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Abstract
SUBPICOSECOND TIME RESOLVED ABSORPTION
AND TRANSIENT GRATINGS IN GaAs
by

Alvin Katz

Advisor: Professor Robert R. Alfano

Carrier—carrier and intervalley scattering has been studied in

submicron thick GaAs under intense photoexcitation by time resolved

absorption and four wave mixing techniques using a femtosecond laser

and amplifier system which was constructed as part of this thesis.

The laser oscillator is a colliding pulse ring cavity passively

modelocked (cpm) Rhodamine B6G dye laser. The saturable absorber is
A
DODCI (3,3’~ diethyloxodicarbocyanine iodide). The oscillator

produces pulses of 100 femtosecond duration and pulse energies of 50
picojoules at 620 nm and 115 megahertz repetition rate. The oscillator
is pumped by a cw argon ion laser operating at a single line (514.5
nm). The amplifier system is a four stage amplifier pumped by a
frequency doubled Q-switch Nd Yag laser. The electronics were
constructed so as to allow the dye laser to trigger the pockel’s cell
of the Nd:Yag laser. The amplifier has a gain of 5 x 106; with an
output pulse energy of 500 microjoules and a pulse width of 450 fs at

a 20 hertz repetition rate.

Pump and probe absorption techniques were used to measure the
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time evolution of the photoexcited carrier distribution function in
GaAs. These measurements show that the electrons and holes do not
achieve a Fermi-Dirac distribution until 800 femtoseconds after

excitation.

Time resolved four wave mixing techniques were used to study
intervalley scattering in GaAs. Both the dispersive (real part of n)
and absorption saturation (imaginary part of n) of the free carrier
contributions to the dielectric function is included to correctly
explain the data. For energies high above the band gap, the interband
(bleaching) contribution is strongly dependent on the distribution of
electrons among the different valleys (I', L or X) of the conduction
band and is opposite in sign from the intraband (dispersive) term. By
using a three pulse transient grating experiment under the conditions
of high pump intensity and probe energy (2.0 eV) much greater than the
band gap (1.424 eV at room temperature), the effective time for
intervalley scattering of electrons from the L-valleys back to the
'-valley is directly measured. From the grating decay time of = 8
picoseconds, a L > I' time of 3 ps is estimated which is in good
agreement with other recent work using time resolved

photoluminescence.
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Chapter 1 Introduction

1.1. Background

There has been a long history of theoretical and experimental
studies on carrier dynamics in GaAs, both for its technological value
and for a greater wunderstanding of the physies of polar
semiconductors. 1™ There has been extensive studies of the
electron-LO-phonon interaction. Much experimental work has been done
on measurements of carrier cooling rates from either
photoluminescence4_6 or absorptionTB spectroscopy. When this thesis
work was begun, there were few optical measurements of the intervalley
or e-e, e-h, h-e and h-h scattering rates on this time scale. Most of
the measurements of electron transport gave results that varied over

* to 107'% seconds) and were at low

two orders of magnitude (from 107!
carrier density where polar optical phonon emission dominates rather

than carrier-carrier interactions.

The intervalley scattering rates have only recently been
measured by optical methods. Taylor et allo'11 using an equal pulse
correlation method and a 80 fs pulse, measured the I' » L intervalley

time to be 40 fs in GaAs. Lin et al'2?!3

using pump and probe
absorption have measured the electron-electron scattering time in GaAs
and found it to be on the order of 35 fs. Shah et al14 using

up-conversion, time-resolved the photoluminescence in GaAs. By

comparing the photoluminescence rise time to similar semiconductors



(without intervalley scattering at the excitation frequency), they
determined the effective L - I' intervalley return time to be 9 ps.
Deveaud et al'® then used Ensemble Monte Carlo calculations to
determine that the L - I' scattering time is 2.7 ps with an electron
making an average of 3 I' - L scatters before relaxing to the bottom of

the band.

Oudar et al 18 using pump and probe absorption, determined the
momentum relaxation time for electrons in GaAs to be 190 fs. They
excited the GaAs less then one LO-phonon energy above the band edge
and measured the rotation of the polarization of the transmitted probe
as a function of delay time. By this technique they were able to
measure the momentum relaxation time by electron-electron scattering

without intervalley scattering or LO-phonon emission.



Scattering process Time
Electron - electron'?®’'®
. . 35 f's
scattering time
Unscreen I..O—phonon8
emission time (holes) 130 fs
(electrons) 110 f's
Momentum relaxation time16 140 -
190 f's
. 23
I' 5 X intervalley
scattering time 55 fs
r > L inter‘valleylo’11
scattering time 80 fs
. 14
L > T intervalley 3 ps
scattering time p
X->T intervalley24
scattering time 0.5 ps
Electron-hole recombination -9
time (low density) 10 ~ sec
. . 19 -3 -10
(high density » 10" cm 10 " “sec

Table 1.2.1. Summary of excited carrier

scattering times in GaAs.




1.2. Thesis objectives

There are three objectives of this thesis work. The first is
to study the time evolution of the carrier distribution function. The
second is to study the effective L - T scattering times by time
resolved four-wave mixing. The third objective is to measure the

electron momentum relaxation time.

In chapter 2 of this thesis, I will review some of the band
structure and carrier statistics of GaAs at high carrier density
including band non-parabolicity. Conduction band non-parabolicity
must be included in any attempted to calculate a quasi-Fermi level
from the carrier density and temperature at the densities involved in

the thesis work.

At the time this work was begun, femtosecond laser systems were
not readily available. It was necessary to construct most of the
laser and amplifier system used for this thesis work. The modelocked
laser was a colliding pulse passively modelocked ring cavity dye laser
with Rhodamine B6G as the lasing dye and DODCI as the modelocking dye.
The amplifier is a four stage system pumped by a Q-switch Nd:YAG
laser. This system was modelled on a design developed by Fork et
al.17 Chapter 3 will contain a discussion of passively modelocked dye

lasers, and a description of the laser system with a discussion of

those parameters important to the operation of this laser system.



As part of this thesis, I measured the time evolution of the
carrier distribution function within the first picosecond of optical
excitation. It was necessary to construct the entire optical
experimentai setup for this experiment as part of this thesis. These
are the first measurements to directly measure the carrier
distribution function with sub-picosecond resolution. Recently,
theorists, using Ensemble Monte Carlo calculationsls"22 have been able
to calculate the time evolution of the distribution function. Their
results show that it does not evolve into a thermalized (Fermi-Dirac
or Maxwellian) distribution until 2 ps after excitation. In chapter 4,
I will describe the experimental apparatus constructed for the pump
and probe absorption experiment and present the results of the

absorption measurements which show a non-thermalized distribution in

the first 800 fs after excitation.

The transient grating technique for doing time resolved
four-wave mixing is discussed in chapter B5. In this chapter, I
calculate the interband and intraband contributions to 581 for free
carriers in GaAs and show how 381 depends on the distribution of
electrons between the I' and L valleys of the conduction band.
Although, I was not able to time resolve the I' 5 L intervalley
scattering time, I was able to measure the L > T return time. In
chapter 5, the transient grating data will be discussed. From these
measurements, I have determined the effective L » I' scattering in GaAs

to be 9 ps. As part of this thesis, it was also necessary to



construct the entire experimental apparatus.

The last part of this thesis will discuss the results of the
orientation grating measurements of the momentum relaxation time in
GaAs. Although the temporal resolution of the laser system was not
short enough to accurately measure this time, estimates of the
momentum relaxation time have been made from the data taken in the 26
and -6 directions from a two pulse grating experiment. From these
results, the momentum relaxation time in GaAs is measured to be 150

fs.
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Chapter 2. Review of electron and hole statistics

and band non-parabolicity in highly excited GaAs

2.1 Review of GaAs lattice

The following material lays the background for my research.
The GaAs lattice has cubic sphalerite structure.1 The unit cell is
face centered cubic with a basis of one Gallium atom at (0,0,0) and
one Arsenic atom at (}4,}4,}4). The length of a side of the unit cell
is 5.65325 A and the nearest neighbor distance is 2.44793 A at 300 K.?
The reciprocal lattice is body centered cubic and thus has inversion
symmetry. The distance from the center to the edge of the first
Brilluoin zone in the (1,0,0) direction is 1.111 x 10% cm™! and in the

1

(1,1,1) direction is 0.962 x 10° cm™. The band structure® of GaAs is

shown in figure 2.1.1.
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Band structure of GaAs (taken from reference 13).



11

2.2 Conduction band

The lowest conduction band and the three highest valence bands
are the most significant ones in most optical experiments involving
photoexcitation in the visible and near infrared wavelength region.
The conduction band has a minimum at the zone center (I point), four
secondary minima at the zone edge in the (1,1,1) direction (LS peint)
and three secondary minima in the (1,0,0) direction (X6 point). Since
the valence band maximum is also at the zone center, GaAs is a direct
gap semiconductor. The temperature dependent band gap can be

described by’

5.406 x 10°* T

(T + 204) eVv. (2.2.1)

E = 1.519 -
g9

At room temperature the band gap is 1.424 eV. The two lowest
temperature dependent indirect band gaps, from the uppermost valence
band to the L6 and X6 conduction band minima were determined by Aspnes

from UV electroreflectance measurements to be modeled byz’s—8

-4 2
_ _6.05 x 107" T
E = 1.815 - 225 eV (2.2.2)
-4 2
_ _4.60 x 107 T
E, = 1.981 T 500) eV. (2.2.3)

and the energy difference is

-5 2
e e L _6.45 x 1075 T

B = E, - Ep=0.206 - 22X 0 eV (2.2.4)
-5 ,.2

A =E -E.=0.482-239x10_ T (2.2.5)

I'x X T (T + 204)
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At room temperature, the L minima are 0.285 eV and the X minima, 0.476
eV above the I' minimum. The direct gaps to the L6 and X6 points are
both in the ultraviolet (3.1 eV and = 5 eV) and will not be observed
at the probe energies involved in the experimental part of this thesis

work.

The room temperature effective mass at the I' point is given by

m = 0.063 m . (2.2.8)
e o

See references 2 and 9 for a review of measurements of the conduction

band-edge effective mass. The TI'-valley deviates significantly from
being parabolic for k not equal to =zero. At the high carrier
densities and temperatures in this work, conduction  band

non-parabolicity must be considered in any effort to fit an electron
density from a measured quasi-fermi level and carrier temperature.
The relationship between carrier density, quasi-Fermi 1level and
carrier temperature is

00

a°k !
N =2 j =0 (1 + exp[ E - u ] (2.2.7)
0

where Ne is the carrier density, E is the energy of electrons at state

k, p is the electron quasi-Fermi 1level and T is the carrier
) h°k>
Zm* and by changing

e

Temperature. For a parabolic band, (E - Eg) =

the variable of integration from momentum to energy in Eq. 2.2.7, the

relationship between electron density, temperature and Fermi level is
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» E 00 }2
1 2me 2 (E - Eg) dE
Ne-z——"2 _h2 SR G . (2.2.8)
KT
E B
g9

u-E
A change in variables to & = KET and defining 0 = ; T 9, gives
B B

3 3
omK T)z (© )2 m K'T )2
_ 1 e B £ dg _ 2] e B
N, = =73 1 +exp(€-n) =~ |, .2 F () (2.2.9)
2n h o 2nh

where ?}z(n) is the Fermi Integral of order 1.

Blakemore> has included non-parabolicity by expanding E(k) to

terms in k4 in a kep perturbation model,lo’11 and gets a band

non-parabolicity factor given by

«=- (0.824 + 2.0 x 10™° T) (2.2.10)
In this case, the energy - momentum relation is
2 2 22,2
E = E + 2K +5[hk] (2.2.11)
g E *
2me g Zme

The relationship between carrier density, temperature and quasi-Fermi

level then becomes

KT

m

N ___2[ eB]
2

N

ISaKBT
{g}z(n) - [ —-Z—E——]gga(n) } (2.2.12)
2nh q
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where ?gz(n) is the Fermi function of order g .

?}z(n) can be approximated reasonable well by23

_ _exp(n)
g}z(n) T 1+ expin) n <1 (2.2.13a)
and
4 0 374
F,(0) = gy (" * 1-7] n>1 . (2.2.13b)

An approximation for the Fermi function of order /2 can be derived

from the relationship

d{%3 (n)}
F1_(n) = /2

1o an (2.2.14)

Using Egs. 2.2.13a,b and 2.2. 14, ?92(n) can be approximated by

F3_(n) = 3.70 In (1.+0.27exp(n)) n<il1 (2.2.15a)
and

5/2
0.30 (7

F3_(n) + 6.18 17 ) n>1. (2.2.15b)
The quasi-Fermi levels for a parabolic and non-parabolic
conduction band are calculated as a function of electron temperature
at a density of 1.2 x 10*° cm™3 and are shown in figure 2.2.1. The
quasi-Fermi levels as a function of electron density at carrier
temperatures of 600 K and 1400 K are calculated and shown in figures
2.2.2a and 2.2.2b. These calculations only consider the I'-valley

population. In a non-parabolic band, as the electron density

increases, the increase in u is much less than for a parabolic band.
e
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The position of the Fermi level is important in interpreting the near

band edge transient grating data in chapter 5.

The effective mass for the four L-valleys can be described by

transverse and longitudinal components6

m ~1.9m (2.2.186)
1 o
and
m ~ 0.075 m , (2.2.17)
t o
respectively. The density of states effective mass for the four
L-valleys is
m =(16m m )~ 0.56m . (2.2.18)
L 1t °

The factor of 16 is to account for the 4 L-valleys. The density of
states at the L-valley minima is about 26 times greater then the

density of states of the I'-valley minimum.

Similarly for the three X valleys, the longitudinal and

5,1

transverse components of the effective mass are

m = 1.9 m (2.2.19)

and

=
]

0.19 mo. (2.2.20)

The density of states effective mass for the three X-valleys is
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, 173
m = (9 m m ) ~ 0.85 mo. (2.2.21)

The density of states at the X-valley minima is about 50 times greater
than the I'-valley minimum. The factor of 9 is to account for the 3

X-valleys.

Non-parabolicity in X and L-valleys can be neglected in this
work because of the large density of states and the higher energy of

these valleys.

The total electron population is the sum of the population in

the I', X and L valleys:
N = N + N + N . (2.2.22)

When the I', X and L-valleys are in thermal equilibrium with each other
(which occurs a couple of picoseconds after excitation), the electrons
reach a common temperature and quasi-Fermi level. In this case, the

total electron population in the conduction band is given by

3
mnKT )2 150K T
N = 2 r 2 2 9:}2 [ue—El—'] - [ E B ] 992 [“e—Er] +
¢ 2nh T 9 T
B B
3 3
o ™%t |z (w -E 2| ™8T |z . [ -E
5 Flole L] ¥ 2 Fole X (2.2.23)
2nh KBT 2nh KBT T

where mr, mL and mx are the density of states effective masses in the
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I' L and X valleys, El" EL and Ex are the energies at the bottom of T,
L and X valleys, respectively, M, is the quasi-Fermi level and T is
the carrier temperature. The fraction of electrons in the I', L and X
valleys, as function of carrier temperature is shown in figure 2.2.3

for a total density of 1.2 x 10'° cmn™>.
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2.3 Review of valence bands statistics

Holes from the three uppermost valence bands can make
transitions to the conduction band under the range of photon
excitation and/or probe energies used in this thesis work and
therefore the heavy-hole, light-hole and splitoff bands must be
considered in the interpretation of the data. The heavy-hole and
light-hole valence bands have a degenerate maximum at k = O, The
splitoff band has a maximum at k = 0, and is 0.341 eV below the

heavy-hole and light-hole bands.

The heavy-hole band can be considered parabolic with a room

temperature effective mass given by14
m =0.5m . (2.3.1)
The 1light-hole and splitoff bands both deviate considerably

from being parabolic and are strongly anisotropic (the effective mass

is a function of direction in k—space).2 The room temperature

band-edge effective mass for the light-hole band is given bszA

n = 0.076 L (2.3.2)

The dimensionless non-parabolicity parameter is given by2

B = ~(3.87 -.001 T) . (2.3.3)

For measurements taken at band edge, the effect of the light-hole band
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is small and can be included by a small correction to the heavy-hole
effective mass and neglecting its non-parabolicity. As soon as one
moves a few tens of millivolts below the band-edge, the light-hole
band is generally parallel to the heavy-hole band and displaced about

80 to 100 meV below the heavy-hole band.

The band-edge effective mass of the splitoff band at room

temperature is given by15

m = 0.145 m_ (2.3.4)

S0

and the non-parabolicity factor is®

¥y = +10.8 . (2.3.5)

Note that ¥ is positive, the density of states decreases as one moves
away from k = 0. The splitoff band has a small effect on the hole
statistics but transitions from the splitoff to the conduction band
are clearly evident in the pump and probe absorption measurements of

chapter 4.

The relationship between hole density, temperature and

quasi-Fermi level is derived in a similar way as the conduction band.

E ~-u
With ¢ = ITVT_E for the heavy-hole band, this relationship is given by
3
5 mhKBT 2
_ F1 (Z)
Nh = onh2 /2 (2.3.8)
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For the heavy-hole and light-hole bands (including 1light-hole
non-parabolicity) the relationship between carrier density,

temperature and quasi-Fermi level is given by2

3 3 3

K T)= -
B |2 * 2 %
N 2 {[(mh) +(m1)

3
2 _ .*2[15BK T
]9}2(c) (n?) [ o
g

]992(c)} L (2.3.7)

The hole quasi-Fermi levels have been calculated for a single
parabolic heavy-hole band and for a heavy-hole and non-parabolic
light-hole bands for the range of temperatures and densities
corresponding to the experimental conditions of this thesis. The
temperature dependence of K, is shown in figure 2.3.1 for a hole

density of 1.2 x 10'° cm™3.

The density dependence of B for a hole
temperature of 1000 K is shown in figure 2.3.2. The influence of the
light-hole non-parabolicity on hole statistics is less significant

since the holes are not degenerate under the experimental conditions.
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2.4 Description of GaAs samples studied in this thesis

The GaAs samples studied in this thesis were grown by molecular
beam epitaxy by Paul Enquist of Professor Eastman’s group at Cornell
University. The samples were of 0.25 and 0.75 micron thickness. Each

sample was grown with an Aleales cover layer to reduce the number

of surface states. The front cover layer is 2 micron thick and the
back cover layer is 1 micron thick. The mole fraction of Al is 0.5
for the 0.75 micron samples and 0.5 for the 0.25 micron samples. The
samples were grown on a GaAs substrate which was subsequently etched

off and then mounted on glass cover slips. The Aleal_xAs direct band

gap at 293 K is given by'®

1.424 + 1.247x% (0 = x = 0.45) (2.4.1a)

m
]

1.424 + 1.247x + 1.147(x-0.45)% (0.45 = x = 1) . (2.4.1b)

m
1]

For x =z 0.45, the I minimum (and also the L minima) is above the X

minima and the Aleales band gap is indirect. The indirect gap is

given by16

E = 1.900 + 0.125x + 0.143 X2 (0.45 = x = 1) . (2.4.2)

The indirect and direct band gaps for x = 0.5 (0.7) is 2.0 eV
(2.06 eV) and 2.05 eV (2.37 eV) respectively. In either case the
absorption edge of the AleabﬂAs is greater than the excitation laser

photon energy of 2.01 eV used in this thesis. The samples were doped



GaAs AlxGail-xAs
thickness dopant concentration cover layer

#1 | 0.75 p Be 5 x 10'% em™| x = 0.5
#2 | 0.75 p Be 5x 107 en™®| x = 0.5
#3 | 0.75 u Be 5x 10'% em™®| x = 0.5
#4 | 0.25 p Si 1 x 10"% em™3| x = 0.7
#5 | 0.25 p si 1 x10'% en™®| x = 0.7
#6 | 0.25 n Be |[1.5 x 10'%em™®| x = 0.7
#7 | 0.25 u Si 1 x 10" em™3| x = 0.7

Table 2.4.1. GaAs samples studied in this thesis work.
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intentionally with either silicon (n-type) or beryllium (p-type). The
dopant concentration is much less than the density of the photoexcited
carriers. The sample characteristics are summarized in table 2.4.1

and the samples are drawn schematically in figure 2.4.1.

The absorption curve for one of the 0.75 micron thick GaAs
samples (#2) is shown in figure 2.4.2. The data is uncorrected for
sample reflectivity. The index of refraction of GaAs is 3.3 and for
Aleab«As is 3.6. The reflectance at the AleaL«As—air interface is

32% and the AleaLmAs—glass interface is 17%. The reflectance at the

glass-air interface is 4%. The reflectance at the GaAs--AIXGa.1 xAs

interface is << 1%. The 400 cm ! oscillations in the below band gap
region of the spectrum is caused by an etalon effect in the sample.
The etalon effect is also evident in the photoluminescence spectrum.
The sharp rise in the absorption at 2.06 eV is the onset of absorption
by the cover layer. Absorption from the splitoff band is observed at
energies greater than 1.765 eV. In the experimental part of this

thesis, the excitation wavelength is 6170 A (2.01 eV) and the probe

wavelengths are in the range of 8000 A to 6170 A (1.55 to 2.01 eV).

The absorption coefficient, «, of this sample can be calculated
from the uncorrected optical density by equations 2.4.3 and 2.4.4. The

0.D. (uncorrected for reflection) is given by

I =1 10 . (2.4.3)
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While the absorption coefficient is given by

2
It = Io(l-Rl)(l—Rz) (1-R3)(1—R4) exp(-at) (2.4.4)

where R1' R, Ra’ and R4 are the reflection coefficients at the

2
Air-AlGaAs, AlGaAs-GaAs, AlGaAs-glass and glass-air interfaces
respectively and ¢ is the sample thickness (0.75 u). Combining eqs

2.4.3 and 2.4.4 gives
@ = {ln[(l—Rl)(1—R2)2(1—R3)(1—R4)] + 0.D. 1n(10)}/2 (2.4.5)

and using the appropriate values for the reflectivities and sample
thickness gives

o = 8.2 x 10° + 3.07 x 10* (0.D) em™!. (2.4.6)

The absorption coefficient is plotted in figure 2.4.3 over the energy
range of 1.424 to 2.05 eV. Above 2.05 eV, the different contributions
from the GaAs and the Al 5Ga 5As would have to be separated to

correctly determine a.

In pump and probe absorption experiments, one measures the
change in the intensity of the transmitted bean. The change in
transmission depends on A«l. For a given change in absorption, a
thicker sample gives a greater change in transmission but the absolute
transmitted intensity is reduced. In absorption experiments the

optical thickness of the sample should be thin in order to allow the
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detected transmitted signal to be greater than the background light
and detector noise level but thick enough so that there is a
detectable change is transmission. Most of the absorption data was

taken with the 0.75 micron thick sample («f = 3.0 at 2.01 eV).

In the transient grating experiments, the signal is detected in
the background free direction and thus in a thinner sample there will
be less absorption of the diffracted signal by the sample. For this
reason most of the transient grating data was taken with the 0.25

micron thick samples although data was taken on all samples.
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Chapter 3 Femtosecond laser system

3.1 Oscillator

3.1.1 Introduction

Organic dyes make an excellent broadband gain medium for
passively modelocked lasers.1 Typical dye emission bands span 300 nm.
Dyes have a large quantum efficiency. CW rhodamine 6G (RhBG) dye
lasers can be made to lase from 560 nm to 640 nm.

2,3

The first modelocked dye lasers used a modelocked Nd:glass
or argon laser to synchronously pump Rh6G. The first passive
modelockinga"5 of an organic dye used RhB6G as the gain medium and
3,3’ -diethyloxadicarbocyanine iodide (DODCI) as the modelocking dye.
These systems were flash lamp pumped and produced 6 ps pulses although
pulse width measurements indicated incomplete modelocking.5 The first
cW passively modelocked RhBG dye lasers® ® used the 514.5 nm output of
a continuous argon ion laser to pump Rh6G. DODCI was the modelocking
dye. The cavity consisted of the Rh6G flowing in one cell and the
DODCI in another cell. This allowed tighter focusing in the saturable

absorber. A prism was inserted in the cavity for tunability of the dye

laser over the range of 5390 to 820 nm.

