy v x and the 1 0 th discreate wavelength
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would correspond 1o photon energy v 10 . This set of differential equations which 

describes the time dependence of the dynamical variables of carrier density ( nc ), car­

rier temperature ( Tc ) and output photon density ( (f>O ) ) can be solved numerically 

by the computer to obtain the time evolution of ( ne ,TC , <f>(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 X 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 r  valley by spontane­

ous emission , the X valley electrons return slow ly because of the low density of 

states in T valley and they cool to the band edge to allow the long wavelength emis­

sion to continue .

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

is give by

Ip { t ) = 70 expj—( y )  ln2  } (3.3.63)

where T is the FHWM of the pulse which is centered at t = 0 and 10 is the normaliza-

r 00tion constant which can be determined by J Ip ( t ) 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

f  valley
X valleys

(a)

r  valley X valleys

hi/,
(b)

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 T 

valley to allow the long wavelength emission to continue .

5999991



Ip ( t ) = /(, e x p { -(y )  ln2  } 

FHWM = 8  ps

25

TIME PS

The time dependence of a 8  ps laser pulse as calculated from Eq. 

3.3.62 for 10 fi j  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 r  valley as a function of time for 

excitation power fluence of 10 MW / cm2. It shows in about 15 ps the electron density 

reaches its maximum value of 8 x l 0 17 cm- 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 .4 x l0 16 cm- 3  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 electron temperature as calculated from Eq. 3.3.59 for excitation 

power of 10MW/ cm2 It shows in about 1 ps the electron temperature reaches 1100 K 

and then it cools down to lattice temperature in about 2 0  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 I cm2 . For the above calculation we used r = 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 Eq. 

3.3.60 . The value of confinement factor used for the calculation is set to be 

CF = 3 x l0 - 3  . 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 / cm2 , the results were similar 

to the case of low excitation power fluence of \0M W /  cm2 . 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 640/im which is shown in Fig. 3.3.15 d .

When excitation power fluence increased the level ~ 5 0  MW /  cm2 the calculated
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Fig. 3 . 3 .11 Electron temperature as a function of time as calculated

from Eq. 3 . 3 . 59 for excitation power of 10M W /  cm2 .
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Fig. 3 . 3 . 12 (a) - The bomputed normalized ou tpu t photon density  a t different

wavelengths as a function of time fo r excitation of P = 10MW / an2 ,

Dr.v = 5x i0a ev /  cm and confinement factor of CF = 3xiO- 3 .
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Fig. 3 . 3 . 14 The time dependence of electron temperature at excitation power of 

25MW /  cm2 and Z?rx = 5x10s ev /  cm .
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cm and confinement factor of CF = 3X10- 3 .
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results were different. Fig 3.3.16 -a shows the time dependence of the electrons in the 

T valley . The electron density in T valley reaches the maximum value of 

~ 4 x l 0 18cm- 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 temperature as a function of time for excitation power 

fluence of ~50MW7 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 5 M W /  cm2 ( compare Fig. 3.3.12 -a and Fig. 3.3.18 -a ) . However at long 

wavelength of 640 nm , the time dependence 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 to 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 ( 

k >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 w ell .
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Fig. 3 . 3 . 17 Electron temperature as a function of time for excitation 

fluence of 50 MW/ cm2 , D rx = 5x10s ev /  cm .
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dashed line ) for excitation power of 50MW /  cm2 , D lx -  5 x l0 8 ev /  

cm and confinement factor of CF = 3 x l0 - 3  .
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To investigate the effect of confinement variation on the shape of the output pho­

ton 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/ cm2 for CF = 1.5xlO- 3  

and CF = 6 x l 0 - 3  , 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 D rx . 

To investigate the effect of deformation potential variation in the theoretical calcula­

tions we changed the value of D rx by a factor of tw o . 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 D rx = lxlO 9 ev /  

cm . In this case the time dependence of electron density in T valley is very similar to 

the case of D r x = = 5x l0 8 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 T 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 tw o namely D rx = 2.5x10s ev /cm . The time dependence of electron 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 I cm2 . 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 w e can con­

clude that the variation of deformation potential w ill not effect the shape of the out­

put photon density at different wavelengths . The factor which has a significant effecl 

in the shape of the output photon density is the confinement factor CF .
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'1’he 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 to spontaneous and stimulated 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 ( a  < 0  , gain) .

Fig. 3.3.28 shows the Fermi level of electrons in r  valley as a function of time 

for excitation power fluence of 10 and 50 MW/ cm2 . At low excitation power of 

tOMW/ cm2 , the Fermi level of electrons in T valley is mostly below the conduction 

band and only between r=15 and t =35 ps the Fermi level is above the conduction 

band and its maximum value is around 1 0  mev . So in this case there is no gain which 

means a  is always positive for all the wavelengths . However , at excitation power of 

50MW/ cm2 the Fermi level is moved up into the conduction band for most of the 

time . In this case the behavior of a  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 technique 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 stiirm- 

lated emission and intervalley scattering accounts for the most of the observed 

features of our experim ent.
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CHAPTER 4

Time Resolved Photoluminescence Spectra of 
Gavin(1_ v)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.v In(i_v )P (x =.56) with 10 ps time resolution using a 

streak at various times following the exciting picosecond laser pulse w ill 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 . Integra-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. 1<)85
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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 function1. To study the ultrafast processes in semiconductor 

there are a variety of direct and indirect techniques such as pump and probe2.optical 

Kerr gate3, upconversion gate4, and streak camera5. Energy relaxation of low density 

carriers in GaAs has been studied by Ulbrich by measuring the photoluminescence 

spectra under nanosecond laser pulse excitation6. From the results of picosecond 

reflection measurements Shank at el . 7 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 to 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.vIni_.vP alloy system has been 

reported by many groups at different temperatures . The main objective of these meas­

urements was to characterize the band structure of GaxIni_* P and to determine the 

cross over composition . Kressel et a l . 8 studied the photoluminescence spectra of 

Ga.5In.5T 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-to valence band transition , conduction band to acceptor transitions and 

donor to acceptor transition . The intrinsic recombination dominated 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
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from l.SxlO 16 to 9 .3xl0 17cm- 3  ) suggested a consistent shift of acceptor ionization 

energy to lower values with increasing doping .

In steady state photoluminescence where usually the excitation source is the low  

power ( 1 0 - 1 0 0  mW ) argon laser , the density of photogenerated carriers is less than 

impurity concentrations , therefore impurities play a major role in the photolumines­

cence spectra . When carriers are photogenerated above 1 0 18cm~ 3 by picosecond laser 

pulse , the emission spectra w ill be the result of radiative recombination of electron- 

hole plasma . In this chapter , we report on the measurements of the time

resolved spectra of Gavln(1_v)P (x= .56) at room temperature using the streak camera as 

the detection system . The photoluminescence spectra at various times were htted to 

the theoretical expression for direct transitions . 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(i_T)Inv P(x =.56) on the front surface . The excita­

tion area was measured to be approximately 8 x l 0 _3cm2 . The sample was 1.5 fim 

thick , moderately pure ( l 0 16cm- 3  ) 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 9 . The band gap of the sample was determined to be 1.903 ev at room

temperature from the direct relationship Eg= h v p—̂ -kT where h v p is the peak energy

in the low power steady state photoluminescence spectra and y k T  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 fim slit of a Hamamatsu streak cam­

era . The output was detected by temporal analyzer and computer for data analysis .
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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 to 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 fxJ . We used N(E,t) = A [ exp( — — ) - exp(
J d ( E )

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

and decay times of the emission at different energies . In the above equation , N(E,t) 

is the number of photons detected at energy E where E is the central energy of the 

narrow band filter j d CElandr,.^) 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 . A ll 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 t, .(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 . I f) . The decay time of the emission r d ( E ) increased from 47 ps at 

E=2.107 (Fig. 4 . 3 . 1 - a) to 310 ps at E=1.919 ev near the band edge (Fig. 4 . 3 . -  If 

) . 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
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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 t=0 ,2 5  , 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 w ill be discussed in the next 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 to 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 ~  1 0 0  mev . The decrease in the FHWM of the spectra w ith time is due to 

the reduction of the photogenerated carrier density by recombination and possibly 

plasma expansion10 . 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 

time .

4 . 4 Recom bination Models

In order to obtain 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 ( kT = 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 af 

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 photon energy hoj 

can be written as

/  ( too ) E  I Af ( K  - kK ) I2 f c ( K  ) f h (k7, ) 8 ( ) 8  ( f m - E g - E ^ -E ^  ) (4.4.1)
F  k " ‘

where hkl  and hk7 are the momenta of electrons and holes , M ( K , k ^ )  is the transi­

tion matrix , f c (k7  ) and / h (k7  ) are the probability of occupation of electrons and

holes , Eg is the band gap , Ek‘ and E/,1' are the kinetic energy of electron and holes .

In order to obtain an analytical expression for the spontaneous emission intensity 

at photon energy fua the summation in Eq. 4 . 4 . 1 is converted to integral in k space 

and we have

/  (too) f  - ^ 3-  I M I 2 f c{kc ) f h (kh ) 8 (kc - k h ) Ufm-Eg - E kce- E khh ) (4.4.2)

where in direct transition we have kc = kh . After performing the first integral we 

obtain

d 3k/(too) ~~f K A  | m  I 2 f  e{ e k) f  U e ' k) U ke- k h) U  fuo -  Eg -  ) (4.4.3)

l 2 l r 2
Further simplification of Eq. 4 . 4 . 3  can be obtained by considering €* =

2 mc 

h2k 2e* =■= and thier sum can be written as
2 mh

e /, h2k 2 , 1 1 \ f?k2 r a aef + e / '= — —( ----+ ------- ) = _ —  = ek (4.4.4)
2 mc m/, Zjx



- 98 -

where fj. is the reduced mass of electron and holes . Therefore , Eq. 4 . 4 . 4  can be 

written as

f  I M I 2 / , (  ef* ) f h ( e*  ) S ( ke- k h ) S ( fm -  Eg -  ef -  e /')

(4.4.5)

9  4 -  -  1
After substitution of k 2 = i - i t - ) e k and dk ek 2d e k in Eq. 4 . 4 . 5  and

h  2 h r

assuming the transition matrix is independent of energy we can write

l ifm)  ~  ( hoi-ER ) 2 f ,  ( — ^ -----(tu»-Eg ) ,Fc ) f h ( —^ —  (hbt-Es ) . Fh ) (4.4.6)me +mh me +mh

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

f i x  , y  ) =
•v y 

l + e  tr (4.4.7)

In the case of low carrier densities where Maxwell distribution applies , the Eq. 4 . 4 .  

