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The dynamics of dense electron-hole plasmas in submicrometer-thick In-Ga-As-P films, subse-
quent to photoexcitation by a 0.5-ps optical pulse, are studied by measuring time-resolved changes in
the absorbance of the films at an energy 1 eV above the band gap. Initial electron-hole pair densities
are between 6.5 10'® and 1.0 10?° cm—3. Extensive band filling is observed as a partial bleaching
of absorption at the probe wavelength. The bleaching scales in magnitude with the initial photoex-
cited carrier density, and is due to a plasma which has a temperature between 300 and 600 K, at a
delay after photoexcitation of 0.5—1 ps. The bleaching decays into an induced absorption, due to in-
stantaneous band-gap renormalization, in a time that decreases from 20 ps at 1.0 X 10% carriers/cm?
to ~5 ps at 6.5 10'® carriers/cm®. However, the initial decay time of the bleaching, 2.8+0.7 ps, is
independent of the initial excitation density. The initial decay process could be due to either carrier
cooling or plasma expansion. Radiative or Auger band-to-band recombination, or capture by sur-
face or bulk traps, cannot explain the initial decay process of the bleaching.

I. INTRODUCTION

Much of the technology for optical fiber communica-
tion systems is based on the In-Ga-As-P alloy system. As
the operating speed and level of integration for In-Ga-
As-P—based devices increase, it becomes increasingly im-
portant to understand the carrier dynamics in this materi-
al for ultrashort time scales and ultrasmall distances.
There have been some measurements of carrier decay due
to Auger recombination,' =7 and of carrier cooling®® in
these materials. In most of these studies"?>~° moderate
initial carrier densities (< 10'° carriers/cm?) were created
by photoexcitation. In this work, the dynamics of a dense
electron-hole plasma (up to 1Xx10% carriers/cm?® in
In-Ga-As-P is examined by studying changes in absorp-
tion that occur on the picosecond time scale.

A dense electron-hole plasma in a semiconductor re-
quires interpretation in terms of many-body theory.!°
Carrier-carrier interactions become prominant. Carrier-
lattice interactions, present at low densities, may be al-
tered at high densities. The high-density region of the
electron-hole plasma is of particular interest for In-Ga-
As-P, since Auger recombination, which occurs at high
density, is implicated in the temperature dependence of in-
jection laser threshold in this material.!! Furthermore,
the properties of the high-density electron-hole plasma
underlie the operation of optically pumped ultrashort cav-
ity In-Ga-As-P film lasers."?

Many effects occur in a dense electron-hole plasma fol-
lowing excitation by an intense ultrashort optical pulse.
The band gap is renormalized due to many-body exchange
and correlation effects of the dense plasma, with no
measurable time delay.!>'* The initial electron and hole
states produced by optical excitation are depopulated by
momentum scattering processes within 30—50 fs.!> The
electron and hole populations establish Fermi-Dirac dis-
tributions about 0.1—0.3 ps after excitation'*'® at a tem-
perature higher than the lattice temperature. Carrier cool-
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ing starts immediately and continues for times up to
~100 ps after excitation.!” Simultaneously with all the
above processes, the carriers are recombining and the plas-
ma may be expanding spatially.!¥—2!

In this study of In-Ga-As-P, the time resolution is 0.5
ps, so that the carriers are assumed to have already estab-
lished Fermi-Dirac distributions at the earliest time of ob-
servation. The optical excitation produces a density of
carriers that is much higher than the background (unin-
tentional) doping level, so that the electron and hole densi-
ties (n and p, respectively) are equal. We see evidence for
extensive bandfilling that persists for up to about 10 ps
after excitation at an energy about 1 eV above the band
gap. The decay kinetics of the absorption changes due to
the dense electron-hole plasma are not consistent with ra-
diative or Auger recombination, and may be due to carrier
coo]ligngzll7 or to a rapid spatial expansion of the dense plas-
ma.

II. EXPERIMENTAL SECTION

Films of In-Ga-As-P are photoexcited by 2 nJ, 0.5 ps
pulses at 0.625 pum from a cavity-dumped, passively
modelocked cw ring dye laser. Changes in transmission
and reflection were measured simultaneously using a
probe pulse, which is a time-delayed replica of the pump
pulse, with 0.1 nJ energy. The pump and probe beams
were parallel, but not collinear, and were focused to a
common Gaussian spot of 12 um diameter, as determined
by transmission through a calibrated pinhole. The reflect-
ed probe beam propagated collinearly and counter to the
incoming pump beam, and was separated from the pump
using a 2% reflecting beam splitter. Consequently, the re-
flected probe beam was weak, and the measured changes
in reflectivity have poorer signal-to-noise ratios than the
measured transmission changes. The pump beam was
chopped and changes in transmission and reflection were
measured using phase-sensitive electronics. The time evo-
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lution of the changes were recorded on a multichannel
analyzer as a scanning optical delay line produced a rela-
tive delay between the pump and probe pulses. The
transmitted probe beam was detected with a Si p-i-n pho-
todiode, and the reflected probe beam was detected with a
photomultiplier. The probe beam could be polarized
parallel or perpendicular to the pump beam. Generally,
pulses were dumped at a rate of 200 kHz, although con-
trol experiments at 80- and 8-kHz dumping rates showed
that results were insensitive to laser pulse rate. The re-
sults were also unaffected by attenuating the probe beam
by a factor of 2. All experiments were performed at 296
K.

