
PHYSICAL REVIEW B VOLUME 39, NUMBER 11 15 APRIL 1989-I

Dynamical screening in the cooling theory of high-density electron-hole plasmas
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We calculate the LO-phonon emission rate and the energy transfer from carriers to the lattice us-

ing a dynamical screening of the electron-phonon interactions in the random-phase approximation.
We consider a three-dimensional homogeneous plasma. Because of the computational dif6culties
encountered when screening dynamically, we restrict our study to the partly thermalized regime.
We analyze particularly the LO-phonon emission rates by electrons and holes at room temperature
and at liquid-helium temperature. Electrons are more sensitive than holes to dynamical e6'ects.

Contrary to the results deduced in the static approximation, we conclude from our general study
that the screening of the LO-phonon emission has no significant efT'ect on the cooling up to the den-

sity p„corresponding to the resonance of LO phonons with plasmons, determined by the equation
RQ)LQ flCOp](p, ). Here, RcoLo and Acopl(p, ) are, respectively, the LO-phonon energy and the plasmon
energy. En GaAs, p, =(5—7)X10" cm . At plasma densities higher than p„ the dynamical
screening tends to the static one, but the e6'ect depends quantitatively on the plasma temperature.

I. INTRODUCTION

Dense, electron-hole plasmas have been generated for
many years in direct-gap semiconductors through absorp-
tion, first, of nanosecond optical pulses' and thereafter
of picosecond and even subpicosecond pulses. Such ex-
periments have often been carried out for investigating
the electron-hole plasma dynamics. We quote here, in a
nonexhaustive list, several time-resolved picosecond-
luminescence studies on GaAs (Refs. 3 —8) which investi-
gated the relaxation dynamics of the carrier kinetic ener-
gy as well as the kinetics of the plasma density. Time-
resolved transmission experiments, for photons with an
energy close to the band-gap one, are also of great in-
terest for studying the plasma dynamics as demonstrated
in previous works. " The internal plasma thermaliza-
tion (i.e., the transition from nonthermalizec.

'

carrier dis-
tributions to Ferini-Dirac —like distributions) was also
studied in Ref. 12 using the generation of a cold and de-
generate plasma with subpicosecond pulses. Simultane-
ously, several theoretical models have been developed to
account for the internal plasma thermalization and also
for the transfer of the plasma energy to the lattice, start-
ing from general transport equations without, as much as
possible, adjustable parameters. '

In the present study, we wish to discuss briefly the en-
ergy transfers from the carriers to the lattice, especially
considering the dyriamical screening of the electron-
phonon interactions in a dense plasma. ' '

We shall restrict our study to a three-dimensional
homogeneous plasma. The cooling of dense plasmas in
quantum wells is therefore not discussed. For more in-
formation on this subject, see, for instance, Refs. 15 and
16. Because of the computational difticu1ties encountered
when screening dynamically, we restrict our analysis to
the partly thermalized regime. It is well known that, un-

der excitation by subpicosecond pulses, carrier distribu-
tions are not generally thermalized during the first pi-
cosecond. The plasma is athermal. ' ' ' Fortunately,
very often, typically one picosecond after the excitation
(in the case of subpicosecond pulses), a partly thermalized
regime takes place: electrons and holes are thermalized
at two different temperatures. We shall restrict our
analysis to this regime. The description of the carrier dis-
tributions becomes greatly simplified with respect to the
athermal case because only three parameters are neces-
sary to determine the two distributions; namely, the tern-
peratures of the two types of carriers and the plasma den-
sity. Under these relatively simple conditions, one may
attempt to include the dynamical screening of the
different interactions in the description of the plasma dy-
namics. In the current literature, ' ' ' electron-
phonon and electron-hole interactions are generally not
screened or screened statically without any discussion,
except in the work of Yoffa, which was restricted to
nondegenerate plasmas. The static approximation holds
obviously as long as the energy hE exchanged in the in-
teraction processes is small compared to the plasmon en-
ergy fico &,

