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intervatiey deformation potentials and scattering rates in zinc blende

semiconduciors
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Max-—Planck-Institut fur Festkorperforschung, Heisenbergstrasse 1, 7 Stutigart 80,

Federal Republic of Germany

{ Received 19 October 1988; accepted for publication 30 November 1988)

The intervalley electron-phonon deformation potentials between the lowest T, X-, and L-
conduction band valleys in zinc blende semiconductors are calculated using empirical
pseudopotentials for the electrons and realistic shell moedels for the phonons. The intervalley
scattering rates computed using these deformation potentials are in agreement with

experiments.

Ultrafast semiconductor devices are subject to the appli-
cation of high electric fields, where electrons in the lowest
conduction band (CB) minimum {e.g., at T') can scatter to
higher valleys, changing their mass and thus the perfor-
mance of the device. This gives rise to phenomena Yke the
Gunn effect. The same mechanism governs the absorption of
light in indirect semiconductors and the initial relaxation of
photoexcited carriers. For these reasons, intervalley (IV)
scattering has been an area of large interest. Data involving
IV scattering, gained from optical’ > or electrical® measure-
ments, are difficult to interpret,”® as many parameters
{phonon and band energies, masses, nonparabolicity, etc.)
enter the calculations. Therefore, the extraction of deforma-
tion potentials (DPs) is difficult, and the values in the litera-
ture scatier by an order of magnitude.’

We obtain here the FV DFs from a calculation of the [V
electron-phonon matrix elements in zine blende (ZB) semi-
conductors.™® We describe the electron states using the em-
pirical pseudopotential method (EPM) and the phonon
states by realistic shell models. A more accurate description
of the eleciron states does not vield better results as shown by
an ab initio pseudopotential calculation of the T'-X electron-
phonon matrix elements in stlicon.'® We consider the scat-
tering between the -, X- and L-CB valleys in ZB semicon-
ductors. We assume that these processes can approximately
be understood by investigating the scatfering between the
high-symmetry points I, X, and L, i.e., that the dispersion of
the matrix elements in the vicinity of these points is small.
We give the selection rules imposed by symmetry and calcu-
late the [V DPs. Finally, we evaluate the rates for the scatter-
ing of electrons between these valleys and compare them
with experimental data.

Foliowing the formalism of Ref. 9 we write the matrix
element for the scattering of a carrier k) by absorpticn or
emission of a phonon |} in the absence of an external field
as {(k + g|H k), where H| is the first term in the Taylor
expansion of the potential versus phonon displacements. As
H has the symmetry of the phonon invelved, the transition
is forbidden unless the representation velonging to the state
|k -+ g) is contained in the product of the representations
belonging to |g/) and [k)."" In ZB semiconductors the sym-
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metries for the two lowest CB states at X are X, and X, with
the anion {group V atom) at the origin.'” Usually X, is the
lower state, with the exception of GaSh, where X seems to
have lower energy.’® In InSb, the splitting between these
states is only about 30 meV. The transverse phonons have X
symmetry and do not contribute to IV scattering between I'
and X. The longitudinal acoustic and optic phonons (LA
and LO) have X, and X, symmetry. If the anion is heavier
than the cation (as in the case of GaSh, AlAs, and AlSh),
then the X state (with the anion at rest} has higher energy
(LG} than the X, state (LA). Neutron scattering experi-
ments'* have shown that this is also true for GaAs, where the
two masses are similar. In the reverse case (GaP, InP, and
InAs) the LA (LO) phonon has X, (X,) symmetry.

The situation for I'-L scattering is difficult as both the
LA and LO phonons have L, symmetry and contribute o
scattering processes at L (L), whereas transverse phonon
scattering (L, symmetry) is forbidden. The relative magni-
tudes of the phonon amplitudes at the two atoms have tc be
known in order to estimaie the importance of LA and LO
scattering. These amplitudes have been measured for
Gaas™ and can be described with the overlap valence shell
model (OVSM }, which we use for our calculations (except
for AlSb). Scattering between different equivalent L valleys
(X valleys} is allowed for LO and LA phonons (the X,
phonon}.!" All phonon modes are important for scattering
from an L, state to an X, state, whereas only the transverse
phonons can scatter to X;.

We define the DP constant (g7, k) for IV scattering
through emission or absorption of a phonon with wave vec-
tor g and mode j as®®

[k + g¢lH,|K)| =AQ2ME,) ""D{ajlk)fN, + 1 +1,
(D

where M is the mass ir the primitive cell, E; the phonon
energy, and N, the Bose-Einstein occupation factor. The
plus {(minus) sign under the square root stands for phonon
emission (absorption}. We have used the OVSM program
for the phonon states. '*~** The electron states are caiculated
with the EPM,'*'%?! using 59 plane waves. Then we can
write the DP constant as

Dlajk) =%~ '(2ME,)'” ¥ |Alkga)e(gia)M , 17,
) 2)
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TABLE I Calculated intervalley deformation potentials (in eV/A}.

Dy Dy, Dry, By, DX‘J:'. By,

LA LOLALOLALOLALOLALCO TA LA LOTO
AlAs®™ 23 22 0 44 27 00222 066 1.1 1.7 06 24
AlSBY 23 34 049 13 00506 095 1.1 08 24 3.7
GaAs™ 4.1 06 0 41 47 001 L7 0 7.0 1.2 05 25 26
GaSb™® 2.8 27 04523 006 12 060 1.0 1.4 15 22
InSb"® 43 1.1 0 49 33 00603 0 638 1.2 02 29 25
Hal 1.6 30 23 0 037 04 1.2 44 0 1.0 07 40 1.7
InAse® 2.5 14 32 0O O 28 14 07 36 0 09 08 27 16
GaP™® 1.2 1.0 15 0O 0 1.2 03 08 43 €05 1022 10

*Reference 21.
®Reference 17.
¢ Reference 12.
9 Reference 23,
¢ Reference 19.
*Reference 20.
& Reference 18.

where A(k,q.2) is given in Ref. 22 and e(g,j,«) is the phonon
eigenvector of atom of type @ with mass M.