The time origin was established by producing a pulse
autocorrelation function using two-photon absorption in
GaP as the nonlinear mixing process.2? In this technique,
the two-photon absorption of the probe beam in a thin
GaP crystal is modulated by the presence of the strong
pump beam. Since the autocorrelation is measured as a
reduction in intensity of the probe beam, the experimental
geometry is identical to that of the pump and probe exper-
iment performed on the In-Ga-As-P sample. This has an
experimental advantage over the second harmonic genera-
tion (SHG) method for obtaining an autocorrelation func-
tion, since for the SHG measurement, one must realign
the optics after the sample to detect the ultraviolet second
harmonic beam.

The samples used were films of Ing ,0Gag 30ASg 66P0.34
(Eg=0.96 eV, A, =1.3 um) grown lattice matched to
InP by liquid-phase epitaxy. The materials were nominal-
ly undoped, with residual carrier densities of
5% 10 cm™? or less. Films of thicknesses 0.2+0.02,
0.53+0.05, and 0.6+0.06 um were used. Free films, ob-
tained by etching the InP with an appropriate stop etch,!?
were mounted between a glass slide and a glass cover slip
using epoxy of refractive index 1.53. There were no cap
layers and there was a large (19%) reflection at the
epoxy-In-Ga-As-P interface.

III. RESULTS

Changes in transmission through the photoexcited sam-
ple are due to changes in both internal absorption in the
sample and reflection at the interfaces of the sample. As-
suming both sample interfaces are equivalent (vide infra),
the transmitted intensity I, through a strongly absorbing
sample (al >>1, where a is the absorption coefficient and
1 is the sample thickness) is

I,=Iy(1—R)%* %, (1)

I, is the incident intensity, R =I,/I, is the reflection
coefficient, and I, is the reflected intensity. For small
changes in transmitted and reflected beam intensities, Al,
and AI,, the change in absorption coefficient, Aa is given
by

Al

Aal=— —
a 7

R

1-R

Al
I,

(2)

Therefore, in order to determine changes in the absorption
coefficient, which can be related to carrier distribution

functions, it is necessary to measure changes in both the
transmitted and the reflected probe beams. For the In-
Ga-As-P—epoxy interface, the factor 2R /(1—R) has a
value of 0.47, and the second term in Eq. (2) is therefore
significant.

Time-resolved changes in transmission and reflection
are shown in Fig. 1(a) for a 0.2-um sample excited with a
pulse energy of 0.92 nJ. The probe is polarized perpendic-
ular to the pump. The initial density of photoexcited
electron-hole pairs ng is

1.3 E

17'w2 hv
where E is the energy of the excitation pulse, Av is the en-
ergy per photon at 0.625 um, w is the Gaussian beam
waist parameter, Ry is the total reflection coefficient in-
cluding the air-glass-epoxy-In-Ga-As-P interfaces. The
absorption coefficient a at 0.625 um is 7.5%x 10* cm~'.2
The factor of 1.3 converts the Gaussian initial distribution
of carriers to an effective uniform density.® In view of
ambiguities discussed below, more refined approaches for
convolving the transverse spatial distributions of pump
and probe beams with the carrier density** were not uti-
lized. Equation (3) assumes that every absorbed photon
creates an electron-hole pair. This is valid for the present
experimental conditions, since there is no evidence for
nonlinear absorption of the pump up to the highest inten-
sity available from the dye laser.

The change in intensity of the reflected probe beam
shown in Fig. 1(a) has been multiplied by 0.47. The de-
duced transient changes in absorption coefficient, Ac,
computed according to Eq. (2), are shown in Fig. 1(b). At

_p,—al
no = (pRﬁ% , 3)

T
(a)

AT/Tor AR/R (%)

-A Clx (o/o)

1 1 | 1 1
(o} 10 20 30
TIME (ps)

FIG. 1. Time-resolved changes in transmission, reflection,
and absorbance for a 0.2-um-thick film excited to an initial
electron-hole pair density of 1X10%®° cm™>. (a) Transmission
and reflection. The changes in reflected beam intensity are mul-
tiplied by 0.47. (b) Changes in absorbance, Aal. This curve is
the sum of the two curves in (a). Bleaching is upward and in-
duced absorption is downward.
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early times, Aa <0 and the sample shows bleaching. At
about 20 ps, the sign of Aa changes and the sample shows
an induced absorption: Aa>0. The induced absorption
persists for times longer than 600 ps.® Oscillations with
a period of 120 ps (for the 0.2-um thick film) are superim-
posed on the slowly recovering induced absorption. These
are due to coherent acoustic phonons generated in the re-
laxation of the electron-hole plasma.?®

For all photoexcited densities, the initial bleaching de-
cays into an induced absorption within 20 ps. The time at
which the bleaching is converted to an absorption (i.e.,
when Aa=0) decreases as the initial excitation density de-
creases, as shown in Fig. 2. The decay of the bleaching
(i.e., that part of Aa for which Aa <0) corresponding to
the data of Fig. 2 is shown on a logarithmic scale in Fig.
3. We define a bleaching decay time 7 given by
r~!'=d InAa/dt. The value of r immediately after excita-
tion is, within experimental uncertainty, the same for all
initial densities between 5% 10'® and 1x 10 cm™3. The
initial 7 has a value of 2.8+0.7 ps. For the highest initial
carrier densities, as illustrated in Figs. 2 and 3, there is
also a slower component to the decay of bleaching, whose
amplitude decreases as excitation density decreases. These
results are in contrast to those obtained with excitation at
1.06 pm,">5 in which both the initial decay time of the
induced bleaching and the overall decay time of the
bleaching increase as the initial carrier density decreases.