' for instance, in the case of emission or ab-
sorption of acoustical phonons and often for the
electron-hole interactions. The discussion of screening of
the electron-hole collisions is reported in the Appendix.
The energy condition hE &&Acoz& is usually not fulfilled
for the emission of LO phonons. Using a static dielectric
function to screen this process is therefore a priori ques-
tionable. As the emission of LO phonons [via polar-
optical (PO) interaction] is often the dominant plasma-
energy-loss process, it is of importance to clarify the im-
pact of dynamically screening the PO interaction, espe-
cially for the plasma densities leading to the resonance of
LO phonons with plasmons (in GaAs, around the plasma
density p=7X10' cm ). In this case, the emission of
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short-wave-vector LO phonons can be strongly enhanced.
The understanding of recent experiments also demands
an accurate calculation of the PO screening. For in-
stance, plasma heating experiments in GaAs (for
p ~ 4 X 10'7 cm 3) which include a negligible screening
of the polar-optical coupling and numerous subpi-
cosecond experiments which generate electrons of high
kinetic energy in the conduction band. The dynamics of
the hot carriers on a time scale of the order of 1 —2 ps in-
volves the dominant emission of short-wave-vector LO
phonons and requires a dynamical treatment of screen-
ing. We shall show in Sec. III that the use of the static
screening in thermalized conditions may underestimate
the plasma-energy-loss rate by 1 order of magnitude with
respect to the full dynamical treatment.

As we focus our attention on screening, we shall not
consider a nonequilibrium population of LO phonons.
Thjs approach js justified jn heating experjments ' or jn
the energy-relaxation studies of athermal carriers in the
subpicosecond or the picosecond regime. On time scales
of several tens of picoseconds, nonequilibrium LO-
phonon distributions appear very quickly when generat-
ing hot and dense electron-hole plasmas. This situation is
extensively discussed in Ref. 20. It is concluded that an
accurate screening theory of the electron —LO-phonon in-
teraction is not essential provided that the plasma cooling
is accompanied by a quick saturation of the LO-phonon
modes strongly coupled to electrons and holes. The great
majority of the experimental investigations on plasma
cooling have been carried under these conditions of
thermalized plasmas and low temperatures. Investiga-
tions at high temperature (especially at room tempera-
ture) are also of great interest due to their real link with
the physics of ultrafast devices, although it becomes more
difficult to significantly disturb the LO-phonon distribu-
tion because the LO-phonon occupation n Lo at equilibri-
um is already high [for example, in GaAs, nLo(T =300
K) =0.36], and also because the LO-phonon lifetime rLo
is typically three times shorter than at low temperature.
In GaAs, the thermalization time of the perturbed LO-
phonon distribution is of the order of 2—4 ps at room
temperature.

In the following, we shall compute separately the LO-
phonon emission rates by electrons and holes to stress the
importance of dynamically screening the conduction-
band electrons, particularly if a temperature difference
appears between the carriers (i.e., T, ) Tz). It is general-
ly assumed, in the analysis of experimental works on
high-density-plasma cooling, that electrons and holes are
thermalized at the same temperature. Under this as-
sumption, the high-energy tail of the luminescence spec-
tra enables determination of the plasma temperature.
This assumption is, however, not obvious and has already
been questioned (see, for example, Ref.21). If the electron
and hole temperatures are different, luminescence experi-
ments determine in effective temperature T,z very close
to that of the electrons T„because the electron mass is
generally much smaller than the hole mass. A straightfor-
ward calculation shows that, in a free-particle model, the
high-energy tail of the lumineseenee spectra decreases as
exp( hv/kii T,—ir) with T,tt defined by

m +m& mh m,+
Tcff T~ Th

where m, (m& ) is the electron (hole) mass and Ti, is the
hole temperature. For example, in GaAs, even if the
temperature difference is important, say T, /T& =2, one
deduces that T,ff-0.9T„which proves that this is the
electron temperature which is really accessible experi-
mentally. As a result, it should be necessary to investi-
gate experimentally the temperature kinetics of holes
which cannot be deduced unambiguously from the above
formula. New experiments on hole dynamics are in pro-
gress.

