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ABSTRACT

We have used the rigid—pseudoion method (with g-dependent matrix elements and a realistic non-parabolic
band structure) to calculate the lifetimes of electrons at the L- and X-points in GaAs as a function of temperature.
(L: 2.240.5 ps, X: 130420 fs at room temperature). The contribution of the TA phonons to LI-scattering explains
the discrepancy between the experiments of Shah and Kash, performed at two different temperatures. About 80%
of the carriers at X scatter into the L-valleys. The intervalley scattering times in the I-valley for electrons with an
energy of 165 meV above the L-point are found to be 7504100 fs at helium temperatures (100 fs for electrons with
an energy of 270 meV). These results compare favorably with recent ferntosecond and CW laser experiments.

1. INTRODUCTION

Progress in ultrafast laser and detection techniques! has made possible direct measurements of intervalley scat-
tering (IVS) times in GaAs. 2 The groups of Shah® (using femtosecond luminescence with up-conversion detection)
and Alfano®® (four—wave mixing and visible pump-infrared probe) have found the room temperature lifetimes of
electrons in the Lg- and Xg-valleys to be 2 ps and 7004500 fs, respectively. IVS scattering times for the reverse
process, i. e., for carriers in the Tg-valley with very high energies to the subsidiary L¢- and Xe-valleys have been
determined with CW hot-electron luminescence. 7% Visible pump-and-probe measurements!*~13 are more difficult
to interpret, as carrier-carrier scattering makes the TVS times density- and even time-dependent. 14716

2. THEORY

In a 3-D elemental or binary compound semiconductor without impurities, the dominant IVS mechanism is
the deformation-potential electron-phonon interaction. 17 In the common theoretical model, 17 one assumes a ¢-
independent coupling constant, the intervalley deformation potential (IDP) D (which theory predicts to be about
3 eV/A for T'L- and T X-scattering in GaAs and InP819), proportional to the electron-phonon matrix element, and
a band structure with spherical valleys around the I'-, L-, and X-points. Then Fermi’s golden rule can be integrated
analytically over all final states to yield Conwell’s formula for the IVS time. 17,20

We have shown previously, however, that the intervalley deformation potentials for GaAs?® and GaP?! do
depend on the phonon wave vector g. This makes Conwell’s formula a poor approximation. A better model uses a
realistic pseudopotential band structure for the conduction band and g-dependent electron-phonon matrix elements
and performs the integration over all possible final states numerically, e. g., with the tetrahedron method. This

procedure has been described in detail in Ref. 20. The IVS time (r4(T)) for an electron with wave vector k as a
function of (lattice) temperature T'is found to be

()" = ¢ [ aeds (k) (NQ(TH%), o

where the dimensionless intervalley phonon spectral function g*B (I?, Q) is a phonon density of states weighted with

the electron density of final states and the strength of the appropriate electron-phonon coupling. Both emission
and absorption processes=are considered. The small phonon energy € in the é-function of the golden rule (energy
conservation) has been neglected. The latter approximation simplifies the numerical procedure and only causes a
small error near the onset of IVS. o

Throughout this paper, we study the intervalley scattering probabilities for a single electron in the crystal,
i. e., for the zero-density limit. At higher carrier densities, the intervalley scattering times may be modified, mainly
because of partially filled final states (Pauli principle), see Ref. 16. Screening of the intervalley electron-phonon
interaction is of minor importance, as the momentum transfer of a zone-boundary phonon to the electron is much
larger than the screening wave vector.

