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We have utilized subpicosecond laser pulses to excite and probe hot electrons and nonequilibrium
longitudinal-optical (LO) phonons in bulk GaAs by Raman scattering. We find that the photoexcit-
ed hot electrons cool at a rate much faster than predicted by intravalley scattering of LO phonons
via the Frolich interaction. On the other hand, this fast cooling rate can be accounted for satisfac-
torily by intervalley scattering. As a result of this very rapid cooling, the temperature of the hot LO
phonons generated by the hot electrons temporarily overshoots the electron temperature. From the
electron cooling curve and the dependence of the hot-phonon temperature on the excited-electron
density, we determined the deformation potential for scattering between the I and L conduction-

band valleys in GaAs.

I. INTRODUCTION

It has been known for many years that energetic elec-
trons in GaAs relax predominantly via electron-phonon
interactions."? Of the many types of electron-phonon in-
teractions possible in GaAs, the interaction between elec-
trons and the zone-center longitudinal-optical (LO) pho-
nons and the zone-edge optical phonons are known to
occur in subpicosecond time scale.? Recently, with the
appearance of femtosecond dye lasers, it becomes possible
to study these fast interactions in real time. So far there
have been many reports on the study of fast relaxation of
hot electrons in GaAs excited by femtosecond lasers us-
ing optical techniques such as absorption’™> and emis-
sion.® Comparatively, there are very few studies of hot-
electron relaxation using Raman scattering.””® Raman
scattering has the advantages of being an instantaneous
process and being able to probe both electrons and pho-
nons in the same experiment. However, Raman scatter-
ing also has the disadvantages that the Raman signals
due to photoexcited hot electrons and phonons are very
small.

In this paper we present the results of a study of hot-
electron relaxation using subpicosecond Raman scatter-
ing. We overcome the difficulty of weak Raman signals
by using the same subpicosecond laser beam to excite and
probe the hot electrons and phonons. We have shown
elsewhere® !° by using model calculations how the cooling
rate of hot electrons can be determined in such a single-
beam Raman experiment by varying the laser pulse
width. In this paper we applied the single-beam tech-
nique to measure the dependence of electron temperature
and phonon population on photoexcited electron densi-
ties. We find that at electron densities higher than 10'8
cm ™ ? the “effective phonon temperature” overshoots that
of the electrons (a phenomenon we have labeled phonon
temperature overshoot).!! By comparing our results with
simple model calculations based on a realistic band struc-
ture of GaAs we have been able to explain our results and
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to determine the electron-phonon scattering times for
both intravalley and intervalley scatterings. Futhermore,
we have clarified the role of hot phonons in the relaxation
of hot electrons in GaAs.

The organization of this paper is as follows. In Sec. IT
we present the background theories and models for un-
derstanding the relaxation of hot electrons excited by
femtosecond laser pulses. We will start with a commonly
used model in which the conduction band is assumed to
have only one minimum at the Brillouin-zone center.
Since the photoexcited electrons in GaAs often have
sufficient energy to scatter into the higher conduction-
band valleys, we also consider a multivalley conduction-
band model. The effects of the laser pulse width are then
included in the theory. Following the theoretical con-
siderations, we describe the details of our experimental
setup and sample configurations. The technique of using
a single subpicosecond laser beam to perform Raman
scattering from photoexcited hot electrons and hot pho-
nons will be presented. The kind of information one can
extract using this technique is discussed. The electron
and phonon temperatures measured with this technique
as a function of excited carrier densities and of laser pulse
length are presented. Finally, by comparing the experi-
mental results with the predictions of both the one-valley
model and the multivalley model, we show that the ex-
perimental results cannot be explained by the one-valley
model, but are in good agreement with the predictions of
the multivalley model.

II. MODEL CALCULATIONS

In this section we present simple model calculations of
the cooling curves of photoexcited hot electrons in bulk
GaAs and the corresponding increase in longitudinal-
optical phonon population caused by the relaxation of
hot electrons. We will consider two band models which
have been commonly used in the literature. Both models
are based on the schematic band structure of GaAs
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shown in Fig. 1. In the first model the band structure of
GaAs is approximated by two spherical bands only (one
conduction and one valence band). In spite of its simpli-
city this model has been used extensively in the litera-
ture.'>!® For the rest of this paper this model will be re-
ferred to as the two-band one-valley model (or abbreviat-
ed as the one-valley model). In the second model a realis-
tic conduction band with minima at the center, L points,
and X points of the Brillouin zone is used while the
valence band is still assumed to be spherical. The second
model will be referred to as the two-band multivalley
model (abbreviated as the multivalley model).

A. One-valley model

In this model we will consider only the conduction
band and heavy-hole bands in GaAs and assume that
both bands are isotropic. The heavy-hole band dispersion
is assumed to be parabolic with effective mass m, while
the conduction-band dispersion is assumed to be nonpar-
abolic:

#k?/2m*=E, +aE}+BE} , (1

where m* is the conduction-band effective mass and E,
is the energy of electron with wave vector k. The values
of m,, the conduction-band parameters a and 3, and oth-
er parameters to be used in our calculations are given in
Table I. In this model the presence of higher conduction
minima in GaAs is neglected. This simple model has
been used widely to interpret experimental results on the
cooling of hot carriers in GaAS (Ref. 12) because it is
generally thought that intervalley scatterings are impor-
tant for depleting electron population in the I'" valley but
not for cooling the I'-valley electrons.