II. THEQRKTICAI. BACKGRQUND

In the following, we wish to calculate the transfer of
energy from the photogenerated plasma to the lattice.
This implies, a priori, that we must separate the electron-
ic degrees of freedom from the lattice, in order to define
unambiguously both the energy levels E; of the
photogenerated-plasma states Iip; ) and the electronic en-
ergy transferred to the lattice. The plasma states I%';)
are many-body electron states, fully including the
electron-electron interactions. Energy is transferred by
transition of the photoexcited plasma between the states
I%'; ) (Ref. 30) due to the usual coupling Hamiltonian
H;„= g&V&(q)p (b~+b ~). A, is an electron-band in-
dex, p is the Fourier transform of the carrier density
operator p(r) =gip~e'~", and b~ (b~) is the creation (de-
struction) operator of a phonon of wave vector q. Inter-
band phonon-assisted transitions have been omitted. We
follow, at the beginning, Kogan's approach, ' which we
extend to a many-band plasma. The phonon-emission
rate dn Lo(q) /dt

I + and phonon-absorption rate
dn i o(q) /dt

I
read

dn Lo(q) g I V& (q)I [—,'+—,'+nLo(q)]dt

X5(E; E/+fico) . —
T

Here, p; ~(t) is the density matrix of the photoexcited
plasma at the temperature T . If phonons are thermal-
ized at temperature T, we use the notation n Lo instead of
nLo(q). After some algebra, one deduces the net emis-
sion rate [i.e. , the difference between dnLo(q)/dtI+ and
dn Lo(q)/dt ], which reads

ditto(q) =
z X I V~'(q)I'[~Lo(q) —nLo]dt A'

X 1m[II&(q, co(q) )]

11g(q, ~(q)) = . J ([p (0),p, ( )]r) 'ed~ . (2)
o

Here, ( ) denotes the full statistical average of any elec-
tronic observable quantity X: (X) =Tr(pX). II& is the
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[11'i'.(q ~)]'Vo(q)
II&(q, co)= II&(q,ai)+

1 —g II"(q,co) Vo(q)
(3)

The denominator is the plasma dielectric function e(q, co)
and Vo(q) is the Fourier transform of the Coulomb po-
tential. %e get, after some algebra,

well-known polarization diagram. Im(II) is the imagi-
nary part of II. Using a diagrammatic expansion in a
series of irreducible polarization kernels Ili'(q, co), one
deduces

side of Eq. (6). The dielectric function is calculated in the
random-phase approximation (RPA). The real and imag-
inary parts read, after some algebra,

2P7l ge
e, (q, co) =1—g

E'~A Kg

+- k+Xo
X I kfi(k) ln

Im(II&)
Im(II&)= 1 —g II",

Q II' l2

+ g Im(II'„')
v~i.

(4)

X 1m[IIi'(q, coLo)] . (5)

In a two-component electron-liole plasma (so that
m„&)m, ) we use the following simple approximation:
Im(I1&)=1m(II&'/~e(q, co)~ . We obtain from Eq. (1) the
basic formula describing the LO-phonon emission rate by
the band A, in a many-band system:

«La(q) Z
[nLO('q) n Lo ]

2 A,2m&e &+
e2(q, co)= g ez(q, co)= g 3 J Kfi(K)dK

g2q3 gA,

with Kg =q/2+m„co/A'q.

III. NUMERICAL RESULTS:
PHGNGN-EMISSIQN RATE

We specialized our numerical study to GaAs. We used
the material parameters listed in Ref. 13. The way
dynamical screening influences the carrier-energy relaxa-
tion might seem somewhat mysterious in displaying
directly the energy-loss rate (1/p( (dE& ) /dt )„o reported
in Figs. (3—6). For clarity, we report first, in Fig. 1(a),
the computation of the quantity I/~e(q, coLo)~ as a func-

tion of the phonon wave vector q. This quantity is re-

This expression holds for any density of the photogen-
erated plasma. Starting from the full many-electron
states, it has been therefore concluded that the plasma
polarization e6ects at high density are taken into account
through the plasma dielectric function which renormal-
izes the polar interaction. We stress that we did not have
to split the plasma energy into an elementary-excitation
energy and a collective-mode energy, which is very
artificial. The concept of plasmon emission by the single
particles (and also to some extent the emission of mixed
plasmon-phonon mades) is irrelevant and cannot be con-
sidered as an energy-loss process af the plasma. The
phonon-emission rate for each band reads

dnio(q) 2 T
~La[ n LQ (q) nLo ]-dt E'0

lO

10
OO ~0"-

10"-

(a',
I

li~~
S\

2

y ~l I I I l

E2 ( q, coLo )

ei(q, coLo)+ 62(q, coLo)
(6)