For the data shown in Figs. 1—3, the probe is polarized
perpendicular to the pump. A comparison of the time-
resolved transmission data for parallel and perpendicular
relative orientations of the pump and probe beams is
shown in Fig. 4(a). For this measurement, the probe is
polarized at 45° relative to the pump beam. An analyzer
in front of the detector then selects either the parallel or

—Aa$ (arb. units)

TIME (ps)

FIG. 2. Time-resolved changes in absorbance for various ini-
tial excitation densities, as indicated. Data are for 0.2-um-thick
film (1x10%® and 6.5x10" cm~3 and 0.53-um-thick film
(2.6 10" cm™3). The curves are scaled to the same approxi-
mate amplitude to facilitate comparison of shapes. Bleaching is
upward and induced absorption is downward.
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FIG. 3. Semilogarithmic plot of the time-resolved changes in
the bleaching for various initial densities. The tangents to the
initial decay, as shown, are parallel.
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FIG. 4. (a) Comparison of time-resolved transmission
changes for parallel and perpendicular relative polarizations of
pump and probe beams. The two curves are shown without any
relative scaling. The data are for an initial excitation density of
1.8x 10 cm~? in the 0.2-um-thick film. (b) Difference be-
tween transmission changes for parallel and perpendicular orien-
tations of pump and probe beams (dots). The difference fits the
squared electric field autocorrelation function of the dye laser,
[E ACFY? indicating that it is due to coherent coupling between
pump and probe. Also shown is the intensity autocorrelation
function of the dye laser, which is broader than the coherent
coupling contribution.
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perpendicular probe component. The curves are identical
after 0.5 ps. The peak at ¢ =0 for the parallel orientation
is due to the coherent coupling contribution.?® The differ-
ence in transmission between parallel and perpendicular
orientations is shown on an expanded time scale as the
data points in Fig. 4(b). The coherent coupling contribu-
tion is identical in shape to the squared electric field auto-
correlation function of the dye laser (determined by mea-
surement of its spectrum) as it must be, and is narrower
than the intensity autocorrelation function. Furthermore,
at ¢t =0, the magnitude of the coherent coupling contribu-
tion is 53+2% of the total signal for the parallel configu-
ration. From these data, we deduce that the perpendicular
configuration is free of coherent coupling contribution
and that it represents the sample response with a 0.5-ps
resolution.

The carrier dynamics are sensitive only to the initially
excited density, as given by Eq. (3), and not to the thick-
ness of the film studied. As an example, time-resolved
transmission changes that are identical within experimen-
tal uncertainty are obtained upon excitation of the 0.2-
pm-thick film with 0.60 nJ/pulse and the 0.6-um film
with 1.3 nJ/pulse, as shown in Fig. 5. According to Eq.
(3), np=6.5% 10" ecm~—3 for both experiments. Other
comparisons, including the 0.53-um film, gave similar re-
sults. These results have two implications. (1) The plas-
ma expands so as to uniformly fill the submicrometer
thickness of the film in less than 0.5 ps. Thus, use of Eqgs.
(1) and (3) are justified. (2) Surface effects are not impor-
tant on the time scale considered here, since the surface
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FIG. 5. Time-resolved transmission changes for the 0.2-um-
thick film and the 0.53-um-thick film, both excited to an initial
density of 6.5x 10" cm >,
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FIG. 6. Peak magnitude of the bleaching relative to the ab-
sorption coefficient of the unexcited sample, Aap/ap, as a
function of initial carrier density (points). Calculated bleaching
curves are shown for several temperatures.

site to bulk site ratio changes by a factor of 3 between the
0.2- and 0.6-um films.

The peak magnitude of the bleaching is plotted against
initial excitation density in Fig. 6. Data are included for
films of 0.2 and 0.53 pm thickness. The peak bleaching
scales approximately as n .

IV. DISCUSSION

In these experiments, carriers are created at states far
from the edges of the conduction and valence bands, by
photons of energy 2 eV. The density of carriers created
by photoexcitation far exceeds the residual impurity level
in the samples, so the electron and hole concentrations are
equal. The probe beam at 2-eV samples states somewhat
higher in the bands than the states coupled by initial pho-
toexcitation, due to the reduction of the band gap caused
by many-body exchange and correlation effects.?’” The
carriers relax to a Fermi-Dirac distribution within 0.3
ps,'*1% and the states sampled by the 2-eV probe beam re-
side in the high-energy tails of the distributions in the
bands.

In the following sections, we will discuss the bleaching
of the sample observed by the probe beam. In Sec. IV A,
the peak magnitude of the bleaching is shown to be a
consequence of bandfilling. In Sec. IV B, the decay time
of the observed bleaching and its mechanistic conse-
quences are discussed.