6  can be written as

1 ifm) ~  ( hio—E„ ) 2 exp
hoi—Eg

kT (4.4.8)

The peak energy of photoluminescence described by Eq. 4 . 4 . 8  is at fa«>max = Eg

and its FHWM is about 1.8 kT . At low carrier densities , the carrier temperature can 

be extracted f rom 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 resuit is a straight line and the slope of this line would be — -!=- . ThisKI

method has been used by Shah at e l . 11 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
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photon energy ho in a semiconductor with band gap Es for non-k-selection rule can be 

written as12

, hu)~E„ 1 1 E  ' - F e
- 1

h h i — E g  — E

2( ho-Eg- E  ' ) 2 l+e kT l + e  kT (4.4.8)

Again in the limit of low excitation power where Maxwell Boltzmann statistics 

can be applied , Eq. 4 . 4 . 8  simplifies to

- { h u >  —  E R  )

I  {ho) ~  ( ho — Eg )2 e kT (4.4.9)

The peak of the photoluminescence spectra described by Eq. 4 . 4 . 9 is at

homax = Eg + 2kT and its FHWM is 3.4 KT .

In order to see the difference between the shapes of the photoluminescence spectra

of direct and indirect transitions , the theoretically calculated spectra in Ga.5In.5P at

room temperature for n = lx lO 18 and 5 x l0 18 cm- 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

N (E )dE ~  E2 ( E - E g ) 2 f mc +m -{E—Er, ) , fxe
h / /

mh
mh +mc.-{E Eg ), fj-/, 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  e and /,,  are the electron and hole occupation probabilities 

which is given by
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/ ,  Ce , fx, )=
( e —f i j )  1

1 + ---------- — —
kT,

for i =e ,h  (4.5.2)

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 =NC ) for i=e  ,h (4.5.3)

» 3
iTTrri jkT,  y  , fx, _  . . „  .

where 7VC=2(------ = ) and r ji=— -  . The EyAT);) is the Fermi integral and is given
h k J ,

by 14

1 /* 00 v j
F : r f   t--- -dx . (4.5.4)

T( y + 1 ) l+exp(x —7), )

Since and fih are related to carrier temperature by equation (3) through the Fermi 

integral we used the approximate analytical expression for r) given by 15

7)=ln ( - £ - )  + .353 (_£—)—4.95X1 (T 3 ( ^ - ) 2 +1.48X1CT4 ( -^ _ )3- 4 .4 2 x l0 “6 ( ^ - ) 4+ ...........JVC Nc Nc Nc Nc

(4.5.5)

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

densities (-^— )^1 and at high carrier densities (-^—) ~  15 there is less than 5 % errorNc Nc

in calculation of Fermi levels . To determine the carrier density (n) , reduced band gap 

Eg and carrier temperature (Tc ) 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 .  I f)  the carrier temperature was assumed to be the same as room 

temperature namely , Tc= 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 .Eg =1.913 ev 

and n = 3 .4xl0 18 cm- 3  . The reduced band gap obtained from the fitting of the spec­



trum at 1 = 2 0 0  ps is lower than the band gap by ~  1 0  mev as a result of band gap 

renormalization at high carrier densities1617. The fact that we assumed that the car­

riers are in thermal equilibrium with the lattice at t= 2 0 0  ps is justified by the fact 

that the carrier temperature drops at the rate of ~  1000 K/ps assuming a Maxwell 

Boltzmann distribution function18. For the rest of the photoluminescence spectra we 

used the value of £=1.913 ev as a fixed parameter and carrier temperature (Tc ) 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=6.6xl018cm-3 , Tc = 725 K for t= 0 ps spectra (Fig. 4 

. 3 . 4 a ) ;  n=6.1xl018cm-3 , Tc=540 K for t= 25 ps (Fig. 4 . 3 . 4 b) ; n =5.6x1018cm '3 , 

Tc =445 K for t= 50 ps spectra (Fig. 4 . 3 . 4 c ) ;  n =4 .7x l018cm~3 , rc =325 K for 

1=100 ps spectra (Fig. 4 . 3 . 4 d) ; n =4.2xl018cm-3 , Tc=310 K for t= 150 ps spectra 

(Fig. 4 . 3 . 4 e) and t i  = 3 .4xl018cm-3 and Tc =  300 K for t=200 ps spectra (Fig. 4 . 3 . 4  

f)  . The theoretical fits are shown by solid line in Fig. 4.3.2 . The main objective of the 

fitting was to obtain the best fit 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 r is the time were the carrier density drops to — of its initial value . The best

fit was obtained when t=290+. 1 0  ps . Note that this value is very close to the decay 

time of the time resolved profile near the band edge (see Fig. 4 . 3 . If) . 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 

w ill be discussed in the next section .

4 . 6 .  DISCUSSION

Excitation of Ga.5 6In44P {Eg =1.903 ev) by a 527 nm (2.34 ev) picosecond laser

pulse creates electrons w ith initial energy of

tion band and holes w ith excess energy of

mh
+771/ -(hvL—Eg )=35  ev in the conduc-

me
-(hvL—Eg)=.09ev  in the valenceme +mh

band . The photogenerated carriers lose their energy by interaction with LO 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 by18

d e „ 
>=- p »

1 vc
T*1

\O•Xto
e x° - l V 7 r/ 2

(4.6.1)

where P 0 is a parameter independent of carrier temperature and is given by

P  o = 3.54X1011 fat)io (mev ) 1 _  1

€ €OO .V

ev
sec

(4.6.2)

, s . s * \ fo&io ffvjjoIn equation ( 4 . 6 . 1 )  x 0=-
ht)j

kTi ' Xc kTc

of zero order and the rest of the parameters have their usual meanings . Since elec-

3
trons in conduction bands are Fermi gas , the average energy < e > o f  electrons is

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

3 dTcthe left hand side of equation ( 4 . 6 .  1) may be replaced with —k —!— to obtain the
2  at

differential equation describing the time evolution of carrier temperature . For 

Ga 56In 44P this equation simplifies to

and ) is the modified Bessel function
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8X10 K_
ps (4.6.3)

V  7r/ 2

To determine Tc vs t from Eq. (4 . 6  . 3) we used the value of mc=.094 for electron 

effective mass 19 , €<*=1 1 . 6  ,es. =9.1 and 48 mev for the LO phonon energy20. 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 M axwell Boltzmann distribution (p < 0 ) the carriers are 

thermalized w ith the lattice temperature in less than 1 ps for the initial temperature 

of 725 K . In Ga5 6 In44P the distribution of electrons is degenerate when 

n > 3 .5x l0 17cm- 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 by21

/> CO c. —
( N q+ l ) J  f  (e+xc) 1—/ ( e )  sinh_1( — ) 2 d e

J xc
(4.6.4)

where Nq— —^ -------  is the occupation probability of phonons . In the case of F . D .

distribution the changes in carrier temperature is given by22

Z - F zC v)  ^ ( p  )
de  _  3 2  2   2"
~df 2 F j (  p ) F , (  p ) dt (4.6.5)

2 2

At/where F} is the Fermi integral of order j and P=-r^- ■ When (p < 2 ) the bracket in Eq.tCJ

(11) is close to unity . The Eqs. (4 . 3 . 6 ) , (4 . 6  . 4) and ( 4 . 6 . 5 )  together give a 

complete description of the time evolution of carrier temperature in the case of 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 23

* 2 (  \ ?  d e  ~me e \  cnw  )~
dt 27r2e

Nlo  ( Tc ) -  NL0 (71 kdk
,  T fe lt to

kTc kTc

In
( k + ~J k 2+ 2meCt)LO/ h f + Q 2 

( k —V k 2 +2me u)LO /  h )2 +Q 2
Q‘

( k —~J k 2+2me<j>LO / h ) 2 +Q2

+ Q:
( k + V k 2+2me(oLO/ h f + Q 2

(4.6.6)

where N (TC)—N(TL) is the difference in phonon occupation at the carrier temperature 

and lattice temperature and is equal to
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N(TC) - N ( T L) = - ^ i   , J . ----- (4.6.7)

" ' - 1  « ‘r‘ - 1

where Q is the screening length and is given by 24

a  -  ( (4.6.8)e0kBTc

In Eq. 4.6.4 , the value of e is given by

(4.6.9)
6  Goo e 5

where €«, and es 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 - * 0  and in addition the Maxwell Boltzmann statistics can 

apply the the electron distribution becomes

/  ( j t )=exp )= -r -( w t v  )J g p  ( 2^ r r r ) t4-6 -8)

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

to give the equation

(4.6.9)

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

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 result is shown in Fig. 4. 5 . 2 by solid line . The cooling 

curve fits the experimental data well for (t <  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 i  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 to consider other factors such as energy 

loss to coupled plasmon phonon modes25 , the population of nonequilibrium phonons26  

and plasma expansion due to Fermi pressure27 .

4 . 7  CONCLUSION

In conclusion we have measured time resolved spectra of Ga.5 6In44P with 10 ps 

resolution . From the theoretical fitting of the photoluminescence spectra we have 

obtained 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 

switches1 . Over the past three decades a great deal of effort has been devoted to the 

understanding of radiative and nonradiative processes in semiconductors2 . 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 to 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 scale3 4  . 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 probe5 , optical Kerr gate6 , upconversion gate7 and streak camera8 .
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ln this chapter , the radiative and nonradiative processes involved in a photoex­

cited semiconductor particularly GaAsj_v P.v ( x= .38 ) is investigated . Time resolved 

photoluminescence kinetics of GaAsi_.v 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 6 x l 0 8 W/ cm2 , 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 BR =9xtO~10cm3/ s and 

Cnr =(5j_2)xl0_2 9cm6/ 5  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 GaAsi_v Pv is discussed to give some background about the sample .