For each band A, , the average energy-loss rate per particle
(I/p) (d(E&)/dt)~Lo is related to the phonon-emissian
rate by

I
9 ~ I

10

40
M

0

p Gt I o

dnLO(q)J iii~Loq dq (7)
m p dt

wave vector (~ojam)

M& is the correction factor of the Frolich interaction of
LO phonons with the band A, . As we do not consider
any significant perturbation of the LO-phonon distribu-
tion with respect to its equilibrium value at the lattice

TItemPerature T&, we set nio(q)=nLo in the right-hand

FIG. 1. Plasma temperature, 100 K; lattice temperature, 4 K.
(a) Renormalization factor of the Frohlich interaction. Curves
1: density p=5X10' cm . Curves 2: density p=4X10'
cm . Solid lines, full RPA; dashed lines, static screening. (b)
LO-phonon-emission rate. Solid lines, full RPA; dashed lines,
static screening; dotted line, no screening.
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sponsible for the enhancement or the damping of the
emission probability of LO phonons of wave vector q. In
the low-density range, typically for p= 5 X 10' cm, the
LO-phonon energy ALLO is much larger than that of the
plasmon, %co &. As a result, in the full RPA calculatiori
[Fig. 1(a), solid line 1], 1/lel always remains very close
to 1. In other words, there is no significant screening
effect. The static approximation of 1/lel [Fig. 1(a),
dashed line], which reads

1 1

Iq'+qDHI'
'

is obviously in error. Here qDH is the Debye-Hiickel
wave vector. At the second density p=4X10' cm, a
strong resonance appears around q =10 cm ' in the
full RPA calculation [Fig. 1(a), solid line 2]. This is a
general behavior of 1/lel when the density is close to
p, = (4—7) X 10' cm in GaAs. This enhancement ap-
pears when the following resonance condition of the opti-
cal plasmon with the LO phonon is fulfilled:
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Now, the quantity of interest, to determine the total
phonon-emission rate dn„o/dt, which we reported in

Fig. 1(b), is ez/I el [up to a multiplicative factor, see for-
mula (6)]. e2(q, coLo) represents the density of states of
these carriers which can really emit the LO phonons of
wave vector q. The dotted line represents the calculation
without screening (i.e., e= 1). The contribution of the
two bands is included in the calculation of the total emis-
sion rate. The solid line is the full RPA calculation. Ob-
viously, the emission of LO phonons, the wave vector of
which is shorter than 1.25 X 10 cm ', is enhanced in the
full RPA treatment. The impact in Raman-scattering ex-
eriments may be very important, but the net eft'ect on the
total LO-phonon emission rate is expected to be small.
This is already implicit from Fig. 1(b) because
d (Ez ) /dt I Lo is proportional to the integral

y I+"q'dn, o/dtl, dq [formula (7)], which represents
0 2the surface under the curves q dnLoldt which are very

similar in the full RPA and no-screening approximations.
As a result, we expect no important change in the total
LO-phonon-emission rate calculated in the full RPA or
without screening so long as the plasma density is lower
than the critical density p, previously defined.

