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The relaxation process of a dense carrier population created by a light pulse in a polar semicon-
ductor is examined. We analyze the influence of screening in the electron-electron and electron-

phonon interactions as well as phonon heating effects upon the thermalization process of the carrier
system and the subsequent cooling process. We perform our study by incorporating screening and

phonon population effects into a phenomenological model previously proposed to explain some
characteristics of the steady-state luminescence of GaAs under high density of excitation. Specifi-
cally, the time required for the carrier system to thermalize, the temperature at which this occurs,
and the time evolution of the carrier temperature are examined as functions of the carrier density of
excitation, the energy of excitation, and the light-pulse duration. We conclude that the thermaliza-
tion process is mainly affected by a long-lived phonon population created by the relaxing carriers
and that phonon heating and screening effects affect the cooling process at different densities of ex-

citation and at different time intervals.

I. INTRODUCTION

The study of the relaxation process of a photogenerated
hot-carrier population in polar semiconductors has be-
come a field of growing interest in the last few years. It is
currently believed that development of picosecond and sub
picosecond optical techniques allows the testing of the rel-
ative importance of scattering and relaxation mecha-
nisms. ' The majority of the published studies refer to
GaAs, in bulk form or in multiple quantum wells and het-
erostructures, and deal with the hot-carrier kinetics or
the related photon kinetics. ' There are several impor-
tant studies in other related semiconductors.

Although the dominant scattering mechanisms, namely
electron-electron (e- e) and electron-longitudinal optical
phonon (e-ph) collisions, and recombination (rec), have
been previously established and the basic theoretical ideas
involved in the process have been formulated' for several
years, our current understanding of the evolution of a
dense carrier-distribution function (CDF) after excitation
is by no means complete. The major difficulty is intro-
duced by the long-range nature of the Coulomb interac-
tion which makes an ab initio calculation of the CDF and
its evolution a very involved problem. In order to
describe the relaxation process, it is usually necessary to
assume that a certain thermalized form, either degenerat-
ed or nondegenerated, for the CDF has already been
reached. Then based on this thermalized CDF, by defin-
ing several parameters associated to it, one tries to charac-
terize a rate of relaxation. As it is obvious, this procedure
discards all the information about the thermalization pro-
cess. '

In this paper we study the problem in some more gen-
eral terms, and by generalizing a previously proposed ki-
netic model to include screening in the e-e and e-ph in-

teraction and phonon population effects, we discuss the
whole relaxation process, i.e., the thermalization process
and the cooling process. With respect to the thermaliza-
tion process, we discuss how several external variables
such as excitation density, excitation energy, duration of
the light pulse, etc. , influence it.

In relation to the experimental observations of the cool-
ing process, there has been in the last few years some dis-
cussion regarding the interpretation of the possible causes
of the reduction of the cooling rate present at high excita-
tion densities. ' We discuss here the influence of the
screening in the e-e and e-ph interaction and phonon pop-
ulation effects upon these processes.

Although the predictions of the model are of qualitative
nature, i.e., the trends, not the absolute values, are to be
compared with experimental data or other calculations,
we think it is useful to have a simple framework to
analyze the evolution of a carrier population. It may be
added that it is precisely the simplicity of the model
which allows us to deal with the CDF at all times, even
prior to thermalization.

Briefly, we outline the problem as follows. At time
t =0 in an empty conduction band of a polar semiconduc-
tor a laser pulse of duration t~ injects n~ electrons with an
energy c~ above the bottom of the band. This initial car-
rier population relaxes mainly due to e-e and e-ph col-
lisions and the total number of carriers on the conduction
band decreases due to recombination.

We wish to discuss the following questions: At what
time, t*, may the CDF be considered thermalized? What
is the corresponding thermalization temperature T'?
How do t* and T* depend on the external parameters
such as nz, t&, E&, et '? cHow does T(t) evolve for t greater
than t*?

It has been observed experimentally that the rate of
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cooling of the CDF diminishes when the excitation densi-

ty increases beyond certain critical values. ' ' Such an ef-
fect has been attributed to several causes. One of the most
analyzed is the possible influence of screening by free car-
riers which diminishes the effectivity of e-ph interaction
as a relaxation channel. ' Another possible cause is the
influence of a long-lived phonon population which would
act as a thermal reservoir impeding the CDF to cool
down. The detailed form in which the phonon reservoir is
created and acts on the CDF has been discussed by several
authors. 6' ' '

The procedure by which we take up the problem is the
following. We incorporate in our original model' '
screening and phonon population effects and investigate
their consequences on the CDF evolution. We address the
problem in some more general terms than other authors;
namely, we are considering in our analysis screening not
only in the e-ph interaction but also in the e-e interaction.
We think that the thermalization time must be affected by
such a screening. To our knowledge nobody has pointed
out this possibility although there might be some evidence
of it.'