5 . 2 Band Structure o f GaAsi_v Pv

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 theoretically9 1 0  . 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  /mm ) 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 , GaAsi_.vP.v alloy system can be fabricated from GaAs and GaP 

. In 1962 , Holonyak at e l . 11 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 

Ehrenreich12 , it is accepted that band structure of GaAs!_v Pv consists of a high
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mobility , low effective mass conduction band at r  point [000] in the Brillouin zone 

and six equivalent 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!_.v P.v 13 . 

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 e l . 14 used the Electro-reflectance technique to study the compositional 

dependence of direct band gap in GaAs!_v Pv . 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 2 (5.2.1)

Fig. 5 . 2 . 2  shows the variation of the direct T and indirect X band gap with compo­

sition . The effective mass of electrons in T valley increases linearly w ith composi­

tion and roughly can be written as

m* = .072 ( 1 + x ) m* o (5.2.2)

Since this chapter deals w ith the dynamics of carriers at high excitation power ( 

~ 3 x 109W7 cm2 ) , we w ill 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 Auger 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 w ill 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 Conradt16 .

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 electron-hole pair is given to a hole in the split off valence band which then will 

be lifted to the heavy valence band . Similarly , in the CHLFI Auger process , the 

releaed energy resulting from the recombination of an electron-hole pair w ill lift a 

hole from the light hole valence band to the heavy valence band . In a semiconductor 

with the band gap Es , and split off valence band separation of A , if Eg »  A , then 

the CHSH is dominante Auger process . For semiconductors where Eg < A , the CHLH 

would be the dominant Auger process17 .

5 . 3 Experim ental 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 GaAsi_.vP.v ( x=.38 ) on the front surface. The sample was 30 fim thick, n type, 

Te doped ( ~ 2 x l 0 17cm~3) and grown by VPE on a GaAs substrate. The composition 

of sample was calculated by calibration of band gap vs composition 14. The band gap 

of the sample was determined to be 1.892 ev at room temperature from the direct 

transition relationship Eg = h v p + Ed — 1/ 2 kT where h v p is the energy of the peak in 

the low power steady state photoluminescence sp ectra^  is the donor ionization 

energy ( ~ 5  mev) and 1/2 kT term accounts for the direct transition of the carrier. 

The photoluminescence was collected by a combination of lenses and imaged into a 

30 fxm. 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

mately 8 x l 0 ~3cm- 3  and excitation power fluence was varied by placing neutral
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density filters in the path of the laser pulse.

5 . 4 Experim ental Results

The time resolved photoluminescence profiles of GaAsi_vP.x (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 

power fluence increased from 3xl0 18 to 3X109 W/ cm2. When excitation power fluence 

was below 6 x l 0 8 W / cm2 the decay profile was exponential (see Fig. 5 . 4 . 1 a  and 5 . 

4 . 1 b) . As the excitation power fluence increased above 6 x l 0 8 W /  cm2the decay 

profile of the photoluminescence deviated from an exponential form . This was most 

apparent at the highest excitation power fluence of 3x10 9W / cm2 ( see Fig 5 . 4 . 1 d 

) . An effective decay time Tc f f (n)  defined as the time which photoluminescence 

.intensity dropped to 1 /e  of its maximum value , were determined form the experi­

mental time resolved profiles . The rf / /  i 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 data 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 1F a P i ~-05 when exci­

tation power fhience was below 1.5109 W / cm2 . When excitation power fluence 

increased beyond 1 .6 x l 0 9 W/ cm2 there was some deviation from linearity . The
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Fig. 5.4.1 (a )-(d ) The time resolved photoluminescence profile of 

GaAst_A PA at room temperature for excitation power 

fluence of 3x10s , 6 x i0 3  , l .2 x l0 9  and 2 .8 x i0 9 W / cm2.
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Fig. 5 . 4
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The effective decay time r eff ( n ) vs. excitation power fluence . The 

circles are the experimental points , solid line is calculated from model 

(1 ) for .4 =3.4xiO‘V s , Br =9xiO~10cm3/  s and dots , dashs , dot-dashs 

curves are calculated from model (2) for C.v* = 1 .3 .5 xlO_29cm6/  j , 

respectively .
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Fig. 5 . 4 . 3  The peak intensity of the time resolved photoluminescence 

profile in GaAs.6 2 P.38 versus the excitation power fluence .
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observed sublinearity of photoluminescence intensity may be attributed to loss 

mechanisms at high carrier densities most likely arising from nonradiative Auger 

process .

5 . 5 R ecom bination 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 tw o models for rate equations have been developed . In 

model 1 , the rate equation describing the time dependence of photogenerated carriers 

is given by

^ = g( z)  AR n A nk n BR n 3 (5.4.1)

where g(t) is the generation term which depends on the actual pulse shape of the 

exciting laser, ANR , AR and BR are nonradiative, radiative and bimolecular recombi­

nation coefficients independent of carrier density. The rate equation for the second 

model includes the Auger nonradiative rate is given by

^ = g (.t ) AnR n Ar n Br ti 3 C^R n 3 (5.4.2)

where CNR is the nonradiative Auger rate . At low excitation power fluence where the 

density of photogenerated carrier is low and ( AR n + ANR n + Br n “ »  Cnr n 3 ) 

the two models w ill approach each other in calculation of the decay time. The 

absence of any term representing the population of excitons is justified by the fact 

that at high carrier densities (n > 5 x 1 0 l7cm~3 ) the exciton state becomes unstable due 

to the screening of Coloumb interaction 18. The Mott transition in GaAsi_vPv( 

x=.38) at room temperature from exciton state to plasma state occurs at carrier den­

sity of 3 x l 0 17cm~3. The photogenerated19 carrier densities here are in the range of 

3X1018 to 3 x l 0 19cm-3
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Since we are concerned with the changes in the decay profile of the time 

resolved photoluminescence, w e set g(t)=o for t > t r where tr is the rise time of time 

resolved profiles, solution of model ( 1 ) becomes 19

where A - A R + ANR . The time for which the carrier density drops to 1/e of its ini­

tial value Teff (n ) for the model ( 1 ) is given by

In order to determine A and BR the experimental data of Fig 5 . 4 . 2  were fitted to 

the equation ( 5 . 4 . 4 )  for excitation power fluence below 8 x l 0 8 W / cm2. The best 

fit was obtained for A = 3 .4xl0 \ _ 1  and BR =9xlO - 1 0 cm3/ 5  . Modesti estimated the 

bimolecular recombination rate GaAsj-,. P.v ( x= .38 ) to be 3.6x10_8cm3/ 5  in terms of 

hydrodynamic expansion model 21. 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, r = - i -  . If we use the BR = 3.6x10- 8 cm3/ 5  and the lifetime ofBn

98 ps measured by streak camera at 1.2X109 W / c m ~2 we see that carrier density 

should be around 3 x l0 17cm~ 3 . This value is about 40 times smaller than the 

estimated carrier density of 1 .3xl0 19cm- 3  at P = 1.2xi0 9 W7 cm2 . Also the value of 

Br =9xlO _ 1 0 cm3/ 5  determined by us is within an order of magnitude of the values 

reported for GaAlAs 22 and GalnAsP 23.

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

internal efficiency of a semiconductor by the relationship

n (0) (5.4.3)
+ n (0) exp(Ai )—n (0)

1 2.718 + BRn(0)
T-ln ---------  — (5.4.4)

A

T  N R (5.4.5)
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assuming the internal efficiency is independent of the density of photogenerated car­

riers. The external efficiency of this sample was measured to be 2 x 1 0 ~ 4 by comparing 

the area under low power steady state photoluminescence spectra with GalnP 24. 

Taking into account the geometry of the emission, a value of 7xlO- 2  was estimated 

for the internal efficiency of this sample 25. Note the decay times measured by the 

streak camera are the photoluminescence lifetime and the relation between photo­

luminescence lifetime (r), radiative (tr ) and nonradiative time ( tnr ) is given by

— = —  + —  (5.4.6)
T  T R  T  N R

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 ( ~ 2 x l 0 17cm~3) 

we have estimated the r for n = 2 x 1 0 17cm-3. Using the Eq. ( 5 . 4 . 4 )  and the values 

of A and Bs obtained by fitting, a value of 285 ps has been calculated for r 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 .5xl0 8 an 3.25xlOq.s_1 for the radiative ( AK = —L_) and nonradiative
Tr

( An s = — — ) rates , respectively .
Tnr

So far, we have determined all the recombination rates involved in model (1) , 

therefore tc/{ (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 (>  2 xlOq W / cm2). This is due to the fact that ai 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 Cw  has not been determined experimentally, it was treated as the only
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adjustable parameter to 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 f (n ) for model (2 )  versus the exci­

tation power fluence is shown in Fig. 5 . 4  . 2 by a dashed line for

CNR = 3 x l 0 -29cm6/  5  and it fits the experimental data well. The Auger rate of

3 x l 0 _29cm6/  s  is larger than the rate in GaAs 26 by a factor of 2 and is 3 times

smaller than the rate estimated for InGaAsP23. In order to determine the uncertainty 

in the value of CNR , Tcj f (n )from model (2 )  has been calculated as a function of 

excitation power fluence for CNR = ( 5 ; t2 )x l0 _29cm6/  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 AR=2.5x\Q&/ s  , ANR = 3 .2 5 x l0 9/  s  

BR=9xlO~10cm3/ s  and CNR = 3 x l 0 _29cm6/  5 . The theoretical curves fit all the time 

resolved photoluminescence profiles w ell 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 this research , one can eliminate 

the CHCC Auger process because this is very improbable in large band gap semicon­

ductors 26 . So it is very likely that the CHSH Auger process is dominant process in 

