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Hot-electron energy relaxation due to the Coulomb scattering in nondegenerate polar semicon-
ductors is treated theoretically by analyzing coupled modes between the electron-hole plasma and
longitudinal-optical phonon in the self-consistent-field approximation. The ratio of lattice energy
in each coupled mode is calculated in terms of the dielectric functions of the phonon and carriers,
by which the screening of the phonon field can be evaluated. The coupled mode consists of three
branches which arise from mixing of two plasmon modes and the phonon mode. Energy loss of an
electron is mainly governed by the scattering by the highest-frequency mode and individual
motion of the carriers, where the latter becomes dominant with increasing carrier density. Nu-
merical computations are made for GaAs at 300 K. It is found that the energy-loss rate W, due
to the carrier individual motion becomes nearly equal to that due to the coupled mode at the car-

rier density of 10'7 cm—3.

ergs/s for 10! and 10'® cm—3

, respectively.

I. INTRODUCTION

Scattering of hot electrons by carriers and phonons
plays a central role in semiconductor physics and also in
semiconductor devices.! Recently, much progress in
this field has been made experimentally by measuring the
time dependence of hot-electron energy distributions.?~*
On the other hand, theoretical research on the Coulomb
scattering in polar semiconductors is still in an early
stage, though unscreened electron-phonon interactions
have been thoroughly investigated.>® The energy relax-
ation of photoexcited electrons and holes has been wide-
ly investigated,’—!! where the screening of electron-—
longitudinal-optical(LO)-phonon interactions is taken
into account with an effective interaction potential
which is assumed as the unscreened interaction potential
divided by the dielectric constant of the electron-hole
plasma. The screening may be, however, correctly treat-
ed by considering the mode coupling between the
plasmon and LO phonon. Coupled-mode analysis has
been given for the degenerate plasma in several pa-
pers,*1213 in which Kim, Das, and Senturia!? showed
for the first time a theoretical treatment of the scattering
of electrons by the coupled modes.

In this paper we discuss the energy relaxation of hot
electrons in nondegenerate semiconductors due to
scatterings by the coupled plasmon-LO-phonon modes

J
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For an electron with energy 3000 K, the values of W, are 0.28 and 1.9

and single-particle motions of electrons and holes, since
these scatterings are the main causes of the electron re-
laxation in some semiconductors like GaAs. !

In Sec. II dispersion relations of nondegenerate
electron-hole plasmons are calculated by using the
dielectric function in the self-consistent-field approxima-
tion, since they have not been given explicitly in the
literature. The mode coupling between the plasmons
and LO phonons is analyzed in Sec. III with a method
similar to one used for degenerate semiconductors. '
The phonon contribution to each coupled mode is deter-
mined in terms of the dielectric functions of the LO pho-
non and plasmon.

The energy-loss rate of hot electrons is calculated in
Sec. IV as a sum of two terms, where one results from
excitation of the coupled modes and the other comes
from excitation of single-particle motions. It is shown
that both rates are functions of the carrier density and
for GaAs at 300 K they become comparable in magni-
tude at a carrier density of 10'7 cm—3.

II. ELECTRON-HOLE PLASMA

In the self-consistent-field approximation,'® or the

random-phase approximation, ' the dielectric function
€.(q,0) of free carriers in a medium of a high-frequency
dielectric constant €, is given by

1

e(g,w)=€_,+ lim
7—0

ﬁqzﬂ %fk(l_fka—q)

Here, k and q are wave vectors, o is the frequency, Q is
the volume of the specimen, f is the distribution func-

tion, and
o(q,k)=(Ey q—Ex)/#, (2)

where E| is the energy of an electron.

o+o(qk)+in  o—owl(q,k)+in

[
Assuming the Maxwell distribution for fy, and ap-
proximating 1— f} =1, we obtain'’

€(q,0) /€, =€, lq,0)+ieilq,w), (3)