The changes of 1/lel and e2(q, coLo)/Iel at high den-
sity are reported in Figs. 2(a) and 2(b), i.e., when the plas-
ma density becomes larger than the critical density

p, =(4—7) X 10' cm . First we chose to carry out the
computations for the density p=10' cm . The full
RPA calculation of 1/lel corresponds to the solid line 1

in Fig. 2(a). The dynamical resonance observed previous-
ly at lower density [Fig. 1(a), solid line 2] shrinks now be-
cause the LO-phonon energy ttlco„o becomes smaller than
the plasmon energy, so that 1/lel tends to the static ap-

FIG. 2. Plasma temperature, 100 K; lattice temperature, 4 K.
(a) Renormalization factor of the Frolich interaction. Curves 1:
density p=10" cm . Curves 2: density p=10' cm '. Solid
lines, full RPA, dashed lines, static screening. (b) and (c) LO-
phonon-emission rate. Solid lines, full RPA; dashed lines, static
screening; dotted lines, no screening. (b) Density p= 10"cm
(c}Density p=10' cm
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FIG. 3. Lattice temperature, 4 K. Solid line, full RPA;

dashed line, static screening: dotted line, no screening. (a)
Hole-energy-loss rate. The hole temperature is T„=100K, ex-
cept for the diamond line which corresponds to T„=70 K. (b)
Electron-energy-loss rate. The electron temperature is 100 K.
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proximation [dashed line 1 in Fig. 2(a)]. In Fig. 2(a), lines
2 correspond to the calculation of I/~e~ at the higher
density p=10' cm . As previously, the solid line is the
full RPA calculation while the dashed line is the static
one. Notice the antiscreening around q =2.4X 10 cm
in the full RPA calculation due to the resonance of the
LO phonons with the acoustical plasmons. The phonon-
emission rates at the plasma densities of p=10' and 10'
cm are reported, respectively, in Figs. 2(b) and 2(c).
The solid lines are full RPA calculations. The dotted
lines correspond to no screening (@=1) and the dashed
ones to the static approximation. The enhanced emission
which occurs in Fig. 2(c) around the wave vector
q=2.4X10 cm ' is always due to the resonance of LO
phonons with acoustical plasmons. The two humps in the
unscreened curve correspond to the density of states of
electrons and holes which can emit the LO phonons.
%'ith respect to the low-density case of Fig. 1, the full
dynamical calculations come close to the static screening.
All these results, reported in Figs. 1 and 2, enable one to
simply understand the dependence of the carrier-energy-
loss rate as a function of the plasma density.

IV. NUMKRK. 'AL RESULTS:
ENERGY-LOSS RATE

40
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FIG. 5. Lattice temperature, 300 K. Solid line, full RPA;
dashed line, static screening; dotted line, no screening. (a)
Hole-energy-loss rate. The hole temperature is T, =350 K. (b)
Electron-energy-loss rate. The electron temperature is 350 K.

We plotted in Fig. 3(a) the hole-energy-loss rate at low
temperature (TL =4.2 K, T, = 100 K) as a function of the
density. In the full RPA screening (solid line), there is
no change in the energy-loss rate up to the density
p =2 X 10' cm . In Fig. 3(b) is displayed the
conduction-and energy-loss rate under the same condi-

tions. There is a small enhancement of the electron-
energy-loss rate around the density p, =4X10' cm
due to the resonance of the LO phonon with the optical
plasmon [arrow number 1 in Fig. 3(b)]. Note the great
difference now between the results of the full RPA and
the static approximation. The conclusion is that, in
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FIG. 4. Lattice temperature 4 K. Solid line, full RPA;
dashed line, static screening; dotted line, no screening. (a)
Hole-energy-loss rate. The hole temperature is T„=200 K. (b)
Electron-energy-loss rate. The electron temperature is 200 K.

p asma c ensity '1/cm",
~

FIG. 6. Lattice temperature, 300 K. Solid line, full RPA;
dashed line, static screening; dotted line, no screening. (a)
Hole-energy-loss rate. The hole temperature is T„=450 K. (b)
Electron-energy-loss rate. The electron temperature is 450 K.
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dynamical screening, the conduction-electron-loss rate is
unchanged up to the density p=5X10' cm . We must
also stress that even at higher plasma densities, up to
p= 10' cm, the dynamical screening leads to a correc-
tion factor of the order of 0.8 with respect to the simple
and especially convenient "no-screening" model. The Rat
hump [arrow number 2 in Fig. 3(b)] is due to the reso-
nance of LO phonons with the acoustical plasmons.

