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Using femtosecond UV-pump—-IR-probe absorption spectroscopy, energy-band renormalization of the
X6 and X, satellite conduction-band valleys and energy relaxation of electrons in the X4 and X, valleys
by intervalley scattering, X¢<>I" and X;< T, as a function of photoexcited electron density, were ob-
served in GaAs. The measured energy renormalization and its density dependence are compared with
theory. It is determined that X;— I intervalley scattering is faster than X¢—I" intervalley scattering.

Knowledge of the electron dynamics and band-
structure properties of the satellite X valleys is important
in determining the high-field transport properties of
GaAs. I' - X intervalley transfer has been shown to be
the dominant energy-relaxation mechanism for high-
energy, photoexcited electrons.! A Monte Carlo calcula-
tion by Sanchez et al.,> which employs a five-valley
conduction-band model, reveals the strong influence of
the X, valley regarding transport phenomena in the
high-field range. Band-gap renormalization (BGR) is a
well-known phenomenon that occurs in semiconductors
with high densities of photogenerated carriers.> A reduc-
tion of the fundamental, direct or indirect, band gap, due
to exchange and correlation forces between the carriers,*
has previously been observed in GaAs (Ref. 5) and
Al,Ga,_,As,’ but there have been no measurements of
BGR of the upper satellite conduction bands. Kalt and
Rinker’ (KR) have analyzed BGR in semiconductors
with multiple inequivalent valleys and have shown that it
has a significant effect on the nature of the band structure
in semiconductors.

In this paper we report on the measurement of an
upper satellite conduction-band-involved intervalley
scattering process, X,«>I', the observation of energy-
band renormalization of the X4 and X, satellite
conduction-band valleys, and the observation of the
Burstein-Moss shift® of the X;— X, interband absorp-
tion, in highly photoexcited GaAs. These new, general
interest observations of the energy relaxation dynamics of
high-energy, high-density electrons in the X4 and X, val-
leys and the effect of the high-density electron-hole (e-h)
plasma on the energy-band structure were studied using
femtosecond UV-pump-IR-probe absorption spectrosco-
pyThe setup used to perform these measurements is a
modification of a visible-pump—IR-probe setup which
has been described previously.® A 500-fs UV pump pulse
(293 nm) was obtained from the second harmonic of the
fundamental laser wavelength (585 nm). A 500-fs tunable
IR probe pulse (2.5-5.5 um) was used to monitor the in-
duced IR absorption. The UV pump and the IR probe
pulses were loosely focused onto a 350-um aperture to
obtain fairly uniform intensities across the sample. The
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sample used was a 4-mm, Czochralski-grown, undoped
GaAs crystal at room temperature. Using the intense
293-nm pump pulse, electrons are photoexcited to the
upper part of the I' band. The relaxation dynamics
proceed as depicted in the inset of Fig. 1(b). The dom-
inant relaxation mechanism for this case is intervalley
scattering to the X¢ and X, valleys. Once electrons
scatter to the X valleys they then relax by emitting LO
phonons which is a more effective relaxation process for
valleys with large effective masses.!® These relaxation
processes and electron thermalization in the X valleys
take place within the risetime of the induced IR absorp-
tion (S 2 ps). Their effect is to put a large quasithermal
population of electrons in the X valleys which will subse-
quently undergo intervalley scattering back to the lower--
energy I valley states. This backscattering takes place
on a time scale of tens of picoseconds.

The induced IR absorption spectrum was measured as
a function of pump fluence at a delay time 7 of 2 ps be-
tween the pump and probe pulses. At this delay time the
density of electrons in the X valleys has reached a max-
imum and the absorption of the IR probe is at its peak.
For the highest pump fluence, we have measured the
spectrum as a function of delay time between the pump
and probe pulses. The results are shown in Figs. 1(a) and
1(b). The salient feature of the curves in Fig. 1(a) is that
as the pump fluence increases not only does the strength
of the ir absorption increase, but the onset energy of the
X¢— X, absorption band, indicated in the figure by ar-
rows, decreases. Additionally, notice that there is a shift
between the onset of the absorption band and the peak of
the absorption band which increases as the pump fluence
increases. This is a Burstein-Moss shift which increases
with the increasing degeneracy of electrons in the X, val-
ley (i.e., band filling). These features will be discussed in
detail below. ‘