A. Band filling

The change in absorption coefficient upon excitation of
the semiconductor has three components,
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Aa= “AaBL+AaBR+AaFC s (4)

where Aag; is the magnitude of bleaching due to change
in the distribution of carriers in the conduction and
valence bands and Aagg is an increase in band-to-band
absorption due to the decrease of band gap because of re-
normalization. Aagc, the free-carrier absorption, is small-
er than the other terms and is excluded from further con-
sideration. To proceed further, it is necessary to model
the band structure of the material. In-Ga-As-P is a
quaternary alloy of III-V band structure.”® The optical
transition interrogated by the probe pulse is assumed to be
from the heavy-hole valence band to high above the gap in
the conduction band, and the band-to-band absorption
coefficient is assumed to scale with photon energy Av as
a~81/2=(hv—Eg+AEg)”2. E, is the band-gap energy.
The band-gap renormalization is given by AE, =2yn'/>.%
The relevant terms in Eq. (4) are given by

Aag=ag(14+gn'" 3N fo +fo—Ffofn) s (5)
Aagr=aggn'’?, (6)
g=v/(hv—E,) . (N

The absorption coefficient at the probe wavelength before
excitation is ag, and f; is the Fermi-Dirac distribution
function for carrier i,

fi={1+exp[(AE; —u;)/kT]} ' . (8)

The Fermi energy is u; and AE; is the excess energy of
the probe above the band edge. For the case of a parabol-
ic valence band and a nonparabolic conduction band with
nonparabolicity parameter r, the excess energies are

1+re

AE,=¢ |———— |, 9)
my
14+ +2re
mE
m
1+r€——e
m
AE,=¢ h . (10)
me me
14+—42re—
my my

m, and my, are electron and hole effective masses, respec-
tively, and € is defined above. Equations (5) and (6) are
derived in Appendix A.

Values for Aa can be calculated as functions of total
electron-hole pair density n and temperature from Egs.
(5)—(10) once the Fermi energies are known. The Fermi
energies are calculated numerically using the following
band-structure parameters:*° electron mass in the T valley
mp=0.0605m,, electron mass in the L valley
my =0.328m,, nonparabolicity »=0.968 eV~!, I'—L
valley separation =0.76 eV, E;,=0.96 eV,”® and heavy-
hole mass mj; =0.5m,.2® The band-gap renormalization
constant for In-Ga-As-P is y=1.6x10"% eVcm.3® For
this simple calculation, the valence band is considered to
be a doubly degenerate heavy-hole band.

The results of the calculations for Aag; at three tem-
perature are shown in Fig. 6. The experimental data fit
between the curves for 600 and 300 K. The results of the
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calculations are sensitive in detail, but not in general, to
the exact band-structure parameters chosen. As a second
model of the band structure, the light-hole band is
described as a band parallel to the heavy-hole band but
displaced downwardly by an amount A,;=0.25 eV.?® The
probe then samples transitions to different energies in the
conduction band originating from the heavy-hole and
light-hole bands. Even with this model, all experimental
data points except that at ny=1X10?° cm™—* fall between
the 600- and 300-K curves. For both models, f; >> f., so
the bleaching transient observed for a probe energy of 1.98
eV is due to the holes.

We therefore conclude that the observed bleaching is
due to bandfilling of a dense plasma between 600 and 300
K. The peak bleaching occurs at a time delay of 1.0 ps at
no=1x10 cm~3 and 0.5 ps at 6.5x10'"® cm~>. The
bandfilling model requires that Fermi-Dirac carrier distri-
butions be established within 0.5 ps, but this has recently
been shown to occur in Ga-As on a time scale of less than
0.3 ps, for carrier densities of less than 10'® ¢m—3.1416
Furthermore, the results in Fig. 6 suggest that the plasma
has cooled from a maximum temperature (hv—Eg) of
3000—4000 K to less than 600 K in 1 ps. This is not un-
reasonable, and there are analogous observations of rapid
cooling in other experiments. Luminescence experiments
in In-Ga-As (Ref. 8) and 1.3-um In-Ga-As-P (Ref. 9)
show plasma temperatures below 300 and 500 K immedi-
ately after excitation, within the 10-ps resolution of the
experiment. For Gag sglng 44P, a plasma of density
7x10"® cm~3 excited to a maximum temperature
(hv—E,) of 1700 K has been observed to have cooled,
after excitation, to 730 K, within the 10-ps experimental
resolution.’! The extensive bandfilling observed here un-
derlies the operation of ultrashort-cavity In-Ga-As-P film
lasers, which, because of the band-filling and ultrashort
cavity, can produce picosecond pulses at energies high
above the band gap.'?