G a A s ^ P . s s  •

In conclusion, the transient behavior of photo generated 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 profi le 

of time resolved photoluminescence kinetics .
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TABLE 1

G a 5 I n 5P Parameters

Parameter Definition
/

Value Reference

* 8
Direct band gap 1.9 ev 1 2

Ex Indirect band gap 2.25 ev 1 2

m e Electron effective mass .094 1 2

™hh Heavy hole effective mass .51 1 1

m ih Light hole effective mass .16 1 1

Split off hole effective mass . 1 1 1

€oo Optical dielectric constant 1 1 . 6 1 2

Static dielectric constant 9.1 1 2

p Mass density 4.455 g r  /  cm  6 13

h  o)Lq LO phonon energy 48 mev 13

h ( o LA LA phonon energy 29 mev 13

E>tx Deformation Potential 5X 10 8  ev/cm 13
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TABLE 2

G a A s 62P .38 Parameters

Parameter Definition Value Reference

Es Direct band gap 1.892 ev 14

m e Electron effective mass .099 14

m h Hole effective mass .53 Interpolation

e Dielctric constant 11.86 Interpolation
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T H I S  PROGRAM CACULATES THE FERMI 1NTECRAI  EO. 3 . 3 . 5  
EXTERNAL FX 
D I M EN SI ON  A F ( 1 4 0 0 )
REAL X L . X U . E T A  
I NTEGER N
COMMON E T A . X L . X U . N
XL-0
X U - 5 0
N - t  0 0 0 0
DO 5 0  1 - 1 . 1 0 0 0  
ETA— ♦ . 0 2 + 0  * . 0 2 )
A P R O - T R A P ( X L . X U . N . F X )
A F ( I ) - 2 . A P R 0 / 1 . 7 7 2 5 3 8 5  
O P E N ( 1 7 . F I L E - ' F E R M I . Z A P * )
W R I T E ( 1 7 , 3 0 0 ) ( A F ( 1 ) , 1 —1 , 1 0 0 0 )
F 0 R M A T ( 5 ( F 1 0 . 5 . 3 X ) )
STOP
END
FUNCTI ON F X ( X )
COMMON E T A . X L , X U . N  
F X - S O R T ( X ) / ( 1 . + E X P ( X—E T A ) )
RETURN
END
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F c b  8 1 8 : 2 6  1 9 8 3  f r n . F  P a g *  1

e TH I S  SUBROUTINE CALCULATES EQ. 3 .
SUBROUTINE E R M ( A M . T . A N . e t a )
A N C - 2 . 5 1 E 1 9 - ( ( A U . T / 3 0 0 . ) • « 1 . 5 )  
C - A N / A N C
A T E - A C O G ( C )  +  . 2 3 2 5 ' C -  2 0 4 3 5 « ( C ■ • 2 '  
« t a - A T E - 4 . 4 3 E - 6 » ( C * * 4 )
RETURN
END

3 . 8

i - l  . 4 8 E - 4 - ( C - . j >
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Feb  8 1 3 : 8 8  1 9 8 5  d * e r 2 . F  P a g e  1

C T H I S  PROGRAM HAS USED FOR C A L C U L A T I ONS  OF F I G .  3 . 3 . 5  . 3
C HA R A C T E R * 10 F I L E 1  
EXTERNAL FX
COMMON / Z A P / E T A , A N . T . O . T C
A T L - 3 0 0 . 0
W R I T E ( 6 . 4 5 )

45  FORMAT( 1 X , ‘ TYPE PHONON ENERGY IN MEV . CARRIER DE NS I TY
R E A D ( 5 . 4 6 ) P H , A N

4 6  FORMAT( 2 G 1 0 . 4 )
T - 3 0 0 . 0
A K T - ( A T L / 3 0 0 . ) * 2 5  

4 4 4  A K T C « ( T / 3 0 0 . ) * 2 5
A - 0
8 - 1  . E7 
N - 1 0 0 0
TC—( T / 3 0 0 . 0 ) * 2 5  
T C E - T C / 1 0 0 0 . 0
0 2 - 1 . 4 9 1 E - 6 * A N / T C E  
O - S Q R T ( 0 2 )
CALL  F R M ( . 0 9 4 . T . A N . £ T A )
CALL  T R A P ( A . B . N . F X . R E S )
Y—8 . 8 7 E 4 * R E S / ( A N * 1 . 6 E - 1 2 )
T E C - Y . 1 , E - 1 2 * 1 0 0 0 . 0  
H R I T E ( 6 . * ) T . YEC 
H R I T E ( 1 7 . * ) T . Y E C  
T - T + 1 0 0 . 0
I F ( T . L T . 2 2 0 0 ) G O  TO 4 4 4
STOP
END
FUNCTION F X ( X )
COMMON / Z A P / E T A . A N . T . O . T C
P H - 4 0 . 0
A K H - 2 . 9 8 8 E 6
A K P - A K H . A K H
A K - X
A E - 4 . 0 3 E —1 2 * ( X * X )
A 1 - A E / T C
F l - 1 . / ( I . + E X P ( A 1 —E T A ) )
A 2 - (  AC-rPH)
F 2 - 1 . / ( I , + E X P ( A 2 - E T A ) )
F 3 - F 1 - F 2
c  1 n — ( ( a k + s q r t (  ( a k « a k )  4 - a k p  ) )  * * 2 ) + ( o * o )
C1D—( ( A K - S Q R T ( ( A K * A K ) + A K P ) ) . * 2 ) + ( 0 » 0 j  
C - L 0 G ( C 1 N / C 1 D )
D - Q * Q / { ( ( A K - S 0 R T ( ( A K * A K ) + A K P ) ) * * 2 ) + ( Q * 0 ) )
G - 0 * 0 / ( ( ( A K + S O R T ( ( A K * A K ) + A K P ) ) * * 2 ) + ( Q * Q ) ) 
F A C - A K * F 3 * ( C - 0 + G )
FX—FAC 
RETURN 
ENO

. 3 6 .

