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L6-X6 Intervalley Scattering Time and Deformation Potential for Alo 6Gao 4As Determined by
Femtosecond Time-Resolved Infrared Absorption Spectroscopy
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Hot electrons in Alo&Ga04As were produced in the A'& valley from a photoexcited indirect transition by
a 585-nm femtosecond pump pulse. The time evolution of the population of electrons in the bottom of
the A'(, valley was monitored by a femtosecond infrared probe pulse. The I (,

— A'& intervalley scattering
time of -200 fs and the L&, X& inte-rvalley deformation potential of -2.7&&10" eV/cm were determined
from the measured kinetic data.

PACS numbers: 72. IO. Di, 72.80.Ey, 7S.SS.Cr

Intervalley scattering of electrons between conduction-
band valleys in bulk or quantum-well semiconductors

plays a dominant role in determining the energy relaxa-
tion of hot electrons and the high-frequency transport
properties of semiconductor devices [1-4]. A large num-

ber of experiments have been performed to determine in-

tervalley scattering times such as tI- . t, t&- . ~, tt . &-, and

t q . t- in GaAs [3-6]. As a result of the direct-gap nature

and the initial excitation of the I -valley electrons rather
than the satellite-valley electrons, the L-X intervalley

scattering in GaAs cannot be directly monitored, and

may be estimated from the I -X intervalley scattering
measurement for GaAs alloys such as AlGaAs. However,

to our best knowledge, no such measurements have been

performed so far. Therefore„ the importance of L-X in-

tervalley scattering for the hot-electron relaxation in

GaAs has not yet been experimentally revealed.
In this Letter, we present a measurement for Alo~-

Ga04As using femtosecond visible-pump and infrared-
(IR-) probe absorption spectroscopy. The indirect-gap
band structure of AloqGa04As enables us to eliminate the
1-valley-involved intervalley scattering and to directly in-

vestigate the Lt, Xt, intervalley scat-tering process [7].
The experimental results yield the first determination of
the intervalley scattering time and the deformation poten-

tial between the L and X valleys for Al06Ga04As, and

give an upper limit of the L-X intervalley scattering time

for GaAs.
An undoped 2-pm-thick AloqGa04As epilayer sample

was grown by the metal-organic chemical-vapor-depo-
sition process in a vertical reactor at a temperature of
725'C with a growth rate of 12-14 A/s. The Al content
of the sample was determined via electron microprobe
analysis and the gas-phase composition measurement
with an uncertainty of + 0.005. The GaAs substrate was

completely removed to eliminate the excitation and ab-

sorption from the substrate. The steady-state IR trans-

mission spectra of the samples were measured and found

to have no appreciable absorption at the probe wave-

lengths.
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FIG. 1. Femtosecond visible-pump and infrared-probe ab-

sorption setup.

A femtosecond visible-pump and IR-probe setup [8]
(shown in Fig. I) was used in this experiment. The out-

put of a Spectral Physics dye laser, pumped by a mode-

locked YAG laser (YAG denotes yttrium aluminum gar-
net) with a fiber-grating pulse-compression and second-
harmonic-generation system, was amplified by a pulsed

dye amplifier pumped by a g-switched YAG laser to ob-

tain -585-nm, -400-fs pulses. The amplified beam was

divided into three parts: One of them was used as a

pump to produce hot carriers with a carrier density of
2.8&10 " cm ' through a photoexcited indirect transi-
tion. The second beam was focused into a methyl alcohol
or D~O cell to generate a white-light continuum which

was mixed with the third beam (585 nm) in a Lil03 crys-
tal to produce IR pulses tuned from 2.5 to 5.5 pm by a

difI'erence-frequency method; the latter were used to
monitor the induced IR absorption.

The measured time-resolved IR absorption at Xp
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FIG. 3. The probe-wavelength dependence of the induced to-
tal lR absorption (triangles) and the free-carrier absorption
(dashed line).