The paper is organized as follows. We present in Sec.
II a brief description of our phenomenological model and
the extensions required to incorporate screening and pho-
non population effects into it. In Sec. III we discuss some
physical and mathematical details and the outline of the
calculation is described. In Sec. IV we present and discuss
our results, firstly those related to the thermalization pro-
cess and secondly, those related to the cooling process.
Finally we discuss in Sec. V some of our findings and
present our conclusions as well as our suggestions for fur-
ther studies.

II. THEORETICAL FRAMEWORK

order to have a point of reference, Ac. =AQ&o, the longitu-
dinal optical phonon energy. The quantities
i =0, 1,2, . . . , and g& are, respectively, the carrier popula-
tions associated to each level and the rate of generation of
population by the laser pulse which can depend on time
(in general it can depend on energy also, although in the
present work it is assumed approximately monochromat-
ic). N =gg; is the total carrier population and 5;; is a

Kroneker delta function, indicating here that the electrons
are injected by the laser pulse at the energy level i~. The
time evolution of the CDF is thus governed by the values
of the phenomenological parameters w, v, iu, , and Ziv (to
abbreviate the notation we shall define Ziv =ZN /2)
which are the effective collision frequencies (ECF s) asso-
ciated with recombination, phonon emission and absorp-
tion, and electron-electron collisions, respectively. The
energy flux into and out of the electronic system is given
by Eq. (lc). In terms of these phenomenological parame-
ters this equation can be derived from Eqs. (la) and (lb)
taking E, =As g,.g;.' Finally the coupling between
electronic and lattice vibration systems is given by Eq.
(ld), where Nn is the longitudinal optical phonon (LOP)
population, and g is a damping parameter for the LO pho-
non population, associated with decay via nonelectronic
collisions. This equation is derived from Eq. (lc) as dis-
cussed in Ref. 19.

A detailed discussion of the content of Eqs. (1) and the
definition of the parameters may be found in Ref. 18.

We wish here only to remark that up to this point the
parameters w, v, iM, Z&, and g are constants independent
of carrier or phonon populations. Now we extend this
model in two ways: (i) to include a LOP population
dependence in the parameters v and p and (ii) to include
screening effects through a dependence with carrier con-
centration of the coefficients Ziv, v, and p.

The original form of the phenomenological kinetic
model introduced in Refs. 18 and 19 is based in the fol-
lowing set of coupled nonlinear rate equations which
govern the time evolution of carrier and phonon popula-
tion and the carrier energy flux:

d g0 ZN Z'90

dt
= —wqo+vgl prto+ (qi ——go)+ go (la)

2 2

ZN Z'90
+ (vi+1 )i + li —1)+ ( li Ii —I)

+g~(t)5;; (lb)

dE,
dt

dN~
dt

[(N rlo)v Np] g[Nn——Nn—(0)] . —

= —he[(N go)v Np] —wE, +g—pip he, — (lc)

(ld)

Very briefly, the basic ideas which support the model
are the following. The continuum of electronic states on
the conduction band is substituted by a discrete set of
equally spaced levels of energy c; =i hc. and we choose, in

A. Phonon population effects

Our phenomenological approach is based on the central
idea of trying to describe the evolution of the CDF by
describing the macroscopic energy exchanges which ap-
pear in the system as a consequence of the different col-
lision mechanisms; hence, it is reasonable in the steady-
state case to assume (as in Ref. 18) that the phenomeno-
logical parameters v and p are constants. However this
hypothesis requires modification in the dynamical case in
which the rates of energy exchanges are not fixed.

In the absence of a sizable number of LOP's the relaxa-
tion of carriers is essentially governed by spontaneous
emission of LOP s. In such a condition the effective col-
lision frequencies v and p can be considered as constants
and p can be neglected compared with v, since

P Nn —bc/kT 10—7

v (1+Nn)

for b, c.=38 meV and T =30 K.
For high-carrier concentration, it is possible however

that absorption and stimulated emission of LOP's be-
comes important, modifying in this way the energy ex-
change rates between the carrier distribution and the lat-
tice.
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In Ref. 19, we introduced for the rate of energy ex-
change due to e-ph processes, the first term in the right-
hand side (RHS) of the quantity dE, /dt given by Eq. (lc),
and from it, we wrote the rate Eq. (ld) for the total popu-
lation of LOP s. This approximation needs to be im-
proved by giving some appropriate dependence of the
phonomenological parameters v and p with the LOP pop-
ulation N&. In order to do it, we consider by analogy
with Eq. (ld), the rate equation governing the population
P of LOP's in the mode a as follows

dP~ = —g[P& —P (0)]+[(N —gp)vp( 1+P )