' )
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Fab

C

83

87

se

51

77

99
996

391

T H I S  PROGRAM CALCULTES TEMPERATURE EVOLUTION FOR U . B .  D I S T R I B U T I O N  
EXTERNAL E ON S. PR I N T  
D I M E N SI ON  E R RP A R ( 2 )
REAL X ( 2 ) . D T . T S T A R T  
D I M E N SI ON  A Y ( 3 0 6 )
C O M U O N / D A T A / E R R P A H . D T , X . TST ART 
COMMON / Z A P / N P . D . A T L . P H . J K . A Y ( 3 0 0 )
C HARACT ER- 10  F I L E !
W R I T E ( 6 . 8 3 )
F O R M A T C T Y P E  L A T T I C E  TEMP. CARRI ER TEMP AT T - 0 . PH I N  MEV FORMAT 3 G 1 0 . 4 ' )  
R E A 0 ( 5 . 8 7 ) A T L . X ( 1 ) , P H  t
F O R M A T ( 3 G 1 0 . 4 )
T S T A R T - O .  N
£ R R P A R ( 1 ) - 1 . E—5
£ R R P A R ( 2 ) - 1 . E - 6
OT- 1  . E - 8
W R I T E ( 6 , 5 0 )
F O R M A T C T Y P E  THE NAME OF F I L E ’ )
R E A D ( 5 . S 1 ) F 1 L E 1  
FORMAT( A 1 0 )
0 P E N ( 1 7 . F I L E - F I L E 1 )
T S T O P - 1 . E-1  
J K - 1
W R I T E ( 6 . 9 9 6 ) T S T A R T . X ( 1)
W R I T E ( 1 7 , 9 9 6 ) T S T A R T . X ( 1)
CALL  O D E S ( E O N S , X . 1 . T S T A R T . TS T OP . D T . ERRPAR. PR I N T )
TS T A RT - TS T OP  
TSTOP—T S T O P + 1 . E- 1  
J K - J K + 1  
X ( 1 ) - A Y ( J K - 1 )
I F ( J K . L T . 1 0 1 ) G 0  TO 77  
DO 99  1 - 1  . 100 
T M - I - 1 . E- 1
W R I T E ( 1 7 , 9 9 6 ) T M , A Y ( I )
FORMAT( G10 . 4 , 1 X . G 1 0 . 4 )
STOP
END
SUBROUTINE E O N S ( T . X . N . D X )
EXTERNAL ZBES 
REAL T . X ( 1 ) , 0 X ( 1 )
COMMON / Z A P / N P . D . A T L , P H . J K . A Y ( 3 0 0 )
A K T - ( A T L / 3 0 0 . ) • 2 5
AKTC—( X ( 1 ) / 3 0 0 . ) - 2 5
Y C - P H / A K T C
Y 0 - P H / A K T
R1N—E X P ( Y 0 —Y C ) —1.
R I O - E X P ( Y O ) —1.
R 1 - R 1 N / R 1 D
R2N—SORT( Y C / 2 . ) - E X P { Y C / 2 . ) • . 7 9 8  
Y - Y C / 2 .
CALL Z B E S ( Y . A K B )
R3N—R 2 N - A K 0  .
R 4 - R 1 - R 3 N
DX( 1 J — 2 3 . 3 7 .  ( P H - - 1  . 5 )  - R4
RETURN
ENO
SUBROUTINE P R I N T ( T O . X 0 , T 1 . X I , N . D T . TS TO P . E)
COMMON / Z A P / N P . D . A T L . P H . J K . A Y ( 3 0 0 )
REAL T 0 . X 0 ( N ) , T 1 . X I ( N ) . D T . T S T O P  
REAL E ( N )
I F ( T 1 , N E . T S T O P ) R E T U R N  
W R I T E ( 6 . 3 9 1 ) T 1 , X 1 ( 1 )
F ORMAT( G10 . 4 . 1 X . G 1 0 . 4 )
A Y ( J K ) —X 1 ( 1 )
RETURN
END
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T H I S  PROGRAM CALCULTAES EO. 3 . 3 . 2 2
e x t e r n a l  e o n s . p r i n t
C OMMON / O AT A / ER R P A R . D T . X . T S T A R T
COMMON / Z A P / A M E . T C . A T L . P H . A N . J K . T A U . A r C 3 6 6 )
COMMON / Z A P 2 / E T A . A X C . A N O
COMMON / Z A P 3 / 8 F . RES 1 . R E S 2 . C T 1  . C T 2 . OE . 0 E 2 . 0E3  
D IM E N SI ON  ERRPAR( 2 )
REAL X ( 2 ) . D T . TSTART 
C H A R AC TE R * 16 F I L E 1  
W R I T E < 6 . 8 3 )
FORMAT ( • TYPE M E . T C . A T L . P H ( E V )  . N . T A U  5G 1 8 . 4* • ) 
R E A D ( 5 . 8 7 ) A M E . X ( 1 ) . A T L . P H . X ( 2 ) . TAU 
FORMAT( 6 G 1 8 . 4 )
W R I T E ( 6 . 5 1 5 )
F O R M A T C T Y P E  D T .  TSTOP 2 G 1 8 . 4 ' )
R E A 0 ( 5 . 5 1 6 ) B 0 T . 8 S T
F O R M A T ( 2 G 1 0 . 4 )
K K - ( B S T / B O T ) + l
T S T A R T - 6 .
ERRPAR( 1 ) - 1 . E—5 
E R R P A R ( 2 ) - 1 . E—6 
0 T - 1 . E - 8  
W R I T E ( 6 . 5 0 )
F O RM A T C T Y P E  THE NAME OF F I L E ’ )
READ( 5 , 5 1 ) F I L E 1 
FORMAT( A 1 6 )
OPEN( 1 7 . F I L E - F I L E I )
TST OP- BOT
J K - 1
W R I T E ( 6 , 9 9 6 ) T S T A R T . X ( 1 )
W R I T E(  1 7 . 9 9 6 ) T S T A R T . X {  1 )
CALL  ODES( E O N S . X . 2 . T S T A R T . T S T O P . D T . E R R P A R . P R I  NT)  
W R I T E ( 6 . 9 9 5 ) X ( 2 ) . X ( 1 ) . ANQ. E T A . S F . C T 1 . C T 2  
TSTA RT " T S T OP  
FORMAT( 6 ( G 1 6 . 4 , I X ) )
T S T 0 P - T S T 0 P + 8 D T
J K - J K + 1
X ( 1 ) - A Y ( J K - 1 )
I F ( J K . L T . KK)GO TO 77 
DO 99  J J - 1 . KK 
T M - J J . 0 O T  
T M L - L O G ( T M )
W R I T E ( 1 7 , 9 9 6 ) T M L . A Y ( J J )
F O R M A T ( G 1 6 . 4 . I X . G I B . 4 )
STOP
END
SUBROUTINE E O N S ( T . X . N . D X )
EXTERNAL FX. GX 
REAL T . X ( 2 ) . D X ( 2 )
COMMON / Z A P / A M E . T C . A T L . P H , A N , J K . T A U . A Y ( 3 8 8 )  
COMMON / Z A P 2 / E T A . A X C . A N Q
COMMON / Z A P 3 / B F . RES 1 . R E S 2 . C T 1  . C T 2 . D E . D E 2 . D E 3  
A K T C - X ( I ) . . 8 2 5 / 3 0 8 .
A K T - A T L * . 0 2 5 / 3 0 0 .
A N C - I . 2 0 3 9 E 1 9 * ( A M E * X ( 1 ) / 3 0 0 . ) • * 1 . 5
ANC—ANC• 2
B F - X ( 2 ) / A N C
CALL F R M ( A M E . X ( 1 ) , X ( 2 ) . E T A )
A N Q - 1 . / ( E X P ( P H / A K T ) - 1 . )
AXC—P H / AK T C  
X 1 - 0  .
X U - E T A . 1 0
M - 2 0 0
CALL  Z A R A ( X L . X U . M . F X . R E S 1 )
CALL  Z A R A ( X L . X U . M . G X , R E S 2 )
C T1 - A N Q . R E S 1  
C T 2 - ( 1 . + A N Q) * RE S 2  
D E - 5 . 5 6  E l  1 • SORT( A X C ) / B F  
D E 2 - 0 E * ( C T 1 - C T 2 )
D E 3 - 0 E 2  • ( 1 . E - 1 2 ) * 3 0 0 . / .  025
DX(  1 ) - 0 E 3 / 1  . 5
D X ( 2 )  — X ( 2 ) / T A U
RETURN
END
SUBROUTINE P R I N T ( T 0 . X 0 . T 1 . X 1 . N , O T . T S T O P , E)
COMUON / Z A P / A M E . T C . A T L . P H . A N . J K . T A U . A Y ( 3 0 0 )
COMMON / Z A P 2 / E T A . A X C . A N 0
COUUON / Z A P 3 / B F . R E S 1 . R E S 2 . C T 1 . C T 2 . D E . D E 2 . 0 E 3  
REAL T 0 . X 0 ( N )  . T1 . X I ( N )  . D T . TSTOP
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REAL E ( N )
I F ( T 1 .  N E . TS T OP ) RE TU RN  
W R 1 T E < 6 . 3 9 1 ) T 1 . X I ( 1 )

391  F O R M A T ( G 1 0 . 4 . I X . G I B . 4 )
A Y ( J K ) - X 1 ( 1 )
RETURN
END
FUNCTI ON F X ( X )
COMMON / Z A P 2 / E T A , AXC , ANO 
C 1 - 1 . / f 1 . + E X P ( X - E T A ) )
C 2 - 1 . / ( 1 . + E X P ( X + A X C - E T A ) )  
C 3 - X / A X C
C4—SORT( 1 - + ( C 3 * C 3 ) )  
C S - L 0 G ( C 3 + C 4 )
FX—C 1 • ( 1 . —C 2 ) * C5
RETURN
END
FUNCT I ON C X ( X )
COMMON / Z A P 2 / E T A . A X C . A N O  
D 1 - 1 . / ( 1 . + E X P ( X + A X C - E T A ) )
0 2 - 1 . / ( 1 . + E X P ( X - E T A ) )
0 3 - X / A X C
D4—S ORT( 1 . + ( 0 3 * 0 3 ) )
O S - L O C ( 0 3 + 0 4 )
GX—01 •  ( 1 . - 0 2  )  * 0 5
RETURN
END
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C TH I S  PROGRAV. CALCULATES T I U E  DEPENDENCE OF TEUPERAURE
PRESENCE OF SCREENING 
EXTERNAL EON S . P R I N T  
D I ME NS I ON ERRPAR( 2 )
REAL X ( 2 ) . O T . T S T A R T  
D I ME NS I ON A Y ( 3 0 0 )
C OUUON/ DAT A/ ERRPAR. D T . X . TSTART
COMMON / Z A P / N P , E B . T A U . A T L . P H . J K . A Y ( 3 0 0 )
CHARACTER»10  F I  L E I  
W R I T E ( 6 . 8 3 )

8 3  F O R M A TC T YP E  ALT . ACT . P H ( ME V )  . N (  AT T - 0 ) . T A U ( P 9 )  , EPSBAR-
REAO( 5 , 8 8 ) A T L . X ( l ) . P H , X ( 2 ) . T A U . E 3  

88  F O R M A T ( 6 G 1 0 . 4 )
W R I T E < 6 . 1 2 5 )

125  FORMAT( - TYPE D T . T S TO P  2 G 1 0 . 4 ' )
R E A 0 ( 5 . 1 2 6 ) B D T . B T S

126  F O R M A T ( 2 G 1 0 . 4 )
T S T A R T - 0 .
ERRPAR( 1 ) - 1 . E - 5  
E R R P A R ( 2 ) - 1 . E - 6  
M M - ( B T S / B 0 T ) + 1  
DT - 1  . E—8 
W R I T E C 6 . 5 0 )

50  F O R M A T C T Y P E  THE NAME OF F I L E ’ )
R E A O( 5 . 5 1 ) F I  LEI

51 FORMAT( A 1 0 )
0 P E N ( 1 7 . F I L E « F I L E 1 )
TSTOP- BOT
J K - 1
W R I T E ( 6 , 9 9 6 ) T S T A R T . X ( 1 )

7 7  CALL O D E S ( E O N S . X . 2 . T S T A R T . T S T O P . D T . E R R P A R . P R I N T )
TSTART—TSTOP 
TSTOP—TSTOP+BOT 
JK—JK+1 
X ( 1 ) - A Y ( J K - 1 )
I F ( A Y ( J K - 1 ) . L T . 3 0 0 . 0 ) C O  TO 9 90  
I F ( J K . L T . MM) CO TO 77  

9 9 0  0 0  5 5 3  I —J K - 1 . M M
5 5 3  A Y ( I ) —3 0 0  . 0

DO 99  1 - 1  .MM 
T M - I . 8 0 T  
T L G - L O G ( TM)

99  W R I T E ( 1 7 . 9 9 6 ) T L C . A Y ( I )
9 9 6  F O R M A T ( G 1 0 . A . 1 X . G 1 0 . 4 )

STOP
END
SUBROUTINE E O N S ( T . X . N . D X )
REAL T . X ( I ) , D X ( 1 )
COMMON / Z A P / N P . E B . T A U , A T L . P H , J K . A Y ( 3 0 O )
CALL S C 2 ( X ( 1 ) , X ( 2 ) , RHN)
R H 1 « ( 2 . 6 9 6 E 5 / E B ) * ( R H N / X { 2 ) )
R H 2 - R H 1 / 1 . 6 E - 1 2  
R H 3 - R H 2 « I . 0E—12 
R H A - ( R H 3 / . 0 2 5 ) - ( 3 0 0 / 1 . 5 )
DX(  1 ) —  RH*
DX ( 2 ) — X ( 2 ) / T A U
RETURN
END
SUBROUTINE P R I N T ( T 0 . X O , T 1 . X I . N . D T . TS T OP . E)
COMMON / Z A P / N P . E B . T A U . A T L . P H . J K . A Y ( 3 0 0 )
REAL T 0 . X 0 ( N ) . T 1 , X 1 ( N ) , D T . T S T O P  
REAL E ( N )
I F ( T 1 . N E . T S T OP ) RE T URN 
W R I T E ( 6 . 3 9 1 ) T 1 , X 1 ( 1 )