It is also of great interest to compare the hole-energy-
loss rate to the electron one in cases of different electron
and hole temperatures, for example, T& —70 K and
T, =100 K. The diamond line in Fig 3(.a) just displays
the hole-energy-loss rate at T& =70 K. By comparison
with Fig. 3(b), we deduce that the electron-energy-loss
rate is four times higher than that of the holes for densi-
ties ranging up to 5X10' em . If the electron-hole
thermalization is incomplete (i.e., T, & Tz), as is conclud-
ed in many theoretical calculations, ' ' '* the energy-loss
rate due to LO-phonon emission by the electrons may be-
corne more important than the loss rate of the holes.
This demonstrates the great impact of the dynamical
screening as soon as a temperature difFerence appears be-
tween electrons and holes.

In Figs. 4, 5, and 6 are reported the energy-loss rates of
the carriers at higher temperature, namely at 200, 350,
and 450 K. In Figs. 4 and 5, the lattice temperature is
300 K. The results are very similar to the ones at 100 K
and the same conclusions prevail. As a general rule, the
energy-loss rate is unchanged up to the density
p=(5 —7) X 10' cm, whatever may be the temperature.
At high plasma density the acoustical-plasmon mode is
strongly damped and even disappears. As a result, the
transition to the static approximation for densities higher
than 10' cm occurs faster than at low temperature.

Stuttgart) for several stimulating discussions and a criti-
cal reading of the manuscript.

APPENDIX: SCREENING
OF THE ELECTRON-HOLE COLLISIONS

mg
qk'eosO'+ q2m'

(A 1)

Here, 0 (8') is the angle between the vectors k and q (k'
and q). The main question in discussing screening in this
process is, what are typically the wave vectors k and k' of
an electron and a hole when a dynamical treatment of the
dielectric function becomes necessary? For clarity let us
begin with a numerical example, namely GaAs, at the
density p=(5 —7)X10' cm so that the plasmon energy
is about 36 meV. The dielectric constant must be de-
scribed dynamically if q is of the order of (0.5 —1)X 10
cm ' and the energy exchanged of the order of the
plasmon energy (see Fig. 2). Using bE =36 meV and
q = 10 cm ' in relation (Al) one obtains

We prove in this appendix that, very generally,
electron-hole collisions can be screened statically. Let us
consider the following electron-hole scattering process:
The electron is scattered from the wave vector k to the
wave-vector k —q, and the hole from the wave vector k'
to the wave vector k'+q. The energy AE exchanged in
the process reads /

bE =E,(k) —E,(k —q)

=E„(k')—E„(k'+q)
g2 f2

qk cos8 —
qm, 2me

V. CONCLUSION

k cosO 2.6X10 cm

k'cosO' 26 X 10 cm

We studied the renormalization of the polar-optical in-
teractions in a high-density thermalized plasma. We used
the full dynamical RPA to screen the Frohlich interac-
tion. It is concluded that up to the plasma density p,
defined by the relation R~ i(P, ) =iricoto [see formula (8)],
there is no inhuence of screening on the carrier-energy-
loss rate. For GaAs, p, =(5—7)X10' cm . The ab-
sence of screening is in agreement with recent experirnen-
tal works, especially heating effects. At low tempera-
ture (say T(100 K), because of the resonance of 1.0
phonons with acoustical plasmons, the average screening
of electrons in the conduction band is weak up to densi-
ties of the order of 10' cm . Plasma-dynamics calcula-
tions on the time scale 0.5—2 ps, which use the static
screening of the PQ interactions, must be revised.
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As a result, the kinetic energy of the electron and the
hole involved in such a dynamical scattering must be
high, namely

E, &&38 meV,
38

cos 0

E,), »450 meV .) 450
cos 0'

The hole must be very high in the valence band and, ob-
viously, it is almost impossible to significantly populate a
level of such high kinetic energy. It results that the
static-screening approximation holds for the great major-
ity of the electron-hole scatterings. We always obtain the
same result when changing the plasma density chosen in
our numerical example. So we conclude that, if the
masses of the conduction band and valence band are very
difFerent, say m, /m„of the order of 5 —10, statically
screening the electron-hole collisions is an excellent ap-
proximation.
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