(g, 0)=1+ 'zh A;Y7F(Z;+Y)—F(Z,~Y;)],
Jj=e,

4)
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€ilg0)= 3 (7/2)'%4,73 10
Jj=eh o'
x[G(Z;-Y;)-G(Z;+Y;)], (5) T 8k |
o
where ~ et
F(Z)=exp(—2%/2) [“explx?/2)dx , (6) 3
>
G(Z)=exp(—Z2/2) , (7) g 4 10'7
=)
and the sum is taken for electrons (j =e) and holes g $
(j =h). In the case of the electrons we have L 2F
A, =mne*#*/2m, e (kpT,)?, (8)
Q 1 | 1 1 1 i .
Y,=%q/2(m, ks T,)'"?, 9) 0 04 08 12 16
Z —tiw 2k aT.Y (10) Wave Number q (10%cm™)
e Bltele »

where n is the electron density, m, is the electron
effective mass, T, is the electron temperature, and kjp is
the Boltzmann constant. For the holes, 4,, Y,, and Z,
are obtained by replacing n, m,, and T, with the corre-
sponding quantities p, m,, and T}, in Egs. (8)-(10). In
the following n =p is always assumed.

We first calculate the dispersion relation from

€.(q,w)=0 (11)

and then examine the Landau damping term € (q,).
Figure 1 shows the electron-hole plasma dispersion rela-
tion obtained from Egs. (4) and (11) with T, =7, =300
K, m,=0.067m, m,=0.45m, and €, =10.9 for n =10"7
and 10'® cm 3. The main feature of the dispersion rela-
tion, which is independent of material constants, is the
existence of two branches, the optical and acoustic
modes, limited by a critical wave number.

In the long-wavelength limit the frequencies of the
two branches are easily found. When g goes to zero
with fixed o, Eq. (4) becomes

€(0,0)=1-0} /0? (12)

with ©}=(4mne?/e)m,; '+m; ). Therefore, the
optical-mode frequency at g=0 equals the plasma fre-
quency ,. On the other hand, if Z;’s are fixed, Eq. (11)

for small g reads

1+ 324,Y7[1-Z;F(Z))]=0, (13)
J

from which the acoustic-mode frequency near g=0 can
be obtained. It is noted that the acoustic branch is ob-
tained even when the hole mass becomes infinitely large.

It is found from Egq. (5) that magnitudes of the Landau
damping are very much different for different branches.
At g=0, €, becomes infinity for the acoustic branch,
while it vanishes for the optical branch. Calculated
values of €_e,(g,w) for n =10" and 10" cm~3 are
shown in Fig. 2, which indicates that the acoustic
plasmon cannot actually be observed. The possibility of
observing the acoustic plasmon was discussed by Pines
and Schrieffer.!” The optical branch below a wave num-
ber g. may be considered as the stable mode, since there
the damping is small. We assume from Fig. 2 that the

FIG. 1. Dispersion relations of the nondegenerate carrier
plasma with m, =0.067m, m, =0.45m, €, =10.9, T, =T, =300
K, and n =p =10"" and 10'® cm 3.

values of the damping cutoff wave number ¢, are
0.2 10% and 0.6 10° cm ™" for n =10' and 10'® cm 3,
respectively, though these values are somewhat ambigu-
ous.

III. COUPLED MODE
OF PLASMON AND PHONON

The interaction between electric fields associated with
the LO phonon and electron-hole plasma implies a cou-
pling between these modes. Since in the self-consistent-
field approximation the polarizabilities of electrons and
ions are additive,'>!* the coupled modes are obtained
from
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FIG. 2. Landau damping €€, the imaginary part of the
dielectric function, of the modes in Fig. 1. Solid and dashed
lines indicate, respectively, the optical and acoustic branches.
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e (w)telgow)=1, (14)
where
e (w)=(0?—w?)/(0?—o?) . (15)

€ (w)=¢€_¢€;,(w) is the dielectric function of the lattice
ions with neglect of dispersion and damping.!>!* In Eq.
(15) w; and o, are the LO-phonon and transverse-
optical-phonon frequencies, and w?’=(€_ /¢, )w?, where
€, is the static dielectric constant.