We will assume that hot-electron—hole pairs are excit-
ed by an infinitesimally short pulse with photon energies
of about 0.5 eV above the band gap of GaAs. This excess
energy in the photons are translated into kinetic energies
of the excited electrons and hole. In general, the distribu-
tion functions of the excited electrons and holes are non-
thermal. Monte Carlo simulation techniques are neces-
sary to calculate how these nonthermal distributions at-
tain equilibrium.'* Unfortunately, such calculations are
very complex and often require the use of fast supercom-
puters. Most of these Monte Carlo calculations have
been performed for times longer than a picosecond after
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FIG. 1. Schematic band structure of the lowest conduction
band and the highest valence band of GaAs. The arrow labeled
1 represents optical excitation of electrons and holes. Arrow 2
represents intravalley scattering of electrons by LO phonons
while arrows 3-5 represent intervalley scattering processes.
Both types of scattering processes contribute to the relaxation
of hot electrons in subpicosecond regime.

excitation by a short laser pulse and so cannot be com-
pared with our subpicosecond results. In the absence of
available theoretical calculation for direct comparison
with our results we have interpreted our results with
highly simplified albeit realistic models which are more
amenable to analytical calculations. To make such calcu-
lation possible without using Monte Carlo simulation we
have to assume that the electrons and holes attain
separate quasiequilibrium instantaneously. This assump-
tion is justified for photoexcited carriers with concentra-
tion higher than 10'® cm 3, where it has been found that
electrons reach thermal equilibrium in 100 fs and
less.>%1>16 Since the electrons have much smaller masses
than the heavy holes, most of the excess energy in the
photon is translated into kinetic energy for the electrons.
We will assume, therefore, that the heavy holes have
essentially the temperature of the lattice (either 77 or 300
K) while the electron temperature T, will be given by

T,=2(#io—E,)/(3kp) )

where #iw is the photon energy, E, is the band gap of

GaAs, and kjp is Boltzmann’s constant. For #iw=2.0 eV

TABLE I. Relevant material parameters of GaAs.

Band Gap at 300 K
Conduction-band parameters:
a

B

Energy separation between I' and X minima
Energy separation between I' and L minima

I-valley effective mass
L-valley density-of-states mass
X-valley density-of-states mass
Dr_x

(1/€,)—(1/€p)

1.424 eV

0.577 eV !
0.047 eV 2
0.47 eV

0.29 eV
0.067m,
0.22m,
0.407m,

10X 10® eV/cm

0.017




4160

used in our experiment, 7, is of the order of 3000 K. In
this paper we are interested mainly in the cooling of this
hot-electron gas within 1 ps after excitation. In such a
short time scale the dominant cooling mechanism is the
emission of LO phonons via the Frohlich interaction
(represented by arrow 2 in Fig. 1) because the other
mechanisms such as emission of acoustic phonons and
transverse-optical (TO) phonons are too slow to be
significant.? Electron-hole (e-h) scattering can cool the
hot electrons also since the holes are much colder than
the electrons. Electron-hole scattering involves many-
body interactions which depend in a complicated manner
on density. Using the ensemble Monte Carlo method,
Osman and Ferry!” have calculated the energy loss rate
of hot electrons due to e-k scattering. For electron and
hole densities both equal to 10'® cm ™3 they found an en-
ergy loss rate of 60 meV/ps, which is about three times
smaller than for electron—-LO-phonon scattering so we
will neglect e-h scattering unless the experimental results
suggest otherwise. Finally, we will neglect diffusion of
the photoexcited carriers because in our sample the car-
riers are confined inside the GaAs layer by AlAs layers
on both sides. Lateral diffusion of carriers within the
GaAs layer is negligible within 1 ps.

With the above assumptions we can calculate the rate
of generation of LO phonons by the relaxation of hot
electrons having a distribution function f(E,). The rate
equation for the LO-phonon population N, can be shown
to be given by'®

oN, 1

?—?[—NQA[]—F(N‘]*FI)BQ], (3)
where q is the LO-phonon wave vector. The coefficients
A, and B, describe, respectively, the absorption and
emission of LO phonons by the hot electrons. In Eq. (3)
we have neglected the decay of the LO phonons because
the LO-phonon lifetime in GaAs is about 4—7 ps,'* while
we will be interested in the solution of Eq. (3) within 1 ps.
Using the usual expression for the Frohlich interaction
and assuming parabolic conduction band, 44 and B, can
be shown to be given by!®

_2Zm™ e 1 1
. #* €x €
XfEOTf(EK)“_f(EK_ELo)]dEK ) (4)
q
_2m*Pege? [ 1
“ #* €, €
X [ SFEQU~f (Ex+Ero)ldEx (5)
q

where w; o and E|  are, respectively, the LO-phonon fre-
quency and energy, and €, and €, are, respectively, the
low-frequency and high-frequency dielectric constants of
GaAs. The lower energy limits of integration in Egs. (4)
and (5) are defined as

(Eq_ELO )2

l—_"¢ “LO7
q 4E, ’

(6)
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where E, =#’q*/2m*, and E, and E] are, respectively,
the minimum electron energies for absorption and emis-
sion of a LO phonon with wave vector q.