A simple cavity design for passively modelocking this system
was a 2 dye cell, 5 mirror linear cavity consisting of the lasing dye
flowing in one cell and the saturable absorber in the other cell.® A

prism was inserted in the cavity for tunability. Two curved mirrors



37

were used to focus and recollimate the pulse at each dye cell. One of
the focusing mirrors served as the output mirror (typical reflectivity
# 95 - 99%, the other mirrors had 100% reflectivity over the gain
bandwidth of the laser). This arrangement allows independent control
of the laser intensity at the Rh6G and the DODCI by using mirrors with
different radii of curvature. This configuration also allows for
astigmatic compensation in the cavity by controlling the angle of
incidence at the focusing mirrors.” Variations on the cavity design
included: mounting the saturable absorber cell on an end mirror;10
inserting an acousto-optical cavity dumper in the laser cavi’cy“’12
(this increased the output pulse energy but the repetition rate was
reduced to 105 Hz); and extending the cavity design to 6 mirrors. An
Astigmatically compensated design was later extended to a six mirror
ring ca.vity.lz3 Other improvements consisting of replacing the dye
cells with free flowing Jjet streams. This reduced group velocity
dispersion effects by decreasing the optical path length in the gain
and absorbing media. The Jjet stream thickness can be reduced to 1072
to 107° cm. These systems typically produced pulses that were about 1
ps in duration but highly chirped and unstable. Using external pulse
compression14 or by mixing malachite green into the ponCI®® the pulses
could be compressed to 0.3 ps. In 1981, the colliding pulse
modelocked (CPM) ring cavity laser was developed.16 The output pulses
from this system were about 100 fs in duration and very stable. This
cavity design is the one used in this thesis work and will be

discussed in detail in section 3.1.4.
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3.1.2 Modelocking and ultrashort pulse generation

Unlike modelocked solid state lasers, where the pulse width is
determined by the recovery time of the saturable absorber, the pulse
width of passively modelocked dye lasers is considerably faster than

1,17-22

the recovery time of the DODCI; which was measured to be 0.3

gl?r23 to 1.2 ns.1 The passive modelocking of this system is

n
accomplished by a combination of bleaching of the absorption of the
DODCI and gain saturation in the Rh6G. The absorption and fluorescence
spectra of Rh6G and the absorption spectra of DODCI are shown in fig.
3.1.1, 3.1.2 and 3.1.3 respectively. The absorption peak of the DODCI
(585 nm) is close to the emission peak of the Rh6G (560 nm). The gain
curve of this combination is flat over a broad range of wavelengths
allowing the laser pulses to have a bandwidth of = 6 nm (corresponding
to 70 femtoseconds for a transform limited sech2 pulse envelope

centered at 620 nm). 2"

That the Rh6G - DODCI combination can only modelock in the red
and not near the absorption peak of the DODCI is strong experimental

evidence that a photoisomer exists in the DODCI with an absorption

1,17,23,25,26

peak at 620 nm. The photoisomer has been observed in the

7,27

fluorescence’ and absorption1 spectra of DODCI and is believed to
play an important role in the bleaching of the DODCI by increasing the
longer wavelength absorption in the DODCI. It is the cause of an
observed bistable mode in the laser cavity. It has been observed that
the laser system can operate completely modelocked in the red

28-30

(615-630) or lase cw in the yellow (560-570 nm). Minor changes

in alignment or pumping power can cause the system to switch modes.
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Figure 3.1.1. Absorption spectrum of the oscillator gain dye (Rhodamine
6G) . The concentration is 1.5 x 10°3 molar in ethylene glycol.
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Figure 3.1.3. Absorption spectrum of the modelocking dye, DODCI. The
modelocking dye is a 10"* molar solution of DODCI in ethylene glycol.
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The formation of ultrashort pulses in a passively modelocked
Rh6G, DODCI combination can only be explained in terms of both gain
saturation and a saturable absorber. Streak camera measurements show
that a well modelocked laser pulse evolves from intensity fluctuations
over the course of a few cavity round trips and is not limited by the
relaxation time of the saturable absorber.'° When a pulse enters the
saturable absorber the leading edge of the pulse is absorbed but the
center part of the pulse where the intensity is greater bleaches the
dye and is transmitted with less loss. This steepens the leading edge
of the pulse. The pulse is now amplified in the Rh6G jet. However, the
leading edge of the pulse depletes the excited states of the dye and
the trailing edge of the pulse in not amplified.21 Other cavity
losses contribute to reducing the trailing edge. It has been shown
that if the saturable absorber cross section is much larger than the
gain cross section, pulse shortening will occur, independent of input

21,31 . . A . X
’ This process is sensitive to the relative gain of

pulse shape.
the Rh6G and the absorption in the DODCI, therefore the dye

concentrations, pumping power and laser spot sizes must be carefully

controlled.

3.1.3 Laser cavity and frequency chirp

The wultimate limit on the output pulses of this dye laser
system 1is determined by the gain bandwidth of the Rh6G and DODCI
combination and is » 20-25 fs.°? That this pulse width is not achieved
is the result of dispersion inside the laser cavity, and in order to
minimize the pulse width, the number of dispersive elements in the

cavity must be minimized. The sources of dispersion in the laser



43

cavity are the saturation of the absorbing dye, self-phase modulation

in the dye solvent,ss"37 group velocity dispersion in the dye

36-41
as well

solvent36 the dielectric coatings of the cavity mirrors,
as any glass or other passive dispersive elements in the optical path.
All of these sources of frequency chirp serve to broaden the pulse.
Since the gain and the absorption saturation is not linear throughout
the pulse duration, chirp can also reduce the bandwidth. The extent
of pulse chirping is determined by the actual cavity configuration.
Slightly different cavity designs can have different degrees of pulse
chirp. Fontaine et al37 report a cavity with negative chirp (i.e.
shorter wavelengths lead) while Shank et all®r 42 report a cavity with
positive chirp. In my laser cavity, the chirp was found to be a
function of DODCI concentration. At low DODCI concentrations, the
chirp is negative and insertion of the proper length of glass in the
laser (external to the cavity) results in a narrower pulse. At higher
DODCI concentrations the chirp is positive and the glass only serves

to broaden the pulse; while a grating pair (as described in section

3.2.3) shortens the pulse width.

The role of the saturable absorber jet stream is complicated by
the fact that frequency chirp is produced by saturation of absorption
in the DODCI and self-phase modulation (SPM) in the solvent as well as

35,36 The different contributions

group velocity dispersion in both.
to the frequency chirp in the DODCI Jjet have been discussed in
references 35 and 36. De Silvestri et al36 calculate the chirp due to

the normal absorption of the DODCI as well as the photoisomer. They

find that the two contributions are opposite in sign; the normal
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absorption gives negative chirp and the photoisomer gives positive
chirp at their laser wavelength of 610 nm. For a laser operating at
620 nm (which 1is the absorption peak of the photoisomer) the
photoisomer contribution would be significantly less. They also find
that the contribution from the Rh6G to be considerably less than the

DODCI.

Miranda et al35 have calculated the chirp produced in the DODCI
Jjet stream for different DODCI concentrations, pulse energy and pulse
width; examining both self-phase modulation in the solvent as well as
the absorption saturation of the dye. Their results are summarized

below.

The high peak intensity produced in the DODCI causes large
changes in the solvent contribution to the index of refraction through
self phase modulation (SPM). The solvent contribution to the index of

refraction is given by
2
n=n+ nl . (3.1.1)
s [ 2

The contribution to the index of refraction due to resonant
absorption of the DODCI is given by
n c

n_ = §(w° - w) " ag(w) (3.1.2)

o

where o is the saturated absorption coefficient given by
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t
—f 1(£)dE
e (3.1.3)

al(t) = @  exp [ E

S

ES is the absorber saturation energy density, and g(w) is the

absorption line shape given by

-1
a(w -w)?
g(w) = 2{nAw|1+ -——3—5—- . (3.1.4)
Aw

The time dependent phase delay is given by

n2w1 wl
(L) = - < I(t) - G(w) S alt) . (3.1.5)
nr do
Where G(w) = o) The frequency shift is dw = I and is given by
nol g wl  da(t)
dw = - o (—ﬂl— - G(w) -C— dT (3.1.8)
d%¢ _ d(sw)
and the pulse chirp, defined as C = —= = is given by
2 dt
dt
nwl .2 2
c = -Z 9;5 - Gw) 9% g-ﬁét) (3.1.7)
dt dt

The extent of the pulse chirp depends on the pulse width, pulse

energy and the absorber concentration. If we consider a gaussian
2

pulse, I(t) = IO exp [— E-2]; the chirp is given by
T

\V)

l

c-l
\M}

4nn 11 2 2 2nl G(w)af I 2
_ 2770 |1-2t -t _ ) o 2t -t
C = > [ ‘—2-] exp{ —2'] '—AES—— [ E; ]exp[ 1:2] . (3.1.8)
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The solvent contribution to the chirp is positive in the
central part of the pulse (|t| < half width at half maximum) and
negative and small in the wings of the pulse where the pulse intensity
is considerably less. The amount of chirp from the solvent increases
with shorter pulse widths or greater pulse intensity. The absorber
dye contribution to the chirp is always negative except in the extreme
wings of the pulse where the pulse intensity is small. The amount of
negative chirp generated by the dye increases as the pulse energy
increases relative to the saturation energy. At  lower dye
concentrations, the threshold for bleaching is less and the amount of
negative contribution to the chirp 1is greater. The optimum
concentration of DODCI is when the two terms cancel. This
concentration depends on the intracavity pulse energy, focused spot
size in the jet and the thickness of the jet stream. Experimentally
the absorber dye concentration for minimum pulse width was determined
by measuring the pulse width as the concentration was slowly
increased. At each concentration, glass rods of varying lengths were
inserted in the laser path to determine when the chirp changed from

negative to positive.

In the cavity design used in this thesis work, where there are
no prisms or other transmission optics, the other significant source
of chirp is the cavity mirrors. High reflectivity dielectric coated
mirrors are made of alternate layers of high and low index of
refraction material with a thickness of A/4. A typical narrow band
reflection coating consists of about 19 layers. A broadband

reflection coating consists of many different layers and can add
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considerably to the chirp. The calculations in references 36 and 38,
show the phase shift of a narrow band dielectric coating to be zero at
the center frequency of the coating, the phase shift rapidly becomes
positive (negative) as one moves to shorter (longer) wavelengths. The
phase shift varies much more rapidly if the reflectivity of the mirror
is smaller or if the angle of incidence is different than the intended
angle of the coating. Bourkoff et a1t calculate changes in pulse
shape due to dispersive mirrors. Considerable pulse distortion and
broadening has been shown for a variety of commercially available

. . . 40
broadband dielectric mirrors.

3.1.4 Colliding pulse modelocked ring cavity dye laser
To reduce the pulse width and improve the stability of the

18,43 his

laser, a ring cavity design was developed by Fork et al.
cavity supports two counter propagating pulses. The cavity losses are
a minimum when the two pulses overlap in the DODCI jet stream. The
position of the rhodamine Jjet stream is one quarter of the cavity
length from the DODCI. This insures that excited population in the
rhodamine has equal time to build up between the counter propagating
pulses and each pulse experiences equal gain. This colliding pulse

modelocking (CPM) laser, without any additional dispersion correcting

devices, can produce pulses of as short as 60 fs duration. *?

The oscillator design constructed for this thesis work is shown
in figure 3.1.4. The oscillator is pumped by the 514.5 nm line of a
Spectra Physics model 171 Argon Ion laser operating at 2.5 watts

output power. The Argon laser is rotated to P polarization to match
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M2, M2 M1 ARGON LASER 514.5 nm
M3 ip
ponNcI
M3
M4 M1
M5
REG
M4
M4: R=400X (514.5 nm)
M2: R=4100X (620 nm)
M3; R=100X% (620 nm): r=5 cm
M4: R=100X (514.5 & 620 nm); r~410 cm
M5: R=400X (620 nm): r=10 cm
MB MB: R=99X% (620 nm)
P: Quarter wave for 514.5 nm
Figure 3.1.4. Femtosecond colliding pulse mode-locking ring cavity

dye laser oscillator. EPe dye concentrations are 1.5 x 10" molar for
the Rhodamine 6G and 10 ~ for the DBODCI.
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the polarization of the dye laser. The cavity consists of seven
mirrors and two Jjet streams plus three mirrors and a rotator for
aligning the pump. Two curved mirrors of S5 cm radius of curvature (M3
in figure 3.1.4) are used to focus the beam into the DODCI. The
mirrors labeled M4 and M5, of 10 cm radius of curvature, focus the
beam into the Rh6G. M4 also focuses the Argon laser into the RhBG.
M6 and M2 are flat mirrors used to complete the ring. M6 is also the
output mirror with a transmission of 1%. All the other mirrors are
100% reflectors. The jet streams are aligned at Brewster’s angle to
the laser path, eliminating reflection losses for P polarized light.
The DODCI concentration is 10™* molar and the Rhodamine concentration
is 1.5 x 10" ° molar. The center wavelength of the laser output is 620
nm. The temporal duration of the output of this laser is 100 - 150
fs. The pulse energy is 50 - 100 picojoules per pulse at a repetition
rate equal to the cavity round trip time of 114 MHz. The average

output power is 5§ to 10 milliwatts.

The advantage of the ring cavity over the linear cavity is the
result of the standing wave produced by the interference pattern of
the counter propagating pulses in the saturable absorber jet stream.
It has been shown that colliding pulse modelocking has a more
favorable stability region and leads to increased pulse shortening

. . 44-48
when compared to a linear cavity arrangement.

When the pulses
spatially overlap in the jet stream, the electric fields of the pulses
are in phase over the coherence length of the pulse. 1In this case the

intensity is 4 times that of a single pulse and the bleaching is

greatly enhanced. Additionally, if the absorber jet is thinner than
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the pulse width, the spatial wings of the chirped pulse will be out of
phase and therefore the effective bleaching will be less than the
bleaching for the coherent portion of the pulse. This will dechirp

the pulse and eliminate the spatial wings of the pulse.

It is possible to improve the stability and shorten the pulse
width of the CPM laser by the insertion of tuneable dispersion
correcting elements in the cavity. Although not incorporated into the
laser system used for this thesis, the addition of four Brewster angle
prisms in the laser cavity give an adjustable source of negative
dispersion which can be used to balance the other dispersive elements

of the cavity and give pulses as short as 25 f‘s.lig"51
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3.2 Pulse measurement and compression

3.2.1 Pulse measurement by second harmonic generation

Subpicosecond laser pulses are too short to be measured by
electronics but must be measured by nonlinear optical methods.
Autocorrelation measurements by non-collinear second harmonic
generation (SHG) is an effective method to measure the pulse width of

ultrashort, high repetition rate lasers.szﬁm

When a laser beam is incident on a uniaxial crystal a
polarization at twice the laser frequency is produced. If the indices
of refraction of the crystal axes, crystal orientation and laser
polarization are such as to satisfy conservation of energy and
momentum, a significant fraction of the laser beam can be converted to
its second harmonic. This condition is known as phase-matching and

the requirements are

k
w w 2w
(3.2.1)

For a light wave propagating at an arbitrary angle 6 to the

optic axis the index of refraction is given by54

2 .2
1 _ cos 6 + sin® ) (3.2.2)

2 2 2
n-(8) n n
e [o] [o]
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where no is the index of refraction along the ordinary axes and n is

the index along the extraordinary (optic) axis. Egs. 3.2.1 becomes

C C _ c
ne,x) ' ow,K)  n(2e,K) (3.2.3)

n = n . (3.2.4)

For most crystals with normal dispersion, phase matching
requires the fundamental and second harmonic waves must be of a
different type. In a KDP (Potassium diHydrogen Phosphate) crystal, two

types of phase matching are possible.ss_57

Type I phase-matching
consists of two ordinary waves summing to produce an extraordinary
wave at twice the frequency. Type I is also designated o-o-e. Type II
phase matching consists of an ordinary wave and an extraordinary wave
summing to produce an extraordinary wave at twice the frequency. Type

IT is also designated o-e-e. The phase matching angle for type I SHG

can be calculated by Egqs. 3.2.2 and 3.2.3 and is given by

) nZ(2w ) {ni(Zw ) - n%(w)}
sin“e = 32 5 S ° ) (3.2.5)
no(w) {ne(2w) - no(2w)}

For 6200 A the type I phase matching angle is 57.7° in KDP. The

indices of refraction were taken from the CRC Handbook of Laser‘s.58

The non-collinear type 1 phase-matching geometry (fig. 3.2.1)
is background free, relatively easy to align and does not require a

half-wave plate in one of the pulse trains. For a non-collinear
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PMT

KDP

™

M A
) ) I(2w)
k:
B . s .
e
A 4
@
Optic
Axis
I(w) I(w)
Figure 3.2.1. Second harmonic correlator for monitoring the laser

pulse width. The KDP crystal is cut for type I phasematching. The
input beams are P-polarized and the second harmonic is S-polarized.
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geometry, the fundamental waves do not propagate as a true o-wave but
at a slight angle to the ordinary axes and therefore the phase
matching angle for the non-collinear geometry is slightly different
than for single beam SHG. The propagation direction is also different
for the mixing signal than for the individual beam second harmonic.
Apertures can reduce the single pulse SHG to below the detector noise
level. By using the proper geometry, almost all transmission optics
can be removed from the apparatus, eliminating pulse broadening due to

dispersion. The temporal resolution of this system is then limited

only by the phase matched bandwidth of the nonlinear mat:er‘ial.sg"84
The phase matched bandwidth is given by
w 2w
A = #% [ 1.39 A':l d_no - 1dne] . (3.2.8)
2nl dAl 2 dAz

In KDP, for a 6200 A fundamental wavelength and a 50 A bandwidth, the
maximum interaction length in the crystal is 0.2 mm. A non-collinear
geometry with tight focusing limits the interaction length in the

crystal to

cos(8)
MJ (3-2-7)

where d is the focused spot diameter and 26 is the angle between the
beams in the nonlinear crystal. If the two beams are separated by 1
cm and focused by a 5 cm lens to a 25 micron spot size, the

interaction length is 0.180 mm.



55

For pulses less than 100 fs, group velocity mismatch as well as

61-65 A calculation of

phase velocity mismatch must be considered.
the group velocity dispersion of the fundamental pulse shows that
broadening is negligible. Using the value of the index given in
reference 58 for an ordinary wave, the broadening of a 50 fs gaussian
pulse in 200 microns of KDP is about 1 fs. However, the group
velocity mismatch between the fundamental and the second harmonic must
be considered. If phase-~matched, the fundamental and second harmonic
have the same phase velocity but not necessarily the same group
velocity. The broadening of the second harmonic pulse has been
considered in ref. 60-64. The resultant effects on SHG pulse

measurements is considered in ref. 65. The measured autocorrelation

will, in general, be a function of the input pulse shape and chirp.

3.2.2 Pulse autocorrelation

If a variable delay is introduced to one of the pulse trains,
the second harmonic intensity will change as a function of the delay.
Let the envelope of the field of the pulses be El(t) and Ez(t+T). The
polarization at 2w is

P(t,7) = %2 E (t) E (t+D) . (3.2.8)

A slow detector will integrate P(t,Tt) over time and the detected

signal is
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00

* *
G(t) = J Ei(t)Ez(t+-c)E1(t)E2(t+-c) dt (3.2.9)
-0
00
G(t) = j Il(t)Ia(t+r)dt . (3.2.10)
-0

The pulse convolution G(t) is related to the pulse width but
has lost knowledge of the pulse shape or chirp. To get the correct
pulse width, the pulse shape must be determined independently, 1i.e.

from the product of the pulse’s spectral bandwidth and temporal width.

For a gaussian pulse, the ratio of the autocorrelation FWHM to

the pulse FWHM, %% , is 1.41 and Svét = 0.44. The autocorrelation is
also a gaussian. For a pulse with a hyperbolic secant squared
intensity envelope, %% = 1.55 and &vét =0.315.

Consider a sech’ pulse with an intensity full width at half

maximum, Tp. The intensity profile is given by

1(t) = I sech2[1'78 t] (3.2.11)
[+) Tp
The electric field of this pulse is given by
E(t) = V Iosech[1°76 t] exp(—ith) (3.2.12)

and the spectrum of the electric field is given by
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I’ - Tpu(w-w )
_Inl Tp L
8((0) = ZOT-S- sech [TS——] . (3 2. 13)

The intensity spectrum is given by

al o ) 2 2 tpn(w—wL)
I(U) = __20 [ﬁs] sech ——ZW)—' . (3.214)

The FWHM product of Iisz2(t)-Iisz(v) is

2
svst = L. 2L.76)

0.315 (3.2.15)
an MTp

The pulse intensity autocorrelation given by Eq. 3.2.10 for a
sech2 pulse shape can be calculated by using the convolution theorem.
The fourier transform of the intensity profile, given by Eq. 3.2.16,

can be evaluated using the Cauchy Residue Theorem.

0

F [1(t),€] = J Iosechz[lL%E—E]eigt dt (3.2.186)

-0

The contour of integration is a semicircle in the upper half plane
with a radius equal to infinity. All the poles are of order two and

located on the imaginary axis at the points given by

= _TP_ 1 -
t= 1.75(n + 2)"1’ n=01,23... (3.2.17)

and the residues are given by
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i€Tp? -£tp , 1
Cc = (1.76)2 exp[ 1'76(n+§)n)] (3.2.18)

The sum of the residues, multiplied by 2mni, is:

F [I(t),€] = 2ngtp’ exp [ZT5TR ~ngtp)” (3.2.19)
’ z P Iz1178) EFXP 1.76 ne

(1.786) n

Fl1(t),&] = ~§E§IBE exp[:Egzg——J Engtp [ (3.2.20)

(1.78)2 2(1.78) [l—exp[ 1.76]J
2

FLI(t),£€] = —gféfﬁa csch[1%§;g] . (3.2.21)

(1.76) ’

Using the convolution theorem, the autocorrelation of the pulse is

given by

00 .
G(e) = f F(£) F(&)e &0 ¢ (3.2.22)
~00
m4t4 2 -igo
G(e) = J 2€ cschz(Et)e ig d€ (3.2.23)
T
-00

where { = Tz;g . Again the contour is a semicircle of infinite radius

in the upper half plane. The poles are of second order and located on
the imaginary axis at the points £t = 2nmni; n=1,2,3 . . . . The

residues are given by

4 . 2 2,
c = éiléml_ n"le]e@[ﬂﬁ]. (3.2.24)
n 2 3 4 1
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In order to evaluate the sum of the residues, Eq. 3.2.24 is separated

into two terms, which are:

Znizpn = z 16nt exp[ ngn} ZPHD eexp[ ngn] . (3.2.25)
n

The first summation on the right hand side of Eq. 3.2.25 can be

rewritten and summed to give:

-2
164 exp[:%Q] Z n[%xp[:%g]] = 16¢ exp {:%9]{——exp {:%9]] . (3.2.28)

The second summation in 3.2.25 can be evaluated by rewriting n® as

n(n+1)+ n(n-1)
2 2

ZSnn (] exp[ n] 8 6[ (n+ 1) [ ] zn(g-l)exp[_%gJ ] . (3.2.27)

and then the summation can be written as:

The first summation on the right hand side of Eq. 3.2.27 is equal to:

n n-1
- n(g+1) exp[—%g] - 86 exp[*ze] ) n‘g+1) exp[_:e] (3.2.28)

which is equal to:

-6 ~10)] ">
8no exp[—z-][l—-exp[—z-]] . (3.2.29)

Similarly, the second summation on the right hand side of Eq. 3.2.27

is given by
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n(n-1) ) ~10)%v (m+1)m -ne)"!
8n6§ —5 exp[ f_] = 810 exp[ I_] ; 5 exp|— (3.2.30)

where the index is changed to m; m=n-1. Eq. 3.2.28 is summed to give:

o) ® -ne)) ">
810 exp[—%—] [1——exp[—£—]] . (3.2.31)

The autocorrelation is the sum of the three terms (Egs.3.2.26, 3.2.29

and 3.2.31) and is given by

G(z) = 3 [ T°°Sg(r) - 1 ] (3.2.32)
sinh™ () sinhz(r)

where T = g%, and G(t) is normalized such that G(0) = 1. The FWHM of
G(t), =g, is 2.7196. Therefore the ratio of the FWHM of the sech®
T _ 1.76

pulse to the FWHM of the autocorrelation is —— = === = 0.648.
Tg 2.72

One has the option of slowly varying the delay 1line by
translating a stepping motor and recording G(t) averaged over a long
time period. Or one can rapidly vary the delay by mounting the corner

66,67 :
’ The second harmonic

cube on an acoustic modulator.
autocorrelation can be displayed on an oscilloscope in real time to
assist in the laser alignment. An autocorrelator is permanently
installed for monitoring the laser output. The voltage of the acoustic
modulator (shaker) that drives the corner cube is also used to drive
the time base (plug-in 7B50) of an oscilloscope {(Tektronix model
7904). This insures that the time axis of the oscilloscope trace is

linear although the shaker movement is sinusoidal. Normally, two

pulses would be observed on the oscilloscope, corresponding to each
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direction of the shaker travel. A square wave pulse, at the shaker
frequency, is applied to the "z-axis" of the oscilloscope to reduce
the intensity of the CRT during one half of the shaker cycle. Proper
adjustment of the oscilloscope triggering level and relative phase of

the oscilloscope and shaker will block one of the pulses on the CRT.

A typical pulse autocorrelation and spectrum are shown in
figures 3.2.2 and 3.2.3. Assuming a sech® pulse envelope the FWHM is
140 fs and 8A = 35 A giving 8vdt = 0.38, indicating that the pulse is
slightly chirped. The convolution of a sech® pulse shape of FWHM = 140
fs is shown for in fig. 3.2.2 for comparison. The laser pulse
convolution looks like a sech® pulse with wings. The actual pulse
shape 1is probably a combination of sech? and exponentials with some

chirp. Note, for a two sided exponential pulse given by

I=TIo exp["21r12 t ] (3.2.33)

Tp
the autocorrelation is given by

G(z) = (1+2|'r|)e_211'-l

(3.2.34)
with G112 = 0.413 I1/2 and Svdtp = 0.142. The two sided exponential
autocorrelation exhibits much larger wings than either a gaussian or

sech2 pulse.
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Figure 3.2.2. A typical oscillator autocorrelation. The autocorrelation
FWHM is 220 fs. For a sech’® pulse shape the FWHM of the pulse is 140 fs.
The autocorrelation of a 140 fs sech’ pulse is shown for comparison.

c9



[ntensity (a.u.)

1.

O O T T T l l T 1 1 1 RS L3 T T l 1 13 !

O O 1 1 L 1 ! . 1 ! 1 l L ! 1 { . 1 L

1

i

0.61 0.6R2

Wavelength (microns)

Figure 3.2.3. Typical oscillator spectrum. The laser is centered at 6195
A and its bandwidth is élambda = 35 A => 6v = 2.73x10'2 sec’!. For a 140 fs
pulse, étév = 0.38. The amplified pulse spectrum has the same width.
although the pulse broadens to 450 fs in the amplifier.

.83

£9



64

3.2.3 Pulse compression

As discussed in section 3.1.3, the output pulses of the CPM
laser can have a frequency sweep (chirp) that can be either positive
or negative depending on the actual cavity design. The linear
component of the frequency sweep can be eliminated with the proper

dispersive elements in the beam path (external to the cavity).

If the chirp is negative (i.e. the short wavelength components
lead the pulse, that is, blue light is in the front and red is in the
tail), the insertion of the proper length of a transparent material
such as glass or water can compress the pulse. Most non-absorbing
materials have normal dispersion, therefore, the group velocity in the
material is faster for longer wavelengths and the red components of
the pulse catch up with the blue, compensating for the negative chirp

and compressing the pulse.