Figure 3 shows the coupled-mode dispersion relations
calculated from Eq. (14) combined with Egs. (4) and (15),
where solid and dashed lines represent, respectively, the
cases of n =10'"® and 107 cm~? with #w,/kz =430 K,
€;,=12.8, and the same values of other parameters as in
Fig. 1. We denote the upper branch by mode 1 and the
lower by mode 2 with neglect of the acoustic branches.

According to Eq. (14) the lattice polarization is pro-
portional to €.(q,w), so that the ratio of the phonon
strength R, that is, the ratio of lattice energy in the
mode, can be defined by

R =€(q,0)/[e],(0)+€4(g,0)] . (16)

As illustrated in Fig. 4, the nature of the modes changes
remarkably when the electron density increases from
10'7 to 10 cm—3. At n =10"7 cm~3 mode 1 is almost
phononlike, while at n =10'® it is plasmonlike below
g =1.4x10° cm~!; it changes to phononlike above
g =1.4x10° cm™!, and becomes completely the phonon
mode for ¢ > 1.6 10% cm 1.

Qualitatively, the degree of transformation of the
mode character in the long-wavelength region can be

found by using €.(0,0) instead of €.(q,w). Then, the
phonon strength ratio is approximated by

R =€X(0,0)/[€2,(0)+€X(0,0)] , (17)
where the mode frequencies are derived from

€ (0)+€.(0,0)=1 . (18)

Thusly obtained phonon strength ratios for modes 1 and
2 are shown in Fig. 5 as a function of the electron densi-
ty. Between n =10'" and 10'® cm™3 R for mode 1 de-
creases from 0.97 to 0.03, while for mode 2 it increases
from 0.03 to 0.23.

As shown in Fig. 6, the Landau damping € e for
each mode increases abruptly at a wave number corre-
sponding to the cutoff g, defined in Sec. II, so that above
this the mode becomes unstable. The Landau damping
for mode 1 is found to be significantly large in a wide
range of wave numbers containing a pure phonon mode,
since there phonons are frequently absorbed and emitted
by the carriers. In this range, therefore, the LO pho-
nons are strongly coupled to carrier individual motions.

IV. ENERGY RELAXATION OF HOT ELECTRONS

Hot electrons injected into the semiconductor lose
their energy by interactions with carriers and lattice vi-
brations. In this paper we consider the long-range
Coulomb interaction only, so that in the Born approxi-
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FIG. 3. Dispersion relations of the coupled plasmon and
LO-phonon modes for n =10'" (solid lines) and 10" cm—3
(dashed lines). Values of parameters are the same as in Fig. 1.

mation the energy-loss rate W of an electron which has
momentum 7p and energy E,, is given by!®

W=7 [ dfw) fiow(qo)s(fio—E,+E, ),  (19)
q

where w (q,w) is the scattering rate in which the electron
loses the energy #iw with transfer of momentum #ig:

w(q,0)=(8me?/#q*Q){ —Im[1/e(q,0)]} . (20

In Eq. (20) e(q,0) is the dielectric function which
represents the response of the carriers and ions to the
electron. We assume the hot-electron energy is written
as E, =#p?/2m,.

We shall discuss the energy loss of hot electrons by di-
viding the loss process into two parts: part A, energy
loss due to excitation of collective motions of the car-
riers and ions, and, part B, energy loss due to excitation
of single-particle motions of the carriers.

A. Energy loss to collective modes

We start by studying energy loss due to unscreened
LO phonons, since it offers a typical example of the
treatment of hot-electron energy relaxation caused by

1.2}k
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FIG. 4. Phonon strength ratio defined by Eq. (16) of mode 1
indicated in Fig. 3.
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FIG. 5. Phonon strength ratio vs carrier density in the

long-wavelength limit, Eq. (17), for mode 1 (solid line) and
mode 2 (dashed line).

the collective-mode excitation. For n =10'" cm~? the
coupling between the plasmon and phonon is weak, so
that the LO phonon can be treated independently of the
plasmon.