The solid lines in Figs. 1(a) and 1(b) are a least-squares
fit of the spectra using a model that includes contribu-
tions to the induced IR absorption from (1) free carrier
absorption (FCA) by the photoexcited electrons and
holes,!! (2) direct interconduction band absorption
(DIBA) by electrons in the X4 valley to the X, valley,!?
and (3) indirect interconduction band absorption (IIBA)
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by electrons in the I" valley to higher-energy valleys (X,
or Lg).!! Intervalence band absorption has been shown
to be negligible in comparison to these processes'? and is
excluded from this analysis.

The theoretical fits are obtained by summing the
separate contributions to the total induced absorption.
In terms of the measured change in optical density,

AOD(A)=AODycA(A)+AODppa(A)+AODpa(R) .
(1)
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FIG. 1. Induced IR absorption spectra, Apym,=293 nm, (a)
7=2ps, as a function of pump pulse fluence: (i) 0.860 mJ/cm?,
(i) 0.550 mJ/cm?, (iii) 0.400 mJ/cm?, (iv) 0.200 mJ/cm?; (b)
pump pulse fluence =0.860 m)/cm? () 7=2 ps, (i) 7=20 ps,
(iii) 7=60 ps. Typical error bars are shown. Solid lines are
theoretical fits. Arrows indicate onset energy of X;—X; ab-
sorption band obtained from the fit, as explained in the text. In-
set is a diagram of the electron energy-relaxation processes and
renormalization in the X and X valleys.
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The free carrier contribution, which dominates at
longer wavelengths, increases linearly with pump intensi-
ty and rises as® AODgca(A) AP, The best fit for the
spectra at 7=2 ps is given by p=3.2 which may indicate
strong impurity and optical-phonon scattering, but for
later times, at 7=20 and 60 ps the best fit is given by
p=1.5 which may indicate strong acoustic-phonon
scattering.

The direct X¢— X, absorption spectrum of this al-
lowed, momentum-conserving transition is calculated us-
ing second-order perturbation theory. The absorption
change can be written after integration over k as'?

AODpga(A) < (ke /A—AE;&’G,X7 )1/2’"3/3

x[fG(E6’Ef6)Te)_f7(E7’Ef7:Te)] ’ (2)

where f¢ and f, are the Fermi-Dirac distributions for
electrons in the X and X, valleys, respectively, E s and
E;; are the quasi-Fermi energies for the populations in
the X, and X, valleys, respectively, AE )}6, X, is the renor-

malized energy gap between the X¢ and X, valley mini-
ma, T, is the electron temperature, and m, is the reduced
effective mass, m, =mem,/(mg—m,), where m¢s and m,
are the density-of-states effective masses of the X and X,
valleys, respectively. For GaAs, m¢=0.85m, and
m,=0.48m,,'* where m, is the free-electron mass. The
energies of the optically coupled states E¢ and E; at the
probe wavelength A can be expressed in terms of the
effective masses and AE ,'(6, x, as

E¢7(M)=(m,/mg;)hc/A—AEx_x_ ). (3)

The second-order process of indirect interconduction
band absorption has been successfully used by Jordan!! to
fit the IR absorption data in n-type GaAs of several ex-
perimental groups. This indirect absorption dominates
the spectrum for A less than 3.0 um. It is only necessary
to include this process in our model to give a satisfactory
fit to our spectra in the high-energy tail of the X¢—X;
absorption band. It has no effect on the fit to the main
part of the band at wavelengths longer than 3.0 um. For
wavelengths between 3.0 and 2.5 um this absorption has
been shown to rise slowly and has no drop-off at shorter
wavelengths. In our analysis, it is not necessary to in-
clude this process to fit the case of the lowest pump
fluence or for the case of the highest pump fluence at a
delay time of 20 ps. For low pump fluence, the contribu-
tion is weak because of a low density of electrons in the I'
valley. At high pump fluence, but long delay times, many
of the X4 and L, states have been filled by electrons
which have relaxed to the bottom of these bands, so the
contribution is again reduced.