The index of refraction of a transparent medium can be

described by the Cauchy formula®®

n2= A + A A2 4 A, S (3.2.33)

v = = (3.2.34)

is given by
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(3.2.35)

< =
|
o=
+
ale
E5

If one is far from any absorption regions, n varies slowly with A and

from Eq. 3.2.12, the refractive index can be approximated by

n=A +M4¢ (3.2.38)

The frequency dependence of the relative time delay is d(l/vg)/dw;

1

d( /v ) 2

e ggg N gd_g (3.2.37)
dw dw dw

att/v) 3A 0

9 = —5 (3.2.38)
dw in Aoc

which, in first order, is linear in frequency.

Thié method of pulse compression has many drawbacks. The delay
line is not easily adjustable. At high power densities non-linear
optical effects can occur such as SPM or stimulated raman scattering.
The most serious drawback to this technique is the laser pulses rarely
have negative chirp. If the oscillator has a small negative chirp, it
is usually cancelled by the normal dispersion of other optics in the

beam such as lenses, dye amplifiers, beam splitters etc.

The more common case, is that the laser pulses have positive

chirp, either from the cavity elements, amplifier system (see section
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3.3) or experimental apparatus. A pair of gratings can be used to
give a negative chirp to the pulse cancelling the linear positive

14,60-71 A pair of gratings aligned parallel to each other can

chirp.
give a quadratic phase correction (linear frequency sweep) to the
pulse. Consider fig. 3.2.4, if two wavelengths, A and A+3A are
incident on a grating at the blazing angle, the optical path length, P

is given by

P = b(l+cos8) = D(1+cos(89) (3.2.39)
cos(0-9)

where ® is the angle of incidence, 6 is the diffracted angle, b is the

slant distance and D is the normal distance between the two gratings.

The spacing between grooves is d. The relationship between 6 and A is

A = d [sin(e-¢®) +sin(e)] . (3.2.40)

The wavelength dependence of the optical path is

dP _ _ [sin(e) 1+cos(0)sin(6-9) de
a LEEETE:E) ¥ 2 ax] (3.2.41)
cos” (6-¢)
The time delay is
at _ b
dx . (3.2.42)

cd2[1-("/d - sing)?)

The large losses in pulse energy (15 - 30%) at each grating)

can be reduced by the use of holographic gratings72 or by the use of
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prisms made of Tellurium Oxide (Te02).73 The high material dispersion
of the TeO2 allows a linear frequency correction as a reasonable
separation distance between the prisms. Using Brewster angle prisms

and P-polarized light, reduces losses to less than 1%.
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Figure 3.2.4. Geometry for pulse compression by a grating pair. The
optical path difference between ABD and AB’D’ is linear in SA.
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3.3 Femtosecond laser amplifier system

3.3.1 Introduction
To observe bleaching of the absorption or four-wave mixing in
semiconductors it is necessary to increase the peak power of the laser

output. Therefore a laser amplifier system was constructed.

In order to have uniform gain over the entire bandwidth of the
laser pulse, the amplifier system must have a broad gain profile
around the oscillator wavelength of 6200 A. Any non-linear frequency
gain in the system will distort and broaden the pulse. For this
reason, the organic dyes, sulfarhodamine B (kiton red 620) and
sulfarhodamine 640, dissolved in H20, were selected as the gain media
for the amplifier system. A four-stage amplifier is used to prevent
gain saturation, by successively increasing the pumping volume in each

stage.

A dye laser amplifier system must be designed to deal with the
short energy storage times, < 5 ns, and the high stimulated emission
cross section leading to amplified spontaneous emission (ASE).“—79
Since the excited state lifetime of the rhodamines is 3-5 ns, the
ideal pump source for the amplifier should be less than 3 ns and high
intensity near the absorption peak of the amplifier dyes. Longer pump
sources would only add to the background fluorescence of the amplifier
dyes without improving the gain. Also if the pump duration was longer

than the oscillator pulse separation (the cavity round trip time, 8.8

ns) multiple pulses would be amplified. For this reason the second
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harmonic of a Q-switched Nd: YAG laser was chosen as the pump for the
amplifier. The Nd:YAG laser selected was manufactured by Quanta-Ray
(Spectra Physics), model DCR-2A. The laser consists of a flashlamp
pumped Nd:YAG rod as the oscillator and one flash lamp pumped Nd:YAG
rod as an amplifier. The Nd:YAG laser is Q-switched by a KDP crystal
used as a Pockels cell. A type II KDP crystal for second harmonic
generation in a sealed housing is located at the output of the laser.
When properly aligned and with the correct Q-switch voltage and delay,
the laser outputs 750 millijoules of 1.06 micron light in a 4 ns
pulse. The second harmonic pulse at 0.532 microns is 2 ns in duration
and 250 millijoules of energy. Details of the amplifier cells are

given later.

3.3.2 Synchronization of the dye and ND:YAG lasers

In order to insure temporal overlap of the Nd:YAG and dye
lasers, it is necessary to control the firing of the YAG laser. The
timing of the Nd:YAG is complicated and not easy to externally
control.80 The 8.8 ns spacing of the oscillator pulses is fixed by the
cavity length. Three milliseconds before the Nd:YAG is fired, 3200
volts is applied to the Q-switch, preventing lasing action;
approximately 210 microseconds before the Q-switch is fired, the flash
lamps are fired. The voltage on the Q-switch is then rapidly reduced
to zero and 75 nanoseconds later the laser pulse is emitted. The
internal jitter between the discharging of the Q-switch voltage and

the emission of the laser pulse is 250 ps.
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Figure 3.3.1. Timing sequence of the NA:YAG laser. Voltage is applied to
the Pockel's cell 3.5 milliseconds before the flash lamps are fired. The

flash lamps are fired 210 us before the Pockel's cell voltage is reduced to
zero and the laser pulse is emitted.
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Dye Laser] Pulse Train
100 Fs 114 MHz

Synchronous Fast Photodiofde

Nd: YAG Output

20 Hz 80 ps
4
114 MHz

Avtech AVK-V Caomlinear

Variable Widt} Broadband

-

Pulse Gen. Amplifier
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V ¥ d
9 ns N 114 MHz

Lecroy 365 Al

Coincidence

Unit
20 Hz
Y Y
-0.8B volts
Avtech Variable Nd: YAG
AVK~-133 y— Delay y—| @-Switch
Synchronized |Pulse Geh. |Line Trigger
Trigger pulse
for Experiments TTL Pulse 250 ps total jitter

Figure 3.3.2. Triggering circuit for the firing of the Nd: YAG laser
in synchronization with the dye laser. The Jjitter between the dye
laser and the Nd:YAG is less than 500 ps.
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The most effective way to control the firing of the Nd:YAG
laser was to use the internal 20 Hz clock of the Nd:YAG to apply
voltage to the Q-switch and fire the flashlamps while letting the dye
laser pulse train control the discharging of the Q-switch and firing
of the Nd:YAG laser. This is accomplished by the use of a coincidence
counter, a variable delay line and various pulse generators and a

broadband amplifier, shown schematically in fig. 3.3.1.

The Nd: YAG pulse that would ordinarily trigger the Q-switch is
directed to a pulse generator (model AVK-V-N, manufactured by Avtech
Inc.) whose output is a square pulse of -0.8 volts and duration
adjusted to be 89 ns. The 9 ns width of the pulse generator was
selected to insure an overlap with one of the dye laser pulses. The
Jitter of this pulse generator is not relevant to the laser
synchronization. This pulse is applied to one input of a Lecroy
coincidence unit, model 365 AL. Part of the oscillator pulse train is
detected by a fast photodiode (» 80 ps rise time) and amplified to
-0.8 volts by a wide band amplifier, manufactured by Comlinear Inc.,
model CLC100 . This pulse is applied to the second input of the
coincidence unit. When the oscillator pulse train and the Nd:YAG
pulse overlap in the coincidence unit, the unit outputs a pulse of
-1.6 volts and low jitter. Another low jitter pulse generator (Avtech
model AVK-133A) triggers on the risetime of output pulse of the
coincidence unit and emits a 5 volt TTL pulse. This pulse is passed
through a passive, 2zero Jjitter variable delay line with 250 ps
resolution and then triggers the discharging of the Q-switch. The

total jitter of this system is less than 500 ps (see fig. 3.3.2). The
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variable delay line is used to insure the Nd:YAG and dye laser pulses

arrive at the amplifier cells at the same time.
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Spot Pump Output

Cell Dye Conc. size Length Gain Energy Energy
#1 SRB (5 x 107%|400 u {3.5 cm | 600 12 mJ |50 nyj
#2 |srs40 |8 x 10°°| 2 mm |3.5 cm | 50 |25 mJ (2.5 pj
#3 |smre40 |5 x 107°| 5 mm | 3.5 cm| 15 |50 mJ | 20 pj
#4  |SRe40 |2 x 10°° 1 em | 12 em | 12 160 mJ |0.5 mj

Table 3.3.1 Summary of Amplifier dye cells.

76



77

3.3.3 Amplifier cells and optics

The amplifier is a four stage system (see fig. 3.3.3 and table
3.3.1). The first three cells are pumped transversely. The
polarization of the Dye laser and Nd: YAG are both P, although this
gives less gain than if they were both S; there is less background
emission in this configuration. Since the first three cells are pumped
transversely, if both lasers are S polarized, their polarizations are
parallel to each other but the Nd:YAG polarization is perpendicular to
the propagation direction. If both lasers are P polarized, they are
polarized perpendicular to each other but the Nd:YAG polarization is

parallel to the direction of propagation.

The first stage amplifier consists of a concentrated (5 x 10_4
molar) solution of sulfarhodamine B (also known as Kiton Red 620)
flowing in a 3.5 cm long quartz cell. The windows of the cell are
tilted 8° with respect to the propagation direction to prevent the
lasing of luminescence reflected from the cell windows.
Sulfarhodamine B was selected as the first amplifier dye because its
absorption peak (5640 A) is close to the 5320 A pump; and the
absorption at 6200 A is small in the 3.5 cm long cell. The absorption
curve for sulfarhodamine B is shown in fig. 3.3.4. This allows a
small laser spot size (400 microns) at the cell. Approximately 5% of
the Nd:YAG (12.5 mj) is focused to a line by a 25 cm focal length

cylindrical lens.

The first cell is the greatest source of background light in

the amplifier system and the hardest to eliminate. The emission from
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the first cell 1is also amplified by the later stages. The
fluorescence peak of the sulfarhodamine B is at 5840 A (see fig.
3.3.5). Although the emission cross section at 6200 A is smaller for
sulfarhodamine B than for sulfarhodamine 640, most of the ASE can be
eliminated by the use of glass filters, R62 and RG630, and apertures
to block the ASE of the first cell. Because of the low initial pulse
energy and the high concentration of the dye, the first cell gives the

highest gain, = 8600.

The second and third stages of the amplifier are also
transversely pumped cells as in the first stage. The amplifier dye is
sulfarhodamine 640 (8 x 10™° molar in the second stage and 5 x 10°° m
in the third stage). The higher gain at 6200 A and lower absorption at
5320 A allows the use of larger beam sizes and lower concentrations
without the problems of lasing in the cells. The absorption and
emnission spectra for sulfarhodamine 640 is shown is figures 3.3.6 and
3.3.7. The pump power and spot size for these stage are 25 mj, 2mm

and 50 mj, 5 mm respectively. The gain is 50 and 15, respectively.

In order to prevent the amplification of the spontaneous
emission (ASE), saturable absorbers are placed after the second and
third stages. The saturable absorbers consist of two flowing jet
streams of malachite green (1 x 10" m). The laser is tightly focused
into the jet stream by a 2.5 cm lens. The concentration is the minimum
needed to absorb the ASE. The collimating lenses were selected to give
the proper spot size for the next amplifier stage. The absorption

spectra of the malachite green is shown in figure 3.3.8. The fast
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relaxation time of the malachite green81 (10 ps.) makes it an
effective shutter for blocking the nanosecond long emission from the

amplifier dyes.

The final stage consists of a dilute solution of sulfarhodamine
640 (2 x 10™° m) flowing in a 12 cm long cylindrical cell. The dye is
longitudinally pumped by the remaining 160 mj of the Nd:YAG pulse. The
pump pulse and dye laser are aligned parallel and counter propagating.
This geometry helps even out the intensity variations in the laser
cross section caused by transverse pumping. The gain in the last cell
is 12. A dielectric beam splitter is used to separate the femtosecond

laser pulse and the Nd:YAG pulse.

The total gain of this system is 5 x 106, giving a pulse energy
of = 0.5 mj. The gain of the system is very sensitive to the input
wavelength and small changes in the oscillator wavelength due to
realignment require major —corrections to the amplifier dye
concentrations for maximum gain. During alignment, the dye laser
pulse width and spectra is measured after each stage of the amplifier.
The pump intensity, spot size and alignment were adjusted to insure
the spectral shape of laser pulse did not change during amplification,
and the only pulse broadening was due to dispersion in the dye solvent
(» 22 cm of water), and to glass lenses and windows (® 5 cm). Without
the grating compressor, the output pulse width of the system is 4860 fs
and the pulse energy is 500 microjoules. An autocorrelation of the
amplified pulse is shown in figure 3.3.9, the autocorrelation width is

720 fs which corresponds to a pulse width of 460 fs if one assumes a
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sech® pulse. The output pulse width is not that strongly dependent on
the oscillator pulse width; a narrower oscillator pulse has a larger
bandwidth and therefore experiences more broadening in the amplifier
system. The chirp is linear and the pulse can be compressed to
under 100 fs by a grating pair as described in section 3.2.3. However
the extend of pulse compression by the gratings is limited by the

initial oscillator pulse width and spectra.
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Chapter 4 Time resolved pump and probe absorption

studies of carrier kinetics in GaAs

4.1 Introduction

4.1.1 Background

When a semiconductor is photoexcited by interband absorption
from an ultrashort laser pulse, the carriers are excited into a narrow
distribution of energies at different k states determined by the
exciting laser’s bandwidth and the band structure of the material.
The well localized distribution of carriers at ki immediately begins
to change by carrier-carrier scattering and phonon emission.l—
Carrier-carrier scattering depends on the density of carriers and
dominates at high density. Carrier-carrier scattering, while
conserving the total energy of the carriers, evolves the distribution
function into a Fermi-Dirac-like distribution at a carrier temperature
hotter than the lattice temperature. The various transitions for 2.01

eV (6200 A) photoexcitation of GaAs are shown in figure 4.1.1 and

table 4.1.1.

Initially the electrons and holes can form separate
distributions at different temperatures, the electrons being hotter
than the holes. For direct transitions and parabolic bands the energy
distribution between the excited electrons and holes is given by17

mh(hw - Eg)

E - (41.1)

m+ m
° (e h)
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Figure 4.1.1. Band structure of GaAs with the three possible
transitions at 2.01 eV shown. Electrons excited from the heavyhole can
scatter to the L and X-valleys while electrons excited from the
lighthole only have enough energy to scatter to the L-valleys.



electron hole -1 -1
excess excess k (cm ) k (cm’)
transition energy energy {parabolic) (non-para)
HH - Cond] 520 meV -66 meV 9.3 x 106 1.5 x 107
LH - Cond| 432 meV -154 meV {8.5 x 106 1.4 x 107
SO - Cond| 171 mev -74 meV |5.3 x 10° | 5 x 10°
Table 4.1.1., 2.01 eV transitions in GaAs. The exXcess
energy is given relative to the band edge. The

non-parabolic values for k are estimated from figure
4.1.1.

85
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m(hw - E )
< 3 (4.1.2)

S (AN
where m and m are the electron and hole effective masses and hw is
the excitation photon energy. The larger effective mass for the holes
results in most of the absorbed photon’s energy being transferred to
the electrons. In the case of GaAs, for heavy-hole to conduction band
transitions, me = 0.063 mo and mh = 0.50 mo, therefore about 87% of
the excess energy is given to the electrons and 13% to the holes.
Electron - hole interactions then bring the electrons and holes to a
common temperature, hotter than the lattice. The electron and hole
quasi-Fermi 1levels are determined by the carrier density and
temperature. Phonon emission is the mechanism for energy loss by the
excited carriers to the lattice. At 1low carrier density, the
electron-phonon interaction dominates resulting in a distribution
function exhibiting peaks at energies displaced by an optical phonon
energy. At high density, carrier-carrier scattering redistributes the
energy among the <carrier population and screening of the
electron-phonon interaction becomes active. The electron and hole

distributions are shown schematically in figures 4.1.2a-d.

The shape and time evolution of the non-equilibrium
distribution depends on how the e-e, e-h, h-e, h-h, e-ph and h-ph
interactions influence the form of the distribution function. The
standard distributions: Fermi-Dirac or Maxwell-Boltzman can not be
assumed until the system 1is thermalized. Osman and Ferr'y13 using
Ensemble Monte Carlo calculations find that a smooth but not standard

distribution (Maxwellian or Fermi-Dirac) forms within 0.5 ps. They
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Figure 4.1.2a. For an ultrafast excitation pulse, at t = 0, the
carriers are excited into a d&-function distribution. The initial
energy of the electron and hole distributions is determined by the
effective masses of the conduction and valence bands.



g8

e

Figure 4.1.2b. In the case of high intensity excitation, tLoph > tee,
thh and the. The electrons and holes form thermalized distributions.
When the > tee, thh, the electron distribution is much hotter than the
hole distribution. The distribution is shown schematically for t >
tee, thh but t < tre.
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Figure 4.1.2c. 1In the case of high intensity excitation, trLoph > tee,
thh and the. The electrons and holes form thermalized distributions.
When the < tee, tnh, the electrons and holes come to a common
temperature as they thermalize.. The distribution is shown
schematically for t > the.
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= T~

Figure 4.1.2d. In the case of low intensity excitation, trLoph < tee,
thh and the. The electron and hole distributions show peaks at
energies that are multiples of hwLoph below the excitation energy.
The electrons and holes loose most of their initial energy to the

lattice Dbefore the thermalize. The distribution 1is shown
schematically for t > troph.
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find that a standard form of the distribution function is obtained
only after 2.0 ps. The work of Osman and Ferry show that at high
concentrations the e-h interactions as well as the e-e interaction is
an important factor in determining the thermalization rate of the
carriers. The expressions for the e-h, h-e, e-e and h-h scattering

13
rates are:

3
r (k)= _ppe Jdk F (k) Q (4.1.3)
one?h? BZ(QZ +Bz)
eh
3
r (k)= npe’ J" kF (k) Q. (4.1.4)
one’n> Bz(Qie+Bz)
3
ree(ko) = npe4 J‘d kl:‘e(k) Qee (4.1.5)
21> Bz(Qze+[32)
3
th(ko) = pue4 Ja k Fh(k) th (4.1.86)
2neh® 32(Q§h+132)
where
_ k k
th = 24 | 0o - (4.1.7)
m m
e h
Q = 2u k, -k (4.1.8)
° m m
h e
Q = 2p (ko - k . (4.1.9)
ee — —_—
m m
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(4.1.10)

and n and p are the electron and hole concentrations, u is the reduced
mass (memh/[me+mh] for Feh and Fhe, ge for Fee and gh for th) and B
is the inverse screening length. Osman and Ferry used an ensemble
Monte Carlo technique to calculate the different scattering rates
assuming a Maxwellian distribution. Their results are shown in
figures 4.1.3.a-c Because of the smaller density of states (and
therefore the greater likelihood of a final state being occupied) of
the conduction band the h-h and e-h scattering rates are faster than

the e-e and h-e scattering rates.

From Egs. 4.1.3 through 4.1.6, we see that the e-e, e-h, h-e
and h-h scattering rates depend on the shape of the distribution
function. The conventional methods wusing the Boltzman Transport
Equation require the a priori knowledge of the form of the
distribution function, which is not known for the non-equilibrium
situation during the first few picoseconds. Ensemble Monte Carlo
techniques do not assume a form for the distribution function and
therefore are necessary to accurately calculate the time evolution of
the non-equilibrium distribution f‘unction.9 For an initial 8-function
excitation, we see from egs. 4.1.5 and 4.1.6, that e-e and h-h
scattering can only occur within the bandwidth of the excitation and
under these conditions e-h interactions dominate in the thermalization
of the distribution, although the efficiency of energy transfer is

weak due to the larger mass of the holes compared to the electrons.
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Figure 4.1.3a. Ensemble Monte Carlo calculations of Osman and Ferry
of the electron d15tr1but1on at 250 fs after excitation by a 1.71 eV
laser. The density is 108 Taken from reference 13.



1.0 .

N(E) (arb. units)

Figure 4.1.3b.

ENERGY (meV)

400

104

Ensemble Monte Carlo calculations of Osman and Ferry

of the electron distribution at 500 fs after excitation by a 1.71 eV

laser.

The density is 10'% cm™°.

Taken from reference 13.
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Figure 4.1.3c. Ensemble Monte Carlo calculations of Osman and Ferry
of the electron distributﬁfn ag 1000 fs after excitation by a 1.71 eV
laser. The density is 10 cm ~. Taken from reference 13.
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Experimental evidence has shown that under high excitation the
rate of energy loss to the lattice is slowed due to screening.u—""25
At high concentrations (>1018 cm—s) e-e as well as e-h interactions
are important factors which determine the cooling rates and electron
thermalization. The electrons lose energy to the holes. The holes,
because of their heavier effective mass, are less screened and lose
energy to the lattice at a faster rate than the electrons.
Furthermore, in a multi-valley semiconductor such as GaAs, electrons,
with sufficient energy, can rapidly scatter to other valleys by

26,27 .
’ This

deformation potential LO-phonon emission or absorption.
process will reduce the electron population in the direct valley and
complicate the dynamics. The electrons that scatter to the upper
valleys lose kinetic energy when they scatter. Through e-e
scattering, these electrons form a distribution in the side valleys at
a lower temperature than the central valley. The LO-phonon
interaction in these valleys is less screened because of their larger
effective mass.?® When these electrons scatter back to the central
valley they gain kinetic energy and can reheat the electron in the
'-valley. Under high photoexcitation, when the electron-polar LO
phonon interaction is screened, more than 80% of the electrons can
scatter to the L and X-valleys.14 Previous work at lower densities

28-32

using pump and probe absorption or using pulse correlation

3-36 have measured the time for electrons to scatter from

techniques3
their initial state of excitation by intervalley or electron-electron
scattering. They have found these times to be on the order of less

than 50 femtoseconds. The evolution of the distribution from a

o-function into a thermal distribution involves a large number of
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carrier-carrier collisions and will occur on a slower time scale than
the time for a single electron-electron scattering event.
Experimental knowledge of the shape of the distribution function on a
short time scale can then be compared with Ensemble Monte Carlo
theory, taking in account the influences and activity of e-e, e-h,

h-e, h-h and e-ph interactions on the shape of the distribution.

4.1.2 Transient absorption
Consider above band gap absorption in a semiconductor with

parabolic bands. The absorption coefficient for allowed direct

ey s . 17
transitions is

uoce2(2ur)3/2f (hw - E )72
—_— ve g

4mon1th2

(1 - F-F) (4.1.11)

where pr is the reduced effective mass, fvc is the oscillator strength
and F_ (Fh) is the occupation number for electrons (holes) in the
conduction (valence) band at states separated by hw. If the sample
is not heavily doped then Fe and Fh are both zero for hw more than a
few K.TL above bandgap. However intense optical excitation creates a
large number of excited electrons (holes) in the conduction (valence)
band at a temperature hotter than the lattice. The change in

absorption is given by

Sa(w) = -Sa_ + S+ S« (4.1.12)
BL FC BR

where —BaBL is the decrease in interband absorption due to the

photoexcitation carriers; BaFc is intraband free carrier absorption,
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which is negligible compared to interband absorption; and BaBR is the
change in absorption due to band gap renormalization. A large excited
population screens the coulomb interaction which reduces the band
gap.37 This increases the Jjoint density of states resulting in an

increase in absorption (a decrease in transmission). The change in

the absorption coefficient due to band gap renormalization is given by

(hw-(E +8E ))/?
g g -

/72

S =

BR o 1. (4.1.13)

(hw -E )
g

where 6Eg is the change in band gap due to renormalization. The band

gap change at high densities and low carrier temperature can be

approximated by25 ,38,39

6Eg = - (n'’3% p'/®

) (4.1.14)

The measured value of I' is 2.1 % 10-8cm eV.38 For carrier densities in

the range of 1 x 10" emn™ to 2 x 10 cm™®

, SEg is in the range of
-80 to -115 meV. At higher carrier temperatures the band gap shift

will be less.° For hw —Eg>> SEg, SaBR is approximately given by

da, =-a SE = a I'(n'"3+ p'?) (4.1.15)
BR o g [
2(hw—Eg) Z(hw—Eg)

The change in absorption due to bleaching is given by:

GaBL= -(a0+6aBR) (Fe+ Fh) . (4.1.18)
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Pump and probe absorption techniques can be used to measure the
changes in « (and thus Fe + Fh) as a function of delay time between the
pump and probe pulses. If Sa(w) is measured over a large range of
energies at different delay times, information about the time
evolution of the excited carrier distribution function can be

obtained.

In practice one measures the change in transmission, which is

related to the absorption by
- pu— 2 — — —
T(t) = Io(l R) “exp [(ab+ BaBR)E(l Fe(t) Fh(t))] (4.1.17)

where R is the sample reflectivity, which is separately measured and ¢
is sample thickness. The reflectivity changes under photoexcitation
are small compared to absorption changes. For my samples, with an
AlGaAs cover layer, the reflectivity is dominated by the AlGaAs - air

interface not the GaAs - AlGaAs interface.

By taking the ratio of the excited transmission to the

unexcited transmission,

2
T(t) Io(l—R) exp-[(ao+6aBR)£(1—Fe(t)—Fh(t))]
- . (4.1.18)
T Io(l—R) exp—[aOB]

the relationship between the measured change in transmission and the

occupation probability in the optically coupled region is
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'_1"%‘5) = exp[(oc°+aocBR)£(Fe(t)+Fh(t)—aaBRll] . (4.1.19)

(]

Solving for Fe + Fh, gives

e

F + Fh = [ln(T(t)/To)]/{(ao+ SaBR)B} - 6uBR£ . (4.1.20)
The unexcited absorption, « must be independently measured.

