
P H YSIC A L R E VIE % B VOLUME 23, NUMBER 4 15 I EBRU A R Y 1981

Screening of hot-carrier relaxation in highly photoexcited semiconductors
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The carrier density dependence of the hot-carrier energy relax ition r ate in highly photoexcited

semiconductors is investigated, Results of these calculations indicate important differences

between polar direct-gap and nonpolar indirect-gap materials. The critical carrier density (N, )

for the onset of screening in pol ir semiconductors is found to increase with both effective m iss

and phonon energy. A method for predicting trends among these materials with respect to N, is

briefly described. C calculations for 6 iAs predict th &t the hot-carrier cooling rate begins to de-

crease at N, = 6 x 10' cm . Above this density the phonon emission frequency falls rapidly.

In contrast, the effects of screening in Si are shown to be negligible for N ( 10'~cm . In this

case, a significant reduction in the energy relaxation rate does not occur until N —10 ' cm

I. INTRODUCTION

Recently there has been widespread interest in the
use of high-intensity pulsed lasers to transfer energy
to semiconductor surfaces by means of rapid carrier
generation. For these experiments, it is necessary to
understand not only the resultant flow of heat
through the lattice but also the manner in which the
energy is transferred from the laser to the semicon-
ductor lattice. This paper investigates the carrier den-

sity dependence of the rate of phonon emission by a

plasma of hot electrons and holes in semiconductors
highly excited by laser irradiation. In a previous pa-

per, ' such considerations were confined to the exam-

ple of Si during pulsed laser annealing. These experi-
ments typically involve —10-ns laser pulses of power
los W/cm' (total energy de'nsity of —i J/cm'). " In

such a situation, the carrier dynamics must be inves-

tigated before the heat flow can be adequately
described. ' It was shown' that the laser is not
strongly coupled to the lattice directly through the
phonons but is instead initially absorbed by the car-

rier system (through electron-hole pair creation and
free-carrier absorption) with negligible accompanying
loss of energy to the lattice. The details of phonon
emission depend on the configurations in energy and

space of the carriers at the time emission occurs.
Consequently, it is important to understand how the
carriers redistribute following excitation.

The previous analysis is here extended to apply to
another class of experiments, in which semiconduc-
tors (e.g. , GaAs and Ge) are pumped by laser pulses
at energy densities —10 —10 ' J/cm and subse-

quent probe pulse absorption, ' " reflectivity, "or
luminescence' is monitored. Calculations in this pa-

per predict important differences between polar
direct-gap and nonpolar indirect-gap semiconductors
in the carrier density dependence of the hot-carrier

relaxation rate. The critical carrier density for the
onset of screening in polar direct-gap semiconductors
is found to increase with both effective mass and

phonon energy. This result can be used to predict
trirtds among these semiconductors with respect to
the density required to decrease the hot-carrier ener-

gy relaxation rate. For the specific example of GaAs,
it is shown that a reduction in the rate of phonon
emission first occurs at an easily attainable carrier
density, N = 6 x 10' cm . By N —10' cm ', the
intravalley transitions are screened and the cooling
rate falls very rapidly to a value appropriate to emis-
sion of intervalley phonons. In contrast, screening of
the energy relaxation rate in Si is negligible at densi-
ties less than N -10"cm ' and a significant reduc-
tion in this rate does not occur until N —10" cm

The redistribution of carriers in energy and space
th ~t takes place prior to and simultaneously with pho-
non emission is discussed in the rest of this section.
In Sec. II the author's previous calculation' of the ef-
fect of a dense plasma of hot carriers on the phonon
emission frequency in a semiconductor is generalized
to include transitions between inequivalent v;illeys.
In Sec. III critical carrier densities for effective
screening in Si and GaAs are calculated and the den-

sity dependence of phonon emission rates is exam-.

ined. A comparison of the two types of semiconduc-
tor &ppears in Sec. IV. A method for predicting the
ordering of semiconductors with respect to critical
densities for the onset of screening is described.