391  F O R M A T ( G 1 0 . 4 . 1 X . G 1 0 . 4 )
A Y ( J K )  —X 1 ( 1 )
RETURN
END
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C T H I S  PROGRAM CALCULATES EO. 3 . 3 . 4 0
SUBROUTI NE O N G X O ( 8 T , B N , R E S )  
EXTERNAL FX
COMMON / Z A P / A T X . X I . ETAX 
CALL  F R M ( . 0 9 4 . B T . B N . E T A 1 )
A K T - B T . . 0 2 5 / 3 0 0 .
F E - E T A 1 . AKT 
X I - . 0 2 9 / A K T  
ATX—A K T / . 0 4  
E T A X - F E / . 0 4
C A L L  T R A P ( 8 . 1 , 3 0 . . 1 0 0 . F X . S U M 1 )
H 5 - 1 . 1 2 1 E20*SUM1 
R E S - H5  %
RETURN
END
FUNCTION F X ( X )
COMMON / Z A P / A T X . X I . E T A X  
A 1- S O R T ( X )
A 2 - I  . / (  1 . 4.EXP( ( X—E T A X ) / A T X ) )
A 3 —1 . / ( E X P ( X I ) - I . 0 )
A 4 —S O R T ( X + . 6 - 8 . 1 )
A S - E X P ( X l ) * S Q R T ( X - 7 . 5 - . 6 )
A 6 - A 1 « A 2 * A 3 » A 4 * A 3
F X - A 6
RETURN
ENO
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C T H I S  PROGRAM CALCULATE EO. 3 . 3 . * 0
SUBROUTINE D NX G O( C T . C N . R ES )  
EXTERNAL F2X 
COMMON / Z A P / A T X . X I . E T A X  
CALL  F R M ( 1 . 2 . C T . C N . E T A 1 )
A K T - C T . . 0 2 3 / 3 0 0 .
F E - E T A 1 - A K T  
X I - . 0 2 9 / A K T  
ATX—AK T / . 0 4  
E T A X - F E / . 0 4
CALL T R A P ' . 5 . 3 0 . . 1 0 0 . F 2 X . S U M 1 )
RES—7 . 6 2E 1 8 -S U M 1
RETURN
END
FUNCTION F 2 X ( X )
COMMON / Z A P / A T X . X I . E T A X  
A 1- S O R T ( X )
A 2 - 1 . / ( I . + E X P ( ( X - E T A X ) / A T X ) )
A 3 —1 . / ( E X P ( X I ) - I . 0 )
A 4—SORT( X + . 6 )  
A 5 - E X P ( X I ) » S Q R T ( X - . 6 )
A 6 - A 1 . A 2 - A 3 - A 4 . A 5
F 2 X - A 6
RETURN
ENO
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T H I S  PROGRAM CALCULATES £ 0 .  3 . 3 . 5 7  AND 3 . 3 . 5 8  
EXTERNAL E ON S . PR I NT  
D I M EN SI ON  E RRPAR( 2)
REAL X ( 3 ) , D T . T S T A R T
COMMON / D A T A / E . R R P A R . O T . X . T S T A R T
COMMON / Z A P 1 / J K . A Y ( 2 0 0 ) , 8 Y ( 2 0 0 ) . C Y ( 2 0 0 ) . AMX. T A U . A F N . F A C  
W R I T E ( 6 . 1 1 )
F O R M A T ( I X . ' T Y P E  NO( 0 ) . N X ( 0 ) . A M X . T A U . A F N . D F A C . NO. OF PTS 6 G 1 0 . 4 . 1 4 ‘ ) 
READ( 5 . 1 2 ) X ( 1 ) . X ( 2 ) . A M X , T A U . A F N . F A C . N N  
FORMAT( SG10 . 4 . 1 4 )
TSTART * 0 .  *
E R RP A R ( 1 ) - 1 . E - 2  
ERRPAR( 2 ) - 1 . E - 2  
T S T O P - 1 . E 0  
0 T . 1 . E - 2  
X ( 3 ) - 3 0 0 .
PH—. 0 4 8  
J K - 1
WRIT E ( 6 , 1 1 1 ) T S T A R T . X ( 1 ) . X ( 2 ) . X ( 3 )
W R I T E t 1 7 . . ) T S T A R T , X ( 1)
W R I T E ( 1 8 , • ) T S T A R T , X ( 2 )
W R I T E ( 19 . . ) T S T A R T , X ( 3 )
CALL  OD E S ( E O N S . X . 3 . T S T A R T . T S T O P . D T . E R R P A R . P R  I NT)
T S T A RT - TS TO P  
TSTOP—T S T O P + 1 . EO 
J K - J K + 1  
X ( 1 ) - A Y ( J K - 1 )
X ( 2 ) - B Y ( J K - 1 )
X ( 3 ) —C Y ( J  K—1)
W R I T E ( 6 . 1 1 1 ) T S T A R T . X ( 1 ) . X ( 2 ) . X ( 3 )
FORMAT( I X , 4 ( G 1 0 . 4 . 2 X ) )
I F ( J K . L T . N N - 1 ) G 0  TO 77  
DO 1 0 1 3  1 - 1 , NN—1 
W R I T E ( 1 7 , . ) I . A Y ( I )
WRI T E ( 1  8 . • ) I . 8  Y (  I )
S T T —C Y ( I )
I F ( S T T . L T . 3 0 0 ) S T T - 3 0 0  
W R I T E (  1 9 . •  ) I . S T T  
STOP 
ENO
SUBROUTINE E Q N S ( T . X . N . D X )
REAL T . X ( 3 ) , D X ( 3 )
COMMON / Z A P 1 / J K . A Y ( 2 0 0 ) . B Y ( 2 0 0 ) . C Y ( 2 0 0 ) . A M X . T A U . A F N . F A C  
C G X - 7 5 0 . 0
I F ( X ( 3 ) . G E . 1 0 0 0 ) CGX—.01 
I F ( X ( 3 ) . G E . 9 0 0 ) C G X » . 1 
I F ( X ( 3 ) . G E . 7 0 0 )CGX—. 5  
I F ( X ( 3 ) . G E . 6 0 0 )CGX—1 . 0  
I  F I X ( 3 ) . G T . 4 0 0 ) C G X - 5 . 0  
I F ( X ( 3 ) , G T . 4 2 S ) C G X - 3 0 .
I F ( X ( 3 ) . G E . 3 5 0 ) C G X - 1 8 0 . 0 
I F ( X ( 3 ) . G E . 3 3 0 ) C G X - 2 3 0 . 0  
I F ( X ( 3  ) . G E . 3 1 0 ) C G X - 5 0 0 . 0  
I F ( X ( 3 ) . G E . 3 0 5 ) C G X - S 0 0 . 0  
C G X - C GX / F A C  
A 1 —( T —1 0 . 0 ) / 4 . 0  
A 2 - A 1 • A 1 •  . 6 9 3  
A 3 - A M X - E X P ( - A 2 ) / 8 . 5
D X( 1 ) —A 3 —( X ( 1 ) / T A U ) - ( X ( 1 ) / C G X ) + ( X ( 2 ) / ( 2 0 . / F A C ) ) 
D X ( 2 ) - ( X ( l ) / C G X ) - ( X ( 2 ) / ( 2 0 . / F A C ) )
AKT—. 0 2 5
A K T C - ( X ( 3 ) / 3 0 0 . ) • . 0 2 5
PH—. 0 4
Y C - P H / A K T C
Y 0 - P H / A K T
R 1N—E X P ( Y 0 —YC) —1 .
R 1 D - E X P ( Y 0 ) —1.
R 1 - R 1 N / R 1 0
R 2 N - S O R T ( Y C / 2 . ) . E X P ( Y C / 2 . ) • . 7 9 8  
Y - Y C / 2 .
CALL  Z B E S ( Y . A K B )
R 3 N - R 2 N • AKB 
R 4 - R 1 « R3N
Z 5 - 2 3 . 3 7 - ( 4 0 . 0 . . 1 , 5 ) » R 4
8 F N - 1 + ( A F N . X ( 1 ) / X ( 3 ) )  ,
Z 6 - Z 5 / B F N  '
S 1 - ( . 4 / . 0 2 5 ) > 3 0 0 . > ( 1 . 0 / C G X )
CALL T R S ( T . S 2 )
D X ( 3 ) - S 2 - S 1 - Z 6
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771 RETURN
END
SUBROUTINE P R 1 N T ( T 0 . X 0 . T 1 . X I . N . OT . TS T OP , E)
COMMON / Z A P 1 / J K . A Y ( 2 0 0 ) . B Y ( 2 0 0 ) . C Y ( 2 0 0 ) . AMX. T A U . A F N . FAC 
REAL T 0 . X 0 ( N ) . T 1 . X I ( N ) , O T . T S T O P  
REAL E ( N )
I F ( T 1 . N E . TS T OP ) RE TU RN  
A Y ( J K ) - X 1 ( 1 )
B Y ( J K ) - X 1 ( 2 )
C Y ( J K ) - X 1 ( 3 )
RETURN
ENO
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T H I S  PROGRAM CALCULATES EO. 3 . 3 . 6 0  
EXTERNAL E ONS . P RI NT  
D I ME N SI ON  ERRPAR( 2 )
D I M E N SI ON  A T ( 2 0 0 ) . A N ( 2 0 0 )
D I M E N S I ON  X R ( 5 0 ) . Y R ( 5 0 )
REAL X ( 4 ) . D T . T S T A R T  
COMMON/ DATA/ ERRPAR. D T . X , TSTART
COMMON / Z P / A F N . T A U . A T L . P H . J K . A ( 3 0 0 ) . 8 ( 3 0 0 ) , C ( 3 0 0 ) . D ( 3 0 0 ) . GA 1 . CA2 
C HA R AC TE R . 1 0  F L 1 . F L 2 . F L 3  
W R I T E ( 6 . 4 2 1 )
F O R M A T ( I X . ' T Y P E  N F I L E  . T F I L E  ’ )
R E A 0 ( 5 . 4 2 2 ) F L 1 , F L 2  
FORMAT( A 1 0 )
W R I T E ( 6 . 8 4 5 )
F O RM AT ( 1 X .  ' T Y P E  THE FI .NAL T I M E  IN PS ' )
R E A O ( 5 . 8 4 6 )NN 
FORMAT( 1 4 )
O P E N ( 1 7 . F I L E - F L l )
R E A 0 ( 1 7 . . ) ( D M , A N ( I ) . I - 1  . N N )
C LO S E ( 1 7 )
0 P E N ( 1 7 . F I L E - F L 2 )
R E A D ( 1 7 , • ) ( D M . A T ( I ) . 1 - 1 . N N )
C L O S E ( 1 7 )
X ( 1 ) - 1 0 0 . 0  
X ( 2 ) - 1 0 0 . 0  
W R I T E ( 6 . 1 2 5 )
F O R M A T C T Y P E  D T . T S TOP  .CONF FAC . E G .  a l i . a LZ 5 C12  .
READ( 5 . 1 2 6 ) B O T . 8 T S . C F . E G. A L 1 . AL2  
FORMAT( 6 G 1 0 . 4 )
T S T A R T - 0 .
T S T OP - BD T  
DT—1 . E—3 
ERRPAR( 1 ) - 1 . E - 2  
ERRPAR( 2 ) —1 . E - 2  
MM—( B T S / B D T ) + 1  
B F N 1 - C F  
8 F N 2 - C F  
W R I T E ( . . 5 0 )
F O R M A T C T Y P E  THE NAME OF F I L E ’ )
R E A D ( 5 . 5 1 ) F L 3  
F O R M A T ( A I O )
O P E N ( 1 9 . F I L E - F L 3 )
J K - 1
H N 1 - 1 2 4 0 0 . / A L I  
H N 2 - 1 2 4 0 0 . / A L 2  '
B K T - ( A T ( J K ) / 3 0 0 . 0 ) . . 0 2 5
CALL F R M ( . 0 9 4 . A T ( J K ) . A N ( J K ) . E T A 1 )
F E - B K T - E T A 1
CALL  F R M ( : 5 . A T ( J K ) . A N ( J K ) . E T A 2 )
F H - B K T - E T A 2
PH 1 - 1  . / ( 1  . + E X P ( ( .  1 6 . ( H N 1 - E G ) - F H ) / B K T ) )
P H 2 - 1  . / ( 1  . +  EXP( (  . 1 6 - ( H N 2 - E C ) - F H ) / 9 K T ) )
P E I - 1 . / ( 1 . + E X P ( ( . 8 4 . ( H N 1 - E G ) - F E ) / B K T ) )
P E 2 - 1 . / ( I . + E X P ( ( . 8 4 . ( H N 2 - £ G ) - F E ) / B K T ) )
D D 1 - P E 1 + P H 1 - 1 . 0
D D 2 - P E 2 + P H 2 - 1 . 0
G 1 - 2 . E 4 * S 0 R T ( H N 1 —EG)*OD1
GA—. 6 * ( 3 . E 1 0 / 3 . 4 ) * G 1
C A 1 - G A / B F N 1
D 0 2 - P E 2 + P H 2 —1 . 0
G 2 - 2 . E 4 . S O R T ( H N 2 - E G ) . 0 0 2
G 8 - . 6 . ( 3 . E l  0 / 3 . 4 ) . G2
G A 2 - G B / B F N 2
W R I T E ( 1 9 . 3 6 7 ) A T ( J K ) . A N ( J K ) . X ( 1 ) , X ( 2 ) , G A . G A 1 . G B . GA2 
FORMAT( 8 G 1 0 . 4 )
CALL O D E S ( E O N S . X . 2 . T S T A R T . T S T O P . D T . E R R P A R . P R  I NT)
T S T AR T - T S T O P
TS TOP- TSTOP+BDT
J K - J K + 1
X ( 1 ) - A ( J K - 1 )
X ( 2 ) - 8 ( J K - 1 )
I F ( J K . L T . MM)GO TO 77 
DO 185  1 - 1 . 2 0
Y R ( I ) » B ( 1 ) . £ X P ( - F L O A T ( I ) / 5 . 0 )
X R ( I ) - A (  1 ) • E X P ( - F L O A T ( I ) / 5 . 0 )
X R ( I ) —X R ( I ) • 1 0 0 , / A ( 1)
YR( I ) - Y R ( I ) • 1 0 0 . / B ( 1)
DO 186 1 - 1 . 2 0
W R I T E { 1 8 . 1 8 7 ) I . Y R ( 2 1 - 1 )
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1 86  W R I T E ( 1 7 . 1 8 7 ) 1 , X R ( 2 1 - I )
1 8 7  FORMAT( 1 4 , 4 X . G1 0 . 4 )