If more than one transition 1is allowed at a given probe
frequency, as in GaAs, where absorption can occur from the heavy-hole,
light-hole and splitoff valence bands, the absorption coefficient is
the sum of the absorption coefficients for each transition. For each
transition, the initial and final states have different Fermi factors.
In order to correctly interpret the data, « for each transition must

be known as well as the occupation number of all the states involved.

4.1.3 Electron and hole contributions to &«

Both the excited electrons and holes contribute to the
absorption changes. For a semiconductor, such as GaAs, with a much
smaller conduction band effective mass than the valence band effective
mass, the relative contribution of electrons and holes depends on the
probe energy. The conduction band, with its smaller density of states
will be degenerate under moderate or intense photoexcitation while the
holes will be degenerate only at extremely intense excitation levels.
At probe energies near band gap, the conduction band, being

degenerate, will have a higher occupation number than the valence band
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and the electron dynamics will dominate the transient absorption. If
one probes with higher frequencies, the optically coupled states in
the conduction band will be further from band edge than the coupled
valence band states; therefore the Fermi factor for the electrons will
decrease faster than the hole Fermi factor as the probe energy is

increased.

The occupation probability for electrons and holes at a carrier
density of n_=n = 2 x 10'? cm™® is shown in figures 4.1.4a and
4.1.4b for carrier temperatures of 1400 K and 600 K, respectively.
Since, in GaAs, at high carrier temperatures, the electron population
in the central valley can be considerably 1less than the hole
population, the electron and hole occupation probabilities are also
plotted for n = 2 x 1019 cm-a and n = 1 x 1019 cm—s in figures
4.1.5a and b for carrier temperatures of 1400 K and 600 K
respectively. The conduction and valence bands are taken to be
parabolic with effective masses m: = 0.063 mo and m: = 0.50 m . The
x-axis (energy) in figures 4.1.4a,b and 4.1.5a,b is scaled to show the

energy for vertical transitions (see Eq 4.1.1 and 4.1.2).

From figures 4.1.4a and b and 4.1.5a and b, we see that for
probe energies less than 0.3 eV above gap, Fe >> Fh and the induced
absorption changes are dominated by the electrons. At higher
energies, more than 0.8 eV above gap, Fh >> Fe and the holes dominate
the absorption changes. For energies in the range of 0.3 to 0.8 eV
above band gap both the electrons and holes contribute. The relative

contribution of electrons and holes will change as carriers cool and
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as electrons scatter back from the side valleys. At higher energies,
as the carrier temperature decreases, Fe decreases rapidly while Fh
decreases less. At energies closer to the band edge, Fe and Fh both
increase but Fe remains greater than Fh. The relative electron and
hole contributions to the bleaching will also change with carrier
density. The occupation probabilities, Fe and F‘h at a carrier density
of 1 x 10" cem™ is plotted in figures 4.1.6a and b at T = 1400 K and

600 K respectively.

4.1.4 Heavy-hole, light-hole and splitoff
contributions to the absorption coefficient

In the experimental data of this thesis, absorption from the
splitoff band to the conduction band is evident. The relative
contributions of the heavy-hole, light-hole and splitoff bands will be
approximated from the measured steady state absorption of the sample
and the Jjoint density of states of each of the three valence bands
with the conduction band, assuming the bands are parabolic and
isotropic. The light-hole band in the region of interest (1.65 to 2.0
eV) is approximately parallel to the heavy-hole band and displaced
about 100 meV below the heavy-hole band. The effective masses used
were: conduction band mass =0.0863 m, the heavy-hole and light-hole
masses =0.5 m and the splitoff mass =0.145 m . The corresponding
reduced masses are 0.056 m (HH-cond. and LH-cond.) and 0.044 m

(SO-cond. ).

The absorption coefficient depends on the Jjoint density of

states (which has a uf/ad(hw—Eg) dependence) and the optical matrix
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element coupling the conduction and valence bands. In the Kane band

model the conduction is S like and the valence band is P like. Near

k=0, the conduction band wave function is |c, % , t % > and the valence
band wave functions are |v, g ,* g > (heavy-hole), |v, g - % >
(light-hole) and |v, % , % > (splitoff). The corresponding square of

the optical matrix elements are in the ratio of 3:1:2.40 The

absorption coefficients are then in the ratio

Heavy-hole: 3 (0.056)%% (hw-1.424)"2
Light-hole: 1 (0.056)%% (hw-1.524)'2 (4.1.21)
Splitoff: 2 (0.044)*% (hw-1.765)"2  (hw > 1.765 eV)

0 (hw < 1.765 eV)

Non-parabolicity of the conduction band will increase the
relative contribution from the heavy-hole and light-hole bands since
the conduction band density of states will increase faster than K=,
The non-parabolicity of the splitoff band will decrease the relative
contribution from the splitoff band since the density of states
increases slower than k® in the splitoff band. The precise
contributions from each valence band transition would require detailed
knowledge of the band curvature and electron wave functions at K away

-1

from the zone center (= 107 cm™? for 2.01 eV excitation).

Since, in this thesis an exact fitting of the data to a

distribution function can not be done except to show that within the
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first 800 fs the distribution is neither a Fermi-Dirac nor Maxwellian
distribution, the relative strengths of the three transitions will be
approximated by considering the bands to be parabolic. A complete
detailed analysis of the data would require fitting an electron
density and temperature and a hole density and temperature (in each
band) with an unknown distribution. The electron density (in the
central valley) and the hole density are not equal since a significant

fraction of the electrons scatter to the other valleys.

At the laser photon energy of 2.01 eV, using eq. 4.1.21, 62% of
the electrons are excited from the heavy-hole band and 19% from each
of the 1light-hole and splitoff bands. The inclusion of band
non-parabolicity will reduce the splitoff band transitions to 5 - 10%.
The experimental pump and probe absorption results of this thesis
indicate the splitoff contribution is much less than calculated from a
model of simple parabolic bands and that reducing the splitoff
contribution in eq. 4.1.21c by a factor of about 4 is more consistent

with the experimental results (see section 4.4).

Although the number of carriers excited from the splitoff band
is small compared to the number excited from the heavy~hole and
light-hole bands, Its relative contribution to the bleaching is not
necessarily small. Transitions from the splitoff band probe states at
lower energies in the conduction band, which have a much higher
occupation number than the states probed by transitions from the
heavy-hole and light-hole bands which are at higher energies. As an

example, consider the change in absorption seen by a 2.01 eV probe.
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Assume the hole density, nh = 2 x10"° cm-3 and the electron density,
n = 1 xlolgcm'a (I'-valley) with a carrier temperature of 1000 K. The
calculated quasi-Fermi levels are M= 0.087 meV and B= 0.200 meV.
(band gap renormalization is neglected). The energies of the optically

coupled states of a 2.01 probe are given by

0.50 (2.01-1.424)

& = b.5+0.0863 = 0.520 eV
(HH - C) (4.1.22a)
__ 0.063 (2.01-1.424) _ _
mg ~  0.5+0.063 = -0.086 eV
_ 0.50 (2.01-1.524) _
€ = 5.5+0.083 = 0.432 eV
(LH - C) (4.1.22b)
_ _ 0.083 (2.01-1.524) _ _
€4~ " 0.5+0.063 0.1 =-0.154 eV
_0.145(2.01-1.765)  _
&, = 0.145+0. 063 = 0.171 eV
(SO - C) (4.1.22¢)
_ _ 0.083 (2.01-1.765) _ _
& = T 0.145+0.063 0.341 = -0.415 eV

The occupation probabilities (assuming a Fermi-Dirac distribution) in

the optically coupled region are

-1 -1
_ .520-. 200 .087+. 066
ot Fp = [1+exp[“'.08§17“]] * [1+exp["768617 ]]

= 0.024 + 0.145 = 0.169 (HH-C) (4.1.23a)

.08617 .08617
= 0.063 + 0.057 = 0.120 (LH-C) (4.1.23b)

-1 -1
F_+F, = [1+exp[.432 .200]] N [1+exp[.087+.154]]
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-1 -1
_ .171-.200 .087+. 415
Fo* Fp = [1+exP[ .08617 ]] ¥ [1+exp[ -08617 ]]

= (0.583 + 0.003 = 0.586 (s0-C) (4.1.23c)

and the change in absorption is

Sa = S+ da  _+da = -(4.21+0.91+4.39) x 10°cm !

(4.1.24)
HH-C LH-C  soO-cC

For a 2.01 eV probe, transitions from the splitoff band account
for 46% of the change in « although less than 20% of the carriers are
excited from the splitoff band. The splitoff contribution to the
bleaching is caused by excited electrons occupying states in the
conduction band and will depend strongly on the fraction of electrons
in the TI'-valley. On the other hand, at 2.01 eV, the heavy-hole
contribution to the bleaching is primarily due to holes and will not
be very sensitive to the electron distribution. Taking the splitoff
contribution to be 54 of a at 2.01 eV, results in the splitoff

transitions accounting for 17% of S&«.

Similar calculations for a 1.8 eV probe give

S0 = da._ _+da. +3a = -(7.76 + 2.78 + 2.68) x 10° cm™! (4.1.25)
HH-C LH~-C S0-C

while for 2.2 eV probe, the absorption change is given by

Sa = o +8a  +da__ = —(5.08 + 0.72 + 3.41) x 10° cn”t. (4.1.286)

HH-C LH-C S0-C

In these cases, the splitoff contribution to da is 20% and 37% for 1.8
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and 2.2 eV probes respectively.

Inclusion of band gap renormalization in the above calculations
would require accurate knowledge of how the band structure changes
with carrier temperature. Using the room temperature change in band
gap (given by Eq. 4.1.14) and assuming a rigid shift in band

structure, the change in absorption at 2.01 eV can be calculated.

The change in band gap as given by Eq. 4.1.14 for a carrier
density of n = 2 x 10'® cm™ and n =1x 10" cm™, is 100 meVv.
Egs. 4.1.22a,b and ¢ must be adjusted to reflect the renormalized band
gap. The change in L. from Eq. 4.1.13 is

1

— — 4 -
aasd_[S“HH—C+6aLH—c+6aso—c]BR =(.153+.056+0.105) x 10" cm (4.1.27)

The energy of the optically coupled states becomes:

0.50 (2.01-1.424+.1)

& = 55+0.063 = 0.609 eV
(HH - C) (4.1.28a)
_ _ 0.083 (2.01-1.424+.1) _ _
€ = ~ 0.5+0°063 = -0.068 eV
_ 0.50 (2.01-1.524+.1) _
&, = 0.590.063 = 0.432 eV
(LH - C) (4.1.28b)
_ _ 0.063 (2.01-1.524+.1) _ _
€4 = ~ 0570063 0.1 =-0.154 eV
_0.145(2.01-1.765+.1) _
& = b.145+0.0863 = 0.171 eV

(so - C) (4.1.28c)
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- _ 0.063 (2.01-1.765+.1)
HH

0.145+0.063

- 0.341 = - 0.415 eV

and the occupation probabilities are given by

-1 -1
_ .609-. 200 .087+.077
Fe v F = [l+eXP[ T08617 ]] ¥ [1+eXP[ L08617 ]]
= 0.009 + 0.130 = 0. 139 (HH-C) (4.1.292)
520-.200)) " 087+. 166)) *
Fo v F = [1+exP[ _08617 ]] ¥ [1+exP[ T08617 ]]
= 0.024 + 0.050 = 0.074 (LH-C) (4.1.29b)
F s b o [Leaye[-241--200 1 Lsoxp [-087+. 445 -1
e n 'n_ |'TS*P|T08BI7 eXP|~ 08617
= 0.383 + 0.002 = 0.385 (S0-C) . (4.1.28¢)
The change in absorption is calculated from Eq. 4.1.16 and is now
given by
S = Sa  +8a . +8a_ = (-.127 +.014 -.0151) x 10° cm™’.  (4.1.30)
HH-C LH-C S0-C

In this case,

o is a factor of 4 less than éa given by Eq. 4.1.24

(without renormalization) and the splitoff band transitions account
for 57% of éu.
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4.2 Experimental procedure for time resolved pump and probe absorption

4.2.1 Optical setup

The pump and probe absorption technique involves the use of two
laser pulses, a high intensity pump pulse and a weak probe pulse. The
high intensity pump should have a photon energy great enough to
photoexcite the sample in the region of interest. The pump pulse
should be intense enough to excite a population sufficient to produce
a measurable change in absorption. The second (probe) pulse’s
intensity should be weak so as to not induce any changes in
absorption. The photon energy (or energies) of the probe pulse should
be such that it optically couples states in the regions of interest.
The transmitted intensity of the probe pulse is measured as a function
of the delay time between the pump and probe pulses. From the
measured changes in transmission, one calculates the change in
absorption as a function of delay time at the probe frequencies.
These absorption changes then give information about the excited state

population.

The experimental apparatus for pump and probe absorption
measurements is shown in fig. 4.2.1. The laser is split into two
equally intense pulses by a beam splitter. A variable optical delay
line, consisting of a corner cube mounted on a stepping motor, is
inserted in the pump pulse’s path. The other pulse is focused into a
cell of CCL4 to produce a broadband continuum probe. The probe pulse
is attenuated and its polarization is rotated 45 degrees with respect

to the pump. Filters are used to select discrete probe energies and
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Figure 4.2.1. Experimental setup for the pump and probe absorption
experiment. The Photomultiplier tubes can be replaced by an OMA.
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reduce the probe intensity. A polarizer is inserted in the probe path
which can be rotated to allow the probe polarization to be either
parallel or perpendicular to the pump without changing the optical
path length of the probe. A thin glass plate is inserted in the probe
path to reflect a small portion of the probe pulse energy to serve as
a reference for normalization of laser intensity fluctuations. The
two pulses are aligned to be parallel but not collinear and then
focused to overlap on the sample. Then the transmitted intensity of
the probe and the reference pulses are detected. Initial alignment
and data were taken without the continuum cell. Later, data was taken

with the continuum probe pulse.

4.2.2 Spatial and temporal alignment of pump and probe pulses
Accurate measurements of the time dependence of the induced
absorption requires precise spatial overlap of the two pulses as well

as an accurate measurement of the optical delay between the pulses.

In order to accurately determine the temporal overlap of the
pump and probe pulses, the sample was removed and replaced with a KDP
crystal, mounted at the phase matching angle for second harmonic
generation of the pump and probe pulses (see chapter 3). The delay
between the pulses was adjusted to maximize the second harmonic
produce by the mixing of the two pulses. The delay between pump and
probe could be adjusted by translating the corner cube by a stepping
motor. The resolution of the stepping motor is 2 p (4 p round trip)

which corresponds to 13.33 f's.
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To ensure that the entire probe pulse was within the excited
region, the probe pulse was focused to a smaller spot size than the
pump spot size. An aperture, the size of the pump spot, was placed at
the sample site and it was verified that the entire probe pulse was
incident within the aperture. A more accurate test of the spatial
overlap was then made. The transmitted intensity of the pump was
measured as a function of incident pump intensity (fig. 4.2.2). The
probe was blocked. The percentage increase in pump transmission, due
to self bleaching, was equal to the change in transmission of the
perpendicularly polarized probe (at the pump frequency) at zero time
delay. The perpendicular polarization reduced the coherent artifact
by a factor of < 10-2. At zero time delay, the pump and probe pulses
both see the same absorption coefficient and therefore the induced
transmission changes [8T/T] for the probe and pump will be equal if

the two are spatially overlapped.

4.2.3 Detection equipment - monochromatic probe

In pump and probe absorption with a broadband probe pulse, one
has the option of monitoring the transmission at a fixed wavelength
while varying the time delay. This can be repeated at different
wavelengths. Alternately one can measure the entire transmitted

spectrum at a fixed time delay and then repeat at other time delays.

Varying the time delay while fixing the probe wavelength gives
more averaging and is better suited for studying the population at
specific energies of interest; i.e. at the point were electrons would

scatter back to the I'-valley from the X or L-valleys. In this
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technique it is much more difficult to determine the carrier
distribution since fewer wavelengths are available. Additionally,
data is taken over a longer period of time and long term laser
fluctuations can distort the results. 1In this configuration the probe
and reference pulses are focused into different spectrometers and
detected by identical photomultipliers. The output voltages of the
photomultiplier tubes were integrated by two identical gated boxcar
integrator. The boxcars were manufactured by Stanford Research
Systems Inc., model number SR280. The triggering of the boxcar gate
was controlled by the circuitry that triggered the Nd: YAG laser. The
Jitter was less than 0.5 ns and if the laser did not fire, the boxcar
would not be triggered. The gate width was set to 20 ns, which was
wide enough to insure that the 10 ns wide output signal of the
photomultiplier was entirely within the gate. The averaging time of
the boxcars was selected by the number of triggering events rather
than a fixed time constant so an equal number of laser pulses would be
detected within each time constant. The averaging time was set in the
range of 10 to 30 pulses. The temporal resolution of the detection
apparatus is determined by the distance the stepping motor moves

within the boxcar averaging time, in addition to the pulse width.

The analog output of the two boxcar integraters were directed
to the input of a signal averager, Tracor Northern model number TN
1710. The signals were digitized and stored in memory. The signal
averager had the capability to simultaneously digitize the two input
signals and store them in separate memories. After each scan was

completed, the data was transferred to a PC XT. The dwell time of the
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signal averager was adjusted so that each scan took from 10 to 20
minutes. The number of scans averaged was between 4 (for 2.01 eV

probe) and 16 (for the continuum probe).

The optical path delay was varied by a microprocessor
controlled stepping motor, manufactured by Aerotech Inc. The stepping
motor is model number ATS 302MM and the controller is a Unidex III.
The Unidex III was programmed to trigger a signal averager scan at the
start of each motor translation and to coordinate the motor speed with
the signal averager dwell time and the number of motor sweeps with the
number of scans. The Unidex was programmed to véf;. thé-nmotor
translation speed during a scan. The motor was moved at a slower
speed near zero delay to allow more averaging without broadening the
temporal resolution beyond the pulse width within the first
picoseconds. At greater delay times the motor speed was increased.
This reduced temporal resolution but shortened averaging time and
reduced the amount of data that had to be rejected due to long term
fluctuations of the laser. The Unidex program also halted data

acquisition and motor translation after each scan so data could be

transferred to the PC XT.

The PC XT program to accept the data examined each individual
data point of the reference signal. If it did not fall within
predetermined limits that point was not included in the averaging.
After the selected number of scans, the ratio of probe to reference
was plotted on the monitor and the data could either be written to

disk for further analysis or additional data could be collected. The
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averaging program was weighted by the number of accepted data points

so the rejected points did not influence the data.

4.2.4 Detection equipment - continuum probe

In the second technique the broadband probe and reference
pulses are detected by an Optical Multichannel Analyzer with a flat
field spectrometer. In this method one simultaneously measures &«
over a broad energy range and then determines the excited carrier
distribution. The measurements are repeated at different delay times

between pump and probe.

In this technique, the probe and reference pulses were aligned
parallel but at a different height, and focused into the slit of a
flat field spectrometer and imaged onto two separate tracks of an
Optical Multichannel Analyzer. A low resolution grating was selected
to allow measurements to be taken in the range of 6000 A to 7600 A.
The slit width was 250 pu; this sacrificed spectral resolution but
insured that the entire probe and reference pulses were focused into

the slit.

The OMA III is manufactured by Princeton Applied Research,
model number 1460. The detector is a Silicon Intensified Target (SIT)
camera with an S-20 response, model number 1254E. The controller for
the SIT is model number 1216. The OMA detector has a 1 cm? target
area. It can be divided into 500 channels vertically and 500 tracks
horizontally. Each channel corresponds to different wavelengths. The

spectral resolution of the OMA is determined by the spectrometer
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grating and slit width, with the ultimate resolution of the OMA being
5 channels. The resolution of this system was 3 nm. The OMA detector
was divided into 2 tracks, each 2 mm in height and separated by 3 mm.
The Probe was imaged onto one track and the reference onto the other
track. Care was taken to insure that the probe and reference did not
overlap onto each other’s track. A neon lamp was used to calibrate
both tracks of the OMA. The collection optics, spectrometer and
detector were aligned to insure that each channel corresponded to the
same wavelength on both tracks. This was done to within an accuracy
of less than 3 channels ( 1 nm). The number, size and positions of the
active tracks is programmed using the OMA III operating system

software.

Spectrum was taken at different delay times. At each delay,
about 1200 laser pulses were averaged. The probe and reference were
written to separate files on disk. At regular intervals, a background
(dark current and ambient room 1light) curve and an unexcited

transmission curve were taken.

Later, the data was transferred to a PC XT for processing.
Software was used to correct for the small misalignment of the probe
and reference tracks. The background signal was subtracted out and
the probe signal was normalized to the reference signal. The data was

then divided by the unexcited transmission data to give (T+8T)/T.

4.2.5 Measurement of pump pulse energy

For direct band to band photoexcitation, if free carrier and
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two photon absorption is small, the number of electron-hole pairs
produced is equal to the number of photons absorbed. Determining the
number of absorbed photons involves measuring the pulse energy and
spot size at the sample. The number absorbed is equal to the total
number of photons less the number reflected and transmitted.

Therefore, the laser pulse energy and spot sized were measured.

An accurate measurement of the femtosecond laser pulse energy
is not easy. Most commercially available energy meters can not
measure the combination of very high peak power (gigawatts) and very
low average power ( < 5 milliwatts) of femtosecond lasers operating at
a few hertz. Pyroelectric detectors, which have a sensitivity of less
than a microjoule damage at intensities greater than 10° watts cm™2.
They also pick up a large amount of noise (both optical and
electronic) generated during the firing of the amplifier system and
are therefore not suitable for measuring the pulse energy. Attempts
to measure the pulse energy with a pyroelectric detector failed to
give reasonable and consistent results. Volume calorimeters, which
can handle large peak intensities as well as large average power, have
a noise level of a few milliwatts. The average laser power 1is
estimated to be on the order of 5 milliwatts (0.25 millijoules per
pulse at 20 Hz). Measurements of pulse energy using a Scientech
volume calorimeter gave an average pulse energy of 300 microjoules
with an error or + 300 microjoules and was therefore unacceptable for

consistent or accurate measurements of pulse energy.

For consistent and accurate measurements of the pulse energy, a
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photodiode was calibrated and used to measure pulse energy. The diode
was a Hamamatsu vacuum photodiode, model R1328-03, with an S-20
spectral response. The photodiode is linear in incident pulse energy
below its saturation level of 10 volts output. The diode was
calibrated with the second harmonic output of a high powered
modelocked ND:YAG laser. The infrared output of the Nd: YAG was blocked
by filters and the output was adjusted to give a second harmonic of 5
millijoules per pulse (50 milliwatts average power). The output
energy was measured by a Scientech volume calorimeter. A glass slide
inserted in the laser, at close to normal incidence reflected 0.4
millijoules (4% from each surface) into the photodiode. Neutral
density filters were placed in front of the photodiode to attenuate
the light until the output voltage was 1 volt. A large number of ND
filters (ND 50’s and ND 70’'s) were used to slowly attenuate the laser
rather then ND 3’s which were more likely to be bleached. It was
verified that the output voltage increased linearly when an ND filter
was removed. This confirmed that the filters were not being bleached
and that the output voltage was linear up to about 15 volts. The
measured sensitivity of the photodiode at 5300 A was 50
volts/microjoule. The calibration of the diode was uncorrected for
its spectral response. At 6200 A, the sensitivity of an S-20 detector
falls by a factor of two from 5300 A. The photodiode sensitivity was
consistent with the calibration using the signal from the 114 MHz
train. The cw power of the train was measured with a Newport power
meter to be 9 milliwatts ( 80 picojoules per pulse) and the oscillator

signal on the photodiode was 3-4 millivolts.
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The pump pulse spot size at the sample site was accurately
measured by replacing the sample with a razor blade mounted on a
stepping motor. The pump intensity was measured as the razor blade
was translated, first horizontally then vertically, in the plane of
the sample. The horizontal and vertical spot sizes (from the 10% to
the 90% transmission points) were 0.7 and 0.5 mm respectively. The

total excitation area was 0.27 mmz.

The maximum pump energy was 100 microjoules as measured by the
calibrated photodiode. The number of photons in the pump pulse is 3 x
1014 photons. The reflected intensity was measured to be about 35% of
the incident beam and the transmission is about 3% (under high
excitation). The sample thickness is 0.75 p (this is the thickness
reported by the source of the samples. This is the same thickness as
determined by steady state absorption using the absorption data
reported by Sell and Casey.41 Assuming uniform concentration through
the sample, the density of photons absorbed is 1021 cm—s. This
carrier density 1is totally inconsistent with the experimentally
determined carrier density of 2 x 1019 cm—3. The discrepancy (a
factor of 50) is far greater than can be accounted for by experimental
error and I can offer no explanation. The thin (0.75 u)} sample and

large (0.5 mm) spot size rule out diffusion as a mechanism for

reducing carrier density.

4.2.6 GaAs sample description
The GaAs (sample #2) used in this experiment was 0.75 u thick.

The sample is p-type, doped 5 x 1017 cm_? The sample was grown by
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molecular beam epitaxy with a 2 u A}SGgSAs cover layer on the front
face and 1 u layer on the back face. The sample was mounted onto a
glass cover slip of approximately 100 u thickness. The steady state
absorption spectra is shown in chapter 2. The AlGaAs eliminated the

surface states reducing surface recombination.



138

4.3 Time resolved absorption measurements with a monochromatic probe

4.3.1 Introduction

Time resolved absorption measurements were made on GaAs with
2.01 eV excitation. The excitation pulse excited carriers from the
heavy-hole, light-hole and splitoff bands. The room temperature band
gap is 1.424 eV. For the electrons excited from the heavy-hole band,
the excess energy given to the electrons is 520 meV, and 66 meV is
given to the holes; for excitation from the light-hole band, 432 meV
is given to the electrons and 154 meV to the holes and for excitation
from the splitoff band, 171 meV is given to the eiectrons and 74 meV
to the holes. Electrons excited from the heavy-hole band have
sufficient energy to scatter to the X-valleys (486 meV) by emission or
absorption of a phonon. Electrons excited from the heavy-hole and
light-hole bands have enough energy to scatter to the L-valleys (286
meV). About 80% of the total excess energy is given to the electrons
and 20% to the holes. Data was taken with probe energies in the range

of 1.75 eV to 2.01 eV.