(I) inter-conduction-band absorption (lCA) by electrons
from the X6 to the X7 valleys (see the inset of Fig. 4); (2)
inter-valence-band absorption (IVA) by electrons from
the split-off to the heavy-hole and light-hole bands and by
electrons from the light-hole to the heavy-hold bands; and

(3) free-carrier absorption (FCA) by hot electrons in the
L and X valleys and by hot holes in the three valence
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FIG. 2. (a) The measured change in induced optical density

at 3.3 (triangles) and 4.0 pm (plusses, x —, ) for AI04Ga04As at

room temperature. (b) The rise portions of both curves in (a)
normalized for maximum values.
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0.80—

=3.3 and 4.0 pm for Alo&Ga04As is displayed in Fig.
2(a). The rise parts of these two curves were normalized
for their maximum values, and shown in Fig. 2(b). Al-
though the decays of both the curves are flat, the rise
time of the 3.3-pm curve is longer than that of the 4.0-
pm curve and has two components. To understand the
physics behind the differences between the rise times of
the two curves in Fig. 2(b), the measurements were ex-
tended to other wavelengths between 2.5 and 4.7 pm to
obtain the probe-wavelength dependence of the induced
IR absorption at a fixed delay time of I,I=20 ps. The
measured results are shown in Fig. 3, which indicates an
interband transition in the I R region.

An explanation for the induced IR absorption has been
discussed previously [9]. The induced total IR absorption
is attributed to the following three absorption processes:
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FIG. 4. The time evolution of the population of Nq and NI.

The circles represent the experimental data for N~-. The dot-
dashed, solid, and dot-dot-dashed curves are the computer fits
for 1V&-, from rate equations (2)-(4), corresponding to
II . &-=l00, 200, and 300 fs, respectively. The dashed line is
the numerical solution for NI with II ~-=200 fs. Inset: The
band structure of the sample, and the relevant scattering pro-
cesses.
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bands.
The calculated optical densities of IVA for k ~ 3. 1 pm,

obtained by using the cross sections for IVA given by
Braunstein and Magid [IO] and our electron densities in

the split-oA and the light-hole bands, are less than 0.004,
which is much smaller than the observed values shown in

Fig. 3. Therefore, IVA can be neglected for k„„,b„~3. 1

pm.
The characteristics of FCA can be obtained from Figs.

2 and 3. The absorption for k„,„b„.~4.0 pm in Fig. 3
simply increases with probe wavelength and does not
show any interband transition structure. This indicates
that the energy of the probe photons for k„,„b,.~ 4.0 pm
is not suScient to make transitions for ICA. Conse-
quently, the absorption for those longer wavelengths only
arises from FCA. The curve fitting to the data for
A, p,„b,.~ 4.0 pm using the relation (OD)ycA ~X", and its
extension to shorter probe wavelengths, shown in Fig. 3,
gives an appropriate value of FCA at each X„,„b,. with the
value of n =2.2. The temporal behavior of FCA at each

k„,„b,, for example, at k„,„b,.=3.3 pm, should be similar to
the curve for 4.0 pm in Fig. 2 with its appropriate flat
va 1 ue.

The total IR absorption at 3.3 pm is attributed to both
FCA and ICA because a 3.3-pm photon is energetic
enough to make the X6 X7 transitions [9]. Since the
temporal behavior of FCA at 3.3 pm should be similar to
that at 4.0 pm, the time-resolved L6 L7 ICA at 3.3
pm, (OD)z, .z, (t), can be obtained by subtracting the
FCA curve, (OD)('cA(t), from the measured total ab-
sorption curve, (OD)&„&.„~(t).