L user excitation does not instantaneously generate
equilibrium carrier distributions. At sufficiently high

carrier densities thermalization processes are such
th ~t the energy largely remains within the system of
carriers, ' i.e., rapid collisions among carriers dom-
inate c &rrier-lattice collisions and the carriers equili-

brate among themselves before they thermalize with

the lattice. Evidence that such a circumstance is
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physically realizable is that whereas certain radiative
recombination intensities oscillate with excitation
photoenergy at lower rates of laser excitation (for
which N —10"—l0'4 cm ~), '5 they do not exhibit
such behavior at higher laser intensities (where N is

much larger). '6 " Shah and Leite'8 have shown that
a highly excited electron gives a fraction N/(N + N,')
of its excess energy to the electron gas. For GaAs,
they calculated the critical density N,

' to be
N,'=7 & 10" cm '. Interactions involving carriers
alone occur on a time scale on the order of the in-

verse plasma frequency, which for carrier densities of
-10' cm in Si and GaAs is roughly 10 ' s and
varies as N ' '. Shank e( al. , using a time-resolved
absorption technique, ' have determined that the
time for emission of polar LO phonons by photoex-
cited carriers in GaAs is less than a few tenths of a
picosecond. A similar experimental technique has
been used' ' to determine that phonon emission
times in Ge are roughly on the order of 10 ' s.

As long as the carrier collision rates exceed the ap-
propriate phonon emission rates, a carrier tempera-
ture can be defined. This paper deals with the very-
high-density regime' in which carrier collisions lead
to electron and hole distribution functions character-
ized by distinct electron and hole quasi-Fermi levels
and a common carrier temperature which greatly
exceeds the lattice temperature.

Although at low carrier densities in Si the energy
leaves the system of carriers during recombination
(e.g. , recombination at traps), at sufficiently high
densities the dominance of Auger processes insures
that the energy lost from the carriers is a negligible
fraction of their total energy. Instead, the pair
recombination energy is picked up as kinetic energy
by a third carrier, which then rapidly equilibrates with

the rest of the carriers in the manner described
above. This process is driven by the excess density
of electrons and holes over that which would exist at
equilibrium at the carrier temperature established by
carrier thermalization. In a direct-gap semiconductor
such as GaAs„radiative channels dominate recombi-
nation until much higher carrier densities than in an
indirect-gap material like Si. Nevertheless, because
the calculations presented in this paper apply to the
case of rapid carrier thermalization, the results are in

general independent of the dominant mode of recom-
bination. The specific recombination mechanism
enters only in determination of the quasi-Fermi level
positions and in governing the dependence in steady
state of the carrier temperature on the input laser en-
ergy.

In recent experimental investigations of hot-carrier
relaxation in GaAs, ' ' ' ' the total energy con-
tained in the laser pulse cannot significantly heat the
lattice. Nevertheless, the incident power is sufficient-
ly high to generate carriers to densities at which
screening =ffects are expected to occur. Using time-

resolved near-band-gap transmission measurements,
Leheny ef al. " inferred the initial hot-carrier cooling
rate to be independent of carrier density at moderate
densities, N & 5 x 10" cm . However, for densities
exceeding that value, they found a significant slowing
down of the initial rate at which the carrier tempera-
ture cools to the lattice temperature. In addition, for
N ) 10' cm ', the carriers cannot be described in

terms of a thermalized distribution, an effect which
they could not attribute to screening of the carrier-
phonon interaction. ""

Ehrenreich" has calculated the effect of high
carrier densities on carrier transport in heavily doped
polar semiconductors in which carrier —optical-phonon
scattering has a large influence on the mobility. He
found that screening effects grow in importance when
the plasma frequency exceeds the phonon frequency,
especially at low temperatures. He suggested that the
resultant reduction in carrier-phonon coupling (this
interaction being the primary energy-loss and heat
dissipation mechanism) could cause the carriers to
heat up more rapidly under the influence of strong
electric fields than at lower carrier densities in the ab-
sence of screening.

Of course, carrier diffusion is simultaneous with
energy redistribution. " ' The diffusion process is
not a simple one: whereas carrier energy is a con-
served quantity under steady-state conditions, the car-
rier number is not. When carriers diffuse from the
surface, they take their energy with them leaving an
altered density of energy and carriers. There is no a
priori reason for these resulting quantities to be in
equilibrium with each other, and if they are not, ra-
pid recombination (or ionization) will take place in

order to restore equilibrium in the remaining volume.
The diffusion is characterized by an ambipolar diffu-
sion coefficient which is a function of the carrier
temperature and may consequently be large.
Although the energy is absorbed into the carrier sys-
tem in an absorption depth 5, as a result of the diffu-
sion the energy will be given to the lattice by the car-
riers in a depth which exceeds 5 and, for rapid
enough diffusion and high enough laser frequency,
may be determined primarily by n. " o, here is the
effective energy diffusion length of the hot carriers,
that is, the distance a carrier can diffuse before it
loses its identity as a hot carrier.