We can easily find the response function €,,(q,@) of
the LO phonon to the electron field D with the standard
perturbation theory.!'® Expressing the lattice polariza-
tion P; in the form'

PL(0)=(#/2y0, )23 (e’ +ble ~197) | (21)
q

where b, and b; are the quantized phonon operators and
y '=(w}/47m)e;'—€; '), we obtain from the interac-
tion Hamiltonian — [ P, Ddr

mode |

8(:0 Eci

Wave Number g (10°cm™)

FIG. 6. Landau damping of modes 1 and 2 indicated in Fig.
3 for n =10"7 (dashed line) and 10'® cm 3 (solid line).
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—Im[1/en(q,0)]1=27 /yw)[(No+1)8(0 —a;)

where Ng=[exp(fiw;/kzT)—1]"! is the number of
thermal phonons. By combining Egs. (19), (20), and (22)
thg energy loss rate W, to the LO phonon is found to
be

Won =tiwi(1—¢€,, /e, (Ep /E,)'"?

X[(No+1)g(E,)—Nog(E, +hw,)], (23)
where
Epl/z-F(E _ﬁa)l )1/2
gE,)=In |7 , (24)
E}"*—(E, —#iw,)'"?
Ep=m,e*/2f%% . (25)
For hot electrons Eq. (23) is approximated by
W =#iwj(1—€ /€, )(Ep /E,)*In(4E, /#iw;) , (26)

provided that E, >>7w,.

This result can be obtained by a simple procedure
applicable to all the collective modes considered here.
The dielectric function €;(w) of mode j near the mode
frequency w; may be written as!®

€;(w)=(3e/0w);[(0—w;)+in], 27

where (0e/0w); indicates the value of de/dw at w=w;.
Then we have

—Im[1/ej(w)]=7T(ae/aa))j_'8(a)—a)j) , (28)

so that, substituting this into Eq. (20), we obtain the en-
ergy loss rate to mode j in the form

W,=a,#iw}(Ep /E,)*In(q;, /q;) , (29)
where a; is defined by
(3e/3w)j '=a;0;/2€,, . (30)

The upper and lower limits of the wave number, g; and
g, concerning the scattering by mode j are found from
energy conservation to be

9 =p +(p*—g}))'"?, 31)
a;=p—(p*—q})'"*, (32)

where g; is given by ﬁijz/Zm,, =#iw;. When the damp-
ing cutoff wave number ¢;. of mode j is smaller than g,
in Eq. (29) g;, must be replaced by g,.

Since in Eq. (27) thermal excitation of the mode is
neglected, in the case of the LO phonon Eq. (29) is ex-
pected to be identical with Eq. (22) except for the terms
proportional to Ny. This is confirmed by substituting
e(w)=¢€;(») and w;=w, into Eq. (27), where a; is found
to be 1—¢_, /€,. Energy loss to the coupled mode 1 or 2

is obtained by setting
elw)=¢€;(w)+€_€6.0,0), (33)

from which w;, a;, 9., 931, and consequently Wj are cal-
culated. For example, for pure plasmon excitation the
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energy loss rate becomes
W =#wl(Ep /E,)"*In(2pq. /435) » (34)
where g, is defined by #’q3/2m, =fiw, and E, >>fiw, is

assumed.

B. Energy loss to single-particle motions

The energy loss rate W, , with the excitation of
single-particle motion of carriers is derived from Egs. (3)
and (20) in the form

Wen=3 [ d(fiw)fio(8me? /e fig’Q)
q

XSedliw—Ey+E,_q) ,

where
S =[€el(g,0)+€X(g,w)] ! (36)

stands for the screening factor due to the electron-hole
plasma. If we set w=0 and then take the long-
wavelength limit, Eq. (36) becomes the well-known static
approximation formula?®?!