B. Decay of bleaching

The initial bleaching decay time has a constant value of
7=2.8+0.7 ps over the range of initial carrier densities
from 1.0x10% to 6.5 10'® cm~>. In order to relate the
time dependence of Aa to changes of carrier density, we
start with Egs. (5)—(7), with f}, >>f,, as discussed above.
Thus, we consider only absorbance changes due to the dis-
tribution of excited holes. Equations (5) and (6) are dif-
ferentiated with respect to time, requiring the derivatives
of dfy, /dt [from Eq. (8)] and then d(AE;, —u,)/dt. Dif-
ferent approximations to the Fermi integral®? are used to
relate carrier density to the Fermi level in the highly de-
generate regime [given by (u, —E,)/kT >0.9] and the
weakly degenerate to nondegenerate regime [given by
(un —E,)/kT < 1.3]. E, is the energy of the valence-band
edge. The algebra is straightforward, but tedious. After
numerical substitution in the resulting equations, with
p=1x10% cm~3 and p=1x10" cm~3 for the high-
and low-density regimes, respectively, one of the terms is
found to be at least five times larger than the others. A
simplified derivation, considering only this dominant
term, is given in Appendix B. At high densities, where
the plasma is degenerate,
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At lower densities, where the plasma is not degenerate or
is only weakly degenerate,

dIndopy _ldp ] (12)
dt p dt

Equations (11) and (12) are derived without assuming a
mechanism for carrier decay. They are expressions relat-
ing the experimental observable, dInAa/dt, to carrier
density decay. The experimental invariance (within 25%)
of dInAa/dt as a function of ng (ng=p,) suggests that
at high density, from Eq. (11), dp/dt ~p'/* and at low
density, from Eq. (12), dp /dt ~p.

In order to explain the results, we will consider decay
due to traps, band-to-band recombination (radiative and
Auger), carrier cooling, and plasma expansion. During
the following discussion, the results of a recent study30 of
time-resolved luminescence of In-Ga-As-P films excited
by 0.5-ps pulses at 0.625 pum (as in this study), in a spot
diameter of 5 or 26 pm, will be utilized. From that study,
which had 200-ps resolution, it was found that the
luminescence 200 ps after excitation is due to band-to-
band recombination by a 300-K plasma of density
~5X 10" cm~3, regardless of the initial excitation densi-
ty over the range from 5% 10%° to 1 10'® cm 3. Further-
more, the intensity of total luminescence 200 ps after exci-
tation increased as the initial excitation density increased,
indicating that the majority of carriers were not lost dur-
ing the first 200 ps. These results suggest that the initial
carrier density decay within the first 200 ps after excita-
tion is due to significant plasma expansion, rather than to
carrier recombination. After 200 ps, the plasma density
decayed due to a combination of Auger and bimolecular
radiative recombination, with a 1/e decay time of about 2
ns.

The density of bulk traps in In-Ga-As-P grown by
liquid-phase epitaxy is less than 5x 10'® cm 3. This den-
sity is insignificant compared to the initially photoexcited
density, and would have an effect in the first few pi-
coseconds only if the traps acted as recombination centers
with exceedingly short lifetimes. In that case, however,
the carrier lifetime would be very short and no band-to-
band emission would be observed after 200 ps. Since the
films are thin, surface effects could be important. The in-
itial carrier decay time due to surface recombination is

T=1/28, (13)

where S is the surface recombination velocity. For the 0.2
pum thick films, 7=3 ps requires a surface recombination
velocity of 3 10° cm/sec. This value would be among
the largest surface recombination velocities ever reported.
Moreover, From Eq. (13), the carrier decay time should be
three times larger for the 0.53- and 0.6-um films, com-
pared to the 0.2-um film, if surface recombination were
the dominant decay mechanism, contrary to the observa-
tion. In addition, typical surface recombination velocities
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for etched surfaces are ~100 cm/sec. Thus, recombina-
tion by bulk or surface traps cannot explain the data.

Band-to-band recombination processes also are incon-
sistent with the data. At low density, the radiative recom-
bination rate is dp/dt =Bp?, where B is the radiative
recombination coefficient. Using Eq. (12), this predicts
that d InAa/dt =p, contrary to the observation (Fig. 3).
The radiative lifetime, 7,, saturates at a carrier density of
about 10" cm—3 at 300 K, however, and therefore, at high
density, 7, =d Inp /dt, is a constant.’ So far, this is con-
sistent, via Eq. (12), with the experimental observation.
However, the saturated value of 7, is 1 ns,’ three orders of
magnitude slower than the observed bleaching decay time.
Thus radiative recombination cannot explain the bleach-
ing decay time.

The data cannot be reconciled with Auger recombina-
tion. For Auger recombination, the carrier decay rate is
given by

dp _ s

i =Cp°*, (14)
where C is the Auger recombination coefficient. For low
and intermediate densities, s =3. At higher densities, the
Auger recombination rate can saturate, due to Coulombic
screening®® and/or the consequences of energy and
momentum conservation in a degenerate electron-hole
plasma.** Hence, s <3. For In-Ga-As, for example, it
has been found that s =2.16 for a carrier density above
2.5%10'® ¢cm—3, while s =3 for lower carrier densities.®
First consider unsaturated Auger recombination (s =3)
for In-Ga-As-P. Using the value® for the Auger recom-
bination coefficient, C =2.6x10~2° cm® sec™! for 1.3-
pm In-Ga-As-P, and Egs. (11) and (14), gives a bleaching
decay time of 5 ps, for an electron and hole density of
1 10% cm~3. This value is not far from the observed .
However, when the Auger rate is unsaturated, dp /dt will
change markedly with p. Therefore, according to Eq.
(11), the bleaching decay time would be expected to vary
markedly with p, in contradiction to the observation.
Next, consider a saturated Auger process (s < 3). For the
combination of Egs. (11) and (14) (assuming a high densi-
ty for saturation) to yield a bleaching decay time indepen-
dent of p would require s =+, which by comparison to
the In-Ga-As data,® for example, is physically unreason-
able. Furthermore, saturation would occur at some densi-
ty ps much lower than 1x10® cm™3. Equation (14)
would be valid for p <pg, with C=2.6Xx10"% cm®
sec™!, as above. Since pg <<1Xx10% cm~3, the bleaching
decay time [from Egs. (11) or (12) and (14)] at the value
ps would be much longer than 5 ps. At densities higher
than pg, the bleaching decay time would not decrease
(since s =7), and hence, by this hypothesis, 7 is much
larger than 5 ps. This contradicts the experimental obser-
vation. Thus, the initial bleaching decay time of 2.8 ps
cannot be explained by Auger recombination.