From our fit to the X;— X, spectrum we can extract
E;¢and Epy, T, and AE,’(6X7. From Eyg, Ef, and T,, we
calculate the electron densities of the X and X, valleys,
ne and n,, respectively, using the approximation of
Aguilera-Navarro, Estévez, and Kostecki.!> We estimate
the total density of carriers n from the pump fluence and
from the magnitude of the free carrier absorption. These
results are displayed in Table 1.
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TABLE I. Results of fitting X4 — X, absorption band for various experimental conditions. AE ,{,6, X, (expt) is the renormalized ener-

gy gap determined from fitting the spectra and AE }6, X7(theory) is calculated using the KR model.

Pump

fluence Delay (ps) n (10%° cm™3) ng (10® cm™3) ny (102 cm™3) AEx  x,(expt) AE,§6,x7(theory)
(mJ/cm?) (eV) eV)

0.20 2 2.4 1.09 0.096 0.322+0.007 0.309

0.40 2 4.8 1.75 0.233 0.295+0.006 0.300

0.55 2 6.4 4.09 1.270 0.258+0.009 0.262

0.86 2 10.0 7.22 2.730 0.238+0.006 0.233

0.86 20 33 1.31 0.090 0.288+0.006 0.301

The arrows in Fig. 1 are placed at the energies
AE ,}6, x,» obtained from the fit, which correspond to the

onset of the X,— X, absorption. At this energy the IR
absorption deviates from the power law describing FCA.
Even though we have assumed k conservation, there is
not a sharp onset of the X¢— X, absorption due to band
filling of the X, valley.® Carriers at the bottom of the X,
valley limit the number of final states available for the ab-
sorption and shifts the peak of the absorption to higher
energy. Lifetime and collision broadening'* of the
X¢— X, absorption spectra are not needed to obtain a
good fit to the data. If included, they may change the
values of T,, ng, n,, and AE /{,6’ X, obtained from our fit to

the data. In particular, AE }6’ x, may be changed by as

much as 6 meV, but this is on the order of the uncertain-
ty in our determination of this value. Therefore, we
choose to neglect these effects. As will be seen, we still
obtain a good agreement with theory.

To explain-the observed shift of the onset energy of the
X¢— X, absorption band we follow the procedure of KR
(Ref. 7) to calculate the separate renormalizations of the
X¢ and X valleys. This procedure accounts for the fact
that the electrons experience a Coulomb interaction with
all the other electrons and holes regardless of which val-
ley they are in, but they experience an exchange interac-
tion only with other electrons residing in the same valley.
The exchange-correlation energy is calculated, first as-
suming that all the electrons are in a single valley. This is
accomplished by using the universal formula derived by
Vashishta and Kalia for the exchange-correlation energy
of an eh plasma,’® e, (r,)=[(a +br,)/(c+dr,
+er?)]Ry*, where Ry* is the excitonic Rydberg,
r,=(3/4mna,)!’? is the dimensionless mean interparticle
separation, n is the carrier density, a., =(g,#*/me?) is
the excitonic Bohr radius, m,, is the reduced excitonic
mass, and g, is the static dielectric constant. The
coefficients a,b,c,d, e are given in Ref. 15. Then, subtract
from g, the full electron exchange energy,*
Ef=—[0.916¢(p,)/r,v}/*]Ry*, where v, is the degen-
eracy of the valley, ¢(p.,) is an anisotropy factor,
d(p,)={pl%in"[(1—p,)"?]1/(1—p,)!/*}Ry*, and p, is
the ratio of the transverse to the longitudinal effective
mass for the valley. The ratio p, for the X, valley is as-
sumed to be the same as that for the X valley. Finally,
the electron exchange energy is calculated for each valley
individually considering only the population density

within that valley, and that is added back to the previous
result to obtain €,  for each valley.