So=[1+4m(n +ple/e_ kzTq*]1~*, (37

provided that T, =T, =T.
Substituting Eq. (5) into Eq. (35), we have

W,,=W,+W, , (38)

where W, and W, are energy loss rates to electrons and
holes, respectively. They are written as

W, =#wl(Ep /mkg T,)' I, , (39)
W, =t (E 4 /mkg Ty)' I, , (40)

where ) =4mne’/e m,, E =m,e*/2#., and nu-
merical factors I, and I, are in integral forms:

L= fxi dx [ (&x Y)Y, G(Z,—Y,)
C -G(Z,+7Y,))sdy, ,
41)
L= [ dx [[(ex — Y)Y G (Z,—Y))
C —G(Z,+Y,)]Sdy, .
(42)

Here, x =cosf with 0 as an angle between p and g,
E=#p/(m,kg T2, Y.=#q, /2(m,kpT,)"”?, and
x. =Y,/ In Egs. (41) and (42) we have used the energy
conservation

fio =(#*/2m, )(2pgx —q?) , (43)

so that Z, and Z,, are functions of Y,.

In Fig. 7 calculated values of W, and W, are shown
for n =10'® and 10'7 cm—3 by the solid and dashed lines
as a function of the electron energy E, normalized by
kpT,, where the values of parameters are the same as
those in Figs. 1 and 3. It is found that W, is an order of
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FIG. 7. Energy dependence of energy loss rates W, and W,
due to electron and hole individual motions for n =10'" and
10'® cm~? with the same parameter values as in Fig. 1. The
energy loss rate due to the plasmon at n =10'® cm 3 is indicat-
ed by a solid circle.

magnitude smaller than W,. A value of W obtained
from Eq. (34) at n=10"® and E,/kpT,=10 is also
shown by a solid circle, which indicates that the energy
loss to mode 1 in the stable plasmon range is much
smaller than the energy loss to the individual carrier
motions.

Energy dependence of W,, derived from Fig. 7 is
shown in Fig. 8, where for comparison W, calculated
with Eq. (23) is indicated by the dashed line. At n = 10"’
cm~* mode 1 is almost phononlike, so that in this case
W,=W_,, and, as seen in Fig. 8, it is nearly equal to
W, At n=10" cm~> the hot-electron energy relaxa-
tion is found to be governed by W,,. For this carrier
density, energy loss to the LO phonon is reduced from
W ,n due to the screening effect, which causes the disap-
pearance of the phonon in the small-wave-number range
of mode 1. Energy loss to mode 2 can be neglected since
the frequency is small and the stable range in wave num-
ber is very limited.

It is remarked that in the static approximation the
screening of the Coulomb interaction between carriers
seems to be overestimated. To show this, I, is compared
in Fig. 9 with I, defined by

1 Ex _
Lo= fo dx fo (x —Y,)Y, G(Z,—Y,)
—G(Z,+Y,)]S,dY,
(44)

for n =10'7 cm~3 and the same parameter values as be-
fore.
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FIG. 8. Energy dependence of energy loss rates
Wen=W,+W, (solid lines) and W, (dashed line) with
T=T,=T,=300 K and the same parameter values as in Fig
1, where W, is due to the unscreened LO phonon.

V. SUMMARY

Dispersion relations of the plasmon and coupled
modes between the plasmon and LO phonon in nonde-
generate semiconductors have been calculated with the
self-consistent-field approximation. For the plasmon we
find the optical and acoustic modes with wave numbers
smaller than a critical value, which depends on the car-
rier density and temperature. The Landau damping is
large except for the optical branch with long wave-
lengths, so that only optical plasmons which have wave
numbers below the damping cutoff g. are considered to
be stable. For GaAs at 300 K assumed values of g, are
0.2 10® and 0.6 10% cm ™! for n =10'" and 10" cm 3,
respectively, which are fairly smaller than the critical
wave-number values.