Carrier cooling could provide an explanation for the
time-dependent data. The variation of Aag; with tem-
perature is obtained by differentiation of Eq. (5) with
respect to temperature. After some algebra, the results,
maintaining only the largest term, are given by Eq. (15)
for the high-density degenerate regime,
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d lnAaBL

1 |AEy—ps |dT
dt T

kT dr’ (13

and Eq. (16) for the lower density, nondegenerate regime,

d lnAaBL 1

dt T

AE, 3 |dT

kT 2 | dt B

A simplified derivation of Egs. (15) and (16) is given in
Appendix C. To a crude level of approximation,
AE;, >, and AE,, /kT > 3, so Eqs. (14) and (15) become
identical. AE), varies little with carrier density. The tem-
perature of the plasma at the time of peak bleaching
(0.5—1 ps) is not a strong function of carrier density (Fig.
6), and is approximately 450 K. The experimentally ob-
served constant initial value of d InAag; /dt would there-
fore be explained by a carrier-density independent cooling
rate dT /dt of about 30 K/ps (or more precisely a con-
stant value of T~2dT /dt).

It is quite possible that d7 /dt is constant over the
range of carrier densities studied here. Screening of the
carrier-polar optical-phonon interaction’»** and non-
equilibrium phonon populations*®*” have been proposed
to explain the decrease in carrier cooling rates in GaAs as
the carrier density is increased to the 10'%-cm—3 level.
However, in In-Ga-As-P, hole-nonpolar optical-phonon
coupling may be a significant channel for carrier cooling,’
and since this is short ranged it might not be screened at
the highest densities studied here. While there is a reduc-
tion in carrier cooling rate as the density is increased from
1x10"7 to 5%10'7 cm~3 in In-Ga-As-P,’ it is possible
that this reduction is due to the effects of nonequilibrium
polar optical-phonon populations, which causes the
carrier-polar optical-phonon interaction to be turned off
at the densities studied here. The residual cooling rate is
due to nonpolar phonon scattering, which would not be
very density dependent. Thus, the cooling rate in the
high-density regime studied here could be independent of
carrier density. Qualitatively, it is therefore possible that
the decay of bleaching we observe in In-Ga-As-P is due to
cooling of the plasma at an almost carrier independent
rate.

Plasma expansion is also a possible explanation for the
rapid decay of bleaching. The mathematical formalism
for plasma expansion is complex even in one dimension.!®
For simple radial diffusion (which is not plasma expan-
sion, but may have similarities), the decay of carrier densi-
ty, at ¢ =0, sampled by a probe beam of finite diameter
will not depend on carrier density, and so would be con-
sistent with a constant value for d InAa/dt. Moreover,
the results of the luminescence experiments on In-Ga-As-
P (vide supra) provide evidence that plasma expansion, to
a final density around 5—6X10'® cm™3, has occurred
within the 200-ps time resolution of the luminescence ex-
perimf:nts.30 Therefore, the decay of bleaching in the
transient absorption experiments could be due to rapid de-
cay of carrier density (but not carrier number) by spatial
expansion of the plasma in two dimensions. (Recall the
plasma has filled the submicrometer thickness of the film
in less than 0.5 ps.) Plasma expansion could also provide
an explanation for the second, slower component to the
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decay of bleaching (Figs. 2 and 3). The slower component
observed in the decay of Aa at the highest densities might
occur because the plasma must expand a greater distance
in order to reach a critical plasma density of approximate-
ly 5 10" cm™3. At lower densities, the spatial expansion
of the plasma would be smaller when the density of
5% 10" cm~? is reached, and the expansion might be
completed in a shorter time. The decay of Aag; is comp-
leted in about 20 ps for an initial density of 1 10?° cm—3.
If this corresponds to expansion to a final density of
5% 10'® cm 3 without loss of carriers, the plasma area has
expanded 20 times, requiring an increase in diameter from
12 to 50 pym. The radius has increased at a rate of
~1x10® cm/sec. This expansion velocity is comparable
to the Fermi velocity. In GaAs, plasma expansion at a
rate of 107 cm/sec has been suggested.’® In contrast, plas-
ma expansion in the II-VI compounds CdS and CdSe ap-
pears to occur with a “slow drift” velocity of ~1x10°
cm/sec."¥ The carrier profile, which is initially Gauss-
ian due to the pump profile, will evolve into another func-
tional form due to plasma expansion. Because of this, no
attempt to convolve the probe profile with a plasma spa-
tial distribution?* was attempted in this work.