II. PHONON EMISSION

The phonon emission rate is related directly to the
carrier excitation spectrum, which is

~2Im-
6(q, Ctl) tf +62

where e~ and e2 are the real and imaginary parts of
the complex dielectric function e(q, ~), Within the
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random-phase approximation, '

4m'e'&1«)=, Xxfk. { —./k+;. .)
j k.

'"

x g(t~ [It, E—{k,q)]„.), (2)

where 0 is the volume. The sum X,, ranges over all

pairs of valleys i and j (including i =. ,j ) where the
transitions take a carrier from valley i to valley j.
The occupation probability of a state in the ith valley
with momentum k and spin rr is f„'- and [EE(k,q)]„"
is the difference in energy between electronic states

(I. +q, o), and (l.o);. With E=—0 at the appropriate
(electron or ho)e) quasi-Fermi level and k = 0 at
zone center, the energy of a carrier in state (k o.); is

Ir'{k -g„)'
Ek=E;+

»2i

where E; and go; are the energy and wave vector of
the ith valley minimum. Each valley i has been ap-
proximated by spherical constant energy surfaces
characterized by effective mass»2 . At high enough
temperatures, the occupation probabilities are essen-

-pE-I
tially Boltzmann, so that f„' =e "and
f ( l —f ) = f. Equation (2) can then be written

8m'e' -pE'-
e2(q 4rr) =.

2 X Xe "80I'rrr —(E„'-4 —E„' ))-
ij k

8m'e'
Xe ' Xexp[ —Pt'(k —go;)'/2m ]Qq'

f2
x g &au —(E, —E;) + „(k+q —Q, )2— h2 „(k—Qp;)2

2m
(3)

Equation (3) is a generalization of the expression derived previously' for the case E; = E, and nr;" = m&'. With the
substitution I. '=k —go; and with Q„"=—[rl+(Qo; —Qo;)]=—(q —Qor) and 0;; the angle between I 'and g.;, , Eq.
(3) can be written

61(rI, Or) =
&

Xe &
k'dk' d cosOi exp( pir'k'/2m —)

Ij

(E, —Er)+,(k'2+ Qr~+2k'Q;, cos8,r)—
J 2mi

t I

Integrated over the 5 function, Eq. (4) becomes

—pz,
,

""ma'am exp( /3Ir k' /2m; )d—(k' )
(5a)

where

2m,
' ~j»2,' 2M j2

(sb)

with M& = (m,'/m —I ), E& = [Ircu —(E& —Er)'—Eg ]/4Erl, , and Eg g'gi/2m=, ' Equation . (Sb) requires
IJ lJ IJ

4M&E& ~ I, i.e., (I —m /rn&') [lrcu —(EI —E; )] ~ Erl . If this condition is not met, there is no phonon which can
ij

connect the two valleys. With the definitions (Sb), the final result is

4e1
X

pr: lr1r Il7~—.

2 pg4g

m,' ( I —2MriE1, ) . m,
"

( I —4M1&Erg)'
'

(6)

This solution can now be examined for those transitions —intravalley and both equivalent &nd inequivalent
intervalley —relevant to hot-carrier relaxation. For intravalley transitions, that is, when i = j, one has Mj=0 so
that Eq. (6) reduces to the familiar result

(7)
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TABLE I. Contributions to e2 from different transition types,

Transition Peak position
]i1 Dij

Peak width

Intr ~valley

I n ter valley

(Equivalent valleys)

I n ter valley

(Inequiv &lent v alleys)

C &0.5

C p1.5

g2q2

2ml

$20 2

2m(

T

m;
(E —E )+— —I

,I 2p m;
I

(EJ —E; ) +Eg
IJ

2E
' ]/2

p

2E ]/2
QIJ

p

m

mJ.