We note that in Eq. (3) the factor ¢ ~> results from a
g~ ? dependence in the Frohlich matrix element. Since
the Frohlich interaction involves Coulomb interaction
between charges and the macroscopic electric field of the
LO phonon, at high electron densities we expect this in-
teraction to be reduced due to screening.'”!® Such
screening effects have been proposed to explain the de-
crease in the hot-electron cooling rate at high electron
densities.!? The calculation of this screening is a compli-
cated problem in our case since both electrons and holes
are excited optically. The problem will be even more
complicated if we assume that the electrons are distribut-
ed in several valleys as we will do in the multivalley mod-
el. Again in the spirit of simplicity, we will assume that
all the electrons are in the I' valley and the effect of
screening can be included by rewriting the Frohlich ma-
trix element |Mq[2 as

IM P (g?+kD)7", (8)

where k; denotes the screening vector.?’ As an illustra-
tion, we will mainly be interested in LO phonons with
g =7.5X10° cm ™!, while k, is about 4X10° cm ™! for an
electron gas of density 10'® cm ™3 and temperature 3000
K. Thus the effect of screening is to reduce the LO-
phonon emission rate by about 30%. As we will see later,
the actual screening effect is even smaller than that given
by this estimate because some of the hot electrons are lo-
cated in the higher conduction-band valleys where they
have larger masses and correspondingly smaller screening
vectors.

Once the rate of emission of LO phonons by the hot
electrons has been calculated from Eq. (3), the rate of de-
crease of the average electron energy (E) can be com-
puted with this expression:

(E)  Ewo aN,

e

where n, is the electron density and p, is the LO-phonon
density of states in GaAs. The latter quantity is known
from the experimental phonon dispersion curves. As an
illustration of the predictions of Egs. (3) and (9) we have
computed 7, and N, for a hot-electron gas with
n,=3X 10" cm™? and initial temperature 3000 K, both
representing conditions realized in our experiment. The
parameters used in the calculation can be found in Table
I. The time to emit one LO phonon deduced from these
parameters is about 200 fs. In displaying our results we
will use an effective phonon temperature 7, instead of N,
with the two quantities related by

N,=[exp(Eyo/k,T,)—1]7". (10)

Our reason for using a phonon temperature rather than
the phonon population is that temperature is a more in-
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tuitive parameter for discussing energy exchange between
electrons and phonons. For example, we expect electrons
to cool by emission of LO phonons when T, > T, and to
heat up by absorbing phonon when T, >T,. We should
point out that we have no information as to whether the
phonons are in quasithermal equilibrium and have, there-
fore, a well-defined temperature. A better understanding
of the phonon-phonon interaction is necessary to answer
this question.

The calculated time dependence of T, and T, is shown
in Fig. 2 for three different values of g. Several features
of these results should be noted. First the electron tem-
perature remains quite high even after 1 ps. This is a re-
sult of the relatively slow cooling rate via LO-phonon
emission. The temperature of the small-g phonons rises
faster than the temperature of phonons with larger gq.
The is due to the ¢ ~> dependence in the phonon genera-
tion rate. Finally, we notice that, for ¢ =8X10°> cm ™},
T, actually overshoots T, slightly after about 500 fs.
This occurs as a result of continued cooling of electrons
by emission of larger-4 LO phonons even though the
smaller-g LO phonons have already temperatures slightly
higher than 7,. This very small temperature overshoot
means that the smaller-g phonons are no longer effective
in cooling the hot electrons after 7, has dropped below
about 2500 K. The presence of hot phonons cause the
electron cooling rate (given by the slope of the cooling
curve) to decrease slowly as the electron temperature
drops. This decrease of the electron cooling rate at high
electron densities have been referred to as the ‘“hot-
phonon- effect.”!%2!72¢ The present calculation differs
from the previous work on the hot-phonon effect in that
previous calculations are for longer time delays. We note
from our calculation that the smaller-g hot LO phonons
are responsible for the decrease in phonon cooling rate at
time less than 1 ps whereas the larger-g hot phonons are
effective after several picoseconds.

B. Multivalley model

It has been known for a long time that electrons with
sufficient energy above the I' conduction-band minimum
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FIG. 2. Theoretical cooling curve of hot electron and hot
phonons (with wave vector ¢,,9,,4;=8, 15, and 30X 15° cm ™!,
respectively) calculated excited by laser pulses of O fs FWHM
calculated with the one-valley model.
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can scatter into the higher conduction-band valleys at the
L and X points of the Brillouin zone with emission of a
zone-edge phonon.>!® The time to scatter to the X valley
is even shorter than the LO-phonon scattering time. The
time to scatter into the L valleys is known with less cer-
tainty. Estimates of this time varies from about 50 to 1
ps.?> Thus intervalley scattering (IVS) can be a very
efficient channel for cooling the hot electrons in the I
valley. For this is to be true, it is necessary to keep in
mind that IVS only temporarily removes the high-energy
electrons in the I' valley. The electrons which scatter to
the L and X minima will eventually return to the I' val-
ley. However, this return process takes typically several
picoseconds because of the smaller density of final states
in the T valley.® Thus, within 1 ps we can regard the
high-energy electrons as being completely removed by
IVS. Since the L and X conduction-band minima are
about 0.3 and 0.46 eV above the I' minimum, IVS is im-
portant only when the electron temperature is high. Oth-
erwise there will be very few electrons with such energy
to undergo IVS. Recently Rota and Lugli'* point out
that the electrons scattered into the higher conduction-
band valleys by IVS have lower energy than the electrons
in the I valley and can therefore contribute to the cool-
ing of hot electrons in the I' valley. This electron-
electron scattering mechanism is strongly dependent on
electron density as in the case of electron-hole scattering.
For total electron density of 10'® cm ™3, Rota and Lugli
showed that the electron-electron scattering contribution
to the hot-electron cooling rate becomes comparable to
the electron-LO-phonon contribution. Thus the
electron-electron scattering contribution to cooling of hot
electrons in the I" valley is still negligible when compared
to IVS. This conclusion is also consistent with our exper-
imental observation that the electron temperature in-
creases slightly with electron density rather than decreas-
ing with density as would be expected if electron-electron
scattering becomes the dominant cooling mechanism at
high electron densities.