In contrast to the results reported here, other experi-
mental studies of high-density (~ 10" cm ™) excitation in
In-Ga-As-P and In-Ga-As have shown evidence for car-
rier decay due to Auger recombination.'~® Due to the
longer wavelength excitation in those experiments (1.06
pum or longer), carrier densities as high as 1x10?° cm™—3
were not attainable. The high carrier densities and the
small spot size used in the present experiment are both
favorable to significant plasma expansion, so it is possible
that the present experimental conditions favor plasma ex-
pansion at the expense of Auger recombination. Indeed,
the luminescence experiments*® described above show that
significant expansion of the plasma has occurred in less
than 200 ps. If the initial decay of bleaching is due to
carrier cooling, the dynamics of the plasma after cooling
will not be measurable with a 1.98-eV energy probe. In
that case, the plasma could decay by Auger recombination
on a time scale of 10’s to 100’s of picoseconds without be-
ing observed in the present experiment.

Thus far, the induced absorption due to the band-gap
renormalization, Aagg in Egs. (4) and (6), has not been
considered. Due to reduction of the band gap in a high-
density plasma, the probe pulse will interrogate states
higher in the band after excitation than before excitation.
This causes an increase in the background band-to-band
absorption at the probe energy after creation of the dense
electron-hole plasma, and is probably responsible for the
approximately 0.1—0.4% increase in absorption 40 ps
after excitation. Equation (6) significantly overestimates
Aagg, however, giving a value of 7% at 1x10%° cm™3
and 3% at 6x10'® cm~>. Equation (6) is based on a
model assuming parabolic bands which is certainly not
valid at the probe energy used. For a nonparabolic con-
duction band, the magnitude of Aagg would be reduced,
since the density of states for a nonparabolic band is less
than that for a parabolic band. It is difficult to see how
use of a nonparabolic band structure could reduce Aagg
by a factor of 10, however. Thus, the cause of the small
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magnitude of the experimentally observed induced absorp-
tion is not clear. Because of this, we have considered
Aag; separately from Aagy in the preceding analyses, and
will not consider Aagg in more detail.

V. SUMMARY AND CONCLUSIONS

Significant bandfilling occurs in In-Ga-As-P subse-
quent to creation of a carrier density in the range 6 10'®
to 1X10% cm™3 by photoexcitation with a 0.5-ps pulse.
The bandfilling is observed as a bleaching, at early time,
of absorption at a probe energy 1 eV above the bandgap.
The bleaching decays into an induced absorption (due to
band-gap renormalization) about 20 ps after photoexcita-
tion for an initial carrier density of 1Xx10%° cm~3. At
lower initial carrier densities, the bleaching decays into an
induced absorption more rapidly. However, the initial de-
cay rate of the bleaching, d InAag; /dt, is the same for all
photoexcited densities between 6 10'® and 1 10?° cm 3.
Band-to-band recombination processes, either radiative or
Auger, and capture by traps are excluded as possible
mechanisms for the decay of bleaching. The decay of
bleaching could be due to carrier cooling or plasma expan-
sion. The present experiment cannot distinguish between
these two possibilities. Pump and probe experiments per-
formed with longer wavelength probe pulses would be
helpful in further elucidating the decay mechanism of the
initial bleaching, as well as in studying the subsequent
dynamics of dense electron-hole plasmas in In-Ga-As-P.
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APPENDIX A

In this appendix, Eqgs. (5) and (6) are derived. In gen-
eral, the band-to-band absorption coefficient, at a photon
energy hv, is, for a direct-gap semiconductor with para-
bolic bands,

a(hv,Eg)=A(hv—E)"*(1—f)(1—f,) , (A1)

where A is a constant containing the matrix elements, etc.
The band gap E; is density dependent, and is renormal-
ized by an amount?’

AE,=2yn'”3 (A2)

so that E;=E;, —AE,. Before excitation, fj =f, =0, the
band gap is E,, and the absorption coefficient is

ag=A(hv—E)'"?. (A3)

The change in absorption coefficient at a constant photon
energy, due to a Fermi-Dirac distribution of electrons and
holes, is therefore

Aa=A(hv—E;+AE)"*(1—f)(1—f,)
—A(hv—Ep)'?. (A4)

Equation (A4) is rearranged to give

172

Aa=ay, (I—feo—frn+fefn)—ag. (AS)

[ —— -
* hv—E,

Define g =y/(hv—E,), as in Eq. (7). Recognizing for
the present experiment that AE, <<(hv—E,), the square
root in Eq. (A5) may be expanded. Using Eq. (A2), the
result is

Aa=—ayl+gn' ) fo+fn—fofn)+agn'” . (A6)
Equations (5) and (6) follow from Eq. (A6), identifying

the first term as — Aag;, and the second term as Aagg.