where the coefficients g', vp, and pp can depend on the
mode u, for example, through matrix elements. As is ar-
gued in Ref. 17, e-ph dispersion is predominant only for a
small region near the I point in Brillouin zone. In order
to keep our equations as simple as possible we shall as-
sume that the coefficients vp and pp are of the form

constant for q (Q
&o~Po= ',

0 for q~Q

where q is the wave vector of mode a and Q,„—10
cm '.' We think these approximations are consistent
with the phenomenological nature of the model even
though we are aware that they might result in an underes-
timation of the effects of stimulated LOP emission at cer-
tain wave vector where e-ph matrix elements are strongly
q-dependent. ' For the total number of LOP's we write
down the rate equation

d~n(t)
g[ Wn(t) ~Vn(0—)]-

dt

pulse, N~, becomes equal to one. To do this, Eqs.
(la)—(lc) are divided by Nz while a term Nz is factored
out of the square bracket in the right-hand side of Eq. (3).
The ith and total normalized carrier populations are then
written as fractions of the total carrier population at time
t = t&, N&. It is also convenient to recall the definitions in-
troduced in Ref. 19: cr=(ZN&/2) measures the strength
of the unscreened e-e interaction at a given excitation
density. Finally, by dividing by EE, Eq. (lc), it becomes a
rate equation for E=E, /(b EK~), i.e., the carrier energy
per excited electron in units of Ac..

B. Screening effects

Screening in the e-ph interaction

By following Yoffa we assume the following form for
the ECF for LOP emission in the presence of screening

v(N) =v[1+(N/N*) ] (5)

In the presence of a dense carrier population all the in-
teractions of electromagnetic origin are modified due to
screening effects. In our case the two most important in-
teractions, i.e., e-e and e-ph, should be generalized to in-
clude screening effects. Consequently the effective col-
lision frequencies v, p, and Z& have to be modified. The
screening depends on the total carrier concentration
through the precise form of the frequency and wave-
vector-dependent dielectric function which itself depends
on the form of the CDF. Thus, the precise dependence of
screening on the carrier concentration in an out-of-
equilibrium CDF is an open problem. For our present
purposes, however, it is enough to include in the model
some sort of correction that simulates screening, that is,
that which would produce a diminishing in the effective
collision frequencies v, p, and Zz at high values of carrier
concentration.

+ I [N ( t) —gp( t) ]v[ 1 +~n( t) ]
1

U

N(t)~n(t) —I, (3)

where v is the low carrier density value of v(N) and N' is
a critical carrier concentration value at which screening
effects begin to be important. In the same way, for the
ECF for LOP absorption we assume the dependence

where Nn ——g'Q, U=g' (1), Pn N.n/U——, v:vpU,
and p =poU. The primes in the summations indicate here
that only accessible modes (q (Q,„)are included, thus
U is the number of accessible phonon modes. By compar-
ison with Eq. (ld) we observe that in order to include a
dependence on the phonon population in the parameters v
and p we have to replace

v~ v[ I +n( t)],
P~P~&n(t) . (4)

+ similar reasoning can be performed with Eqs. (la)—(Ic).
In this way we include the phonon population effects in
our kinetic model.

Before we go on, a word is necessary in order to clarify
the normalization of rate equation. It is computationally
advantageous to normalize the carrier populations g;(t)
and N(t) appearing in Eqs. (la)—(ld) in such a way that
the total injected carrier density at the end of the light

p( N) =P[1+(N/N* ) ] (6)

Z. Screening in the e-e interaction

There is some experimental evidence which indicates
that the effectivity of e-e collisions as an energy exchange
channel depends on the carrier concentration in such a
way that for low concentrations, below a certain critical

Expressions (5) and (6) can also be justified as follows.
Screening can be introduced by dividing the bare matrix
element for e-e and e-ph interactions by the Thomas-
Fermi (or Debye-Huckel) dielectric function
e(q) = [1+(qd /q) ] ' characterized by the screening
length qd which itself depends on the carrier density
(qd-N); since the ECF depends on the square of the
screened matrix elements we replace the unscreened ECF
for LOP emission and absorption by the screened expres-
sions (5) and (6). From here on we shall drop the overbar
in the expressions for v(N) and p(N).
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Z~(N) =(Z,„N/N, )(e l2)e (7)

Here Z,
„

is the maximum value of the intensity of e-e
interaction, which is reached at N =N, . Notice that the
ECF Z& introduced in Refs. 18 and 19 is defined as a
product of the intensity of interaction Z and the total car-
rier concentration N, thus containing already a depen-
dence on N, however the intensity of interaction itself did

value N, which depends on the material, the effectivity
increases with the carrier concentration. It reaches its
maximum value at N, and at higher concentrations the
energy exchange by this mechanism tends to decrease. In
order to simulate these screening effects in the e-e interac-
tion, we assume the following dependence of the intensity
of e-e interaction

not contain such dependence. Thus we incorporate
screening effects in the e-e interaction by making the sub-
stitution indicated by Eq. (7).