4.3.2 Discussion of experimental data

The 2.01 eV time resolved transmission data at three different
pump fluences (4 x 102 J cm 2, 2 x 1002 J cm > and 8 x 10° J cm 2)
is shown in figures 4.3.1 and 4.3.2 for parallel and orthogonally
polarized pump and probe beams. The transmission data at probe
energies of 1.75 eV and 1.82 eV are plotted in figures 4.3.3a, and b.

Intervalley scattering, LO - phonon emission, e~e, h-h and e-h

interactions all occur with in the pulse width. The rapid relaxation
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in the initial 2 ps is a combination of e-h and h-e interactions
cooling the electrons and heating the holes as well as energy loss to
the lattice and intervalence band scattering of holes from the
splitoff to the heavy-hole band. The longer relaxation is the result
of carrier cooling, recombination and increased absorption resulting

from increased band gap renormalization as the carriers cool.

Within the first 0.5 psec, the coherence spike is clearly
evident in the parallel polarization data but not in the orthogonally
polarized data. At t = 0, 38T is approximately linear with pump
intensity, the coherence spike does not have the expected quadratic
dependence on Ipump of four-wave mixing. This departure from
quadratic dependence is the result of large changes in both the real

and imaginary parts of the index of refraction and is discussed in

detail in chapter 5 of this thesis.

The increase in transmission after 4 ps is clearly evident in
all data taken with a degenerate pump and probe and is not evident at
the other probe energies. Since this increase in transmission occurs
only at this probe energy it can not be explained by changes in the
temperature or density of the distribution. This transmission

increase has not be reported in other absorption work on GaAs.

At delay times greater than about 20 ps, the normalized
transmission falls below unity (S« > 0) This increase in absorption is
the consequence of band gap renormalization. The data taken with a

higher intensity pump exhibits a greater absorption increase due to
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band gap renormalization.

The temperature dependence of the induced change in
transmission at 2.01 eV has been calculated in GaAs over a range of
densities consistent with the experimental results and shown in
figures 4.3.4a,b through 4.3.6a,b. The calculations are done with the
splitoff band transitions taken to be 18%, 9% and 0% of the absorption
coefficient at 2.01 eV. In figures 4.3.4a, 4.3.5a and 4.3.6a, band
gap renormalization has been neglected. In figures 4.3.4b, 4.3.5b and
4.3.6b, the transmission change is calculated from Eq. 4.1.19 with the
change in band gap due to renormalization assumed to be independent of
carrier temperature. The electron and hole densities are taken to be
equal. These results are not very dependent on carrier temperature
and inconsistent with the experimental data (see figures 4.3.1 and
4.3.2 although the calculated transmission changes are on the same
order as those observed. A better model would require including a
temperature dependent 6Eg, as well as allowing the electron and/or
hole concentrations to chénge on a ps time scale. The greater
inconsistency 1is between the carrier density inferred from the
measured 8t (= 10° cm_a) compared to the carrier density determined

-3

).

by the number of photons absorbed (>5 x 10%° cm
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4.4 Time resolved measurements of the carrier distribution function

4.4.1 Direct experimental evidence of a
non-thermal carrier distribution function

As discussed in section 4.1.2, the induced absorption changes
allow a determination of the carrier distribution function. In this
section, the results of time resolved absorption measurements, taken
at room temperature in GaAs over the energy range of 1.6 to 2.0 eV,
are presented and discussed. The excited transmission at probe delays
of -117, +117, +500, and +833 femtoseconds are shown in figures 4.4.1la
through 4.4.1d in the energy range of 1.83 to 2.00 eV. The respective
carrier populations (Fe + Fh) as calculated from eq 4.1.20 for a
parabolic conduction band and a single parabolic valence band are
shown in figures 4.4.2a through 4.4.2d. The value of o was that
measured in chapter 2.4, At the high carrier temperatures encountered
in the first picosecond, the change in band gap because of
renormalization is small and therefore, are not included in these

calculations.

The most evident fact in the distribution function at earlier
delay times, is that it is neither Maxwellian nor Fermi-Dirac like.
In fact the occupation number is greater at higher energy states than
at lower energy states. Although the distribution function has
evolved from a &-function like distribution on a faster time scale
than the resolution of the experiment, at this density (>10'°) the
distribution does not obtain a Fermi-Dirac like distribution until 800

fs after excitation. The distribution evolves by e-e, h-h, h-e and
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e-h scattering. These scattering times were not resolved in this
experiment but other experimental wor‘]:czg"38 have measured these times

to be on the order of tens of femtoseconds.

My results show that a thermalized distribution forms on a
slower time scale then the e-e or h-h scattering times because it
takes many carrier scattering events +to form a thermalized
distribution. The data taken at 1.17 ps delay can be fitted by a
Fermi-Dirac distribution with an electron quasi-Fermi level of 230
meV, a hole quasi-Fermi level of 200 meV and a carrier temperature of
1400 * 100 K (see figure 4.4.3). The corresponding carrier densities
are n_ = 1.25 £ .1 x 10° cm’ and n_ = 1.9 * .2 x 10'° em”. In
order to fit the data at any carrier reasonable temperature, the

contribution to da from splitoff band transitions had to be reduced by

a factor of 2 for all probe energies.

A more accurate fitting routine would require including band
non-parabolicity iﬂio calculations of density of states and higher
order corrections to the Kane band model in determining the optical
matrix elements and band gap renormalization. The effect of these
corrections would probably be less than the errors introduced by the
poor signal to noise of the data and would not change the central
thesis of this work showing the non-thermal distribution in the first

800 fs of excitation.

Other significant features include an increase in the bleaching

at probe energies greater than 1.765 eV; a bump in the transmission at
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1.96 eV and a decrease in transmission above 1.97 eV. An accurate
understanding of this data requires inclusion of the 1light-hole,
splitoff and heavy-hole valence bands as well as the L and X-valleys

of the conduction band.

The range of probe energies was such that conduction band
states, in the I'-valley, above and below transitions from the splitoff
band (1.7685 eV) were interrogated as well as those states in the
I'-valley degenerate with the X and L-valleys. The probe energy
corresponding to splitoff band edge transitions is marked on figs.
4.4.1a~-d as SO0-C. The probe energies for transitions from the
heavy-hole and light-hole bands to the conduction band degenerate with
the X and L-valley minima are also shown as HH-L (1.75 eV), HH-X (1.97
eV), and LH-L (1.85 eV). LH-X is greater than 2.0 eV and therefore

not shown on these figures.

The increase in the transmission at probe energies greater than
1.76 ev is evident in figs. 4.4.1a-d. This increase is explained by a
contribution from the splitoff band. The splitoff contribution is
greater at earlier time delays when there is still a significant hole
population in the splitoff band. The initial kinetic energy given to
the holes in the splitoff band is about the same as the heavy-hole
band (75 mev). The initial density of holes in the splitoff band is
determined by the optical matrix element coupling the splitoff and
conduction bands and the joint density of states which depends on ui/z

(uP = 0.056 m for heavy-hole-conduction band and 0.044 m for

splitoff-conduction band). However, the density of states in the
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valence bands depend on milz (mh 0.5 mofor the heavy-hole and 0. 145 m

for the splitoff band). Therefore, initially splitoff band states
have a higher probability of being occupied than the heavy-hole and
light-hole and the splitoff transitions are more strongly bleached.
This is why for small time delays (fig. 4.4.1a and 4.4.1b at -117 and
+117 fs) the splitoff contribution is greater than at longer time
delays. As the holes scatter to the other valence bands the relative
hole contribution of the splitoff band to the bleaching decreases to
almost zero as the holes in the three valence bands reach equilibrium.
The bleaching of the splitoff-conduction band transition at longer

time delays is due only to electrons.

The bump in the transmission at 1.96 eV indicates an increase
in the electron population at 0.470 eV above the bottom of the
conduction band. This 1is the approximate energy of electrons
scattering back from the X-valleys to the I'-valley. It is also one
phonon energy below the pump energy. At small time delays, this
increase in the population at this energy is the result of excited
electrons emitting an LO-phonon. At longer delays the increase is
from electrons scattering back from the X-valleys. The decrease in
transmission above 1.97 eV is also an effect of intervalley
scattering. This decrease in transmission indicates that the high
energy electrons scatter to the side valleys at a faster rate than the

rate at which they maintain a Fermi-Dirac distribution.

A more accurate interpretation of the data would require

increased time resolution and an extension of the range of probe
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energies to both higher and lower energies. The data could then be
compared to Ensemble Monte Carlo results to better understand
carrier-carrier and intervalley scattering. By studying other III-V
semiconductors such as Alead_xAs, splitoff band transitions and/or
intervalley scattering can be eliminated at the pump energy,
simplifying the analysis of the data and allowing for a more accurate

determination of the different carrier scattering mechanisms.
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Chapter S5 Intervalley scattering times in GaAs

measured by time resolved four-wave mixing
5.1 Transient gratings and four-wave mixing

5.1.1 Introduction

When two or more laser beams interact in a medium, an
interference grating is formed. The grating depends on the light
frequency and the angle between the directions of propagation (see
figure 5.1.1). The interference pattern gives rise to a spatial
variation in the intensity or polarization. The electric fields for
two beams of the same frequency and polarization propagating in the
directions k1 and k2 are given by

_ ~ o Tk ©, .k _. 0]
E1 = E1£t) Z exp 1ﬂut N cos(z)x * = 51n(§)y_]

(5.1.1)

>

o]
]

. [k o] k . 0, ]
Eagt) Z exp 1[wt— = cos(ﬁ)x 5 s1n(§)y-]

where the x axis is the bisector of the angle formed by k1 and kz’ the
x-y plane is the plane containing k1 and k2 and O is angle between the
two beams in the material. The intensity, for S polarized fields, is
given by
I(t) =1 +1_+2/1 T cos|2 sin(g) k vl - (5.1.2)
1 2 12 2" n
For I1 = I2 , the intensity modulation varies between a maximum of 411

and a minimum of 0. For P polarization the intensity is given by



Figure 5.1.1. Interference pattern formed by two electric fields with

parallel polarization.
(population) grating.

This geometry gives rise to a concentration

881
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I(t) =1 + 1, +2/TT, [cosz(g) - sina(g)] cos[ZSin(g) gy] (5.1.3)

For I1 = 12, the intensity modulation varies between a maximum of
2I (1 + 0052(9) - sinz(g)) and a minimum of 2I (1—cosz(g)+sin2(9)L
1 2 2 1 2 2
The grating separation, d, between points of maximum intensity is
independent of the laser polarization. Using Snell’s law to express d

in terms of the incident angle in air, the grating separation is given

by

d = — (5.1.4)

where Ae is the excitation wavelength and 6 is the incident angle in
air. The grating period is maximum when 6 = 0° or 180° and minimum

when 9 = 90?

If the index of refraction of the material is nonlinear with
intensity, the resulting interference pattern gives rise to a spatial
modulation of the index across the sample. This spatial modulation of
the index acts as a grating which will self~diffract the excitation
beams as well as diffract a third laser beam that spatially and
temporally overlaps the grating. When the modulation is due to real
part of the index, the grating is called a phase grating. When the
modulation is in the imaginary part of the index (change in

absorption), the grating is called an amplitude gr*a't.ing.l'5

In the experimental conditions of this thesis work, both an
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amplitude and phase grating exist. The scattered angle is given by
the grating equation. If & is the angle the probe beam makes with the
normal to the grating plane and Ap is the probe wavelength then the
scattered angle, Q, is given by
2 2 sin(®)
sinR-sin® =n—>P" 2  (n=0, #1, 22 . .. . (5.1.5)

A

€

For self-diffraction, & = %

)

, Ae= Ap and for small angles, the first
order scattering is in the g 6 and —g 6 directions relative to the
angle bisector of the beams (relative to the beam direction the angles
are 206 and -6). Note, that the zeroth order self-diffraction is in
the forward direction and gives rise to the coherence artifact that
has been observed in pump and probe absorption measur‘emen’cs.s'_10 The
scattering directions for self-~diffraction are shown in figure 5.1.2.
For the case of Ap #* Ae, the scattering angles for different orders of

Ap are shown in figure 5.1.3. More details are given in sections

5.3.1 and 5.3.2 and figure 5.3.2.

5.1.2 Concentration and orientation gratings
When the change in the index of refraction is caused by a
spatial variation in the excited population density, the grating is

11,12 A

referred to as a population or concentration grating.
concentration grating is formed by the interference pattern of 2
parallel polarized laser beams as discussed in the previous section.

For a pulsed excitation, the grating has a lifetime that depends on

the pulse width and the relaxation processes in the material. The
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Figure 5.1.2. Scattering directions for self-diffraction in a two pulse
grating experiment. The angle between the two beams is € and the first
order diffraction in in the +286 and -6 directions.
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Figure 5.1.3. Scattering directions for a non-degenerate probe in a three
pulse grating experiment. The angle between the pump beams is © and the
angle the probe makes with the bisector of the pump beams is @.
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concentration grating can decay by recombination of the excited

carriers or by diffusion of carriers from the peaks to the nodes of

the grating. Time resolved transient grating measurements have
studied relaxation processes in dyes;,g’m’13 organic cr'ystals,M’15 as
well as free carrier recombination and diffusion in Ge,w"18 Si,lg’20
cds,?'®*® and Gaas. ®%

If the two equal intensity pump beams are orthogonally
polarized, the resulting electric field (figure 5.1.4) is given by

~

E(t) = Eo(t)exp—i{wt—lr—(l[cos(g)x—sin(g-)y]] [y +expi [ggsin(g-)y];]. (5.1.86)

The intensity is constant but the electric field varies in direction
across the plane of the sample. If the selection rules favor
excitation with one polarization over another then one still gets a
modulation in refractive index. In this geometry, the grating
strength depends on the orientation of the excitation and decays as

the orientation of the excitation randomizes 1i.e. by momentum

18,27 25,28

relaxation or dephasing This type of grating is referred

. . . 1,12
to as an orientation grating. ™’

While the grating picture give a good understanding of the
experimental setup and the different scattering angles, it does not
necessarily give insight into the physics involved in the formation of
the transient grating. The interpretation of transient grating
signals 1in semiconductors have been varied and subject to

» 29

contr'oversy.8 An alternate approach to the grating picture 1is to
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Figure 5.1.4. Interference pattern formed by two electric fields with
orthogonal polarization. This geometry gives rise to an orientation
grating.
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consider the problem as one of four-wave mixing.

When an intense electric field is incident on a non-linear

material, the resulting polarization can be expanded in powers of the

electric field. 3!
(1) (2) (3)
= + c e e . .1,
Pi xij Ej xijkEjEk + xijklEjEkEl + (5.1.7)
The second order term, x(Z), is responsible for second harmonic
generation (see section 3.2) and parametric mixing. X(Z) produces a

polarization at either the sum or difference frequency, not at the
source frequency and x(2) vanishes if the sample has inversion
symmetry (such as GaAs). The phase matching conditions were discussed
in section 2.2. The third order term 1is non-zero 1in both

) term

. . . (3
centrosymmetric and non-centrosymmetric materials. When the yx
involves 3 source waves forming a fourth wave, the process is referred

to as four-wave mixing. The phase matching conditions are given by

K = K + K - K (5.1.8)

W = W+t w - W (5.1.9)

where i, j, k = 1, 2, 3. The phase matching conditions for four-wave

mixing in a thin sample can always be satisf‘ied.s’7

In the four-wave mixing interpretation of an experiment, the

intensity of the scattered signal is related to the changes in the
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dielectric function due to excitation by the source fields. In
section 5.2, the free carrier contribution to the dielectric function
in GaAs will be considered including the intraband term (Drude or free
carrier population) and the interband term (contribution due to

absorption satur'ation).32



177

5.2 Free carrier contribution to the dielectric function in GaAs

5.2.1 Introduction

Time resolved four-wave mixing has been used to study free
carrier recombination and diffusion in semiconductor-s.m_24 Steady
state measurements (and non-time resolved measurements using
nanosecond pulses) of the electronic third order non-linearities have
been used to study relaxation of free carrier energy and momentum and
intervalley scattering in GaAs and other III-V semiconductors.aa_36
Most of this work was at frequencies below band gap. One common
technique is to measure x(s) as a function of the difference
frequency, J8w, between two laser beams as 8w - 0. Under these
conditions, carriers at lattice temperature and relatively low
density, the non-linearities are due to band non-parabolicity and
electron-phonon scattering. In this situation there is no bleaching
of absorption and most of the electrons remain in the TI'-valley
although Kash and WOlf‘f‘35 used this technique to study the

contributions to x(S)

due to intervalley scattering in n-GaAs and
n-GaSb. They observed that the dependence on 8w of the strength of
the four-wave mixing signal changed as the sample temperature was

elevated, allowing conduction band electrons to scatter from the T to

the L-valleys.

Theoretical discussions of the optical non-~linearities in III-V
semiconductors have considered the effects of band non-parabolicity
37-45

and carrier energy and momentum relaxation. Most of these works

have only considered frequencies below or just at the band edge. Kahen
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and Lebur'ton45 calculate the different contributions to the real part
of the dielectric constant (81) from the different valleys of GaAs and
other III-V semiconductors assuming the valence band is filled and the
conduction band empty. They find that the I'-valley contributes only
about 5 - 10% to 81(0) and the L and X-valleys contribute 90 - 95%.
They do not consider the changes to €, due to optical excitation.
Wherrett and Higgins42 first consider the effects of absorption
saturation as well as changes in refraction for a two level system and
then extend their model to a two band system. They find that
absorption saturation reduces the refractive index at frequencies
below the band gap but at frequencies above the Fermi level the

refractive change turns positive.

In this section, using the standard32 expressions for the free
carrier contribution to the dielectric function, 681 will Dbe
calculated in GaAs under the experimental conditions. The dependence
of 581 on carrier density, carrier temperature and the intervalley
distribution of excited electrons will be examined. It will be shown
that under the experimental conditions (subpicosecond time scale,
probe photon energy high above band gap and high carrier density and
temperature), the strength of the transient concentration grating
signal is determined by the distribution of electrons between the T

and L-valleys.

5.2.2 Intraband and interband contributions to 581

The electronic contribution to the dielectric constant is given

32,46-47
by "’
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ane® [ a%k 2
e (w) =1 -2 J = ) F(E )V °E_(k) (intraband)
1 2 2 3 n k n
3hw i n
(5.2.1a)
2 2 d®k {F(E ) - F(E )}|p_ ,|?
+ h”e ’J n n’ nn’ (interband)
7°n® ®a’) (E -E_,)[(hw)2- (E -E_,)?]
n n n n
2me® w a’k 2
e _(w) = —— {F(E )-F(E_ )} |p_,|” 8(hw-E -E,) (5.2.1b)
2 22 ’ 3 n n nn n n
m & nn 1%/ 4
where m is the free electron mass, |pnn,|2 is the momentum matrix

element between bands n and n’, En(k) is the energy of the n'® band
and F(E) is the carrier distribution function in the n'" band. The
intraband term is a free electron like term which in the case of
parabolic bands reduces to the Drude expression for the polarizability
of a free electron gas. The interband term results from transitions
between bands. Changes in the absorption coefficient caused by
bleaching under conditions of high excitation results in changes in
the interband term in the electronic contribution to the dielectric

function.

In order to calculate the effects of the intervalley
distribution of electrons, as well as carrier temperature to changes
in the dielectric function under intense optical excitation, I
initially assume a single parabolic valence band and a parabolic

central valley for the conduction band.

The change in £ due to optical pumping is given by
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_ ane® | %k 2 2
de (w) = - — |F (E )V° E (kK)-F (E )V° E (k) (intraband)
1 3h2w2 41[3 e e k e h h k h
(5.2.2a)
3 2
+ h282 J d’k {Fe(Ee) * Fh(Eh)} Ipnn' I (interband)
n2m? (E-E_) [(pw)®- (Ee—Eh)zl

2
3¢ (w) =+ —— |=—={F (E) + F (E)}|p_,|” 8(hw-E-E) . (5.2.2b)

21re2 Jﬁak
mw 4n3

For parabolic bands V °E (K) = 3 hz/m*; F and E (F, E ) are the
k n n e e h h

carrier distribution function and energy in the conduction {valence)

band. The hole distribution function, Fh = 1-F . The matrix element
e

2
48,49 2 m
’ | = hw = * ; where

is taken from k-p perturbation theory ¢ Zm

e,
nn

»*
m is the reduced effective mass and m is the free electron mass.

The intraband term is negative in sign and proportional to the
total excited population and is independent of the carrier temperature

or distribution for parabolic bands. It is given by

n ,b 2
dc (w) = - 4me [ * S ] = 4me n (intraband) (5.2.3)
2 m m * 2
w e h mrw

where n (p) is the number of electrons (holes) and m: is the reduced
effective mass. For photoexcitation, the total number of excited

electrons and holes are equal.

Changing the interband part of Eq. 5.2.2 from an integral in k

space to an integral in energy, where the Jjoint density of states is
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used in the interband term, gives

2 1/72 0o 172
e’E_(2m ) J (E-E_ )" "dE{F_(E)+F (E)} (4 :crband). (5.2.4)

Bel(w) =

nh 2 2
E (Ee—Eh)[(hw) —(Ee—Eh) 1

9
The integral in Eq. 5.2.4 depends on the distribution of electrons
among the different valleys of the conduction band through the
distribution function of the electrons (Fe) and the energy of the
electrons (Ee). The side valleys of GaAs have a much larger density
of states than the I'-valley, therefore the occupation probability, Fe,
for the L and X valleys will be less than for the I'-valley. The
electrons in the L and X valleys will also be at greater energy, Ee,

than electrons in the I'-valley (AL_ = 0.286 eV and Ax— = 0.486 eV at

r r
300 K). The evaluation of the interband integral in Eq. 5.2.4 will be

discussed in the next section. The evaluation of 882 will be

discussed in section 5.2.5.

5.2.3 Interband contribution to 581 of the valence band
and the I'- valley of the conduction band

Before evaluating the interband term in Eq. 5.2.4, I separate
the integral into three regions: an integral from Eg to w-A; an
integral from w-A to w+A; and an integral from w+tA to o . The three
integrals for the interband term are

e’E (2m )12 Jh“_A (E-E )'72dE{F (E)+F (E)}
o] r L] e h

(5.2.5a)

Se (w) =
! mh C (B [(hw)®-(B)%)
q
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172 hwtA 172

2
. o’E_(2n ) (E-E )" "dE{F_(E)+F, (E)} (5.2.5b)
nh 2 2
Jip (E) [(00)?=(E)®]
e’E (2m)V2% (®  (E-E )V/PdE(F (E)+F, (E)}
+ nﬁ r 9 S d 2 (5.2.5c)
Voo (B) [(h0)2-(E)?]

In the first integral (5.2.5a) the integrand is always positive
and hence 5.2.5a is positive. The integrand in the third integral
(5.2.5c) is always negative and hence 5.2.5c is negative. When hw is
greater than the energy separation of most of the electrons and holes
{i.e. high above band gap) the interband term is positive and
therefore will tend to cancel the negative intraband term, if all the
electrons are in the I'-valley. When hw is Jjust above gap the
interband term is negative and less than the intraband term. For hw
below band gap, the only contribution to aelhmer is from Eq. 5.2.5c

(< 0); and for hw << Eg, the denominator in 5.2.5c is large and thus

|8

|88 | << € L
linter lintra

In order to evaluate the interband contribution to 681 at ho,
first consider Eq. 5.2.8b. If A is taken <« kBTc, then Fe and Fh are
constant over the range of integration. It is assumed that on the
time scale of the experiment (= 1-10 ps) the electrons and holes have
reached a common temperature. E and hw + E are replaced by hw and 2hw
respectively, then Eq.5.2.5b becomes

172 hw+A 1/2

e®E (2m ) [F +F ] (E-E )'7°%dE
s T e h J 9 (5.2.6)
hw-A

Sel(w) = +

2nh(hw)? (hw) -(E)
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and defining € = E - Eg and 9 = hw - Eg ; Eq. 5.2.8 reduces to

1/2
’E (zn) IF+F) (7 giladg
Sei(w) = + 9 r2 ° . (5.2.7)
2nh(hw) o=A 9 - &
The resonant part of 881 becomesSo
R 1/2 9+A
e’E (2m ) [F +F ] + /
se (w) = 3 ’2 I v’E -V/s 1In !CE-———-E— (5.2.8)
2nh (hw) V[g - V[;
—-A
which simplifies to
0 1/2
eE (2m ) [F +F ] _
se (W) =+ —3 T c n AV heE (5.2.9)
1

2nh(hw) 2

The contribution to 581 from carriers resonant with the probe energy
depends on the population in the coupled region (Fe+Fh) and the probe
energy. Closer to band gap, Fe and Iﬂl are larger, but w—Eg is
smaller, high above gap, VEB:E; is larger but Fe and Fh are smaller.
The computer program used to calculate 581 evaluates Eq. 5.2.3,
5.2.5a,c and Eq. 5.2.9 (in place of 5.2.5b) separately. The resonant
part of Sel (Eq. 5.2.9) is a smaller contribution then the rest of

the conduction and valence bands.

5.2.4 L-valley contribution to 661
As discussed in chapter 4, when GaAs is photoexcited by photons

of energy more than 0.325 eV above the band gap, the energy given to
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the electrons is greater than 0.286 eV, which is the energy separation
between the conduction band minimum (located at k=0 in GaAs) and the
L-valley minima. Electrons scatter from the I'-valley to the L-valley

51,52 Theoretical calculations® show at high density

in under 80 fs.
greater than 75% of the excited electrons scatter to the L valley for
2.0 eV excitation. The electrons that scatter into the L-valley do
not contribute to the absorption changes at the probe energies (1.5eV
= hw = 2.0eV). The bleaching of the absorption at 3.1 eV (direct
transitions from the heavy-hole valence band to the L-valley minima at

the zone edge) is small due to large density of states of the four

L-valley minima°  and the absence of holes at the zone edge.