0 0  9 9  1 - 1  . MU-1 
J H - l + 2 0
A ( I ) - A ( I ) . 1 0 0 . / A ( 1 )
B ( I ) - 6 ( I ) • 1 0 0 . / B ( 1 )
W R I T E ( 1 7 . 1 8 7 ) J H , A ( I )

9 9  W R I T E ( 1 3 .  1 8 7 ) J H , 8 ( I )
STOP
ENO
SUBROUTINE E O N S ( T . X . N . DX)
REAL T . X ( 2 ) . D X ( 2 )
COMUON / Z P / A F N . T A U . A T L . P H . J K . A ( 3 0 0 )  . B ( 3 0 0 ) . C ( 3 0 0 ) . 0 ( 3 0 0 ) . C A 1 , CA2 
DX ( 1 ) —G A 1 • 1 . E—1 2 • X ( 1 )
D X ( 2 ) - G A 2 • 1 . E—1 2 • X ( 2 )
RETURN
ENO
SUBROUT I NE P R I N T ( T 0 . X 0 , T 1 . X I . N . O T . T S T O P . £ )
COMMON / Z P / A F N . T A U . A T L . P H , J K . A ( 3 0 0 )  . B ( 3 0 0 ) . C ( 3 0 0 ) . D( 3 0 0 J . GA1 , GA2 
REAL T 0 . X 0 ( N ) , T 1 , X 1 ( N ) , D T . T S T O P  
REAL E ( N )
I F ( T 1 . N E . T S T OP ) R E T U R N  
A ( J K ) - X 1 ( 1 )
B ( J K ) - X 1 12)
RETURN
END
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T H I S  PROGRAM C A L C U l T A e S  £ 0 .  4 . 4 . 5
DI  MENS I ON AF(  1 0 0 0 )  . X ( 1 0 0 0 ) . S X ( 1 0 0 0 ) . 2 (  1 0 0 0 ) . I R B ( 5 0  ) . I Z ( 1 0 0 0 )  
CHARACTER* ! © F I L E !
O P E N ( 1 7 . F I L E - - F E R M I . Z A P ' )
REAO( I  7 . 3 0 0 ) ( A F ( I ) . 1 - 1  . 1 0 0 0 )
F O R M A T ( 5 ( F 1 0 . 5 . 3 X ) )
CLOSEC1 7)
X U - 0 .
Z M - 0 .
0 0  5 5 5  1 - 1 . 5 0 0  
X ( I ) - X ( I ) * 0 .
S X ( I ) - S X ( I ) * 0 .
Z ( 1 ) - Z ( I ) * 0 .
I Z ( I ) —I Z ( ! ) * 0 .
W R I T E ( 0 . 1 )
FORMAT( * TYPE M E . U H . A T . N  FORMAT( AG 1 0 . 4 ) ' )
R E A 0 ( 5 . 2 ) E M . H U . A T . B N  
FORMAT( 4G1 0 . 4 )
B T - A T * . 0 2 5 / 3 0 0 .
ANC—1 . 2 0 3 9 E 1 9 * ( E M * A T / 3 0 0 . ) • • 1 . 5  
ANC—ANC• 2
ANV1—A N C * ( ( H M / E M ) • • 1 . 5 )
B F - B N / A N C  
0 0  6 1 - 1 . 1 0 0 0  
1 F ( B F . L T . A F ( 1 ) ) G 0  TO 11 
CONTINUE
ETE— *  . 0 2 + (  I  * . 0 2 )
E F - E T E * B T
C F - B N / A N V1
DO 8 1 - 1  . 1000
I F ( C F . L T . A F ( I ) ) C O  TO 12
CONTINUE
H I — 4 . 0 2 + U *  . 0 2 )
E H - H 1 * B T
W R I T E ( 6 . 6 6 ) E F .  EH
FORMAT( 1 X . ' FE—' ,  F 1 0 . 4 , ‘ F H - ' . F 1 0 . A )
W R I T E ( 6 . 7 7 )
F O R M A T ( 1 X . ’ TYPE L 1 . O L . EG. BLANDA FORMAT 4 G 1 0 . 4 - )
READ( 5 , 7 8 ) A L 1 . D U . A E G , B L  
FO RM A T ( 4 G 10 . 4 )
A U 1 - H U / ( H M + E U )
AM2—1 . —AMI
N—( ( 1 2 4 0 0 . / A E G ) - A L 1 ) / D L  
DO 10 1 - 1 . N
g - a l i + ( i - i ) * o l
H N - 1 2 4 0 0 . / G
A - ( A M I  * ( H N - A E G ) ) - E F
B - A / B T
C - 1 . / ( 1 . + E X P ( 8 ) )
A A - ( A M 2 * ( H N - A E G ) ) - E H  
B B - A A / B T
C C - 1 . / ( I . + E X P ( B B ) )
X(  I ) - ( H N * * 2 ) * ( S O R T ( H N - A E G ) ) *C *CC 
XM-X1
0 0  20 1 - 1 .N
1 F (  X ( I )  . GT . XU) XM—X ( I )
W R I T E ( 6 . 7 3 4 ) XM
F O R U A T ( • I N T E S I T Y - - . G 1 0 . 4 )
DO 401 1 - 1  ,N
I F ( X ( I ) , E O . X U ) G O  TO 4 0 2  
CONTINUE 
L M - A U 1 + ( I * 0 t )
W R I T E ( S . 4 0 3 ) L M
FORMAT( 1 X.  ’ LANDA MAX— * , I  4 )
DO 5 10  J - 1 . 1 6  
I R B ( J ) - B L + ( J - 1 ) * 5 0  
DO 620  1 - 1 . 5 0  
A L L - I R B ( J ) - 2 5  
G - A L L + ( 1 - 1 )
H - I 2 4 0 0 . / G
A—( A M I . ( H—A EG) ) —EF
B - A / B T
C - 1 . / ( 1 . + E X P ( B ) )
A A - ( A U 2 • ( H - A E G ) ) - E H  
B B - A A / 8 T
C C - 1 . / ( I . + £ X P ( B B ) )
Z ( J ) - Z ( J ) + ( H * • 2 ) * ( SORT( H - A E G ) ) . C * C C  
CONTINUE