The coupled modes are composed of three branches
which arise from mixing of two plasmon modes and the
LO-phonon mode. In these three branches the lowest-
frequency acoustic mode is neglected because of the

Ie
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FIG. 9. Numerical values of the integrals I, (solid line), Eq.
(41), and I, (dashed line), Eq. (44).

strong Landau damping. Of the remaining two branches
the higher-frequency branch is denoted by mode 1 and
the lower by mode 2. For small carrier densities, where
the plasma frequency is much smaller than the LO-
phonon frequency, mode 1 is equivalent to the LO pho-
non and mode 2 is the optical plasmon. Accordingly,
mode 1 extends through the whole first Brillouin zone,
while mode 2 is limited to a small wave-number range.
These features do not change with increasing carrier
density, where mixing of the plasmon and LO phonon
occurs.

Effect of the electron-hole plasma on electron scatter-
ing by the LO phonon has been considered to be the
screening of the interaction potential.”!! As discussed
in Secs. III and IV, however, the effect is reduced to
changes in lattice energy and scattering strength of the
coupled modes. The scattering strength of each mode is
given by a;w; in Eq. (30), which is obtained by a method
similar to the previous work.'? The phonon-strength ra-
tio is defined by Eq. (16) in terms of the dielectric func-
tions of the phonons and carriers. This definition seems
reasonable within the framework of the self-consistent-
field approximation, though it is different from the previ-
ous ones. '>!* For GaAs at 300 K mode 1 is almost pho-
nonlike for n =107 cm~3. With increasing carrier den-
sity the phonon-strength ratio of mode 1 in the long-
wavelength range decreases and at n =10" cm~? it
reaches nearly zero for wave numbers less than 1.4 10°
cm~!. For this carrier density the phonon-strength ratio
of mode 2 is 0.23.

The energy loss rate of a hot electron has been con-
sidered as a sum of three terms W,, W,, and W,,,
where W, and W, are energy loss rates due to the cou-
pled modes 1 and 2, and W, is the loss rate due to
single-particle motions of the electrons and holes. In
these three processes W, is always negligible as com-
pared with W, because of the small frequency and limit-
ed wave number. Numerical computations of W, and
W, have been made for GaAs at carrier and lattice
temperatures of 300 K. We have found that at n =10"7
cm™~3 W, , is comparable in magnitude with W, where
W, is equal to W, which is the energy loss rate due to
the unscreened LO phonon. At n =10 cm™3 W, re-
sults from two  different contributions. For
g <q.=0.6x10° cm™! W, is represented as the
plasmon excitation loss rate W, and for g > 1.6 10°
cm~! it is the phonon excitation loss. As shown in Figs.
7 and 8, W, is negligibly smaller than W,, or W,,.
W, for ¢ >1.6x10° cm~! must be also smaller than
W n, since the wave number is limited. Consequently, at
n=10" cm~3 W, , dominates the energy loss of hot
electrons. For an electron with energy 3000 K values of
W, , are 0.28 and 1.9 ergs/s for n =10'7 and 10'® cm 3,
respectively.

In addition to the screening the carriers affect the life-
time of the phonons. As seen in Fig. 6, at n =10'® cm 3
the phonons with wave numbers below about 107 cm ™!
are strongly coupled with carrier individual motions, so
that in this wave-number range to distinguish W, from
W, ., seems somewhat meaningless.

In conclusion we have shown a theoretical treatment
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of hot-electron energy relaxation due to the Coulomb
scattering in nondegenerate semiconductors by analyzing
the coupling between the plasmon and LO phonon.
Screening of the phonon field by the electron-hole plas-
ma causes the decrease or even disappearance of the
phonon contribution to the coupled modes in a long-
wavelength region. Coupling between the carrier indivi-
dual motion and LO phonon results in strong damping
of the phonons with transfer of energy to the carrier
motion. These screening and damping effects appear in

6039

different wavelength regions. Hot-electron energy relax-
ation is governed by the LO-phonon excitation process
for smaller carrier densities and by the carrier individual
motion excitation process for larger carrier densities.
For GaAs at 300 K these two processes become nearly
equal at n =107 cm—3.
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