To calculate the time dependence of T, and T, includ-
ing IVS, we introduce one additional rate equation for
the electron population in the I' valley (N) and modify
Eq. (9) for the cooling of the hot electrons. The rate of
decrease in N~ due to IVS is given by

dNp af
at _f ot

where (3f /0t)r_ x represents the rate of decrease in
the electron occupation number in the I' valley due to
IVS to the L and X conduction-band valleys, and p and
E are, respectively, the density of states and energy of
electrons in the I' valley. (df /0t)r_, x is the sum of the
individual rates (3f /8¢ )r_; and (3f /9t )r_ x, which can
be expressed in terms of the IVS deformation potentials
D _; and D_y and the effective masses of the L and X
valleys. Expressions for (8f/9¢)r_; and (8f/0t)r_y
can be found, for example, in Ref. 18. It should be noted
that both rates depend on E. For simplicity we will
make the same assumption as in Ref. 18 that all the
zone-edge phonons [except for the transverse acoustic

prdEr , (11
r—LXx
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(TA) (L) phonon] have the same frequency wjz with
fiwzg =29.6 meV. The rate of decrease in the average en-
ergy (and hence temperature) of electrons in the I' valley
is now given by

AN{ER)) of
ot _f E‘ ILL,XF’rEl“‘H’:I“
oN,
—~tiwo [ 5, Padd - (12)

By repeating the calculation of the time dependence of T,
and T, using Egs. (3), (11), and (12) we obtained the cool-
ing curves in Fig. 3. The value of q in this calculation is
7.5X10° cm ™!, while the value of D_; is chosen to be
7% 10% eV/cm. The total excited electron density is still
3X10'® cm ™3, although it should be noted that the elec-
tron density inside the I" valley, N, is now less than the
total electron density because of IVS. It is clear that the
behaviors of T, and T, are quite different from those in
Fig. 2. As a result of IVS, T, now decreases to about
1500 K in 100 fs. This corresponds to a cooling rate of
about 2.6 eV/ps or more than one order of magnitude
faster than the cooling rate via LO-phonon emission.
Within 100 fs about 50% of the electrons in the I" valley
have transferred to the X and L valleys.?® Because we
have assumed that the electrons thermalize instantane-
ously, the electron temperature drops rapidly as the
high-energy electrons are removed. This shows that for
time shorter than 1 ps, the predominant cooling mecha-
nism of high-energy electrons in GaAs is due to IVS. Dur-
ing the same time interval the increase in T, is not
changed significantly from that shown in Fig. 2. Howev-
er, instead of continuing to increase to over 2000 K, Tq
stops increasing as the phonon temperature crosses the
electron temperature and then overshoots 7T, by several
hundred degrees. From Fig. 3 we note that it takes the
LO phonon and I electrons about 1 ps to reach equilibri-
um because when the electrons have cooled to below 1000
K there are very few high electrons left that can absorb
the small momentum LO phonons. By varying the pa-
rameters used in our calculation we find that the electron

2000
~~
w 1600
o
o 1200
-
S a00
<
(]
O 400
o 1 1 1 1
0 200 400 600 800 1000
TIME AFTER EXCITATION ( fs )
FIG. 3. Theoretical time dependence of 7, and T,

(g =7.5X10° cm™!) calculated with the mulitvalley model de-
scribed in the text. The deformation potential D_; is adjusted
to 7X 10% eV/cm.
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FIG. 4. Calculated T, and T, (g=7.5X10°> cm™') at 200 fs

after excitation by a 6-function laser pulse plotted as a function
of Dr_; for N,=3X10" cm™3,

and phonon temperatures around 200 fs after excitation
are quite sensitive to the value of the deformation poten-
tial D ;. Figure 4 shows the dependence of T, and T,
on Dp_,. We note that T, overshoots T, even if we
neglect the I" to L IVS. The effect of IVS from I to L is
to provide additional cooling of T, after the electron gas
has become too cold to scatter to the X valleys. After
about 400 fs the electron cooling rate slows down
significantly because the electron temperature has
dropped below 700 K so there are not enough hot elec-
trons to scatter to the L valleys. Beyond 500 fs intraval-
ley scattering with LO phonons becomes the dominant
cooling mechanism.

C. Effect of finite pulse duration

So far we have assumed in our model calculation that
the laser pulses are infinitesimally short in duration. In
our experiment we will be using laser pulses of approxi-
mately sech? temporal shape having a full width at half
maximum (FWHM) of about 600 fs. The effect of finite
pulse width on subpicosecond Raman scattering from
photoexcited hot electrons excited and probe by a single
laser beam have been reported by us in Ref. 10. We have
shown via simulation that, when the laser pulse FWHM
is 8¢, the measured electron temperature is roughly equal
to the temperature of electrons, which have been excited
by an infinitesimally short pulse and then cooled for a
time duration of 0.48¢. In this paper we will consider also
the effect of finite pulse duration on the phonon tempera-
ture. We will assume that the laser-pulse profile I(¢) is
given by

I(t)=I,sech®(1.76t/8t) . (13)

Equations (11) and (12) are modified to include the con-
tinuous excitation of electrons in the I" valley and heating
of the electron gas by this addition of hot electrons:

ON af
= - prdEr+R (1), (14)
at f o |r 1 x
AN <E
— ) ‘f prErdEr
r—L.Xx

aN,
—two [ —at—qpqdq +R(DE(0),  (15)
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where R (¢) is the rate of photoexcitation of electrons and
holes calculated assuming that the electron and hole den-
sities are uniform within the absorption length. E(0) is
the initial kinetic energy of the electron immediately after
excitation. By repeating the calculations in Sec. II B we
obtain the cooling curves of electrons and LO phonons
excited by laser pulses with 8¢ equal to 600 fs as shown in
Fig. 5. The center of the laser pulse was taken to be
t =0. The other parameters are same as in Fig. 3, except
that the total excited electron density (#n,) is increased to
about 5X 10'"® cm ™3 so that the maximum electron in the
" valley (N) is now equal to 3X10'® cm™3. We note
that the general trend of T, and T, depicted in Figs. 3
and 5 are similar, especially the phonon temperature
overshoot of the electron temperature is unchanged.
There are, however, differences. The most interesting one
is that around ¢ =0 the phonon temperature shows a
broad maximum while the electron temperature shows a
dip and weak maximum. The explanation is simply that
the laser pulse peaks at ¢t =0 so the addition of a large
amount of hot electrons by the laser pulse near ¢t =0
slows the cooling of the electrons already present. In Fig.
5 we show also N, the electron density in the I" valley,
as a function of time. Notice that because of IVS, N is
not simply given by the integral of R (z). If there were no
IVS, N(0) will be equal to one-half of the maximum
value of N.

In case of photoexcited hot electrons we have shown
that the electron cooling curve can be measured by using
a single laser beam to both excite and probe the hot elec-
trons by Raman scattering.!” The time dependence of the
hot-electron temperature can be deduced from the depen-
dence of the electron temperature on pulse length.%'°
This is not possible for phonons. The electron tempera-
ture always decreases monotonically in a way indepen-
dent of the electron density. However, the phonon tem-
perature increases first and then decreases with time.
The rate of increase of the phonon temperature depends
on the density of hot electrons in the I" valley. As a re-
sult, if we compute the phonon temperature averaged
over the laser pulse length, the result depends more on
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FIG. 5. Theoretical time dependence of T, T, (g =7.5X 10°
cm™ '), and ny calculated with the multivalley model described
in the text. The laser pulse width is 600 fs FWHM. The defor-
mation potential used for this calculation is 7X 10% eV/cm.
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the laser power density than on the pulse length. On the
other hand, the time-averaged phonon temperature is
close to the maximum phonon temperature since the pho-
nons remain at this temperature over much of the laser
pulse as shown in Fig. 5. Thus we can conclude that the
effect of using a laser pulse of nonzero width to both ex-
cite and probe hot electrons and LO phonons by Raman
scattering is that the measured T, represents the temper-
ature of an electron gas excited by a 6-function pulse
after cooling for a duration equal to 0.46¢ while the mea-
sured T, is equal to the maximum phonon temperature.

III. EXPERIMENTAL DETAILS

The setup used in this experiment is shown schemati-
cally in Fig. 6. The heart of this setup is the colliding-
pulse mode-locked (CPM) dye laser, which is pumped by
an Ar ion laser. The typical CPM laser containing four
prisms inside the cavity to compensate for group velocity
dispersion produces laser pulses with widths of about 100
fs and bandwidths of 150 cm ! using Rhodamine 6G as
the lasing dye and 3,3'-diethyloxadicarbo-
cyanine iodide (DODCI) as the saturable absorber.?”2
This bandwidth is too broad for us to observe the pho-
nons of GaAs by Raman scattering. As a result we have
replaced the four prisms with birefringent plates as wave-
length selecting elements. The laser pulses from our
CPM laser has bandwidths of 30 cm ™! and a FWHM of
600 fs. The pulse width can be varied discretely between
200 and 800 fs by changing the concentration of DODCI
or the birefringent plates. The repetition rate of our laser
pulse is 120 MHz, the photon energy is about 2 eV, and
the average power is about 30 mW. One of the two out-
put beams from the CPM laser is sent into an autocorre-
lator to monitor the laser-pulse shape and stability. The
autocorrelator curves can be fitted very well by assuming
that the laser pulses have a sech? dependence on time.”’
The other beam is sent through a Brewster angle prism to

Experimental Setup

Raman

Microcomputer T Spectrometer

g Callecting
Lens

Samples
at 77K, 300K

Brewster
Prisms

Autocorrelator

FIG. 6. Schematic diagram of the apparatus for performing
one-beam excite-and-probe Raman experiment with the CPM
laser.
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FIG. 7. Structure of the GaAs sample used in our experi-
ments. The 0.3-um GaAs layer is sandwiched between two
AlAs layers to prevent the carriers from diffusing into the sub-
strate.

filter out the dye fluorescence before being focused on the
sample. The size of the focal spot on the sample can be
estimated from the magnified image of the focal spot
viewed through the periscope on the Spex 1403 double
monochromator. The laser intensity profile was found to
be essentially Gaussian. The maximum density of elec-
trons excited by the laser pulse was varied between 10'7
and 10" cm ™3 (at the center of the Gaussian intensity
profile) by changing the size of the laser focus between
100 and 10 pm. v

Figure 7 shows the structure of the sample which con-
sists of a 3000-A-thick GaAs sample grown by
molecular-beam epitaxy (MBE) on a [001] substrate. The
GaAs layer was sandwiched between two AlAs layers to
prevent carrier diffusion into the substrate. The top AlAs
layer was protected by a thin layer of GaAs to prevent
oxidization of AlAs. The incident and backscattered ra-
diations are polarized along the [110] directions. In this
scattering geometry both electronic and LO-phonon Ra-
man scatterings are allowed. We note that the wave vec-
tor of the LO phonon probed by our backscattering
geometry is determined by the incident photon energy to
be 7.5X10° cm ™~ !. The scattered photons are detected by
a cooled photomultiplier tube and photon counting elec-
trons. It should be noted that the same laser pulses are
used to both excite and probe the hot electrons and also
the hot phonons generated by the relaxation of the hot
electrons.