'
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3. RESULTS

3.1. Lifetimes of electrons at the L- and X-points

The intervalley spectral functions for electrons at the L- and X-points, calculated with local empirical pseu-
dopotential form factors from Ref. 22, interpolated as in Ref. 23 with a cutoff?* of Ey=F>=13, and a 10-parameter
valence-overlap shell model for the phonons, 2%26 are shown in Fig. 1. The lifetimes as a function of temperature
are given by the solid lines in Fig. 2. From Fig. 1 (a) it can be seen that the TA, LA, and LO phonons contribute
to LT-scattering, whereas the contribution of the TO phonons is very small. At low temperatures, the IVS time is
inversely proportional to the area under the peaks, therefore the contribution of the TA phonons will be moderate.
At room temperature, however, the TA phonons will have a larger occupation factor than the LA and LO phonons,
therefore they will give the largest contribution. This explains the discrepancy between the CW hot-luminescence
experiment of Kash and coworkers” (Dpr=3.85 eV/A at 2 K) and the femtosecond luminescence measurement by
Shah and coworkers® (Drr=6.5 eV/A at 300 K). The low-temperature result of Kash gives the correct value, in very
good agreement with the theoretical result!® Dp=2.630.3 eV/A, for the combined IDP for the LA and LO modes
(as the TA mode is not important), whereas the neglection of the TA mode at room temperature in the analysis of
Shah’s experiment leads to an overestimate of the IDP. For the same reason, Kim and Yu?® also overestimate the
Drp deformation potential in their subpicosecond Raman experiment performed at room temperature. The lifetime
of an electron at the L-point as a function of temperature is given by the solid line in Fig. 2 (a) (6.6+1.0 ps at 10 K
and 2.240.5 ps at 300 K, in agreement with the result of Shah, ® the errors given are the standard deviations of ten
calculations with different pseudopotential interpolations and phonon models). The dotted line in Fig. 2 (a) gives the
lifetime when the interaction of the electron with the TA phonons is switched off. This leads to an increase of only
35% at 10 K; but more than doubles the lifetime at 300 K. Therefore the TA phonons must be taken into account in
a Monte-Carlo analysis of hot-carrier experiments at room temperature. (Alternatively, an unphysically high value
of about 7 eV/A has to be used for the IDP at 300 K.31) At low temperatures, it is a reasonable approximation
to omit TA phonon scattering and use an IDP of about 3.5 eV/A as in Ref 6. We stress that Fig. 2 (a) gives the
return times at the L-point. The return times at other points in the L-valley (with higher energies) may be shorter,
as pointed out by Kann ef ol 16
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Figure 1: Temperature-independent, dimensionless intervalley phonon spectral function g?B(Q) for the lifetime of
an electron at (a) the L-point and (b) the X-point. The abscissa is the energy § of the intervalley phonon. This

spectral function has to be multiplied with the Bose-Einstein factor No(T') and integrated over all phonon energies
in order to obtain the (zero carrier-density) lifetimes of the electrons as a function of temperature.
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An electron at Xg can scatter to the Lg-minima (by emission or absorbtion of an L-phonon) as well as to the
I's minimum (with an X-phonon). Its intervalley phonon spectral function is given in Fig. 1 (b). It can be seen that
the TA contribution is even larger than for LI-scattering, a consequence of the dispersion curves of Ref. 20. This
means that the interaction with the TA phonons is the dominant mechanism for X L- and XT-scattering. As the
TA (L) phonon peak (8.1-9.5 meV for our phonon model) is much larger than the TA (X) peak (9.6-10.3 meV), most
carriers at Xg will rather scatter to the Lg- than to the I's-valley. The small peaks at about 27, 29, and 31.1 meV
are the contributions of the LA (X), LO (X), and TO (X) phonons, respectively, whereas the large peaks at 24.8,
30.5, and 31.7 meV are due to the LA (L), LO (L), and TO (L) phonons, respectively. The importance of the TA
phonons for XI'-scattering proves that the commonly used'®?® value of Dpx=10 eV/A for the LO phonons is an
overestimate, the actual value is much lower, in agreement with our previous results.!® The lifetime of an electron at
X, as a function of temperature is given by the solid line in Fig. 2 (b) (400490 fs at 10 K and 130420 fs at RT).
These rates are somewhat shorter than the experimental Xg-lifetime of 700£500 fs at 300 K reported in Ref. 5, but
agree well with the Monte-Carlo results of Kann et al. 16 The dashed line shows the lifetime when scattering from Xe
to the I-valley is switched off, i. e., when only scattering to the L-valleys is considered. This means that about 80%
of the carriers at Xg scatter to the L-valleys, only about 20% to the I-valley. This number is almost independent
of temperature. Our calculation for XT-scattering is less accurate than for LT-IVS, since the effective mass in the
D-valley 500 meV above its minimum is enhanced by nonparabolicity and thus not so well known. We have checked,
however, that our pseudopotential model gives energies very close to those obtained from a k - p-calculation used to