APPENDIX B

In this appendix, Egs. (11) and (12) are derived. For the
conditions relevant to the present experiment, f, >>f,,
and gn'”*<<1, so the dominant contribution to the
bleaching can be written as

Aa=ayf}, . (B1)

(For simplicity, we will drop the BL subscript in this ap-
pendix.) Taking the time derivative of Eq. (B1), we have
dAa _ aofi AE, —py)

d(
= kT exp[(AE;, —pu,)/kT] 7 ,
(B2)

where we have used Eq. (8) for f;,. The energy AE,, from
Eq. (9), varies very weakly with time (only through the
time variation of AE,), and we will neglect it. Using this,
and Eq. (B1) gives

i% = gl_;tA_a = —I'g:exp[(AEh —Up )/kT]dsth .
Since AE, >y, it follows from Eq. (8) that B
Snexpl(AE, —up) /kt] =1 .
Therefore,
d
T (B4)

The problem reduces to calculating the density depen-
dence of u;. The hole density and u, are related by the
Fermi integral F,,,(7), where n=(u, —E,)/kT, and E,
is the valence-band edge (taken to be the zero of energy),
according to*

p=2NUF1/2(T}) . (BS)

N, is the valence-band effective density of states, and is
given by
mykT 32

2

(B6)

v

The factor of 2 in Eq. (BS) is due to the fact that there are
two valence bands (light hole and heavy hole, which are
assumed degenerate; see discussion in Sec. IV A above),
which have a common Fermi level. For In-Ga-As-P with
my=0.5mgy, N,=7.5x10"® cm~3 at 450 K.

To continue analytically, it is necessary to use an ap-
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proximation for F,,(n). First consider the high-density
regime, for which 17>0.9. In this range, the approxima-
tion for F| ,(7) is*?

Fi ()= 1—41—/2 (P +1.7)%4. (B7)
3r
Since E, =0,
up=kTn . (B8)

From Egs. (B5), (B7), and (B8), one may -calculate
dpy, /dt, with the result

dpn  2kT [ 3712 |7
dt ~ 3 | 8N,
4/31-1/2
8N, d
1-1.7 | ——2— ~134P B9
X 377 P r (B9)

For p =1x10% cm™3, the second term in the brackets in
Eq. (B9) has a value of 0.02, and can be neglected. Final-
ly, using Eq. (B6) for N,, and substituting du, /dt from
Eq. (B9) into Eq. (B4), one obtains Eq. (11) for d InAa/dt
in the high-density regime.

At low and intermediate density (7 < 1.3), the following
approximation is used for F, /,(n):*?

exp(n)
140.27 exp(n)

Using Egs. (BS), (B8), and (B10) one finds for u,,

Fipln)= (B10)

pr=kTin | —L——

. Bll
2N, —0.27p (BID

Differentiating Eq. (B11),

din _,r|Ldp 027 dp

P _ . BI2
dt p dt  2N,—0.27p dt (B12)

For p <1x10' ¢cm™3, the second term in Eq. (B12) has a
value at least 10 times smaller than that of the first term,
and can be neglected. Substitution of Eq. (B12) into Eq.
(B4) yields Eq. (12).

In the derivation of Egs. (11) and (12) outlined above,
we have started with the largest term in Eq. (5). It is pos-
sible (and more tedious) to keep all terms in Eq. (5), and
perform all the appropriate differentiation, to relate
dInAa/dt to dp/dt and dn/dt. Numerical substitution
in the final result for both the high- and low-density re-
gimes, however, shows that the dominant terms in the fi-
nal expressions, by at least a factor of 5, are those ob-
tained by starting with Eq. (B1).

APPENDIX C

Equations (15) and (16) are derived in this appendix.
The dominant term in Eq. (5) is that given in Eq. (B1),

Aa=—ayf} . (C1)

(In this appendix, the subscript BL is omitted.) Assume
that the change in Aa is due to the variation of f, with
temperature. Then

dda__ dfs dT
dt ~ °4dT dt °

We obtain df,/dT from Eq. (8). Substitution into Eq.
(C2) gives

(C2)

d jt“ — —agfexp[(AE, —puy) /KT]
AEy —pp 1 dpy |dT
—_—— | . C3
kT: | kT dT | dt ©
Recalling from Appendix B that
Sfrexpl(AE, —up)/kT]=1,
and using Eq. (C1), Eq. (C3) reduces to
1 dAa _dlnAa  [AE,—py 1 dpp |dT
Aa dt — dt | kT? kT dT | dt ~
(C4)

For the high-density regime, we use Eqs. (B5)—(B8) to
relate u;, to the hole density p. The result is
kT |’

Ko

Ur=Ho 1—-0.85 y (CS)

where p is the Fermi level for a highly degenerate plasma
at T =0,

ﬁ2 3 2 2/3
Lo= TP (C6)
th 2

Differentiating Eq. (CS5) and substituting Egs. (C5) and
(C6) into (C4) gives

dinAa 1

dt T

AE, —po
kT

kT

Ho

+2.55 (CT)

For the dense plasma, kT <<p, the second term of Eq.
(C7) can be neglected, and uj, ~uo. The result of these ap-
proximations in Eq. (C7) gives Eq. (15).

For low-density plasmas, we start with Eq. (B11).
From this,

d dN,
B kn p _ 2T . (©®
dt 2N,—0.27p | 2N,—0.27p dT
In the low-density regime, 2N, >>0.27p, so
dup pn kT dN,
dT ~ T N, dT ° ()
From Eq. (B6), dN, /dT =(3)N,/T. Hence,
dun  Mn 3k
—_— = C10
dT ~ T 2 €1

Substitution of Eq. (C10) into Eq. (C4) yields Eq. (16).

As in Appendix B, the derivation above has considered
only the largest term in Eq. (5). It is possible to include
all terms of Eq. (5) and proceed as outlined above. The fi-
nal results, however, when only the largest terms are kept,
will be Egs. (15) and (16).
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