I assume that all electrons in L-valley are at the band minima,
with is reasonable since electrons lose 0.286 eV of kinetic energy
when scattering into the L-valley. Additionally, the carriers in the
L-valley are less screened due to the higher effective mass and
therefore rapidly lose energy by polar optical phonon emission > (the

carriers density is on the order of 10 cm™®).

The L-valley contribution to Bel(w) from Eq. 5.2.2 is then given by

4h2e2nL
(L~interband) (5.2.10)

de (W) = +
1 m [ (hw)3- (E)?)

where nL'is the electron density in the L-valleys. The reduced mass
*

was taken to be the electron effective mass, mL; fh= 0; EL (valence

band to L minima) = 3.1 eV and the factor of 4 was added to account

for the 4 equivalent L-valleys. For hw < 3.1 eV, (hw)z—(EL)2 < 0 and
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the L-valley contribution to the interband term is negative and much
smaller than the I'-valley contribution. The L-valley contribution is

included in the computer calculations of 881.

The large anisotropy and non-parabolicity of the L-valleys
also changes the contribution of electrons in the L-valley to the
intraband component of 381 through VE E(k) in equation 5.2.2a. The
non-parabolicity will increase the magnitude of the intraband term
while the larger effective mass of the L-valley will reduce the
magnitude of the intraband term. In the calculations of 561, the
differences in the intraband contribution between electrons in the L

or I'-valleys was not considered.

5.2.5 Calculation of 682
For a simple parabolic valence and conduction band, Eq. 5.2.2b

for 582 simplifies to

e ’E (2m )3/2
682((4)) = + 2 3 2r3
20 m 2nh
00
J‘dE(E—E )2{F (E)+F (E )}8(hw-E -E ) . (5.2.11)
g e e h h e h
E

g

-—

382 depends only on the probability of occupation of states in the
probe’s optically coupled region and not on the entire excited
population. For probe energies less than 3.1 eV, electrons in the

L-valleys do not contribute to 682. In the case of a nearly
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monochromatic probe, Fe and Fh in the optically couple region can be

taken as constant and Eq 5.2.11 becomes

2 372
ne“E (2m ) 12
de_(w) = + L (hw-E g {F (E )+F (E )} (5.2.12)

* {0

2w2m 2n2h3

e}

where Ee and Eh are given by

m
o~ v —
E, = g (w-E) (5.2.13a)
v (o]
mC
E = Ty (ho - E ) (5.2.13b)

Eq. 5.2.12 for 382 is evaluated by computer for a range of carrier
densities and temperatures. The results are discussed in section
5.2.7, as well as the changes in the real part of the dielectric

function.

5.2.6 Effects of band non-parabolicity
Both the conduction band and the light-hole valence band of

54-5% The much larger

GaAs deviate strongly from being parabolic.
density of states of the heavy-hole band compared to the light-hole
band reduces the effects of band non-parabolicity in the valence band
but for the conduction band, the non-parabolicity can not be neglected
at densities greater than 1018 cm_s. Blakemore54 derives the
non-parabolicity parameters, « for the conduction band and B for the
light-hole band, for GaAs, by expanding the Kane band mode157 to
include the additional perturbations caused by the other bands (see

reference 54 for details). Expanding E(k) to terms in k4, the
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dispersion relationship for the conduction band is

2 2 2,2 42

E-E =~ BK +-%‘_[h§f] (5.2.14)

9 2m g~ 2m
(] (o]
and for the light-hole band is

2 2 2,2 42

E = -[—h—I‘T] —-g— [hl,f ] : (5.2.15)
2m g 2m

The values of « and B at 300 K are -0.83, -3.57 respectively. Since «
< 0 and B < 0, the effective mass (and density of states) increases
with greater energy. The relationship between electron density,

temperature and quasi-Fermi level in the conduction band is given by

3

* =
mkT]2 u u
n = 2|22 [91/2[ﬁ] —[ 15°‘kaT] ?3/2[1?—;-]] . (5.2.18)
° 2nh B 4E B

9

Where ¥i/2 and F3/2 are the Fermi functions of order 1/2 and 3/2.

The non-parabolicity of the conduction band effects both the
interband and intraband part of 6&1. The non-parabolicity appears in
the intraband term (Eq. 5.2.4) through the ViEc(k) term which now
depends on k. The intraband term will have both a carrier temperature
and a density dependence that is not linear in density since electrons
at larger k (larger energy) will contribute more to the intraband
term. The effects of higher carrier density will be mitigated

somewhat by the fact that the non-parabolicity of the conduction band
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keeps the quasi-Fermi level 1less than in a parabolic band. The
non-parabolic corrections to ViEc(k) require detailed knowledge of the

band structure and will not be included in the thesis calculations.

The effect of band non-parabolicity on the interband term
depends on the probe frequency. Band non-parabolicity enters into the
interband term through its effect on the quasi-Fermi level. Because
of the non-parabolicity of the conduction band, the density of states
increases faster than (E—Eg)v2 and this results in a significantly
lower quasi-Fermi 1level than in a parabolic band, this is most
significant at high densities and at high carrier temperatures. Using
Eq. 5.2.18, the quasi-Fermi levels for a parabolic and a non-parabolic
bands were calculated, for a range of electron densities and
temperatures. The effect of band non-parabolicity is most noticeable
at probe energies near the quasi-Fermi level. If one examines the
integrand in the interband term (in Egs. 5.2.5a,b,c), one sees that
electrons (holes) at energies less (greater) than the optically
coupled states of the probe energy (i.e. hw > Ee—Eh), give a positive
contribution to 581 while higher (lower) energy electrons (holes)
(i.e. ho < Ee—Eh) give a negative contribution to 681. The simplest
correction for band non-parabolicity would be to use a density
dependent effective mass.°  The computer program used to calculate
631 from Eq. 5.2.3 and 5.2.5a,b,c is adjusted to include the density
dependent effective mass and the non-parabolic quasi-Fermi levels in
both the interband and intraband terms . This procedure corrects for
the non-parabolic effects on the distribution function of the excited

carriers; it does not correct for the effects of band non-parabolicity
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on the response of excited carriers to the probe field through the
VEEn(k) term. For the conduction band, I accomplish this by
calculating the quasi-Fermi level for a given density and temperature
from Eq. 5.2.16 and then adjusting the effective mass such that this

value of u gives the correct electron density for a parabolic band.

The equation that determines the electron density dependent

*
effective mass, p , is
(]

3 u 150ckBT u
. enlTuelid) [ ) Talicr)]
(“:)2 = (mc) 1/2 kBT 4Eg 3/2 kBT (5.2.17)

ue
¥ 1/2 [ﬁ]
B

A similar calculation for the valence band is made where the

heavy-hole band is considered to be parabolic but the light-hole band
is non-parabolic. The relationship between hole density, temperature

and hole quasi-Fermi level is given by

3
n = 5|2 m'§+m'g F m. *g‘ EEE g [_n (5.2.18)
h 2 h 1/2 m 4]2g 3/2 l? : Te

»*
The valence band density dependent effective mass, p is given by
v

&§+ &3 g Uh #g 1SBkBT % uh
m2a+ m2 1/2[1-{?] m2 [4Eg ] 3/2[@]

(u:) = . (5.2.19)
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The computer program used to calculate 581 was adjusted to use
the density dependent effective masses, u: and u:, in both the
intraband and interband terms (Eqs 5.2.3, 5.2.5a,and 5.2.5c). This
procedure corrects for the non-parabolic effects on the distribution
function of the excited carriers by allowing the use of the electron
and hole quasi~-Fermi levels as calculated for non-parabolic bands; it

does not correct for the effects of non-parabolicity on the response

of excited carriers to the probe field through the ViEn(k) term.

5.2.7 Calculations of the dependence of 661 and 682
on the carrier distribution function

As seen from Eq. 5.2.4, the interband contribution to the
dielectric function depends on the carrier distribution function. In
this section, I calculate 381 and 632 due to optical excitation for
different distributions of electron density between the TI' and
L-valleys at a range of carrier temperatures . The total number of
electrons is constant (and equal to the number of holes). The

calculations are made for different probe frequencies above the band

gap.

For the sake of comparison, I also calculate 581 for hw = 0.8
eV (well below band gap) although no data was taken at energies below
band gap. All calculations assume a Fermi-Dirac distribution with the
electrons and holes at a common temperature greater than the lattice
temperature. This is a valid assumption on a 1 to 10 ps time scale
although, it is not valid within the 500 fs width of the excitation

58 . cps . .
pulses. The carrier densities and temperatures are consistent with
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the results of absorption measurements discussed in chapter 4.

The intraband and interband contributions to 681 for probe
energies of 0.8, 1.65, 1.71, 1.77, 1.84 and 2.0 eV are plotted in
figures 5.2.1a-f (note the different ordinate scale for 0.8 eV). The
hole density is 1.2 x 10%° cm—3 and the carrier temperature is 900 K.
The total number of electrons in the I' and L valleys is equal to the
number of holes. As seen in figures 5.2.1la-f, the intraband term is
negative and independent of the electron distribution between valleys.
The interband term is positive for hw > Eg and increases as electrons
scatter back from the L to the I'-valley. For a 0.8 eV probe, we see
that the interband contribution to 381 is negative and small. The
frequency dependence of the interband and intraband terms of 381 have
been plotted in figure 5.2.2 in the energy range of 0.5 to 2.4 eV.
The carrier temperature is 600 K, n =n = 1.2 x 10'° cm"3 with 83%
of the electrons in the TI'-valley. The intraband term is always
negative and decreases as (hw)™? as expected from equation 5.2.2. The
interband term is negative for hw < Eg and becomes positive when hw is
about 100 meV above Eg. The interband term increases as hw increases
until it reaches a maximum around 1.7 eV, The energy at which
6e“nter is a maximum will change with carrier temperature.

582 has been calculated for the same conditions as 581 and
plotted in figures 5.2.3a-e corresponding to probe energies of 1.65,

1.71, 1.77, 1.84 and 2.01 eV. Note that 582 = 0 for hw < Eg.
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Since the diffracted intensity depends on |6€|2 = |6€1|2+
|6€2|2, figures 5.2.4a-f show |8€|2 for the same frequencies as
figures 5.2.1la-f. At frequencies well above the electron quasi-Fermi
level (i.e. 1.77 eV, 1.84 eV and 2.0 eV), |6&|2 decreases to zero as
electrons scatter back from the L-valley to the I' valley. At
frequencies closer to the band edge (i.e. 1.85 eV), the decrease in
|8s[2 is much less and |6e|2 falls by only a factor of <2 as the
number of the carriers in the L valley decreases from 75% to 25%.
Below band gap (0.80 eV), |38|2 is almost independent of electron

distribution between valleys.

The dependence of 8¢ on carrier temperature is also examined.
When the probe optically couples states that are high above the
electron quasi-Fermi energy, the interband term is not very sensitive
to the small changes in the Fermi energy, and |6€|2 decrease slightly
as carriers cool. When the optically coupled states are close to the
Fermi energy, the interband contribution is more sensitive to changes
in the Fermi level. 1In this case, carrier cooling reduces |68|2 much
more significantly. Since the holes are not degenerate at these
densities, the coupled valence band states are always far below the

hole quasi-Fermi level.
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5.3 Experimental procedure

5.3.1 Experimental optics

The experimental apparatus used for time resolved four-wave
mixing is shown in figure §5.3.1. The output of the amplified
femtosecond laser system is split into three pulses. A variable delay
line is placed in the optical path of each pulse. The direction of
propagation of the pulses are aligned to be parallel and coplanar and
then focused onto the sample. The angles that the pulses meke with
each other determine the direction of the scattered signal. In fig
5.3.1, the angle between pulses 2 and 3 is 6, while pulse 1 makes an
angle ® with the bisector of pulses 2 and 3, & > 6/2. Pulse 1 was
chosen as the probe pulse and pulses 2 and 3 are the pump pulses. In
each optical path a polarizer and a rotator, if necessary, was

inserted to allow independent selection of each pulse’s polarization.

The grating spacing was adjusted by changing the separation of
the two pump pulses before focusing. This was accomplished by moving

mirror M2 in fig. 5.3.1 and appropriately adjusting the delay in pulse

o] o

2. Most of the data was taken with 6 = 4 and & = 3. This gives a
grating spacing of 9 microns for an excitation wavelength of 620 nm.
Apertures were placed after the sample to block all the scattered
light except for the signal. Table 5.3.1 lists the angles for all

possible first order scattering directions.

Initially data was taken with the two pump and the probe pulses

at the same frequency (degenerate four-wave mixing). The beam
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Figure 5.3.1. Experimental setup for the three pulse transient grating
experiments. Pulses 2 and 3 are the pump pulses and pulse 1 is the probe.
Signal is detected in the K; + K, - K direction.
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splitters were selected to give 47% of the energy to each pump pulse
and 6% to the probe pulse. Later, the split in laser energy was
adjusted to give 33% to each pulse. A cell of CCl4 was inserted in the
probe path and the probe pulse was focused into the cell to produce a
broadband continuum probe. Filters were used to select different
probe wavelengths. The total laser pulse energy was approximately 0.4
millijoules. The laser was loosely focused to a 1 mm spot size on the

sample.

5.3.2 Spatial and temporal alignment of the three pulses

To insure proper spatial and temporal overlap of the 3 pulses,
the sample was replaced with a KDP crystal. The alignment and optical
delay of the two pump pulses was adjusted to maximize the second
harmonic produced by the two pulses. Next the alignment and optical
delay of the probe pulse was adjusted to maximize the second harmonic
produced by the probe pulse and one of the pump pulses. It was then
verified that this also maximized the second harmonic produced by the
probe and the other pump pulse. When properly aligned, six second
harmonic pulses, were observed on a UV card in back of the KDP
crystal. This determined the temporal overlap with a resolution of

under 200 fs.

In order to improve the temporal overlap of the pump pulses, a
more precise alignment technique was utilized. It consists of
simultaneously monitoring the self-diffraction of the pump pulses,
with two identical photodiodes in the 20 and -6 directions, as one of

the pump pulses was delayed with respect to the other. The two curves
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are time reversed images of each other with a separation of 50 fs

between peaks. The zero delay is the midpoint of the two peaks.

5.3.3 Detection apparatus

The degenerate four-wave mixing signal was detected by a
Hamamatsu vacuum photodiode and a gated boxcar integrator. The boxcar
integrator was manufactured by Stanford Research Systems Inc., model
SR280. The triggering of the boxcar’s gate was controlled by the
circuitry that triggered the Nd:YAG laser. The Jjitter was less than
0.5 ns and if the laser did not fire, the boxcar would not be
triggered. The gate width was set to 5 ns, which was wide enough to
insure that the 1 ns output of the photodiode was entirely within the
gate. The averaging time of the boxcar is selected by the number of
triggering events rather than a fixed time constant so an equal number
of laser pulses would be detected within each time constant. The

averaging time was set in the range of 10 to 30 pulses.

The analog output of the boxcar integrator was directed to the
input of a signal averager, Tracor Northern model TN 1710. The signal
was digitized and stored in memory. The signal averager had the
capability to simultaneously digitize four different input signals and
store in separate memories. The signal averager could add a
preselected number of scans in memory and then output the data to an
X~y plotter or to the serial port of a computer. The dwell time of the
signal averager was adjusted so that each scan took from 5 to 15

minutes. The number of scans averaged was between 4 and 12.
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The optical path delay was varied by a microprocessor
controlled stepping motor, manufactured by Aerotech Inc. The stepping
motor is a model ATS 302MM and the controller is a Unidex III. The
resolution of the stepping motor is 2 microns (4 microns round trip)
corresponding to 13.3 fs. The Unidex III was programmed to trigger a
signal averager scan at the start of each motor translation cycle and
to coordinate the motor speed and number of cycles with the signal
averager dwell time and number of scans respectively. The Unidex
program also halted data acquisition and motor translation during data

transfer to the PC-XT.

Because of the much weaker signal with the continuum probe, the
photodiode was replaced by a photomultiplier tube. A spectrometer was
installed in front of the PMT for wavelength selection of the signal.
Both the time constant of the boxcar and the number of individual
scans had to be increased considerably to improve the signal to noise

due to the very large fluctuations in the intensity of the continuum.

5.3.4 Selection of the correct scattered pulse for
measuring the transient grating relaxation time

When the KDP was removed and the GaAs sample inserted, pulses
in 12 different directions were observed exiting from the sample.
These twelve pulses correspond to the 27 different possible phase

matching combinations, given by

K =K +K -K {(i,4,k =1,2,3) (5.3.1a)
s 1 3 k
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W =W tw - (5.3.1b)

Fifteen terms are in the direction of the three transmitted
pulses (the 15 terms for either i=k or Jj=k; and shown by directions E,
F and I in fig. 5.3.2). Six of these terms (the terms where i=j=k,
directions A, C, D, G, K and L in fig. 5.3.2) are from two pulse
gratings and there would be no signal if either of the two source
pulses were blocked but not if the third pulse was blocked. In each of
this six terms, a laser pulse is self-scattered from itself and one of
the other pulses so there is only signal when the two pulses
temporally overlap. This two-pulse signal has a width that depends
primarily on the pulse shape and coherence length. Information about
the material relaxation time can only be obtained by deconvolution of

the detected signal.

The other three diffracted pulses (the six terms for which
i#j#k, directions B, H and J in fig 5.3.2) are the pulses of interest.
They correspond to one pulse scattering from the interference pattern
of the other two pulses. This is the geometry that allows the
measurement of the relaxation time of the grating by measuring the
scattered intensity as a function of the probe pulse delay.For most of
the three pulse transient grating curves, pulse 1 is used as the probe
and the signal was detected in the B direction (given by Ké= K1 + K2 -

K3). These six terms are repeated in Eqs. 5.3.2a-f and 5.3.3a-c.
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Figure 5.3.2. The twelve different first order scattering directions in a 3 pulse grating
experiment. Ecah direction corresponds to combinations listed in table 5.3.1. Directions B, H,
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The source of the pulse scattering in direction B is

K =K +K ~-K (5.3.2a)
s 1 2 3
K =K +K - K (5.3.2b)
s 2 1 3
W =W tw -w (5.3.3a)
s 2 1 3

and the sources for direction H and J are, respectively

K =K +K -K (5.3.2¢)
s 1 3 2

K =K +K ~-K (5.3.2d)
s 3 1 2

W =W +tw -w (5.3.3b)
s 3 1 2

K =K +K - K (5.3.2e)
s 2 3 1

K =K +K -K (5.3.2fF)
s 3 2 1

W =Wt -w . (5.3.3c)
s 2 3 1

In each case the last pulse in Eqs. 5.3.2a-f (the term with the
- sign) acts as only a pump pulse while the other two pulses act as
both pump and probe. Experimentally, if all pulses are at the same
frequency, delaying pulse 3 (2, 1) while measuring the signal in

direction B (H, J) gives only the coherence length of the pulse. The



Source terms Scattered angle Osx Osp

(first order) (x-axis) (probe)
Ks =K1 + K1 - K1 ® +d -0 +3.00 0.00
Ks = K1 + K1 - K2 ¢ + o -0/2 +4.00 +1.00
Ks = K1 + K1 - K3 ¢ + & +8/2 +7.96 +4. 96
Ks = K1 + K2 - K1 ® +8/2 - & +2.00 -1.00
Ks = K1 + K2 -~ K2 ® +08/2 -6/2 +3.00 0.00
Ks = K1 + K2 -~ K3 & +0/2 +0/2 +6.97 +3.97
Ks =K1 + Kz - K1 ® -0/2 -0 -2.00 -5.00
Ks = K1 + K3 - K2 ® +0/2 -0/2 -1.00 -4.00
Ks = K1 + K3 - K3 ® -6/2 +6/2 +3.00 0.00
Ks = K2 + K1 - Ka 6/2 + ¢ - & +2.00 0.00
Ks = K2 + K1 - K2 /2 + & -0/2 +3.00 1.00
Ks = K2 + K1 - K3 e/2 + ¢ +0/2 +6.97 +4.97
Ks = K2 + K2 - K1 6/2 +0/2 - ¢ +1.00 -1.00
Ks = K2 + K2 - K2 8/2 +0/2 -0/2| +2.00 0.00
Ke = K2 + K2 - K3 8/2 +6/2 +0/2| +5.98 +3.98
Ks = K2 + K3 - K1 6/2 -8/2 -9 -2.99 -4.99
Ks = K2 + K3 - Ke 8/2 -e/2 -0/2| -2.00 -4.00
Ks = K2 + K3 - K3 0/2 -8/2 +6/2] +2.00 0.00
Ks =Ka + Kt - Ki | -0/2 + & - ~2.00 0.00
Ks = K3 + K1 - K2 -8/2 + & -0/2 -1.00 +1.00
Ks = K3 + K1 - K3 -8/2 + & +0/2 +3.00 +5. 00
Ks = K3 + K2 - K1 -8/2 +6/2 -® -2.99 -0.99
Ks = Ks + K2 - K2 | -0/2 +08/2 -8/2| -2.00 0.00
Ke = Kz + K2 - K3 | -6/2 +6/2 +6/2| +2.00 +4.00
Ks = Ks + K3 - K1 | -6/2 -8/2 -9 -6.96 -4.96
Ks = Kz + Ksa - K2 | -6/2 -6/2 -6/2| -5.98 -3.98
Ks = Ka + K3 -K3 ~0/2 -08/2 +8/2| -2.00 0.00

Table 5.3.1. The 27 combinations for four-wave mixing.

The third column gives the first order scattering angles
with respect to the x-axis. The last column gives the first
order scattering with respect to the probe (the first pulse
1is§ed afterothe equal sign in column one) calculated for
¢$=3 and 6=4 . The combinations involving all three pulses
are in bold.

218



220

delay of either of the other two pulses gives the grating relaxation

time as well as the coherence spike.

The different scattering directions are summarized in table
5.3.1. The usual terminology is to give the angle relative to the
probe beam’s incident direction (@sp in table 5.3.1) but in order to
clarify the scattering directions, the angles (6sx in table 5.3.1) are
given with respect to the bisector of pulses 2 and 3 (the x—-axis in
fig. 5.3.2) as well as the probe pulse. For example, the sixth ternm,
Ks = K1 + K2 - K3, in table 5.3.1 corresponds to pulse 1 scattering
from the grating formed by pulses 2 and 3. The signal is diffracted
by an angle of 3.97° with respect to the propagation direction of
pulse 1 and 6.97° with respect to the x-axis. But the twelfth term in
table 5.3.1, Ks = K2 + K1 - K3, corresponds to pulse 2 scattering from
the grating formed by pulses 1 and 3. The scattering angle is
different, Osp = 4.970, then for the sixth term because the pulses 1
and 3 intersect at a different angle then pulses 2 and 3 (i.e.
different grating spacing). However since the incident direction of
pulse 2 was different than pulse 1, the scattered signal emerges in

the same direction as for the sixth term (0sx = 6.970).

The expression for the transient four-wave mixing signal for a
three level system (excited state, ground state and reservoir) with

the electric dipole approximation, in the direction Ké= K1 + K2 - Ks’

. . 28,31
is given by
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+00 t 2
G(t) =J |E, (t+7) |2 J EZ(GJ)E:(G) A(t-8)de | dt (5.3.4a)
-00 -00
+00 t 2
2 *
+ J IEZ(t)I J El(@+1’)E3(@) A(t-0)de dt (5.3. 4b)
-00 -0

where A(t-B) is the response of the medium. The variable delay is in
pulse 1. The term 5.3.4a, is the source term for the signal with E1
as the probe field and E2 and E3 as the source (pump) fields. E1 will
vanish if E2 and E3 are not coherent. The term 5.3.4b, when E1 is
delayed, gives the coherence spike if E1 and E3 are coherent. In this
case, E1 is also a source field while E2 is a probe field. In this
direction, E3 is always a source field. If A(t) is long compared to
the pulse width, then by delaying E1 (Ez)’ one measures the grating
relaxation from term 5.3.4a (5.3.4b) and the coherence spike from
5.3.4b (5.3.4a). The delay of E3 only gives the coherence spike. If
A(t) 1is short compared to the laser pulse both 5.3.4a and 5.3.4b
essentially gives the laser pulse width. Any information about A(t)

must be learned from deconvoluting the curves.

The decision to select the pulse scattered in the direction
given by K1 + K2 - K3 was based on the ease of isolating the light in
this direction by apertures. Based on this, pulse 1 was selected as
the probe pulse and the pulse intensities were adjusted to give the
6%, 47%, and 47% energy distribution to pulses 1, 2 and 3,
respectively, as stated previously. When the probe pulse’s

polarization is parallel to the pump pulses’ polarization, one detects
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the grating signal (Eq. 5.3.4a) and the coherence spike (Eq. 5.3.4b)
but if the probe polarization is perpendicular to the pump pulses’
polarization, the signal has the polarization of the probe while the
coherence spike has the polarization of pump pulse 2. A polarizer in
front of the detector can eliminate detection of the coherence spike.
Initially, data was taken with all three pulses parallel and they
clearly exhibit the coherence spike. Curves taken at a later date,
had the probe perpendicularly polarized to the pumps and no coherence
spike is evident in the data. In non-degenerate four-wave mixing,

(w1¢ w2= wa) there is no coherence spike at the probe frequency.
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5.4 Discussion of experimental results

5.4.1 Three pulse concentration grating data
with degenerate pump and probe pulses

In this section, the data was collected with all three pulses
at the same wavelength (6200 A). The pump pulses were parallel
polarized (P). Initial data was taken with the probe polarization
parallel to the pumps, later the probe polarization was rotated to S.
In this case, the coherence spike intensity was greatly reduced and
its polarization (P) was orthogonal to the signal (S). The source of
the coherence spike, in the signal direction, is pulse 2 scattering
from the grating formed by pulses 1 and 3 and has the polarization of
pulse 2. Also, if pulses 1 and 3 are orthogonally polarized, they
form an orientation grating which, for GaAs, is much less efficient
then the concentration grating formed by pulses 2 and 3. Most of the
data was taken with a 4° angle between the pump pulses and a 3° angle

between the probe and the bisector of the pump pulses.