interpret recent magneto-Raman data. %°
3.2. Intervalley scattering times for electrons in the I'-valley at different energies

The same numerical integration method can be used to calculate the lifetimes of electrons in the I'-valley for any
given initial k-point, see Figs. 3 and 4. We note, however, that this may require a finer mesh of phonon g-vectors in
the integration. For numerical reasons it is desirable that both the initial electron wave vector and the minima of the
valleys in question should be part of the mesh, especially for electrons just slightly above or below the onset of IVS.
Because of storage and CPU-time limitations we used a mesh with 505 points in the irreducible wedge of the Brillouin
zone with which this condition could not always be satisfied, hence our IVS rates carry some numerical noise, which
decreases with increasing carrier energy. An additional source of error is the linear interpolation scheme used in
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Figure 2: Lifetimes (return times) of electrons at the (a) Lg- and (b) Xe-points as a function of lattice temperature
T in the zero carrier-density limit. The dotted line in Fig. 2 (a) gives the lifetime at Lg when the interaction with
the TA phonons is switched off. The dashed line in Fig. 2, (b) gives the scattering time from X to the Lg-valleys

only.
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the tetrahedron method. We find, however, that the bare electronic densities of states obtained in one L-valley can
be described well with an effective mass of m=0.24mq for energies of more than 100 meV above the L-minimum.
Therefore our rates are reliable for carrier energies between 400 and 600 meV above the I' minimum. In the same

energy range, hot-electron luminescence measurements are most accurate. 1078

The intervalley phonon spectral functions [used to calculate the IVS rates with Eq. (1)] for electrons along the
(100) direction with energies just below the X-point and 100 meV above the X-point, calculated with the same set of
parameters as in the previous section, are given in Figs. 5 (a) and (b), respectively. For case (a), where only scattering
to the L-valley is possible, we find that the optical phonons give the largest contribution, in qualitative agreement
with the results of the groups of Mirlinl® and Kash. 27 The other phonon modes (TA and LA) also contribute,
as observed in the experiment by Mirlin and co-workers. 10 It is difficult, however, to estimate experimentally the
exact ratios of the TA, LA and LO contributions to T'L-scattering.!® In Fig. 5 (a) it can be seen that the dominant
intervalley phonon peak (LO) has a finite width I' of about 1 meV (corresponding to a time r = 1/T'=600 fs) caused
by the dispersion of the LO phonons. The peak widths are even larger for I'X-scattering, see Fig. 5 (b). This
dispersion, however, should not have an influence on the lifetime broadenings of the initial states, but will broaden

the final states in the satellite valleys.

We obtain IVS times of about 0.2 ps and 0.7 ps at room and zero temperature, respectively, in very good
agreement with the experiment of Ref. 7. For case (b), IVS to the X-valley is also possible. In this case, we find
IVS times of 25 fs and 100 fs, respectively, in reasonable agreement with the experiment of Ref. 7 (180 fs at 2 K).
We note that the TA phonons give the dominant contribution to I'X-scattering. This case is more difficult than case
(2), as little is known about the possible camelback structure near the X-point in GaAs.