IV. EXPERIMENTAL RESULTS

A typical emission spectrum obtained at about 77 K by
focusing the output of the CPM laser on our GaAs sam-
ple is shown in Fig. 8. This scattered spectrum can be
decomposed into three parts: (a) a broad background due
to luminescence extending all the way to the band gap of
GaAs around 1.5 eV; (b) relatively sharp peaks caused by
scattering from the LO-plasmon modes on both side of
the laser line; and (c) a broader peak centered on the laser
line caused by scattering from single-particle excitations
(SPE) of the photoexcited electron plasma.

The luminescence spectrum in this small range of ener-
gy around 2 eV can be fitted rather well by a single ex-

RAMAN SHIFT( cm—1)

FIG. 8. Typical emission spectrum of GaAs when excited by
subpicosecond pulses from the CPM laser superimposed on the
hot luminescence background (dashed line).

ponential as shown by the dashed line in Fig. 8. An ex-
ample of the entire time-integrated photoluminescence
spectrum of the GaAs sample excited by the CPM laser is
shown as the continuous curve in Fig. 9 (this spectrum
was taken at 300 K). It is very broad because of the high
carrier density excited by the short CPM laser pulses. To
fit the luminescence spectra, we assume that the electron
gas is highly degenerate and treat the electron tempera-
ture T, and quasi-Fermi energy p as adjustable parame-
ters. On the other hand, the holes are assumed to
thermalize immediately to a Boltzmann distribution with
the same temperature as the lattice.® With these assump-
tions the luminescence line shape can be fitted by the fol-
lowing equation:°

1
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FIG. 9. Time-integrated photoluminescence spectrum of
GaAs excited by laser pulses of 600 fs. The pulse energy was 0.2
nJ per pulse and the focal size was about 20 um. The dashed
curve is a fit to the experimental curve with Eq. (16) in the text.
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where fio=E, +Er+E,, Er/E,=m;,/m*, and E, is
the energy of the heavy hole. We find that the electron
temperatures are typically around 500 K as determined
from fitting the luminescence spectra (shown as the
dashed curve in Fig. 9) when the lattice temperature is
300 K. This suggests a small amount of heating of the
lattice by the laser beam within the decay time of the
photoexcited electron-hole plasma which is estimated to
be of the order of a nanosecond or less. The Fermi ener-
gy determined by fitting the luminescence spectrum is
p©=155 meV, corresponding to an electron density of
around 5X10'"® cm ™. This density is quite close to the
value of 10'° ¢cm ™3 calculated from the GaAs absorption
coefficient, laser energy, and focal spot size. The reason
for the luminescence density to be so close to the calcu-
lated density of electrons excited by the laser pulse is be-
cause the electrons that have scattered into the higher
conduction valleys eventually return to the I" valley. The
fact that the time-integrated and calculated electron den-
sities are equal to within a factor of 2 suggests that lateral
diffusion of hot carriers is not important. We also found
that the overall width of the luminescence spectrum is
more sensitive to p and hence to the electron density than
to the electron temperature [the high-energy tail of the
spectrum is, however, very sensitive to the electron tem-
perature as expected from Eq. (16)]. In Fig. 10 we plot
the FWHM of the luminescence spectra as a function of
electron density at 7, =500 K. Thus the FWHM of the
luminescence spectra can serve as a direct and quick way
to estimate the photoexcited electron density.

Figure 11 shows a typical Raman spectrum after sub-
tracting the luminescence background. The shaded and
relatively sharper peaks are due to scattering by the so-
called coupled LO-phonon-plasmon mode. For electron
densities higher than 10'7 cm ™3, the plasmon frequency
in GaAs becomes very close to the LO-phonon frequen-
cy.” As a result the two longitudinal waves are coupled
via their macroscopic electric field. It is no longer possi-
ble to separate the vibration of the atoms from that of the
electrons. For brevity we will refer to such coupled
modes as the LO phonons in the rest of this article. As
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FIG. 10. FWHM of the time-integrated luminescence spectra

of GaAs deduced from the theoretical curves calculated from
Eq. (16) plotted against the electron density at 7' =500 K.
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FIG. 11. Typical Raman spectrum of photoexcited hot elec-
trons and phonons after subtracting the luminescence back-
ground. The shaded peaks represent scattering by the coupled
LO-phonon-plasmon mode while the broader peak centered at
the laser line is due to scattering by single-particle excitations
(SPE).

pointed out in Ref. 7, when the electron density has a
Gaussian spatial distribution, as in case of electrons excit-
ed by a focused laser beam, the coupled LO-plasmon
modes appeared as two peaks near the TO- and LO-
phonon frequencies in the Raman spectra. As the elec-
tron density is changed, the relatively intensities between
the two peaks also changed. At high excitation densities
the Raman spectrum is dominated by the peak at the
TO-phonon frequency. Because of the shorter laser-pulse
lengths and hence larger spectral width of the CPM laser
used in our experiment, we were not able to resolve the
two peaks. However, we found that the position of the
broadened coupled-mode peak shifted towards the TO-
phonon frequency as the electron density was increased.
This result, shown in Fig. 12 as solid circles, suggested
that in comparing the experimental results with theory
we can correct for the effect of spatial inhomogeneity of
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FIG. 12. Dependence of the peak position of coupled LO-
phonon-plasmon mode in GaAs on photoexcited electron den-
sity obtained with CPM laser pulses with a bandwidth of 30
cm~!. The two peaks at the TO- and LO-phonon frequencies

cannot be resolved because of large bandwidth.
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the electron gas in the same way as in Ref. 7. This
correction is important only at densities below 5X 108
cm 3. Above this density the Raman spectra are dom-
inated by the high-density region peak at the TO-phonon
frequency. The LO-phonon occupation numbers N, are
determined from the ratio of the anti-Stokes intensity /g

and Stokes intensity I by the equation'®
Nq={(IS/IAS)—1]“1 . (7)