The energy renormalization of each band can be ob-
tained from® E —E’'=¢, +nde,./0n where E (E’) is the
unrenormalized (renormalized) energy minimum of the
valley and ¢, is the exchange-correlation energy for the
valley. The renormalization of the X — X, energy gap is
found from the difference of the renormalizations of the
energies of the Xy and X, valleys, AE)’(G’X7=AEX6’ X,
—AEX7+AE x> S shown in the inset of Fig. 1(b). The

results of these calculations are shown in Table I. Since
the effective mass, and hence the density of states, of the
X, band is less than that of the X¢ band, its energy is re-
duced by a larger amount for the densities obtained in
this experiment. This causes a reduction of the X4 — X
energy gap. The calculations are in excellent agreement
with the measured gaps for the three highest densities
and somewhat in agreement for the lower densities. The
unrenormalized gap of 0.345 eV was taken from measure-
ments by Wang et al.'?

Consider the ratio of the calculated densities of the X
valley populations, n,/ng¢, and the ratio of the density of
electrons in the X valley to the total density of electrons,
(ng+n,)/n, as a function of pump fluence. The ratio
(ng+n4)/n increases dramatically as the density in-
creases, going from less than 50% for the lower densities
to 99% for the highest density. In addition, as the total
density increases, the ratio n,/n¢ increases. These effects
can be understood in terms of screening by the high-
density electron-hole plasma. As the density of carriers
increases (> 10'® cm™3), the relaxation of energy by the
emission of polar-optical phonons is reduced by the
screening of the Frohlich interaction. Intervalley scatter-
ing, by emission or absorption of nonpolar-optical pho-
nons via a deformation potential interaction, then be-
comes the dominant energy-relaxation mechanism. In-
tervalley transfer to the X valleys will thus increase as the
emission of polar-optical phonons is reduced. For higher
pump fluences, higher electron temperatures are achieved
and the populations of the X valleys become degenerate.
This give rise to a higher probability of electrons scatter-
ing to the X, valley as the pump fluence is increased.

As time proceeds, the population of electrons in the X
valleys is depleted by intervalley scattering back to the I’
valley. For the case of pump fluence =0.86 mJ/cm?,
shown in Fig. 1(b), after 20 ps the ratio of electron densi-
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ty in the X valleys to total electron density has decreased
from 0.99 to 0.42. Since the ratio of n,/n¢ has also de-
creased from 0.38 to 0.07 it can be inferred from the data
that the intervalley scattering rate for X, —T is faster
than that for X¢—I". This observation is supported by
(1) the calculated deformation potential constant for
scattering between the X, and T valleys is higher than for
scattering between the X4 and T valleys,'® and (2) the
density of states at the point in the I'" valley which the
electrons scatter to from the X, valley is higher than that
at the point which the electrons scatter to from the X
valley. The intervalley scattering time for X4—I" has
previously been measured to be 0.70 ps (Ref. 12) (scatter-
ing rate of 1.43X 102 s™!). From our measured densities
we estimate that the X; — T intervalley scattering time is
0.60 ps (scattering rate of 1.70X 102 s™!). Thus, X, —T
intervalley scattering is about 1.2 times faster than
X¢— T intervalley scattering. This is in reasonable
agreement with the theoretical deformation potential
constant calculations of Zollner, Gopalan, and Cardo-
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na.'® Finally, it can be seen from Fig. 1(b) that after 60
ps all the electrons have scattered out of the X valleys
and the interconduction band absorption no longer exists.

In conclusion, using femtosecond UV-pump—IR-probe
absorption spectroscopy to study the relaxation dynamics
of high-energy, high-density electrons in GaAs, we have
measured the energy-band renormalization of the X4 and
X5, conduction-band valleys due to the presence of the
high-density electron-hole plasma, performed the mea-
surement of an X, valley involved intervalley scattering,
measured the effect of the high density of electrons on the
energy relaxation through this channel, and determined
the intervalley scattering time for X;—I" to be faster
than that for X¢— . This study is most important for
understanding electron transport in high-speed, high-field
devices.
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