In Fig. 3 we show the IVS rates of electrons in the I-valley as a function of energy at zero temperature. The
zero-point on the energy scale is taken to be the energy Er of the L-point. The symbols give the results of our
calculation along the (100), (110), and (111) directions, whereas the solid line was fitted by Kash and co-workers”
to their hot-electron luminescence data with Conwell’s formula (Eq. (3) of Ref. 7), assuming a constant electron-
phonon matrix element and parabolic bands. The dotted and dashed lines give the IVS rates with the intervalley
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Figure 3: Lifetimes of carriers in the I-valley as a function of electron energy at 10 K (zero carrier-density limit).
Symbols: IVS times for electrons with wave vectors along the (100), (110), and (111) directions, calculated as
described in the text. The solid, dotted, and dashed lines give the fits with Conwell’s formula to the experimental

data of Refs. 7, 9, and 8, respectively.
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deformation potentials of Refs. 9 and 8, respectively. No significant difference is seen in our calculation between the
three directions, i. e., the IVS process is isotropic. The agreement with the experiment of Ref. 7 in the energy range
from 150 to 250 meV above the L-point (where both the numerical procedure and the experiment are most accurate)
is good. Below E — Er=150 meV our theory gives somewhat longer times than expected from Conwell’s formula.
This may be due to non-parabolicity effects, the dispersion of the electron-phonon matrix elements, or the numerical
integration procedure, as the minima in the band structure near L are linearly interpolated.

In Fig. 4 we give the IVS rates at room temperature as a function of electron energy. The solid, dotted, and
dashed lines represent the IVS rates with the deformation potentials given in Refs. 7,9 and 8, respectively. The
extrapolation of the experiment of Ref. 7 to room temperature overestimates the IVS times, because the TA phonons
were not considered, just as in the case of LI'-scattering discussed in Sec. 3.1. A direct comparison of our room
temperature results with femtosecond videos (i. e., visible pump-and-probe measurements!~13) is not possible, as
carrier-carrier scattering will generate a broad energy distribution of the electrons in the I-valley.!

3.3. Intervalley scattering-induced lifetime broadenings of hot-electron luminescence peaks

While our results agree very well with the hot-electron luminescence experiments of Kash, Ulbrich, and Tsang,
7 they disagree with those of Fasol and co-workers. # A possible explanation for this discrepancy could be that the
peak-height analysis of Ref. 7 measures only the IVS times, whereas the analysis of the broadenings by Fasol et al.®
is also affected by other scattering mechanisms, e. g., acoustic phonon scattering.

In order to investigate other possible scattering mechanisms, we have calculated the spectral function for
deformation-potential intravalley scattering for an electron in the (100)-direction with an energy of 420 meV above
the I'-point, see Fig. 6. Both longitudinal and transverse acoustic phonons contribute, and also the optical phonons.
We find intravalley scattering times of 5.3 ps and 550 fs at 10 and 300 K, respectively (compared to IVS times of
1.2 ps anf 350 fs), which are too long to affect the measured broadenings considerably. An estimate of the acoustic
deformation potential (ADP) time with the equation®°

1 7FElq
TADP - Mc

(Nq + % + -;-) 5(E; — ) @)

(and the parameters ADP constant E;=8 eV, phonon wave vector ¢ = 0.27/a, lattice constant a=5.65 A, mass of
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Figure 4: As Fig. 3, but at room temperature.
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the unit cell M = 2.4 x 1023 kg, speed of sound c¢=5 km/s) gives 7app=3 ps at low temperatures, in reasonable
agreement with our result.

4. CONCLUSION

We have found that the simple model of Ulbrich and Kash? is sufficient to model the intervalley electron dynamics
at low temperatures. At room temperature and for I'X-scattering, however, the contribution of the transverse
acoustic phonons calls for a more detailed description. We have been able to explain several available experiments
under different conditions (which at first sight seem to contradict each other) with a self-consistent model that is free
of adjustable parameters for the electron-phonon coupling.
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