It should be noted that in determining Nq, we have to
take into account possible resonance effects in the Raman
cross section. Such effect can be corrected for by measur-
ing the phonon Raman cross section with a cw tunable
dye laser. The phonon temperatures calculated from N,
are plotted as a function of the total excited electron den-
sities in Figs. 13 and 14. The solid circles are the experi-
mental points. The results in Fig. 13 were obtained at
low electron densities at 77 K while the results in Fig. 14
were taken at room temperature and at higher electron
densities. At low electron density there are fewer hot
phonons emitted by hot electrons so it is necessary to
cool the sample to decrease the background due to
thermal phonons. We note that at low densities the pho-
non temperature increases almost linearly with electron
density, but at electron densities around 10'® cm™3 the
phonon temperature starts to saturate. In Fig. 14 we find
a similar trend at 300 K, except in this case much higher
electron densities were obtainable by focusing the laser
on the sample with a lens with shorter focal length. In
this case the phonon temperature remains almost un-
changed for electron densities between 2 X 10'® cm ™2 and
8x10"%¥ cm™3.

We have identified the broader peak centered around
the laser line in Fig. 11 as due to electronic Raman
scattering caused by the photoexcited hot electrons. We
base this conclusion on the fact that this peak is absent at
iow electron densities and it grows quadratically with
electron density. Similar electronic Raman scattering
peak due to photoexcited electrons has been identified
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FIG. 13. T, (open circle) and T, (closed circle) in GaAs at 77
K excited by laser pulses of 600 fs FWHM. The solid curve is
the result of the multivalley model calculation for T, while the
dashed curve is the result of the one-valley model for T,.
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FIG. 14. Measured T, (open circle) and T, (closed circle)
plotted as a function of the photoexcited electron density in
GaAs at 300 K. The solid and dashed lines are results of fit ob-
tained with multivalley and one-valley model calculations, re-
spectively, using Dr_; =7 X 10% eV/cm.

previously.”® It is known that mobile electrons can
scatter light via several different mechanisms.’! In the
backscattering configuration used in our experiment with
the scattered radiation polarized parallel to the incident
radiation, the spin-density fluctuation mechanism is for-
bidden.’*?*  Considering the high carrier densities
achieved in our experiment, we expect that the charge-
density fluctuation mechanism is also unlikely.3?> On the
other hand, the high temperature of the electrons in our
experiment makes energy-density fluctuations (EDF) the
most likely mechanism responsible for the observed elec-
tronic Raman scattering.’* The line shape of the elec-
tronic Raman peak we observe can be fitted by an asym-
metric Lorentzian. A similar Lorentzian line shape has
been observed in previous Raman scattering from free
carriers in doped semiconductors** and from photoexcit-
ed electron plasma.® To determine the electron tempera-
ture we use the result that the electronic Raman cross
section for SPE, o can be expressed as’!

1
oC
o(q,w) .

WImK(q,w) ’ (18)

where K is linear response function of the electron gas to
an external electric field. Using time-reversal symmetry
it can be shown that™®

K(q,0)=K*(q,—w) . (19)

Using the above two equations we arrive at this expres-
8
sion:

exp[fiw/k,T,]=0(q, —w)/0(q,0) , (20)

which shows that the electron temperature can be deter-
mined also from the ratio of the anti-Stokes to Stokes Ra-
man intensities.

The electronic Raman peak is much broader than the
coupled LO-phonon peaks so there is no unique choice
for the Raman frequency o in determining 7,. Since the
photoexcited electrons are cooling during the duration of
the laser pulse when a single beam is used to both excite
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FIG. 15. Cooling curve of photoexcited hot electrons in
GaAs at 300 K obtained by measuring the electron temperature
as a function of the FWHM of laser pulses.

and probe the electron gas, it is possible that the electron
temperature deduced from different Raman frequencies
are different. For example, at short times the electrons
are hotter so they produce a broader Raman spectrum.
As a result, T, determined from a larger ® may be higher
than T, determined from a smaller w. If this is true then
no well-defined electron temperature can be obtained
from the Raman spectra. For subpicosecond laser pulses
we find that the electron temperature determined from
different values of w is usually constant to within 10%.
Furthermore, the measured temperature changes with
the laser-pulse length as a result of the cooling of the
electron gas.!® Figure 15 shows the electron temperature
as a function of the laser FWHM at a constant density of
3X 10 ecm 3. Using a constant pulse length of 600 fs we
have determined both the electron and phonon tempera-
tures from the same Raman spectra as a function of elec-
tron density. The results are shown in Figs. 13 and 14 as
the open (electron temperature) and closed circles (pho-
non temperature).