Experimental data was collected over a range of pump
intensities, grating spacing and sample temperatures (from 4 K to 295
K). The signal decays in 5 * 1 ps which corresponds to a grating
relaxation time of 10 * 2 ps and is independent of pump intensity and
grating spacing. The diffraction efficiency is proportional to the
square of the index modulation. Using the model of only carrier
recombination and diffusion (neglecting changes in absorption), the

grating lifetime is given by12
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+ = (5.4.1)

where d is the grating spacing, D is the diffusion coefficient, and tr

is the carrier lifetime.

The experimental results are inconsistent with either
recombination or diffusion as the relaxation mechanism of the grating.
The radiative lifetime of GaAs is nanoseconds > although at these
carrier densities auger recombination dominates. At a carrier density
of 1 x 1019 cm_s, with Auger and two-body recombination coef‘f‘icients60
of ~ 7 x 10-31 cm6 sec-1 and 3.4 x 10“11 cm3 sec_l, the effective
recombination time is several hundred picoseconds. Auger
recombination can be further ruled out by the lack of intensity
dependence to the grating relaxation. Typical curves are displayed
in figures 5.4.1a-d; the laser intensities are changed by a factor of
16 between the high intensity (fig. 5.4.1a) and the low intensity
(fig. 5.4.1d). The existence of a long (greater than 20 ps) component
to the grating signal in the non-degenerate case is further evidence

that the recombination time is longer than twice the 5 ps decay of the

grating.

For similar reasons, diffusion can be eliminated as the
mechanism for the grating decay. The long component for near band
edge measurements shows that the spatial modulation of the carriers
exists for a time much longer than 10 ps. Data was taken with the
angle between the pump beams equal to 2, 4 and 8 degrees corresponding

to a grating spacing of 18, 39 and 4 microns.
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Figure 5.4.la. Diffracted intensity from a three pulse concentration
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9 microns and the probe photon energy is 2 ev.
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Figure 5.4.1b. Diffracted intensity from a three pulse concentration
grating. The pump pulses are attenuated by a factor of three. The grating

spacing is 9 microns and the probe energy is 2 eV.
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Figure 5.4.1c. Diffracted intensity from a three pulse concentration
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Figures 5.4.2a and b show the diffracted signal taken at
grating spacings of 4 and 18 microns; the data in figures 5.4.la-d
were taken with a 9 micron grating spacing. The probe polarization
was rotated 90° with respect to the pump pulses and a polarizer was
used to block the coherence spike. For all three angles, the signal
decayed in 5 ps, giving a different value for the diffusion
coefficient at each grating spacing. The values of D given by
Eq.5.4.1 would be 1.6 x 10%, 4 x 10° and 8 x 10 cm® sec™! for the 18,
9 and 4 micron spacings, respectively, if the grating decay mechanism
was diffusion. There is no physical reason for different gratings
spacings to have different diffusion coefficients. These values of D
are also much larger than those in the literature.33 Ballistic
diffusion as the grating decay mechanism is contradicted by the lack
of dependence of the grating decay time on the grating spacing or pump

intensity.

5.4.2 Three pulse concentration grating data
with non-degenerate pump and probe

Since the degenerate four-wave mixing data made it apparent
that the source of the GaAs non-linearity was not a simple population
grating but also depended on the carrier temperature and distribution
function, additional transient grating data was taken over a range of

probe energies.

The energy distribution of the three pulses was adjusted (by
changing BS1 in figure 5.3.1) to be approximately equal. Neither the

direction nor polarization of pump pulses 2 and 3 at 6200 A were



Diffracted Intensity

hath N

Figure 5.4.2a.

16 20

Time (ps)

Diffracted intensity at a grating spacing of 4 microns.

24

0ge



Diffracted Intensity

1.00 ——r

-4 0 4 8 12 16 20 24
Time (ps)
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changed. However a 1 cm cell of CCl4 was inserted in the path of
probe (pulse 1). Pulse 1 was tightly focused into the cell by a
convex lens of 5 cm focal length and then recollimated by a 2.5 cm
focal lens. The direction of propagation of the probe was not
changed. A 2-59 corning filter was inserted in the probe path to
reduce the intensity of the probe at 6200 A but not at longer
wavelengths. The delay line was adjusted to compensate for the longer
travel time of the probe. The photodiode detector was replaced by a

spectrometer and an R943 photomultiplier tube with a GaAs response.

The transient grating curves taken at probe energies of 1.84 eV
(6750 A), 1.77 eV (7000 A), 1.71 eV (7250 A), 1.653 eV (7500 A), 1.80
eV (7750 A),, and 1.55 eV (8000 A) are shown in figures 5.4.3a-f.
The pump photon energy of 2.0 eV was not changed. The curves exhibit
a two component relaxation, a short component of 4-6 picoseconds and a
long component, longer than the experimental delay line. The
amplitude of the 1long component relative to the short component
increases as the probe energy is tuned closer to the band gap. This
is consistent with the model in section 5.2, where, at energies high
above band gap, the four-wave mixing signal in GaAs depends on the
distribution of electrons between the different valleys (the fast
component) but near (or below) band gap, the intraband term dominates

and the grating decays by recombination and diffusion.
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Figure 5.4.3a. Diffracted intensity for a probe energy of 1.84 evV.
The pump energy is 2.0 eV. The grating spacing is 9 microns.

24

gee



Diffracted Intensity

1.

OO T T T I T T T ] T 1 T l T T T ' Ll 1 T l T T

/\x\fj\j : PR S | L |- l Lo L1 p | TE|

i

.00
-4 o) < 8 12 16

Time (ps)

Figure 5.4.3b. Diffracted intensity for a probe energy of 1.77 eV.
The pump energy is 2.0 eV. The grating spacing is 9 microns.
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Figure 5.4.3c. Diffracted intensity for a probe energy of 1.71 eV.
The pump energy is 2.0 eV. The grating spacing is 9 microns.
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Figure 5.4.3d. Diffracted intensity for a probe energy of 1.65 eV.
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Figure 5.4.3e. Diffracted intensity for a probe energy of 1.60 eV.

The pump energy is 2.0 eV. The grating spacing is 9 microns.
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5.4.3 Determination of the effective L » I' intervalley
scattering time in GaAs from transient grating data

In order to wunderstand the grating decay under these
experimental conditions, one must examine the change in the dielectric
function under intense optical excitation. As discussed in section
5.2, the change in the dielectric function is caused by both changes
to the refractive index (real part of n) and to the absorption
(imaginary part of n). Using the model presented in section 5.2, the
grating decay is caused by the increase in the interband contribution
to 581 and to 682 as electrons scatter back to the I'valley from the

L-valleys.

The scattering time for electrons to scatter from the I' to the

51,52 .
’ The return time,

L-valleys has been measured to be under 80 fs.
due to the smaller density of states in the I'valley is about 25 times
slower. Under the conditions of high carrier density and temperature,
a thermalized distribution will have a significant fraction of
electrons in the TI'-valley with enough energy to transfer to the
L-valley (0.286 eV). Therefore electrons can undergo multiple
scattering back and forth between the ' and L-valleys before relaxing
to the bottom of the I'valley. Shah et a1®? using measurements of the
photoluminescence risetime and the Ensemble Monte Carlo method have

determined the intervalley return rate. Their results give an L to T

intervalley scattering time of 2.7 ps.

The effective L - I' scattering time is determined by fitting

the four-wave mixing signal with the calculation of |6e|2 in section
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5.2.7. Theoretical calculations of |68|2. assuming cooling rates of
0, 50, 100, and 150 K/ps, were compared to the degenerate four-wave
mixing curves. The carrier temperature at 1 ps is taken to be 1400 K
and the final temperature is 500 K (this is consistent with the pump
and probe absorption data of chapter 4). The excited population n =
-3

n = 1.2 x 1019 cm

h This is 60% of the estimated carrier density

determined in the pump and probe absorption of chapter 4; the smaller
density was used since the grating spot size was 60% larger than the
pump spot size in the absorption data. It is assumed that only 20%

of the electrons are in the I'-valley at 1 ps.53

The  proceedure used to fit the curves, consisted of first
plotting |6€|2 at 2.0 eV, as function of the electron distribution (as
in figure 5.2.4f) for temperatures in the range of 500 to 1400 K at 50
K intervals. The curves were normalized such that |8€|2 = 0.9 for

-3

the carrier conditions of: T= 1400 K, n_= 1.2 x 10" cem’S, nL. = 2.5

X 1019 cm"3 and neL = 9.5 x 1019 cm_s, as described in the previous

paragraph; 0.9 is the measured diffracted intensity relative to the
intensity at t=0 (see the curve in figure 5.4.1a). Next, the carrier
temperatures were calculated at 1 ps intervals for cooling rates of O,
50, 100 and 150 K/ps. For each assumed cooling rate, at 1 ps
intervals, it was determined which I' and L valley populations would
give a relative value of |e|2 consistent with the measured decrease in
the diffracted intensity. This gave nL(t). An exponential decay, for

the L-valley population, was assumed, of the form

-t
nL(t) = nL(O) exP[rerr] {5.4.2)
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where teff is the effective L - I' scattering time. A linear least
squares fit was made for Ln[nL(t)] to give Tesr. This was repeated
for cooling rates of 0, 50, 100 and 150 K/ps. The L > I' times as
determined by this method were 6.2, 8.2, 10.5, and 13.5 ps

respectively. A typical grating signal curve is shown in fig 5.4.4

as well as the grating signal calculated for: vTesr = 6.2 ps, g% =0
dT dT

K/ps; Tefr = 8.2 ps, 3t = -50 K/ps; Tefr = 10.5 ps, at - -100 K/ps;

and terf = 13.5 ps, g% = -150 K/ps.

The distribution and temperature dependence of &8¢ differs with
probe frequency, hence the non-degenerate transient grating data can,
in principle, be analyzed to separate the component of the grating
relaxation due to carrier cooling from the component due to L > T
scattering. A combination of the poor signal to noise of the
non-degenerate grating signal and other corrections omitted from the
theoretical calculations (i.e. band gap renormalization, band
non-parabolicity, etc) make it impossible to do a more precise
separation of the L 5 I' grating component from the component due to
carrier cooling. However, from the results of pump and probe
absorption measurements, the carrier cooling rate is estimated to be
between 50 and 100 K/ps. From this, the L -5 TI' effective scattering

rate is determined to be 9 * 2 ps.

5.4.4 Orientation grating in GaAs

GaAs has cubic symmetry and therefore the 21 non-zero elements

of 7‘:?;1 are those for which i=j=k=1, i=j and k=1, i=k and j=1, and

i=1 and j=k. The other 60 terms are zer'o.31
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In a three pulse orientation grating experiment, with the two

pump pulses polarized in the 9 and 2 direction, and the probe pulse

polarized in the 2 direction, x(S) and x(a) are the source terms
ZZyZzZ yzyz
for the nonlinear polarization. The x;:;z term is the 9 polarized

pump pulse scattering from the grating formed by the other pump pulse
and the probe pulse. The signal is 9 polarized and is the population
grating signal discussed previously. x;:;z is the source term for the
2 polarized probe scattering from the orientation grating formed by

the pump pulses. From symmetry, for a cubic material this term should

be zero.

In GaAs, the conduction band is S-like and the valence bands
are P-like. Most (>B60%) of the electrons photoexcited by a 2.0 eV
laser are excited from the heavy-hole band. These electrons are
excited with their momentum oriented perpendicular to the electric
field. The orientation of these planes change as the direction of the
electric field polarization rotates across the sample. This lowers
the symmetry of the GaAs by creating a preferred direction
(perpendicular to the momentum planes) and x;:;z is no longer equal to
zero. This orientation grating decays as the electrons and holes
randomize direction 1in k-space by carrier-carrier, polar phonon
emission and intervalley (for electrons) scattering. Oudar?’ studied
the polarization dependence of pump and probe absorption results to
measure the momentum relaxation time in GaAs. It was found to be 190
fs. This work was done close to band edge, where there was no phonon

. s . . 17
emission and at moderate carrier concentrations ( = 10 ).
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The three pulse orientation grating experiment did not resolve
the momentum relaxation time. Shorter pulses of less than 100 fs
should be used to determine tu‘ The detected signal was approximately
equal to the pulse autocorrelation and depended principally on the
pulse width, and the exactness of the temporal overlap of the pump
pulses. Deconvolution of the signal is impossible due to the poor
signal to noise and the lack of information about the exact pulse

shape (which was highly chirped).

Even though the temporal resolution was poor, an alternate
attempt was made to estimate the momentum relaxation time from the
orientation grating signal. The probe pulse was blocked and the
signal in the 20 and -6 directions were detected simultaneously by two
photodiodes. The signal was in directions "C" (K2 + K2 - K3) and "K"
(K3 + K3 - Ka) in figure 5.3.2. Using only two pulses simplified the
temporal alignment. Since the two signals were detected
simultaneously, fluctuations in the laser bandwidth or pulse width
would not distort the data. A typical set of curves are shown in
figure 5.4.5. Pulse #2 was delayed from -1.7 to + 1.7 ps. In the K2
+ K2 - K:3 direction, pulse #2 is both a pump as well as the probe
pulse and therefore this diffracted signal is temporally delayed
slightly due to the response of the material. In the K3 + K3 - K2
direction, pulse #3 1is both a pump and the probe pulse. The
diffracted signal is slightly shifted to earlier times (a negative

delay for pulse #2 is a positive time delay for pulse #3).

The shift in time between signals in the 20 and -0 directions
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gives a measure of the momentum relaxation times. The temporal shift
in the two curves in figure 5.4.5 at the intensity half maximum point
is 65 fs. From this data and the analysis to be discussed in the next

section, the momentum relaxation time is estimated to be 120 fs.

An expression for the diffracted signal in the K2 + K2 - K3

. : : . 28,31
direction is given by ™’

400 t 2
2 *
GZ(T) = J |E2(t+'t)l J E2(®+T)E3(®) A(t-08)de | dt (5.4.3)

-0 -0

and in the K3 + K3 - K2 direction, the diffracted signal is given by

t 2
J E3(®—T)E:(®) A(t-8)de | dt (5.4.4)

+00
G, (%) =J |E,(t-7) |®

-00

=00

where A(t), for an orientation grating, is the response of the GaAs to
the anisotropic momentum distribution. It is clear that Gz(r) =
Gé(—t). Any asymmetry in G(t) is due to the finite response of the

material. If A(t) were a 8-function, G(t) would be symmetric about <t

2
Consider a gaussian pulse, I = Ioexp(—}Tg), and an exponential
response, A(t) = Aoexp(—}TM), where T4 is the momentum relaxation
time. The inner integral in Eq 5.4.3 can be expressed in terms of an

error function. Eq. 5.4.3 becomes

(eo)

2 2 2
G(t) = Jexp[—L ST 2t T ]erf‘cz[— t T e ]dt . (5.4.5)

2 2 Tp 2t 2TH
—w Tp 27Tp TM THM 27TH P P
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This integral was evaluated for a 450 fs pulse (FWHM) and
momentum relaxation times, 7™M, in the range of 50 to 500 fs, by
approximating the error f‘unction63 and numerically integrating. The
results (G(t) and G(-t) are plotted in figure 5.4.6a-c for T, = 100,
125, 150 fs respectively. In figure 5.4.7, the peak shift, 7shift, is
plotted as a function of Ty The shift in the curves is defined as
the difference in the points of half maximum intensity between G(t)
and G(~t). The half maximum points were chosen rather than the peak
position because noise fluctuation in the data made a precise
determination of the peak intensity very difficult. The intensity
FWHM of G(t) is plotted in figure 5.4.8 as a function of Ty As can
be seen by figure 5.4.8, the FWHM of G(t) is not sensitive to TH for
Ty < Tp and therefore measuring the signal FWHM in not as accurate a
method as measuring the time shift of the peak position of the

scattered signal.

A comparison of these calculations with the data in figure
5.4.5 show that the carrier momentum randomizes by carrier-carrier
scattering in about 120 fs. A more accurate fit would require a

detailed knowledge of the pulse shape, chirp and shorter pulses.
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Chapter 6 Conclusions and future research

The conclusions of this thesis work as well as areas for

future related research are summerized below.

The femtosecond laser system constructed for this thesis work
is currently operational with a pulse width of 50 femtoseconds
duration. The femtosecond laser amplifier gain is 5 x 109
Optimization of the DODCI concentration and the use of the appropriate
mirrors can reduce the oscillator pulse width to = 30 fs. The
amplified pulse can be compressed by the use of either a grating pair

or four prisms to give output pulses of under 100 fs in duration and

greater than 100 microjoules per pulse (peak power > 10° watts cm?).

The results of the pump and probe absorption experiment show
that the excited carriers achieve a thermalized distribution after 800
fs. This time is much longer than the carrier-carrier scattering time
indicating that it takes 30 to 40 carrier-carrier collisions to
achieve a Fermi-Dirac distribution. Pump and probe absorption, as a
direct measurement of the excited carrier distribution function is an

excellent experimental technique for studying hot carriers in GaAs.

Future research requires a shorter pulse width (< 50 fs) to
increase the temporal resolution and thereby clarify much of this
work. These future efforts can be used study electron-hole energy
transfer by probing at energies much greater than the pump photon

energy. Studying the time resolved transmission changes at the onset
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of splitoff band transistions can yield information about intervalence

band scattering (SO » HH and SO -» LHJ).

In this thesis, the first measurements of both the dispersion
and bleaching components of the free carrier contribution to de were
studied by the time-resolved transient grating technique. These
results were used to determine the L - I' intervalley scattering time
in GaAs. This effective time was measured to be 9 ps indicating a L -
I' time of 3 ps. The results of the orientation grating experiment, by
comparing the four-wave mixing signal in the 20 and -8, were used to
measure the momentum relaxation time. This time was determined to be

140 fs.

Future efforts with a shorter pulse width ( <50 fs) can
contunue this work with increased temporal resolution and attempted to
separate the electron and hole components of the momentum relaxation.
Transient orientational grating experiments can also be used to study

momentum relaxation of excited carriers in AlGaAs-GaAs superlattices.
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Appendix

Fdcond. for

This program calculates the quasi-Fermi levels for the
conduction band of GaAs correcting for band non-parabolicity.
dimension eln(30), xgf1(900)

write(*,813)

format (1x, ’use for non-para. cond. band ')
write(*,815)

format (1x, ’destination file for fermi-level’/)
open(3,file="eflnp.dat’,status="new’)
write(*,96)

format (1x, 'enter how many different densities to compute’)
read(*,*) inumb

write(*,98)

format(1x, 'enter density of excited carriers’)
do 97 1=1, inumb

read(*,*) eln(l)

cont inue

write(*,21)

format(1x, ’Enter Max. & Min. Temp. & Temp. Interval’)
read(*,*) itmx

read(*,*) itmn

read(*,*) itv

ittn=(itmx-itmn)/itv+1

write(3, 109) inumb

write(3,109) ittn

format (1x, I4)

icqf1=0

xm=. 063*sqrt (.063)

eg=1.424

a=15.%.830/(4.*1.424)

do 95 1=1, inumb

do 1 i=itmn,itmx,itv

WRITE(*,*) eln(1),1

t=float (i)

tk=(8.617e-5)*t

ala=4.83E15*t*sqrt(t)/eln(1)

do 701 j=1,150

efg=float(j-1)*.2/tk-3./tk

if(efg.le.-80.) efg = -80.

if(efg.ge.1.) goto 703
fg=exp(efg)/(1.+.27*exp(efg))
fge=(alog(1l.+.27*exp(efg)))/.27

goto 704

fg=.752*((efg**2+1.T)** 75)

fge=.3*efg**2*sqrt (efg)+1.73*sqrt(efg)
continue

if(fg.le.1e-35) fg=0.0

at=ala*xm* (fg+a*tk*fge)-1.

if(at.ge.0) goto 709

continue
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do 2 j=1,500
efgl=efg-float(j-1)*.0005/tk
if(efgl.ge.1.) goto 3
fg=exp(efgl)/(1.+.27*exp(efgl))
fge=(alog(1l.+.27*exp(efgl)))/.27
goto 4
Tg=.752*((efgl**¥2+1.T)** 75)
fge=.3%efgl**2*sqrt(efgl)+1. 73*sqrt(efgl)
continue
at=ala*xm*(fg+a*tk*fge)-1.
ab=at*at

if(ab.1le.0.0001) goto 9
continue

write(*,718) t

format (1x, ' fermi level not found’,f5.0)
ef'gl1=-10000.

ef=efgl*tk

icgfl=icqgfl+1

xqfl(icqfl)=ef

continue

continue

do 732 i=1, inumb

write(3,*) eln(i)

do 734 j=1,ittn
ix=ittn*(i-1)+]
temp=float(itmn+itv*(j-1))
write(3,733) temp,xqfl(ix)
format(1x,f5.0,2x,f7.4)
continue

continue

end
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Fdcondp. for

This program calculates the quasi-Fermi level for the

conduction band of GaAs assuming a parabolic band.

dimension eln(30), xqfl(S00)
write(*,813)

format (1x, 'use for parabolic conduction band’)

open(3,file='eflp.dat’,status="new’)
write(*,96)

format(1x,’enter how many different densities to compute’)

read(*,*) inumb
write(*,98)

format(1x,’enter density of excited carriers’)

do 97 1=1, inumb

read(*,*) eln(1)

continue

write(*,21)

format(1x,’Enter Max. & Min. Temp. & Temp.
read(*,*) itmx

read(*,*) itmn

read(*,*) itv
ittn=(itmx-itmn)/itv+1
write(3, 109) inumb

write(3, 109) ittn

format (1x, 14)

icqf1=0

xg=.083*sqrt (.063)

eg=1.424

do 95 1=1, inumb

do 1 i=itmn,itmx, itv
WRITE(*,*) eln(1),1
t=float(i)

tk=(8.617e-5)*t
ala=4.83E15*t*sqrt(t)/eln(1)
do 701 j=1, 150
efg=float(j-1)*.2/tk-3. /tk
if(efg.le.-80.) efg=-80.
if(efg.ge.1.) goto 703
fg=exp(efg)/(1.+.27*exp(efg))
goto 704
fg=.752*((efg**2+1.7)** 75)
continue

at=ala*xg*fg-1.

if(at.ge.0) goto 709
continue

do 2 j=1,500
efgl=efg-float(j-1)*.0005/tk
if(efgl.ge.1.) goto 3
fg=exp(efgl)/(1.+.27*exp(efgl))
goto 4
fg=.752*((efgl**2+1.7)%* . 75)
continue

at=ala*xg*fg-1.

ab=at*at

Interval’)
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if(ab.1le.0.0001) goto 9
continue

write(*,718) t
format (1x, ’'fermi level not found’, £5.0)
efgl1=-10000.

ef=efgl*tk

icgfl=icgfl+1l
xqfl(icqfl)=ef

continue

continue

do 732 i=1, inumb
write(3,*) eln(i)

do 734 j=1,ittn
ix=ittn*(i-1)+j

temp=float (itmn+itv*(j-1))
write(3,733) temp,xqfl(ix)
format(1x, £f5.0,2x,£7.4)
continue

continue

end
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Fdhh. for

This program calculates the quasi-Fermi level for the valance
band of GaAs considering only the heavy-hole band.
dimension eln(30), xqfl(900)

write(*,813)

format (1x, 'use for heavy hole valence band’)
open(3, file='vflhh.dat’,status="'new’)
write(*,96)

format (1x, ’enter how many different densities to compute’)
read(*,*) inumb

write(*,98)

format (1x, 'enter density of excited carriers’)
do 97 1=1, inumb

read(*,*) eln(1)

cont inue

write(*,21)

format (1x, ’Enter Max. & Min. Temp. & Temp. Interval’)
read(*,*) itmx

read(*,*) itmn

read(*,*) itv

ittn=(itmx-itmn)/itv+1

write(3, 109) inumb

write(3, 109) ittn

format (1x, 14)

icqgf1=0

xm=. 5*sqrt(.5)

eg=0.0

do 95 1=1, inumb

do 1 i=itmn,itmx,itv

WRITE(*,*) eln(1),1I

t=float (i)

tk=(8.617e-5)*t

ala=4.83E15*t*sqrt(t)/eln(1)

do 701 j=1,150

efg=float(j-1)*.2/tk-3./tk

if(efg.ge.1.) goto 703

if(efg.le.-80.) efg=-80.
fg=exp(efg)/(1.+.27*exp(efg))

goto 704

fg=.752*((efg**2+1.7)%*.75)

cont inue

at=ala*xm*fg-1.

if(at.ge.0) goto 708

continue

do 2 j=1,500

efgl=efg-float(j—-1)*.0005/tk

if(efgl.ge.1.) goto 3
fg=exp(efgl)/(1.+.27*exp(efgl))

goto 4

fg=.752*((efgl**2+1.7)**_ 75)

cont inue

at=ala*xm*fg-1.

ab=at*at
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if(ab.1le.0.0001) goto 9
continue

write(*,718) t

format (1x,’'fermi level not found’,f5.0)
efgl=-10000.