Since the L7 states are almost empty, the time-resolved

X6 X7 absorption, (OD)&', .z, (t ), obtained by the
manner mentioned above, reflects the time evolution of
the population of the X6 electrons, Nq(t) In fact, . N(((t)
can be obtained by deconvoluting the transmittance data
Tv, . q.,(t), corresponding to the absorption data of
(OD) v, q„and the probe pulse l„,„b„.(t) using the equa-
tion

f ~dt Ip, (&b„(1—1g—)e
Tv, .x, td f" dt 1(r.b'(t)

where I„„b„(t)is the instantaneous intensity of the probe
pulse assumed to have a Gaussian profile, d is the length
of the sample, and crq is the L6 X7 absorption cross
section, which can be calculated using the value of
(OD)z, .+,(t) in the flat decay region and the carrier
density. The deconvoluted result for /VL(t) is shown in

Fig. 4.
In contrast with the X-valley electrons having both

ICA and FCA, the I -valley electrons only undergo FCA
because there are no upper IR active bands for them to
undergo ICA. Therefore, the relative IR absorption in

the L valley is very small.
The time evolution of the population of the X6 elec-

trons, N,r(t), was used to extract the value of the L X
intervalley scattering time from a rate equation analysis.
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Electrons excited from the heavy-hole and light-hole
bands by 2. 12-eV (585 nm) pump photons obtained
suIIicient energy to reach both the X and L valleys [I I]
from which they can scatter to each other as well as
scatter inside each valley. Although emission and absorp-
tion of a phonon increases and decreases the intravalley
scattering rate, respectively, both of them increase the in-
tervalley scattering rate [I]. Since the energy of the X
minimum (2.023 eV measured from the top of the I

valence band) is two phonon energies lower than that of
the L minimum (2.089 eV), after a few X L backward
and forward intervalley scatterings, electrons in the I val-

ley will scatter into the L valley and the energy of the
electrons in the L valley will decrease to less than 2.089
eV. These electrons in the L valley will then decay to the
bottom of the L valley through intravalley scattering.

The rate equations governing the dynamics of the hot
carriers through intervalley and intravalley scattering are

dN( (1)/dt = —K( r/V( (1)+Kg(/Vv(, t.)+,a( dP(t)

dN)'(t)/dt =, K(g/V( (1),
—K,r( NN(t)

+a( dP(t) —Ky;vN( (1),

dN, r(t)/dt =Kg;gNq'(t) K,vyN, g (1),

(2)

(3)

(4)

where /V((t) is the instantaneous population density of
electrons (IPDE) in the L valley; /V(( (t) is the IPDE in

the L valley whose energies are above 2.089 eV; 1V.& is the
IPDE in the bottom of the X valley; P(t) is the pump
photon flux density; K( = I/1;(, for i,j =L,X, is the inter-
valley or intravalley scattering rate shown in the inset in

Fig. 4; t;j is the intervalley scattering time from the i to j
valley for i ~j; tz)( is the average time for the L electrons
to undergo an energy loss from above 2.089 eV to the
bottom of the L valley by intravalley scattering in the L
valley; K&y = I/tqy is the recombination rate of the X
electrons and holes in the valence bands, which can be
neglected because tq~ is much longer than our experi-
mental range of —50 ps; and a; (i =L,X) is the absorp-
tance of the sample for the pump pulse at 585 nm.

The rate equations (2) (4) were solv-ed for Nq(t) nu-

merically by using the Runge-Kutta method. The values

of a~ and al can be obtained from the steady-state
absorption measurement of the sample. The value of t q-~

and the relationship between t~I and tIq can be obtained

using the previously determined intravalley decay con-
stant [I 2], the intravalley and intervalley scattering
theory [I], and the parameters of m~. =0.766mp, m(
=0.566mo, cp,q. =2.023 eV, epI =2.089 eV, and

h(((( =32.94 meV for Alp 6Gap4As [11]. Substituting the
above values for the coeScients into the rate equations
leaves only tI,~ unknown, which was treated as a variable

parameter to fit the numerical solution for Nq(t) to the

experimental data. As examples of fitting, the three
curves of the solution of Nq(t) for the three values of
tI,q. =0.1, 0.2, and 0.3 ps are shown in Fig. 4. A compar-
ison of the fitting curves with the experimental data gives
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a value of tI+ =200 fs as the best fit. The uncertainty in

this determined value tl I was estimated to be ( ~ 100 fs

by considering the experimental error bars and the uncer-
tainty of the parameters used for solving the rate equa-
tions.

The time evolution of the population of electrons in the
L valley can also be obtained by solving the rate equa-
tions (2)-(4) for NI at a value of tlx T.he solution of
NI with tI+=200 fs is displayed in Fig. 4 by the dashed
curve.