The parameter Z,„andN, can be chosen to represent
conditions of low, medium, and high excitation density.
Although there might be some relation between N, and
the N* introduced in the preceding section, we keep them
different to maintain the greatest generality in our calcu-
lations.

III. OUTLINE OF
THE CALCULATION PROCEDURE

In what follows we shall adopt the modifications given
by Eqs. (3)—(7) in the rate equations (1). Hence, these
equations transform to

dgo

dt
w0—o+v(~n A)ki p(~—n A)kp+ ~«)(0i 0o—+0o»

dg;~p
dt

dE, = —ws —[(A —gp)v(~n, A) —Ap(~n, A)]+ipgp,

= —wg; —v(~n, A)(g; —g;+~) p(~—n, A)(g; —g; ~)+H(A)[A(g;+~ —2g;+g; ~)+gp(g; —g; ~)]+gt, (t)5;;

(8a)

(8b)

d~~ Np

dt g[~n—~n(0)] + [(A —gp)v(~Vn, A ) —Ap(~n, A )],U
(8d)

where we have defined g; =g; IN&, A =NIN&,
=rip/Np, v(~n, A) =v(1+~An)I[1+(g2A) ], p(..Vn, A)
=~n/[1+(g2A) ], W(A)=(Z, „e/2)g&Ae ', g&

=Nz/N, and g2 ——Nz/N*.
In order to carry out numerical calculations it is neces-

sary to choose appropriate values for the parameters. The
ECF's are linked by the relation

w+v(~n, A)+p(~n, A)+2%(A) & 1 .

We recall here that, the relative values and not their abso-
lute magnitudes are important, since by their definitions,
the absolute magnitudes of the ECF's w = b, t/r„„
v=btlr, ph, 2&=btlr, „g=htlr~h depend on the
choice of the interval b, t (here r„qis the LOP characteris-
tic decay time due to nonelectronic processes).

Thus we need to estimate the values of the characteris-
tic times and critical densities, or else, obtain them from
the literature. We recall here that in our model we as-
sume that the ECF's are energy-independent quantities,
thus, the parameters w, v, p, Z, and g should be calculat-
ed by means of an energy average over the band of the
probability per unit of time of the transition. In such a
calculation one must incorporate in the respective matrix
element for the transition, the information of the dynami-
cal screening. Qnce the characteristic times 7 'T ph,'T, and Tph are evaluated, one must calculate At in a way
consistent with the hypotheses that in this time At one

electron given level can undergo transitions only to
the immediate neighboring levels (i ~i+ I) and consistent
with the restriction m +v+ p+ 2Z ( 1.

For the purposes of this paper we assume that the time
At does exist and adopt, as in Refs. 18 and 19, some
characteristic times commonly accepted, i.e., 10
sec&~„,&10 " sec, 10 " sec&~, ph& 10 ' sec, and
with this, we characterize these regimes of excitation:
2Z & v (low density), 2Z —v (medium density), and
2Z & v (high density).

Let us consider as an example the values ~„,= 10 sec,
7 &h=10 ' sec, and r, , =2X 10 ' sec, thus if we
choose At = 10 ' sec as our unit of time we have the
values u =0.0001, v=0. 1 and Z =0.2 for our ECF.

We wish to remark here that in our results, presented in
the next section, the time-dependent quantities are mea-
sured in At units and the energy-dependent quantities are
measured in Ac=ABLO units.

Notice that we have defined the excitation regimes pay-
ing attention to the relative importance of collision mech-
anisms in producing exchange of energy. It has been ar-
gued that there exists a certain carrier concentration, N„
below (above) which the rate of energy loss by the carriers
due to emission of LOP's exceeds (is less than) the rate of
energy exchange among carriers due to Coulomb interac-
tion. Shah and Leite have reported N, =10' cm for
CxaAs. ' In the presence of a dense plasma the relative
importance of collision mechanisms might be modified by
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screening effects. Yoffa has estimated that the threshold
value of carrier concentration, above which screening ef-
fects in the e ph interaction become important, is
N*-5&&10' cm for GaAs. It might be convenient to
take N* =N, in Eqs. (5)—(7), however, for clarity in test-
ing out separate screening of e-e and e-ph interactions, we
shall keep them different. The LOP decay time has been
estimated from experimental results to be of the order of
~ph- 5 && 10 ' sec.