ef=-efgl*tk

icgfl=icqgfl+1
xqfl(icqgfl)=ef

continue

continue

do 732 i=1, inumb
write(3,*) eln(1i)

do 734 j=1,ittn
ix=ittn*(i-1)+j
temp=float(itmn+itv*(j-1))
write(3,733) temp,xqfl(ix)
format(1x,f5.0,2x,£7.4)
continue

continue

end
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Fdval. for

This program calculates the quasi-Fermi level for the valance

band of GaAs considering the
light-hole as non-parabolic.
dimension eln(30), xqfl(900)
write(*,813)

heavy-hole as parabolic and the

format(1x,’use for para. HH & non-para. LH val. band’)

write(*,815)

format (1x, ’destination file for fermi-level’/)
open(3,file="hflval.dat’,status='new’)

write(*,96)

format (1x, ’enter how many different densities to compute’)

read(*,*) inumb
write(*,98)

format (1x, 'enter density of excited carriers’)

do 97 1=1, inumb

read(*,*) eln(1)

continue

write(*,21)
format (1x, 'Enter Max. & Min.
read(*,*) itmx

read(*,*) itmn

read(*,*) itv
ittn=(itmx-itmn)/itv+1
write(3, 108) inumb
write(3,109) ittn

format (1x, I4)

icqgfl=0

xmhh=. 5*sqrt(.5)
xmlh=.076*sqrt(.076)
eg=0.0
a=3.8%15./(4,%1.424)

do 95 1=1, inumb

do 1 i=itmn,itmx,itv
WRITE(*,*) eln(1),1
t=float(i)

tk=(8.617e-5)*t
ala=4.83E15*t*sqrt(t)/eln(l)
do 701 j=1, 150
efg=float(j-1)*.2/tk-3./tk
if(efg.ge.1.) goto 703

fg=exp(efg)/(1.+.27*exp(efg))
fge=(alog(1l.+.27*exp(efg)))/.

goto 704
fg=.762*%((efg**2+1.7)**.75)

Temp. & Temp. Interval’)

27

fge=.3%efg*efg*sqrt(efg)+1. 73*sqrt (efg)

continue
if(fg. le. 1le-35) fg=0.0

at=ala*( (xmhh+xmlh)*fg+xmlh*a*tk*fge)-1.

if(at.ge.0) goto 709
continue

do 2 j=1, 500
efgl=efg-float(j-1)*.0005/tk
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if(efgl.ge.1.) goto 3
fg=exp(efgl)/(1.+.27%exp(efgl))
fge=(alog(l.+.27*exp(efgl)))/.27

goto 4

fa=.752*((efgl**2+1.7)%* 75)
fge=.3%efgl*efgl*sqrt(efgl)+1. 73*sqrt (efgl)
continue

at=ala*( (xmhh+xmlh)*fg+xmlh*a*tk*fge)-1.
ab=at*at

if(ab.1e.0.0001) goto 9

cont inue

write(*,718) t

format (1x,’fermi level not found’,f5.0)
efg1=-10000.

ef=—-efgl*tk

icqgfl=icqfl+l

xqfl(icgfl)=ef

continue

cont inue

do 732 i=1, inumb

write(3,*) eln(i)

do 734 j=1,ittn

ix=ittn*(i-1)+]
temp=float(itmn+itv*(j-1))

write(3,733) temp,xqfl(ix)
format(1x,f5.0,2x,f7.4)

continue

continue

end
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Fdglx.for

This program calculates the quasi-Fermi level and density of
carriers in each valley of the conduction band of GaAs when
the valleys are in equilibrium (common temperature and
quasi-Fermi level). It considers the non-parabolicity of the
I' valley but treats the L and X valleys as non-parabolic.
dimension eln(30)

write(*,813)

format (1x,’For non-para. cond. band considering all valleys’)
open(1,file="eflglx.dat’,status=’'new’)

write(*,96)

format (1x,’enter how many different densities to compute’)
read(*,*) inumb

write(*,98)

format (1x,’enter density of excited carriers’)

do 97 1=1, inumb

read(*,*) eln(1)

continue

write(*,21)

format (1x, 'Enter Max. & Min. Temp. & Temp. Interval’)
read(*,*) itmx

read(*,*) itmn

read(*,*) itv

ittn=(itmx-itmn)/itv+1

icqfl=0

xm=, 063*sqrt (.063)

xml=, 56*sqrt (. 56)

xmx=, 85*sqrt (. 85)

el=.285

ex=. 476

a=15. *.830/(4. *1. 424)

do 95 1=1, inumb

do 1 i=itmn, itmx, itv

t=float (i)

tk=(8.617e-5)*t

ala=4.83E15*t*sqrt(t)/eln(1)

do 701 j=1, 180

efg=float(j-1)*.2/tk-3. /tk

if(efg.le.-80.) efg = -80.

efl=efg-.286/tk

efx=efg-.476/tk

if(efl.le.~80.) efl1=-80.

if(efx.le.-80.) efx=-80.

if(efg.ge.1.) goto 702

fg=exp(efg)/(1.+.27*exp(efg))
fge=(alog(1.+.27*exp(efg)))/.27

goto 703

fg=.752*((efg**2+1.7)** . 75)
fge=.3*efg**2*sqrt (efg)+1. 73*sqrt (efg)

if(efl.ge.1.) goto 704

fl=exp(efl1)/(1.+.27*exp(efl))

goto 705

£1=752%((ef1**2+1.7)** 75)
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if(efx.ge.1.) goto 706
fx=exp(efx)/(1.+.27*exp(efx))
goto 707
fx=.752%((efx**2+1.7)%* 75)
cont inue

at=ala* (xm* (fg+a*tk*fge)+xml *f1+xmx*fx)-1.

if(at.ge.0) goto 709

continue

do 710 j=1,500
efgl=efg~float(j-1)*.0005/tk
efll=efgl-.286/tk
efxl=efgl-.476/tk

if(efgl.ge.1.) goto 711
fg=explefgl)/(1.+.27*exp(efgl))
fge=(alog(1l.+.27*exp(efgl)))/.27
goto 712

Fg=.752% ((efgl**2+1.7)*%*.75)
fge=.3*%efgl**2*sqrt(efgl)+1. 73*sqrt (efgl)
if(efll.ge.1.) goto 713
fl=exp(efll)/(1.+.27*exp(efll))
goto 714
£l=.752*((efl1**2+1.7)*%* 75)
if(efxl.ge.1.) goto 715
fx=exp(efx1)/(1.+.27*exp(efx1))
goto 716
£x=.752*%((efx1**2+1.7)}**.75)

at=ala*(xm* (fg+a*tk*fge)+xml*fl+xmx*fx)-1.

ab=at*at

if(ab.1e.0.0001) goto 9

continue

write(*,718) t

format (1x, ’fermi level not found’,f5.0)
ef=efgl*tk

zng=ala*xm* (fg+a*tk*fge)*le-18%eln(1)
znl=ala*xml*f1*1le-18*eln(1)
znx=ala*xmx*fx*1e-18*eln(1)

write(*,99) t,zng,znl, znx

write(1,99) t,zng,znl, znx

format (1x, f5.0, 2%, 5. 3, 2%, f5. 3, 2%, f5. 3)
continue

continue

end
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Dielel.for

This program calculates the intraband and interband
contributions to 8¢l for probe frequencies above band gap.
It uses Simpsons rule to integrate eq. 5.2.5a and 5.2.5c.
dimension x1(6)

integer hw, hwl, hw2

real*8 x(1502), xnr

open(4, file='c:\for\data\probener.dat’, status=’0ld’)
read(4,*) nprobe

do 500 i=1, nprobe

read(4,*) x1(i)

continue
open(1,file=’c:\for\data\efl.dat’,status='old’)
open(2, file='c:\for\data\hfl.dat’,status='0ld’)
open(3,file="diel.dat’,status='new’)

read(2, *) numbhd, numbt

read(1, *) numbed, numbt

numb=numbhd*numbt

do 899 ih= 1, numb

read(2, *) tk, uh, xhm

xfh=-uh/tk

if(xfh.le.1.) goto 303

f12h=, 752* (xfh*xfh+1.B65)**(.75)

goto 304

f12h=exp(xfh)/(1.+.27*exp(xfh))

xhd=6. 04e21*xhm*sqrt (xhm)*tk*sqrt (tk)*f12h
xintr=-2. 466e-20*xhd

do 203 in=1, numbed

read(1, *) ue, xem

xmrl=1./(1./xem+1. /xhm)

xmr=xmr1*sqrt (xmr1)

do 15 k=1, nprobe

xhw=x1 (k)

xh=xhw*xhw

Xxintra=xintr/xh

xx=1000. *(xhw-1. 424)

hw=int (xx)

hwl=hw-6

hw2=hw+6

do 501 i=1, 1502

x(1)=0.0

cont inue

do 10 i=1, hwl

e=.001*float (i)

fe=1./(1.+exp((.87*e~ue)/tk))

fh=1./(1.+exp((uh+. 13*e)/tk))
x(i)=sqrt(e)*(fe+fh)/((e+1.424)* (xh-(e+1.424)%*2))
continue

do 20 i=hw2, 1200

e=,001*float (1)

fe=1./(1.+exp((.87*e-ue)/tk))

fh=1. /(1. +exp((uh+. 13*e)/tk))
x(i)=sqrt(e)*(fe+fh)/((e+1.424)*(xh-(e+1.424)**2))
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cont inue

abe=(.87*%(xhw-1.424)-ue)/tk
fe=1./(1.+exp(abc))
fh=1./(1.+exp((.13*(xhw-1.424)+uh)/tk))
xr=float (iw)*7.9e-4*(fe+fh)/(2. *xh*sqrt (xhw-1.424))
xnr=-x(1)-x(hwl)-x(hw2}-x(1200)

do 100 i=1,hwl,?2

xnr=xnr+2. *x(i)+4. *x(i+1)

continue

do 101 i=hw2, 1499,2

xnr=xnr+2. *x(1)+4. *x(i+1)

continue

xnr=1. 988e-2*xmr*xnr

xXinter=xnr+xr

xfg=ue/tk

if(xfg.le.1.0) goto 301

f12g=.752* (xfg*xfg+1.65)**(.75)

goto 302

fl12g=exp(xfg)/(1.+.27*exp(xfg))
xed=6.04e21*xem*sqrt (xem) *tk*sqrt (tk)*fi2g
x1ld=xhd-xed

xhd1l=xhd*1.0E-18

xedl=xed*1.0E-18

x1d1=x1d*1.0E-18

write(*,40) tk,xhw, xhdl, xedl,xldl
write(3,40) tk, xhw, xhdl, xed1, x1d1

format (1x, 5. 4, 2%, f5.2,2x%,f5.2,2x, 5.2, 2%, f5.2)
xlinter=1.56e-21*x1d/(xh-9.61)
diel=xintra+xinter+xlinter

diel2=diel*diel

write(*,999) xintra,xinter,xlinter,diel,diel?2
write(3,999) xintra,xinter,xlinter,diel,diel2
format (1x, 4(f6. 4, 3x),2x,£8.6)

continue

continue

continue

stop

end
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Dielelbg. for

This program calculates 8¢l for probe frequencies below band
gap. It uses Simpsons rule to integrate Eq. 5.2.5c.
dimension xhwl{20)

real*8 x(1502), xnr
open(1,file=’c:\for\data\efl.dat’,status="0ld’')
open(2,file=’c:\for\data\hfl.dat’, status='01d’)
open(3,file=’diel.dat’,status="new’)

open(4, file=’c:\for\data\probener.dat’,status='0ld’)
read(4, *) nprobe

do 151 i=1, nprobe

read(4,*) xhwi(i)

continue

read(2, *) numbhd, numbt

read(1,*) numbed, numbt

numb=numbhd*numbt

do 899 ih= 1, numb

read(2, *) tk, uh, xhm

xfh=-uh/tk

if(xfh.le.1.) goto 303

f12h=.,752*% (xfh*xfh+1.65)**(.75)

goto 304

f12h=exp(xfh}/(1. +.27*exp(xfh))
xhd=6.04e21*xhm*sqrt (xhm)}*tk*sqrt (tk)*f12h
xXintr=-2. 466e-20*xhd

do 203 in=1, numbed

read(1,*) ue, xem

xmri=1./(1./xem+1. /xhm)

xmr=xmr1*sqrt (xmr1)

do 15 ihw=1, nprobe

xhw=xhw1l (ihw)

xh=xhw*xhw

xintra=xintr/xh

xx=1000. *(xhw-1. 424)

do 501 i=1, 1502

x(1)=0.0

continue

do 10 i=1,1501

e=.001*float (i)

fe=1./(1.+exp((.87*e-ue)/tk))

fh=1./(1. +exp((uh+. 13*e)/tk))
x(i)=sqrt(e)*(fe+fh)/((e+1.424)*(xh-(e+1.424)%*2))
continue

xnr=-x(1)-x(1500)

do 100 i=1,1493,2

xnr=xnr+2. *x (i) +4. *x(i+1)

continue

xinter=1.988e-2*xmr*xnr

xfg=ue/tk

if(xfg.le.1.0) goto 301

f12g=.752% (xfg*xfg+1.65)**(.75)

goto 302

f12g=exp(xfg)/(1.+.27*exp(xfg))



302

40

999
15

203
899

272

xed=6.04e21*xem*sqrt (xem) *tk*sqrt (tk)*f12g
x1d=xhd-xed

xhd1=xhd*1.0E-18

xedl=xed*1.0E-18

x1d1l=x1d*1.0E-18

write(*,40) tk,xhw, xhdl, xedl, xld1l
write(3,40) tk, xhw, xhdl, xed1, x1d1
format(1x,f5.4,2x,f5.2,2x%, 5.2, 2x%, 5.2, 2x%,f5.2)
xXlinter=1.56e-21*x1d/(xh~-9.61)
diel=xintra+xinter+xlinter

diel2=diel*diel

write(*,999) xintra,xinter,xlinter,diel,diel2
write(3,999) xintra,xinter,xlinter,diel,diel?2
format(1x,4(f8. 4, 3x),2x,f8.6)

continue

continue

continue

stop

end
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Diele2.for

This program is used to calculate 82 from Eq. 5.2.12.
DIMENSION FE(8,10,5), FH(10,5), XHW(5), DIELE2(8, 10,5)
OPEN(1, FILE="EFLNP. DAT’ , STATUS="0LD’ )

OPEN(2, FILE=" HFLVAL. DAT’ , STATUS="0OLD’ )

OPEN(3, FILE="DIELE2. DAT’ , STATUS="NEW’ )

XHW(1)=1.653

XHW(2)=1.71

XHW(3)=1.77

XHW(4)=1.84

XHW(5)=2.01

READ(2, *) ND, NT, DEN

DO 100 J=1,10

READ(2, *) T,UH

TK=T*8.617E-5

Do 100, I=1,5

EH=-.063* (XHW(I)-1.424)/.563
FH(J,I)=1./(1.+EXP((UH-EH)/TK))

CONTINUE
READ(1,*) ND,NT
DO 101 K=1,8

READ(1, *) DEN

DO 101 J=1,10

READ(1,*) T,UE

TK=T*8.617E-5

DO 101 I=1,5

EE=.5*(XHW(I)-1.424)/.563

TEMP=(EE-UE)/TK

FE(K,J,I)=1./(1.+EXP((EE-UE)/TK))

CONTINUE

EG=1. 424
=SQRT(1./((1./.083+1./.5))*3.1)*(1E~14)

HBAR=1. 054E-27

ELECT2=(4.8E-10)**2

C1=ELECT2/(HBAR*2*3. 14186)

C2=EG*SQRT(2. )*XMR

DO 102, K=1,8

DO 102, J=1,10

Do 102, I=1,5

C3=SQRT(XHW(I)-EG)/(XHW(I)**2)

C4=C1*C2*C3/SQRT(1.602E-12)

DIELE2(K, J, I)=C4*(FE(K, J, I)+FH(I,J))

WRITE(*,*) I,J,K,DIELE2(K,J,I)

CONTINUE

DO 103, I=1,5

DO 103, J=1,10

DO 103, K=1,8

K1=K+2

WRITE(3, 104) K1,DIELE2(K,J,I)

FORMAT(1X,12,’,’F6.5)

CONTINUE

STOP

END
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Kztr. bas

DIM COUNT(1023), XSI1G(1023), XREF(1023), XPR(1023), SPR(1023), SREF(1023)

DIM B$(10),XP(1023),YSIG(511),TIME(511),Y(525), XPLOT(511)
"THIS PROGRAM ACCEPTS THE PROBE AND REFERENCE SIGNALS FROM THE TRACOR"
"SIGNAL AVERAGER IN THE PUMP AND PROBE ABSORPTION EXPERIMENT. THIS"
"PROGRAM ACCEPTS A PREDETERMINED NUMBER OF SCANS FOR AVERAGING, PLOTS"
“"THE DATA ON THE SCREEN AND ALLOWS THE OPTION OF ACQUIRING MORE DATA."
"THIS PROGRAM REJECTS ALL DATA FCR WHICH THE REFERENCE COUNTS FALLS"
"OUTSIDE THE LIMITS SET BELOW"

INPUT"START, FIRST & SECOND RATE CHANGE POINTS";ST1,ST2, ST3

INPUT"INITIAL, MIDDLE & FINAL UNIDEX FEED RATES";FR1, FR2, FR3

INPUT"TRACOR DWELL TIME";DWELL
1 INPUT"NUMBER OF CYCLES OF TRACOR"; ICYCLE

INPUT"MAXIMUM AND MINIMUM COUNTS FOR REF"; MAXCT, MINCT

INPUT"ENTER DATA FILE NAME";FILE$

FOR I=0 TO 1023

XP(1)=0

SREF(1)=0

SPR(1)=0

XSIG(I)=0

COUNT(I)=0

NEXT 1

FILE2$=FILE$+" . TRM"

FILE3$=FILE$+".PRB"

FILE1$=FILE$+".REF"

OPEN FILE2$ FOR OUTPUT AS #2
2 IF ICYCLE=1 THEN GOTO 3

FOR ICY= 1 TO ICYCLE

OPEN "COM1:9600,N,8,2,LF" AS i1

PRINT "DO NOT ACTIVATE TRACOR IF AUTO LEARN MODULE IN USE"

GOTO 4
3 OPEN "COM1:9600,N,8,2,LF" AS #1

PRINT "ACTIVATE TRACOR OUTPUT"
4 FOR I=1 TO 3

INPUT#1,B$(I)

NEXT 1

FOR I=0 TO 127

INPUT#1, ABC$

FOR J=0 TO 7

K=7*J+8

AB$=MID$(ABCS%,K,7)

L=8%1+J

XPR(L)=VAL(AB$)

NEXT J

NEXT 1

FOR I=0 TO 127

INPUT#1, ABC$

FOR J=0 TO 7

K=7*J+8

AB$=MID$ (ABC%,K,7)

L=8*I+J

XREF{L)=VAL(AB$)

NEXT J
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NEXT I

CLOSE#1

FOR I=0 TO 1023

IF XREF(I)>MAXCT THEN GOTO 5
IF XREF(I)<MINCT THEN GOTO 5
COUNT(I)=COUNT(I)+1
XSIG(I)=XSIG(I)+XPR(I)/XREF(I)
SREF(I)=SREF(I)+XREF(I)
SPR(I)=SPR(I)+XPR(I)

NEXT I

IF ICYCLE=1 THEN GOTO 9
PRINT, ICY, XSIG(10), XSIG(200), XSIG(500)
NEXT ICY

FOR J=0 TO 1023

IF COUNT(J)=0 THEN GOTO 6
COUNTA=COUNT (J)

GOTO 7

COUNTA=10000
XP(J)=XSIG(J)/COUNTA

IF COUNT(J)=0 THEN PRINT J
NEXT J

SCREEN 2

CLS

XPMX=0

FOR K=0 TO 511

K1=2*K
XPLOT(K)=XP(K1)+XP(K1+1)

IF XPMX<XPLOT(K) THEN XPMX=XPLOT(K)
NEXT K

FOR K=0 TO 511

XPLOT (K)=1938*XPLOT (K) /XPMX
PSET (K, XPLOT(K))

NEXT K

INPUT"REPEAT CYCLE=1; CONT=0"; IRCYC
IF IRCYC=1 THEN GOTO 2

FOR L=1 TO 1023
COUNTA=COUNT(L)

IF COUNTA=0 THEN COUNTA=10000
SREF(L)=SREF(L)/COUNTA
SPR(L)=SPR(L)/COUNTA

IF COUNT(L)>0 THEN GOTO 8
PRINT L

XP(L)=XP(L-1)

NEXT L

INPUT"MIN & MAX CHANNELS FOR BKGD {T<O0}"; ICHMN, ICHMX
BKGD=0

FOR J=ICHMN TO ICHMX
BKGD=BKGD+XP(J)

NEXT J

BKGD=. 01*BKGD/ ( ICHMX~-ICHMN+1)
FOR J=0 TO 1023
XP(J)=XP(J)/BKGD

NEXT J

FOR J=6 TO 517
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J1=2%J-12
Y(J)=.5%(XP(J1)+XP(J1+1))

NEXT J

FOR J=0 TO 5

Y(J)=Y(6)

Y(J+518)=Y(517)

NEXT J

FOR J=6 TO 517
A=.B1*Y(J-1)+.37*Y(J-2)+.22*%Y(J-3)+. 135*%Y(J-4)+.08*Y(J-5) +. 05*Y(J-B)
B=.61*Y(J+1)+.37*Y(J+2)+.22*Y(J+3)+. 135*Y(J+4)+. 08*Y(J+5)+. 05*Y(J+6)
YTEMPJ=(Y(J)+A+B)/.393
YSIG(J-6)=. 1*INT(YTEMPJ)

NEXT J
CP1=(ST2-ST1)/(2*FR1*DWELL)
CP2=(ST3-ST2)/(2*FR2*DWELL)
ICP1=INT(CP1)

ICP2=INT(CP2)

FS1=FR1*DWELL/75
FS2=FR2*DWELL/75
FS3=FR3*DWELL/75
TIME(0)=ST1/150

FOR I=1 TO ICP1
TIME(I)=TIME(I-1)+FS1

NEXT I

FOR I=ICP1+1 TO ICP2
TIME(I)=TIME(I-1)+FS2

NEXT I

FOR I=ICP2+1 TO 511
TIME(I)=TIME(I-1)+FS3

NEXT 1

CLS

FOR I=0 TO 511

PSET(I,YSIG(I))

NEXT I

FOR I=0 TO 511
TIME(I)=.01*(INT(TIME(I)*100))
NEXT 1

OPEN FILE1$ FOR OUTPUT AS #1
OPEN FILE3$ FOR OUTPUT AS #3
FOR I=0 TO 511

I1=2*1
SREF(I)=.005*INT(100*(SREF(I1)+SREF(I1+1)))
SPR(I)=.005*INT(100*(SPR(I1)+SPR(I1+1)))
NEXT 1

FOR I=0 TO 511

PRINT#2, TIME(I); YSIG(I)
PRINT#3, SREF(1)

PRINT#1, SPR(I)

NEXT I

INPUT"TERMINATE YES=1, NO=0";TERM
CLOSE

IF TERM=0 THEN GOTO 1

END
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Grtconv. bas

"This program calculates the diffracted signal from a two pulse"
"orientation grating as a function of the momentum relaxation time."
"The pulse shape is a gaussian pulse of FWHM = 460 fs."

"The integration routine uses a gaussian integration technique with"

"weighting factors read in from a file entitled weight.dat."
DIM x(20), w(20), erfc#(20), g(300), t(300), tr$(15)
tr$(1) = ".050"

tr$(2) = ".075"

Lr$(3) = ".100"

tr#(4) = ".125"

tr$(s) = ".150"

tr#(s) = ".200"

tr#(7) = ".250"
tr$(8) = ".300"

tr$(9) = ".400"

tr$(10) = ".500"

tr#$(11) = ".600"

tr$(12) = ".700"

tr$(13) = ".800"

tr$(14) = ".900"

tp = .27

FOR j = 0 TO 50

t(j) = -1 + .01 * j

NEXT Jj

FOR j = 51 TO 150

t(j) = -5+ .005 * (j - 50)
NEXT j

FOR j = O TO 149
t(300 - j) = =t(J)

NEXT j
CLS

FOR ip =1 TO 14
trr$ = RIGHTS$(tr$(ip), 3)

1%

Lo

“d:grta" + RIGHT$(trr$#, 3) + ".dat"

ff2$ = "d:grtb" + RIGHT$(trr$, 3) + ".dat"

LOCATE 1, 60, O: PRINT ; ffi1$
tr = VAL(tr$(ip))

al = ,34802

a2 = -,09588

a3 = .74786

p = .47047

gmax = O!

OPEN "weight.dat" FOR INPUT AS #2
FOR 1 = 11 TO 20

INPUT #2,
x(21 - 1)
w(21 - i)
NEXT i

x(1i), w(i)
~x(1i)
w(i)

FOR i = 11 TO 20

20t = 1! /7 (1" + p * x(1))

xfh = (al *t + a2 *t ¥t +a3 *¢t *t *t)
erfc#(i) = LOG(xf#) - x(i) * x(i)
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xt = 2 * EXP(x(i) * x(i)) - xf#
erfc#(21 - i) = LOG(xt) - x(i) * x(i)

NEXT i

FOR j = 0 TO 300

tau = t(J)

xsum = 0

FOR i = 1 TO 20

ffl = x(i) * tau / tp + 3! * tp * x(i) / tr

ff2 = -.78 * tau / tr - .75 * tau * tau / (tp * tp) - .75 * tp * tp / (tr *
tr)

ff = LOG(w(i)) + erfc#(i) + ff1 + £f2 + 2! * tp / tr

IF £ff > 80 THEN PRINT "overflow"; i; ff; ffl; £f2; tr; tau: STOP
IF £f < -80 THEN ff = -80

xsum = xsum + EXP(ff)

NEXT i

g(j) = xsum

IF g(j) > gmax THEN gmax = g(j): Jjmax = j

NEXT Jj

OPEN ff1$# FOR OUTPUT AS 1

OPEN f£f2%$ FOR OUTPUT AS 3

PRINT , ffi$

IF gmax = 0 THEN gmax
gcut = 1E-35

IF gmax > 1 THEN gcut
FOR i = 0 TO 300

IF g(i) < gcut THEN g(i) = 0!

g(i) = g(i) / gmax

PRINT #1, USING “##. 4 . #H"; t(1); g(i)

PRINT #3, USING "#dt. #4 #. ##t"; t(300 - i); g(i)
NEXT i

CLOSE

NEXT ip

STOP

1!

1E-35 * gmax
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