7 / 1 \



- 1 4 8 -

r e  b

6 3 0

640
6 5 0

6 6 0

6 7 0

6 8 0

681

6 8 2

6 8 5
6 8 7
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DO 6 3 0  1 * 1 , 1 6  
I F ( Z ( I ) . C T . Z M ) Z M - Z ( I )
DO 6 4 0  1 * 1 , 1 6  
I Z ( I ) - ( Z ( I ) / Z M ) . 1 0 0 .  
W R 1 T E ( 6 . 6 5 0 ) ( I R B ( I ) . I Z ( I ) . 1 - 1 . 1 6 )
F O R M A T ( 6 ( * ( ' , I 4 , * ) « ' . I 4 ) )
W R I T E ( 6 . 6 6 0 )
F O R M A T ( I X . ' T Y P E  1 TO R E P E A T . 2 TO W R I T E ’ ) 
R E A 0 ( 5 . 6 7 0 ) IR 
FORMAT( 1 4 )
I F ( I R . E O . 1 ) GO TO 3 0 0 0  
0 0  6 80  1 - 1  , N 
S X ( I ) - ( X ( I ) / X U ) . 1 0 0 .
W R I T E ( 6 . 6 8 1  )
FORMAT( I X . - T Y P E  THE 0 F1 UE  NAME* )
R E A 0 ( 5 . 6 8 2 ) F I L E I  
FORMAT( A 1 0 )
0 P E N ( 1 7 , F I L E - F I L E 1 )
0 0  6 83  1 - 1 .N 
J L—A L 1 + ( 1 - 1 ) •OL 
W R I T E ( 1 7 . 6 8 7 ) J L . S X ( I )
F O R M A T ( 1 X . I 4 . 1 X . F 1 0 . 1 )
STOP
ENO
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C T H I S  PROGRAM CALCULATES EO. 4 . A . 8
OI MENSI ON X ( 5 0 0 ) , Y ( 5 0 0 )
COMMON / Z A P / F E . F H . 3 B . A K T  
EXTERNAL FX 
W R I T E ( 6 . 1)

1 F O R M A T ( 1 X , ’ TYPE E G . N . T . A L 1 . D L ' )  
R E A 0 ( 5 . 2 ) A E G , A N . A T , A L 1 , O L

2  FORMAT( 5 G1 8 . 4 )
C A L L  F R M ( . 0 9 4 . A T . A N . E T A 1 )
CALL  F R M ( . 5 . A T . A N . E T A 2 )  
A K T - ( A T / 3 0 0 . 0 ) - . 0 2 5  
F E - E T A 1 . A K T  
F H - A T A 2 * A K T
N - ( ( 1 2 4 0 0 . / A E G ) - A L 1 ) / O L  
0 0  10 1 - 1 . N 
A L - A L 1 + ( 1 - 1 ) « 0L  
HN—1 2 4 0 0 . / A L  
B B - HN- A E G
C A L L  T R A P ( 0 . . S B . 2 0 0 , F X . R ES 1 )

10 X ( I ) - R E S 1
X U - X ( 1 )
DO 2 0  1-1 .N 

2 0  I F ( X ( I ) . G T . X M ) X M —X ( I )
0 0  3 0  1 - 1 , N 

3 0  Y ( 1 ) - ( X ( 1 ) / X M ) . 1 0 0 . 0  -
0 0  4 0  1 - 1 . N 
I L - A L 1 + { I - 1 ) - 0 L  

4 0  W R I T E ( 1 7 . . ) I L . Y ( I )
STOP
ENO
FUNCTION F X ( X )
COMMON / Z A P / F E . F H . B B . A K T  
A 1 —SORT( X )
A 2 —S Q R T ( B B - X )
A 3 - 1 . / ( I . + E X P ( ( X —F E ) / A K T ) )
A 4 - 1 . / ( I , + E X P ( ( B B - X ) / A K T ) )
FX—A 1 • A 2 • A 3 • A4
RETURN
ENO
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c

1 15 
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503

55

81
71

8 8

89

8 65
612

991

8 8 7
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T H I S  PROGRAM CALCULATES THE EFF E CT I V E  DECAY T I M E  I
e x t e r n a l  e o n s . p r i n t
CHARACT E H • 1 0  F I
C OUMON/ OATA/ ERRPAR. D T . X . TSTART 
COMMON A . 8 . C . J K . AMAX, Y ( 3 0 0 )
REAL X ( 2 ) . D X . D T . T S T A R T  
REAL A Y ( 3 0 0 ) . Y ( 3 0 0 )
D I ME NS I ON I T ( 1 0 0 )
CHARACT E R• 1 0  F 1 
REAL ERRPAR ( 2 )
W R I T E ( 6 . 1 1 5 )
FORMAT( ' TYPE A . 8 . C . A N Z . A M A X 1 )
READ( 5  . 11 6 )  A . 8  . C . ANZ . AMAX 
FORMAT ( 5G1 0 . A)
W R I T E ( 6 . 1 1 6 ) A . 8 . C . A N Z . A M A X
X ( 1 ) « A NZ
T S T A R T - 0 .
E RRP A R f 1 ) - 1 . E - 4  
ERRPAR ( 2 )  ■■ 1 . E - 4  
O T - 1 . £ - 1 6  
T S T O P - 1 . E- T  2 
DO 5 5  J K - 1 . 3 0 0
CALL OOES( EONS. X , 1 . T S T A RT . T S T O P . D T . E R R P A R , P R  I  NT)
TSTART - TSTOP
T S T O P - T S T O P + 1 . E - 1 Z
Y E - Y ( 1 ) • E X P ( - 1 . )
0 0  61 J - 2 0 . 2 8 1
I F ( Y ( J ) . L T . Y E ) G O  TO 71
CONTINUE
I T M - J
WRI TEC 6 . 8 8 )
FORMATC’ TYPE THE NAME OF F I L E ' )
READ( 5 . 8 9 ) FI  
F ORM A T ( 1 0 A)
0 P E N ( 1 7 . F I L E - F 1 )
DO 6 65  1 - 1 . 2 0 0  
W R I T E ( 1 7 . 6 1 2 ) 1 . Y ( I )
FORMAT( I 4 . 1 X . G 1 0 . 4 )
B R - 1 . / I T U
FORMATC10 ( F 5 . 1 . 1 X ) )
W R I T E ( 6 . 8 8 7 ) I T M . 8 R
F ORM A T CI X . *  DECAY T I M E - ’ . I 4 . 1 0 X . - R A T E - ' . G 1 0 . 3 )
STOP
ENO
SUBROUTINE E O N S C T . X . N . D X )
REAL T . X ( 1 ) , D X ( 1 )
COMMON A . B . C . J K . A M A X . Y ( 3 0 0 )
A A - C T - 1 . E—1 1 ) / 4 . E - 1 2
B 8 * . 6 9 3 » A A » A A
C C - A M A X . E X P ( - B B )
D X ( 1 J - C C - A - X C 1 )  — C B - X C 1 ) - X ( 1 ) )  —( ( C - X ( 1  ) ) * X (  1 ) - X (  1 ) )
RETURN
ENO
SUBROUTINE P R I N T C T 0 . X 0 . T 1 . X I . N . D T . T S T OP . E)
REAL T 0 . X 0 ( N ) , T 1 , X 1 ( N ) . D T . T S T O P  
COMMON A . B . C . J K . A M A X . Y ( 3 0 O )
REAL ECN)
I F ( T 1 . N E . TSTOP) RETURN 
Y ( J K ) « X 1 ( 1 )
RETURN
ENO
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The energy of a system  of carriers witli carrier density nc and carrier tempera­

ture of Tc can be written as

E ( n c ,TC ) = NckTcF 2(7)) (1.)

3
2vme kT t

where Nc = ( ------5—  ) and me is the effective mass .
h ~

dE dE dTc
dt dTc dt

(2 )

3 3 , d F 3(ri)
dE 5  , 277771,, 2 , , 2irme 2 , 7 rT, ^  2( — (kTc ) 2(k  )E3(V) + ( — ' )  (kTc ) 2 — L  (3)

dTc 2 h 2 • c i  ' h 2 c dTc

d F 3

To obtain " we can use the chain rule and the result becomes dTr

d F - M )  dF_3(tj)
2 _  2 d 7)

dT d 7} dTc
(4)

where has been calculated by Blackemore (R ef.l4,ch 3,page 8 6 ) and is given by
dTc

F M )  
d 7) _ — 3 2

dTT ~ 2Tc F - i ( 7))

dF 3 (7))
■y

and considering the fact — -̂------= F,  (77) we can write
d r ,  ?

(5)

F 1 CT7)3 3
dE 5 , 277771, 2 , , 27rm(, ^ 2  r w  o . 2 , ,  a
2 T  = ( * > ^  "  ‘ - p - ’ i  2 7 7  TC T T rjl (6 )

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

nr = N c F , (p) and after some algebra we obtain the change of energy with respect to

A 14



time per carrier which is given by