V. DISCUSSIONS

The crucial results of our experiment are represented
by the data points in Figs. 13—15. These results can be
compared with the predictions of the one-valley model
and of the multivalley model presented in Secs. II A and
II B. It is easily seen that the one-valley model can ex-
plain the experimental results only qualitatively and not
quantitatively. The fast cooling rate of the hot electrons
in Fig. 15 and the large overshoot in T, by T, cannot be
explained by the one-valley model. These discrepancies
cannot be removed by adjusting parameters in the model
calculation since all the parameters are known in the
one-valley model. On the other hand, the experimental
results can be explained quantitatively by the multivalley
model. We will now compare in detail the experimental
results with the prediction of the multivalley model.

Figure 15 shows that the electron temperature de-
creased from 1250 to 900 K when we increased the pulse
width from 200 to 400 fs. Using the result that the elec-
tron temperature determined with a pulse FWHM of 8¢ is
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equal to the temperature of the electron after cooling for
an equivalent duration 0.48¢ when excited by an infinitely
short pulse, we estimated that the electron cooling rate is
equal to 2(1250—900)k, /(0.4X200 fs) or about 562
meV/ps. This crude calcualtion underestimates the actu-
al cooling rate since it assumes that the electron cooling
rate is constant and independent of temperature, whereas
we expect that the cooling rate is larger at higher temper-
atures. However, this rate already is about three times
larger than that calculated from the Frohlich interaction
without considering the hot-phonon effect. On the other
hand, such a faster cooling rate is consistent with IVS.
For example, by using D_; =7X10% eV/cm™!, we ob-
tain the solid curve in Fig. 15. The general shape of the
cooling curve agrees with the experiment. If Dp_; is
known, we can calculated the dependence of the hot-
phonon population and temperature on electron density
within the multivalley model presented in Sec. IIB. The
effect of using laser pulse with 8z =600 fs is taken into ac-
count in the manner discussed in Sec. II C; namely, the
electron gas is assumed to be excited by a &-function
pulse and the measured 7, is compared with the calculat-
ed T, after cooling for a duration of 0.46¢. The results
are shown as solid curves in Figs. 13 and 14. They have
been fitted to the experimental points by adjusting Dp_,
to equal to 7X10% eV/cm™!. We estimate that the error
in the value of D_; obtained in this way is about 30%,
resulting mainly from the uncertainties in the electron
and phonon temperatures. For comparison, we show as
the dashed curves in Figs. 13 and 14 the density depen-
dence of the electron and phonon temperatures predicted
by the one-valley model. The difference between the two
models is quite clear. We note in particular that the mul-
tivalley model accounted very well for both the magni-
tude of the phonon temperature overshoot and also the
electron density at which this overshoot occurred. Thus
our results provide convincing evidence that the cooling
of the hot photoexcited carriers in bulk GaAs in subpi-
cosecond time scale is dominated by intervalley scattering.
We also note that while the cooling rate of the hot elec-
tron is dependent upon intervalley scattering, the linear
dependence of the hot LO-phonon population on the
electron density in the low-density regime is determined
mainly by the electron-LO-phonon interaction. Within
the subpicosecond time of our experiment, LO-phonon
decay is negligible. Thus one way to determine the
electron—-LO-phonon interaction that does not involve
measuring the rise time of the LO-phonon population'?
or the electron decay time is to measure the LO-phonon
population as a function of the photoexcited electron
density.

As we pointed out earlier, there were large variations
in the value of the deformation potential for I" to L IVS.
Values of D_; quoted in the literature used to vary
from 10® to 10° eV/cm.2’> More recently the range of
values has narrowed down to between 3 X 10® and 8 X 108
eV/cm. The value of D_; deduced in the present ex-
periment agrees very well with the value of 6.5X10%
eV/cm determined by Shah et al.® using subpicosecond
time-resolved photoluminescence, but is about 50%
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larger than the value deduced by Ulbrich et al.?® from
cw hot luminescence. Zollner et al.*® have pointed out
that this discrepancy can be explained by the different
lattice temperatures in the various experiments. While
the present experiment and that of Shah et al.® were per-
formed at room temperature, the experiment of Ulbrich
et al.?® was carried out at 25 K. Zollner et al.*® pointed
out that the usual selection rules for IVS (Ref. 37) were
strictly valid for electrons located at the zone center.
However, in most experiments studying I'VS the electrons
involved typically have wave vectors of the order of 107
cm ™! because of their large kinetic energy. As a result,
IVS of these electrons with emission of the zone-edge TA
phonon is not strictly forbidden. Since the TA phonons
have lower energy than the LA and LO phonons, scatter-
ing with the TA phonons is much more important at
room temperature than at low temperature. Thus one
should interpret the deformation potential determined by
Ulbrich et al.?®> as mainly due to emission of the zone-
edge LA and LO phonons. On the other hand, the defor-
mation potential determined in the present work and in
the experiment of Shah et al.® at room temperature con-
tains contributions from all the zone-edge phonons.
Finally, we note that in Fig. 14 the electron tempera-
ture showed a slight tendency to increase with the pho-
toexcited electron density. This trend is not expected if
the electron cooling mechanism is dominated by
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electron-hole or electron-electron scattering. If the dom-
inant cooling mechanism is IVS as we have concluded,
the electron temperature should be independent of the
electron density since the short-range deformation poten-
tials are not screened by electron densities of 10!° cm ™3
or even higher.’® We do not have a definite explanation
for this result at this time.

In conclusion we find that intervalley scatterings play
an important role in the cooling of photoexcited hot elec-
trons. As a result of this very rapid cooling the tempera-
ture of the hot LO phonons generated by the hot elec-
trons temporarily overshoot the electron temperature.
From the electron cooling curve and the dependence of
the hot-phonon temperature on the excited electron den-
sity, we have determined the deformation potential for
scattering between the I' and L conduction-band valleys
in GaAs.
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