The determined L X intervalley scattering time of
tI q

=200 fs for Alp 6Gap 4As is attributed to both
phonon-assisted (deformation potential related) [1,13]
and alloy-disorder-assisted (zero-phonon transition) [14,
15] intervalley scatterings. The recent measurements of
Kalt et al. [15] show that (I) zero-phonon transitions are
efficient in AI, Gai „Asbut negligible in GaAs; (2) in

Alp 3gGap 62As, the intervalley scattering time for the
alloy-disorder-related transfer, t d;, , is about 4 times
longer than that for phonon-assisted transfer, t„h,„,„,and
(3) the effect of the disorder for higher x values can be
estimated using the simplified formula I/td;., a:x(l —x).
Since the product of x(l —x) is about 2% higher for our
sample with x =0.6 than that for their sample with
x =0.38, it is reasonable to choose td;,. to be also about 4
times longer than t„h„„„„for Alp 6Gap 4As. The total
L X intervalley scattering time tI+ can be expressed by
the equation of I/tix = I/(tph„„„„)ix+I/(td;, )ix. Substi-
tuting the relation (td;, )Ix=4(t„h„„„„)ixand the deter-
mined value of tI,J(=200 fs into this equation yields the
value of (t„h„,«)ix =250 fs for Alp 6Gap4As.

This phonon-assisted L X intervalley scattering time
(t„h„„„„)ix,can be used to determine the deformation po-
tential between the L and X valleys from the equation
[1,13]

[(N) + I )(e—hrpij —
ep, ) '~'

+N;y(e+hro;y —epi)' ], (5)
where t;i is the phonon-assisted intervalley scattering
time of electrons from the initial ith valley with energy e
to the final jth valley, Ni the number of equivalent val-
leys (I for I, 3 for X, and 4 for L), mi the effective mass
of electrons in the jth valley, p the density of the crystal,
Aco;i the phonon energy for the i j intervalley scatter-
ing, N;i the number of intervalley scattering phonons, epj
the energy in the bottom of the jth valley, and D;j the de-
formation potential between the ith and jth valleys. The
first and the second terms in the square brackets repre-
sent transitions involving emission and absorption of pho-
nons, respectively. All of the values of the above-
mentioned parameters for Alp6Gap4As, except D;j, can
be obtained from the literature [11]and our experimental
conditions. Substituting the known values and the deter-
mined value of (t„l,„„„„)ix=250 fs into Eq. (5) yields the
value Dix =2.7x 10"eV/cm.

Zollner, Gopalan, and Cardona [13] have calculated
the L-X intervalley deformation potential DI+ for GaAs
as well as for A1As. The total DI~, considering all of the
possible phonon modes, was calculated to be 3.8x10"
eV/cm for GaAs and 3.2x 10" eV/cm for AIAs. These
results indicate that DI ~ in Al, Ga[ —,-As changes slightly
with x. Therefore, the theoretical value of DI ~ for
Alp 6Gap 4As can be approximately estimated to be 3.44
x10" eV/cm, which is slightly higher but in good agree-
ment with our experimental value.

Our determined value of (t„h„„„„)ix=250 fs for Alp6-
Gap4As can be used to estimate the upper limit of
the L X intervalley scattering time tI ~. for GaAs.
Since (mx) G„.A, ) (mx) AI„G.„„A,[I I] and (DI x)GnAs.) (Dlx)AI„G,,„A,. [13], (tlx)G„.A, should be smaller [I]
than (ti x)AI G A, that is, tix ( 250 fs for GaAs. Com-
paring this result with the Shah et al. determination [3]
of tI [-=2.0 ps shows that tI~&&tl ~ in GaAs. Therefore,
electrons scatter back and forth between the L and X val-
leys more frequently than between the L and I valleys.
Consequently, the L-X intervalley scat tering is more
efficient to control the rate of energy relaxation of the en-
ergetic hot electrons in the I valley for GaAs and more
important for high-speed hot-carrier devices.
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