Table I contains the calculated DPs for scattering
between [, X, and L. Note that the selection rules are
cbeved. For most materials the calculated LA contribution
to ['-L scattering is larger than the LO contribution, in con-
trast with experiments.’ These D’s do not depend critically
on the EPM form factors, but some phonon models permuie
the roles of LA and LO phonons, even in the case of In?
where the two masses are guite different. This is not surpris-
ing as the prediction of phonon eigenvectors by empirical
models remains an open question. Qur D, s are in the range
of values in the literature.” The values for Dy are srmailer by

a factor of 2-3 than those needed to model velocity field

curves (10 eV/A). This could be explained by the fact that
the carriers can scatter to two valleys at the X point that are
very close in energy to each other,'? thus increasing the scat-
tering rate. Also processes not involving phonons, like impu-
rity or electron-hole scattering, or scattering from L to X
(which is very strong) could be important.

The values of the IV DPs in Table ! are accurate to
within 20% for the G and In compounds, as estimated by
repeating the caloulation for several slightly different inter-
nolations?? of the pseudopotential form factors and different
phonon models. The uncertainty is larger for AISb and
AlAs, as no neutron scattering data are available for these
materiais and crude phonon models had to be used.'”*

The DP constants are essential in calculating the scat-
tering times between nonequivalent valleys. We assume that
the carriers are optically excited with an energy £ (all ener-

gies measured with respect to the lowest CB edge) in a direct
band-gap sampie, then scatter to higher valleys at L or X and
back to I'. We also study the case of an indirect sample,
where the carriers scatter from I' to L or X and then recom-
bine via indirect transitions. The scattering probability to a
higher valley V" (with mass m, and energy AE above the CB
edge) is given by Fermi’s “golden rule.” An integration of
the matrix element over all possible final states (neglecting
the & dependence of the DP and the phonon energy near the
band minimam) gives the well known scattering rate®

2. 3/2 A7
- DPmtN,

T = —
VITHME,

[N ReJE, —“AE ¥ E,

(3
where £, is the energy of the carrier before the scattering and
N the number of equivalent valleys {1 for I', 3 for X, and 4
for L). As the phase space available for the IV phonons is
large, nonequilibrium phonons can be neglected.® For scat-
tering to a lower valley, we have to replace AF by 0, if we
measure all energies from the CB edge.

To study the evolution of the carrier distribution of the
electrons with time an appropriate rate equation involving
these scattering times has to be soived.” We discuss two
limiting cases, which we call the slow and fast scattering
limits. In the fast scattering limit, the 1V scattering timce is
shorter than the times for carrier-carrier and LO-phonon
scattering. We assume that this limit describes the scatiering
from the [ valley as the density of states at the other valleys
is much higher. Thus we can obtain 7 from Eg. (3} after
setting £, egual to the laser excess energy E,,. For scattering
back to I, we use the slow scattering limif, where the carriers
first relax and reach an equilibrivm with the lattice {at the L
or X point). The expression for scattering from X or L back
tol (forAE>E,)ina direct sample is found after averag-
ing over a Maxwellian carrier distribution to be

DAY TkT {AE + E,
T T INB (M—)
P HME, kT

, AE—E,
+ (N, + DB —Y i,

-1

T —
! slow

T (4)
with B(2x) = x exp(x}K,(x), where k is the Boltzmann
constant and K, the first-order modified Bessel function of
the second kind. In Egs. (3) and (4), an appropriate mass
has to be chosen, which takes the nonparabolicity into ac-
count.’” The return time of the carriers gets larger as the
energy AF decreases, because the density of states in the [
valley becomes smaller. Therefore, GaSh with AF, ~80

TABLE I Theoretical {LA, LO) and experimental scattering timnes between I and L or X (optical excitation with an energy F,, above the CB edge, sample
temperature 7). The experimental values are from Refs. 3 and 6, material parameters from Ref. 7.

E, AEp, AEr, T Tro (P8} 7or (p8) Try(ps)
(meV)} imeV) {meV) (K} La LG exp LA 1.0 exp LO exp
GaAs 550 285 480 300 3.16 10 2 120 .93 0.11
GaAs 48D 300 460 2 0.44 25 0.48 4.2 230 e e
Gahs 580 300 460 2 0.34 19 4.2 230 .15 0.16
GuSb 98 61 330 300 0.63 1.3 6.8 25 e e
615 Appl. Phys. Lett., Vol. 54, No. 7, 13 February 1689 Zoliner, Gopalan, and Cardona 615




meV wouid be an interesting material to study. In GaSb/
AlSb quantum wells AE, is even smaller, and the return
times can reach 100 ps or more. Table I lists the calcuiated
scattering times (LA and LO contributions) between I and
L or X, together with experimental values from Refs. 3 and 6.

In summary, we have calculated the intervalley defor-
mation potentials at high symmetry points. The results are in
the range of values extracted from electrical and optical
data. The IV scattering times calculated from the deforma-
tion potentials agree with recent experiments.

We would like to thank R. Phillips for stimulating dis-
cussions and a critical reading of the manuscript.
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