In this paper we are interested in the case of a high ex-
citation density regime where screening and phonon popu-
lation effects can modify the relaxation process, for in-
stance, changing the cooling rate of the carrier system.
However, our description of relaxation process neglecting
screening and phonon population effects can be formally
recovered from Eqs. (8a)—(8d) by taking

g~A, g2A &&1, but H(A)~Z&, (9)

(1 la)

(1 lb)

Recall that t is measured in units of At and all the pop-
ulations g; are now fractions of the total population at the
end of the light pulse A(t&), which is normalized to the
unity. The only quantities that have remained unspecified
are qp/Np, tp, and cp, which are, respectively, the carrier
density excited per time step At, the pulse duration, and
the energy cp

——ipAc at which the pulse is injected. Once
tp is fixed gp /Xp is determined by gp /Np ——At /tp for
0(t &tz. (In this way tz has to be slightly redefined so
that tz/b. t is an integer number. ) Thus, we are dealing
with a square pulse, however, slightly different shapes do
not affect our results. The time evolution of the initial
pulse together with the LOP population per accessible
mode ~&, is followed as time increases. The thermaliza-
tion time t* which separates the thermalization process
from the proper cooling process, is defined by adopting

(10)

There appears in the rate equation for the phonon pop-
ulation (8d) the number of excited particles per accessible
phonon mode, Xz/U, which multiplies the last term. In
our calculations we shall assume that such a quantity is of
the order of unity a1though we think this hypothesis
might result in a quantitatively wrong estimation of pho-
non population effects. It is, however, the simplest way of
including LOP population effects. A precise description
of the factor N~/U requires, for given conditions of exci-
tation, specification of the number of accessible modes
(q (Q,„).In a forthcoming work we shall present a de-
tailed analysis of this term.

Very briefly, the numerical procedure is as follows.
Once the carrier excitation density Xp is given, one fixes
the appropriate values of the ECF by a suitable choice of
ht. This time interval is also used as the time step in the
numerical integration of Eqs. (8a)—(8d) performed by the
simple Euler procedure

the experimental criterion to determine the temperature in
a typical luminescence experiment ' where only the car-
rier population near the bottom of the conduction band is
amenable to observation. We demand that the lowest part
of the CDF has already become a decreasing function of
energy (in our case of i) and fit an exponential,
exp[ —i/k&T(t)], to the lowest four points i =0, 1,2, 3.
The thermalization time t is defined as the time at
which a temperature T*=T(t*) can be defined. These
are the definitions of T(t), T*, and t* that shall be used
in the present paper, although we wish to point out other
possibilities: one of these is to make more stringent the
criterion to define the temperature by demanding that the
fitting should be done with a greater number of levels. It
turns out that such a modification does not affect the re-
sults in a significant way. Another possibility is to relax
the criterion by demanding that it should be satisfied by
an average of CDF's taken over an interval of time t, the
time of measurement which usually should be t ~ At.
We have not explored in detail these two possibilities.
However in any case, the criterion we have chosen pro-
duces a monotonously decreasing behavior of T(t) for all
reasonable choices of the phenomenological parameters.

IV. RESULTS AND COMMENTS

Following the excitation pulse, the collision mecha-
nisms act upon the carrier system thermalizing the CDF.
Such a condition is reached after a characteristic time (in
our case called t*). The temperature at which the elec-
tronic system thermalizes T(t*)= T* is commonly be-
lieved ' to be a measure of the excess energy in the elec-
tronic system supplied by the laser pulse, and the evolu-
tion of T(t) is usually accepted to allow testing of the en-
ergy exchange between the carrier system and the lattice.
Firstly, we would like to analyze the thermalization pro-
cess. We shall analyze it by paying attention to influences
on t* and T* from different experimental conditions
represented in our model by different sets of our
phenomenological parameters, as discussed before. In
Fig. 1(a) we reproduce our Fig. 1 of Ref. 19. Here we
present, for the unscreened case and neglecting phonon
population effects, the CDF evolution for low (a), medi-
um (b), and high (c) excitation density. The time interval
represented there varies from t =0 up to times greater
than t'. One of the principal features is that the thermal-
ization time t decreases when the excitation density in-
creases, indicating that the effectivity of collision mecha-
nisms to thermalize the CDF increases with the excitation
density. Figure 1(b) reproduces our Fig. 2 of Ref. 19
where the behavior of T(t ) t*) is shown. The curve (a)
corresponds to a set of parameters representative of an in-
termediate excitation condition in which the rate of ener-

gy exchange among carriers is comparable to the rate of
energy exchange between the carrier system and the lattice
vibrations. In comparison curve (b) is representative of a
low density of excitation condition in which the effectivi-
ty of e-ph collisions to exchange energy is greater than
that corresponding to e-e collisions. In this case the CDF
thermalizes sooner to a temperature T* lower than in case
(a). A high-excitation density condition is presented in
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curve (c). Notice that in this case the CDF thermalizes
faster and T" is higher than in case (a).

We wish now to discuss the trends mentioned before in
some more general terms, including screening and phonon
population effects. Additionally, we analyze the effect on
t* and T* due to the values of the excitation energy cz
and the pulse duration t~. In Fig. 2 the behavior of T*
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FIG. 2. Behavior of the temperature, T* solid line, and the
time, t, crosses, of thermalization as function of the electron-
phonon effective collision frequency v. The range of values of v

depicted covers the interval 0(v/Z~(1. 0 thus the leftmost
(rightmost) part of the graph is the region where electron-
electron collisions predominate (are dominated by) electron-
phonon collisions. The results obtained neglecting (including)
phonon population effects are labeled by a (b.)
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and t* is presented as function of v, the ECF associated
to e-ph processes. The values of the parameters are as
follows: w =0.0001, p =0.0001, Z,„=0.4, iz ——10,
(=0.3, t~ =0, g& ——0, g2 ——0. This set of values shall be
used in all our figures, except those which are specifically
varied in each figure. Notice that an instantaneous pulse
is numerically represented by t~ =0. The scales for T*
and t* are seen on left-hand and right-hand sides, respec-
tively. In the figure, crosses represent the t* values and
the solid lines represent the T* values. In this figure we
attempt to represent qualitatively the influence on T* and
t* for a series of experimental conditions in which the
rate of energy exchange by e-ph processes varies from a
condition in which it is negligible compared with the ex-
change by e-e collision to a condition in which the ex-
change by e-ph and e-e processes are comparable. The re-
sults obtained neglecting phonon population effects for t*
are the lower crosses and for T* the upper line. Notice
that the qualitative behavior for T" and t* is not affected
by the inclusion of phonon population effects.

As we have discussed in Ref. 19, e-ph collisions contri-
bute to the thermalization of the CDF, thus reducing t',
however comparatively higher values of v produce a com-
paratively higher rate of energy dissipation for the elec-
tronic system, reducing the thermalization temperature.
In addition to phonon population effects, we wish to con-
sider the screening of the e-ph interaction by calculating v
by the expression

50
I

60
I—

90 v(1+~n)
v(~n, A) =v(t) =

1+(g2A)
(12)

FIG. 1. (a) The time evolution of a CDF calculated with the
original form of the model, Eqs. (la) and (1b), for the cases: (a)
low density of excitation (Zz &v), (b) intermediate density of
excitation (Z~-v). (b) The evolution of the temperature of the
CDF, T(t & t*), for the cases (a) v=Z& ——0. 1, (b)
v=0. 2&Z& ——0. 1 and (c) v=0. 1&Z~ ——0.3. The time is mea-
sured in At units and the energy and Te are measured in Ac,

units. For discussion see the text.

and choose the gz value in order to reproduce the same in-
itial condition in v as in the unscreened case. It turns out
that the results for T* and t* are not modified by in-
clusion of the screening whether or not there is creation of
phonons, (thus they superimpose to the plots of Fig. 2).
This result is reasonable since in the time interval in
which the electronic system thermalizes the total carrier
concentration does not change significantly, in such a way
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FIG. 3. Same as Fig. 2 but varying the screening parameter

g& ——N~/N„see Sec. IIB, but choosing Z,
„

in Eq. (7) so that
the initial conditions are always preserved.

as to produce variations in the v value due to screening ef-
fects.

For the same reason changes in the screening parameter
for the e-e interaction, g&, does not produce significant
variations on T and t*, as it can be seen in Fig. 3 where
the e-e ECF is calculated by Eq. (7), for the same set of
parameters as in Fig. 2 and for an initial value of v=0. 1.
In Fig. 3 we are choosing the Z,„value in order to con-
serve the same initial value of N(1) =0.2 for different
values of g~, this is Z,„(g~)=0.4exp(g~)/g~, since at
t =0 A= 1 (recall t~=0), varying from g&

——0.5 up to
g&

——1.5. The purpose of this calculation, by the use of
Eq. (7), is to test the effect on T* and t* of various
strengths of screening, represented here by g &. Notice
that the behavior of T* (solid line) and t* (crosses) are
essentially constant indicating that in the thermalization
time interval, the variation of the total carrier concentra-
tion is not enough to produce noticeable changes in the
ECF N(A).

If we fix in Eq. (7) the Z,„value and vary the
strength of screening g~, the initial value of ECF N(1)
changes with g&. Thus, we are simulating different re-

gimes of excitation density. In Fig. 4 we present the
behavior of T* and t* for different initial values of M(1)
from values of carrier density of excitation representing a
regime, in which the effectivity of e-e collisions to ex-
change energy increases with the carrier concentration, up

to values of H(l) representative of an excitation regime
in which it has been reduced by screening effects. (In this
figure LOP effects are included but e-ph screening is
neglected ) . It can be observed in Fig. 4 that both T* and
t* are strongly affected by the value of W(1) and the
behavior of the curves indicates the importance of e-e col-
lisions to thermalize the CDF. We notice that t' de-
creases when M(1) increases until it reaches its maximum
value Z „atg&

——1. For higher carrier concentrations
the effectivity of e-e collisions to thermalize the CDF di-
minishes, increasing consequently t . It has been experi-
mentally observed that for a given observation time after
the pulse injection the carrier temperature depends non-
linearly on the carrier concentration. ' ' We observe in
Fig. 4 that for relatively low density of excitation, i.e.,
g, & 1, T* increases nonlinearly with H(1). For higher
carrier concentrations (g~ & 1) T* shows a clear tendency
to decrease by effects of screening.

In Fig. 5, t' and T* are shown for different excitation
energies, Ez, from 0 to 15 (in units of b,c, that is

sz ized, s). T——he scale on the left-hand side corresponds to
T* and the scale for t' is on the right-hand side. We are
incorporating here all the effects mentioned before. No-
tice that t* increases monotonously with cz, while T' in-
creases drastically reaching its maximum value at cz ——4.
(Recall that our level width is b,s=RQto approximately a
few tens of meV for a typical polar semiconductor. Thus
excitation to the zeroth level means that the electrons are
within an energy b, E of the bottom of the band. ) This
seems to indicate that there is a competition between two
effects: first as c& is increased one expects T' to follow it
since it is a measure of the energy per particle injected
into the system, second as the particles are injected higher
into the conduction band the time to reach the bottom
and to thermalize increases and so do the losses. Thus
one expects a decrease in T*. The maximum in the curve
corresponds to the crossover. We see in the same figure
that for values of excitation energy cz ~ 4, the temperature
T* shows an obvious tendency to decrease. For c~ &7,
T* diminishes in a very mild way. In Fig. 6 we present
our results for t* and T' as functions of the duration of
the light pulse, tz, which varies from zero to ten (mea-

8 y v 90

15 — 80

5- 65

10

t
— 40

+

0
+ 40
10

Q +
0 10

Q
15

FIG. 4. Same as Fig. 3 but now Z,
„

is fixed throughout the
figure. Recall that at gl ——1 the (e-e) collision frequency attains
its maximum value. The actual results for T were slightly
smoothed.

FIG. 5. The temperature and time of thermalization as a
function of the energy, of excitation level c~. The solid line
representing T was obtained by joining the points representing
the results of the calculation by straight lines, thus explaining its
broken nature.
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greater effectivity of the e-ph collisions as a relaxation
channel, increasing the speed at which the carriers reach
the bottom of conduction band to thermalize. Thus, this
results in a decrement of t'.

In Fig. 8(b) we present a comparison of the time evolu-
tion of the rate of energy exchange by e-ph process given
by Eq. (8c). The curve (a) is the same curve (a) as in Fig.
8(a) and the curve (b) is obtained by neglecting phonon
population effects (~n=0). Again here the arrows on
this axis indi. cate the thermalization times. We observe
that there is a notorious difference in the energy exchange,
this difference in the case of curve (a) must produce an
increment in the effective value of the parameter v which
according to the results of Fig. 2 must produce a faster
thermalization process and a greater energy dissipation,
consequently this reduces the values of T* and t' com-
pared with the corresponding values of curve (b).

There has been in the last few years some discussion re-
garding the relaxation process of a dense hot electron plas-
ma. In particular it has been argued that screening by
free carriers and phonon population effects might be the
main cause by which the rate of cooling of the carrier sys-
tem diminishes at high densities of excitation. We wish
now to test how the time evolution of carrier temperature
is affected by the inclusion of screening in the e-e and
e-ph interaction and phonon creation.

In Fig. 9(a), we show the time evolution of carrier tem-

0+
30 50

t
IOO

0 +
30

I

5O t IOO
t

I

I50

FIG. 9. The time evolutions of the temperature of the CDF
for times greater than the thermalization time. (a) Comparison
between results neglecting, curve labeled (a), and including LOP
effects, curve labeled (b). If screening is included in such a way
that the initial value of the parameter M(A), see Eq. (7), is kept
constant, the resulting curves (c), (d), and (e) superimpose to (a)
and (b), see the text. (b) Same results obtained fixing Z,

„
in

Eq. (7) and varying g~. When observed at a fixed time, t„long
enough so that in all cases the CDF is thermalized this plot
presents the same trends observed experimentally. See the text
for a fuller discussion.

perature T(t) for the time interval t* & t & 100 (in units of
ht. ) T. he curve (a) corresponds to the unscreened case,
and neglecting phonon creation, here Zz ——0.2, v=0. 1,
p =0.0001, this curve is the same as curve (a) of Fig. 1(b).
In comparison curve (b) corresponds to the case in which
we start with an initial value of v=0. 1 but this value
changes in time due to phonon creation accordingly to the
rate equation (8d). We observe that for equal initial con-
ditions the effect of phonon population is to decrease t*
and T* as we have discussed before. The qualitative
behavior of T(t) is modified by the inclusion of phonon
creation effects. Such a change can be discussed based on
Fig. 8(b). We observe that for times lower than 60 the en-

ergy exchange between carrier and phonon systems is
greater in the case in which one is considering phonon
creation. In the temperature behavior, it can be noticed in
the relative lower values of T(t), in addition to a decre-
ment in T* and t*. For times greater than 60 in Fig. 8(b)
the energy exchange of curve (b) is lower than in curve
(a) indicating that phonon population at this time begins
to act as a thermal reservoir diminishing the rate of cool-
ing. In Fig. 9(a) this is noticed in the smaller slope of
curve (b) compared to curve (a) for times greater than 60.
If in curves (a) and (b) in Fig. 9(a), in addition to phonon
population effects, we include screening in e-e and e-ph
interactions, choosing the g&, Z,„,and g2 values in or-
der to reproduce the same initial conditions as in the un-
screened case [that is Z,„=2Z&exp(g, ) /g &

and
v= v' '(1+g2) where (US) represents unscreened, and the
reader may recall that initially A= 1 and ~n ——0], quanti-
tatively the results do not change significantly as can be
seen in the figure where the screened results appear super-
imposed to the unscreened ones.

Of course, in reality different densities of excitation
must set a given system to different initial conditions. In
order to compare for various regimes of excitation, how
the competition of interactions affects the time evolution
of carrier temperature, we present in Fig. 9(b), the
behavior of T(t) for several values of g& Nz/N„——
representative of excitation regimes varying from low ex-
citation density Nz/N, =0.001 to high excitation density
Nz/N, =10. We observe that increasing the value of
N~/N, first makes the curve move toward smaller t" and
higher T . For densities bigger than N, (i.e.,
X~/N, & 1.0) the opposite is true. We would like to inter-
pret this last behavior by arguing that if the CDF tem-
perature is measured at a fixed time, denoted by t, in the
figure, the trends observed experimentally upon increasing
the density of excitation by Shah and others is repro-
duced. (See, for example, Fig. 8 of Shah's paper, Ref. 4.)

However this interpretation is tentative and we would
have to wait until we have a precise definition of our units
of time. Presently, work in this direction is in progress,
also notice that the relative change of a given curve with
respect to another one depends clearly on the time interval
at which it is measured, thus speaking of a variation in
the rate of cooling requires a precise definition of this
quantity.

V. CONCLUSIONS
In order to establish our conclusions, firstly we would

like to discuss some physical aspects and hypotheses con-
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tained in this paper. In the numerical calculation pro-
cedure we have adopted a value for the phonon absorption
frequency, p, lower by 3 orders of magnitude than the
phonon emission frequency, v. We justify such a great
difference in Ref. 19 by comparing the probabilities for
phonon emission and absorption in thermal equilibrium.
In the present case, in order to introduce in a phenomeno-
logical way the out-of-equilibrium phonon population ef-
fects, we assumed the dependence v~ (1+~n), p ~ (~n)
and adopt for the phonon absorption frequency an initial
value comparable to the recombination frequency. This
last assumption requires a detailed analysis, which is in
process and shall be reported elsewhere. Preliminary re-
sults indicate that comparable initial values of p and v
strongly enhance the phonon population effects.

The expression which we have adopted in order to
simulate screening in the e-e interaction is motivated by
trying to describe the observed increment in the rate of en-

ergy exchange by e-e collisions when the excitation densi-
ty grows from a regime of low excitation density to a high
excitation one. That expression has the convenience of al-
lowing the testing of different values for the strength of
screening. From the comparison presented in Fig. 9(b) we
conclude that for the time intervals considered here the
variation of the total carrier concentration is not enough
to bring out significant differences in the time evolution
of the carrier temperature. However, with respect to the
thermalization process, we think that T' and t* can be
sensitive quantities to test phonon population and screen-
ing effects, since the arguments in which our discussion is

based, mainly, of energy exchange, are to some extent, in-
dependent of our model.

We wish to recall here that in the model the description
of the CDF as a Boltzmann factor characterized by an ef-
fective temperature T(t) is in itself an approximation. '

Formally a more consistent definition of T(t) might be
T(t) = U(N), where U(N) is the average energy per parti-
cle. Such a definition would require improvement of the
definition of the average energy, by including terms which
take into account the fact that carriers are linked by e-e
interaction, and thus an independent particle type of ex-
pression, E=b.eg, rt;/N, . as we have been using must be
modified.

Finally, from the results shown in Fig. 9(b) we conclude
that the cooling process of the CDF is driven by the pho-
non creation at the time interval that immediately follows
the thermalization condition as can be noticed observing
Fig. 8(a). For longer times the cooling process is affected
by screening and mainly by the existence of a long-lived
phonon population that acts as a thermal reservoir.
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