]/2

QJ m

i

is negligible at those phonon frequencies with which

we are concerned. .fj is the effective oscillator
strength for the transition,

r
q,

) 1/2
inJ' h Q,j

fJ =Zj
in; Fq

Z;, is the number of intravalley or intervalley transi-

tions with resonances at bc' =h 0„". In other words,
the sum (ij) is taken over distinguishable ij pairs, so
that 0j'& 0 ki for all ij ~ kl, For intrava 1ley transi-

tions, e.g, f;, reduces to I,
Because the cross terms for different reson;mces

0„" are negligibly small, the excitation spectrum be-
comes

e(q, «)) ~o (q)
' '

m E, [(tQO)' —(t(o)']'+(tr, , )'( t«))'

[(trto)' —(t«))'+ZJ(t«)„)'(in, /in;") I't0„/Eo]'+ (tr,, )'(-t«))'

[(tn )' —(t )']«')+ (tr")'( t«))'

For each pair of valleys, there is a contribution to the excitation spectrum when 0;j(q ) = eo. This condition
selects those values of q, qo„, which dominate transitions from valley i to valley j. Equation (10) c tn then be ap-
proximated by

Z;, (t«)p, )'(m, '/m ))I'(tr;; ) (t«))'/E,

&(q «) ) tp (q) Z!(t«)„)'(m)'"/m ) (t«)/E, ) + (tr;; )'(t«) )~

where O,J(q~, ) = «).

The values found for qo;, are locations of wave-

vector resonances of q'e2(q, ao). As will be shown

shortly the phonon emission rate R „is proportional

to q'«,
~
V~'. For nonpolar intravalley transitions,

qo, , =qo;;= (2m;"«)/t)' ~. For transitions between val-

leys, the position of the resonance depends on the
angle a between q and Qo;;. ln this case, with

I

qi), i. —= 2mj'(E; —E, )/t'. ,
ij

1

]/2

qgF + 2n)j /t«)
qo„=Qo,, cosa+ (cos'a —1)+

oij

%'hen the valleys are equivalent, qq&. =0. Elere, be-
IJ
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cause the phonon energy is much less than

E& -g'QQ2j/2mj", the phonon wave vector is nearly
Oij

equal to the wave vector connecting the two valleys.
That is, q = Qoj. When E, & E, and q is parallel to

Qo~q (cos~ - I ), qQ j I Qoij —qge. . I ~ When the vec-
lJ

tora are PerPendicular (cosa 0) and qae )Qoj,
lJ

qo„= (qje —Qo„.)'j'. When qae & Qo;, , the most
I/ l,I

likely transition occurs at q near zero, but with proba-
I

bility down by a factor exp[ —p(QQ,;-qae )/

(m /m;" —1) ]. In each of the above cases, the
values of qo„can be simply understood by recogniz-
ing that the Boltzmann factor favors those transitions
originating from as deep within a band as possible.

The rate for emission of phonons (wave vector q,
frequency oj) is given within the random-phase ap-
proximation by the golden rule to be

q, cu g
~ k+q, ty ~ kcr (12)

where V„'+-„- is the unscreened matrix element for the transition of an electron from state (k +q); to state (k )j
via phonon emission. Because the carrier temperature greatly exceeds the lattice temperature, phonon absorption
makes negligible contribution to the net energy relaxation rate of the carriers. (See, however, Sec. IV.) V

depends not only on the wave vector of the phonon emitted, but also on the particular type of coupling between
valleys i and j. Kith the usual assumption that V does not depend strongly on electronic state k, and using Eq.
(11), Eq. (12) can be written in the form

I

wire'e' ' ' (&I' ) ( m)' 'j"Qj (lir )'E' m'
i

(13)

where the screening effect of the excited carriers is
shown explicitly. As expected, only carriers within

valley i contribute to screening of the i to j transi-
tions at (q, ru) This is a. consequence of the fact that
these transitions are screened only by those carriers
which can respond at (q, oi), in other words, those
carriers within valleys i. Each qo„" corresponds to a
shell of preferred q's. For example, for intrava)ley
transitions, R peaks at each q such that ~q ~

= qo, ;.
This criterion leads to 4nqo;;(hqo;;)l(2rr) 3/(a~/4) d&s-

tinct q values, wheie the peak width Al";; determines

gqo, , Because this density-of-states factor is the
same for each transition (as a result of the correspon-
dence between transitions found in Ref. I) it need
not be included explicitly in determining relative
emission rates.

The carrier density dependence of the various
emission rates can be seen more clearly by recogniz-
ing that (lrru~, )' —N, , where N, is the density of car-
riers in valleys i. The critical value of N; for the on-
set of screening is

' 3/2

8&e Z,~ Nf~

As expected, large wave-vector transitions are more
difficult to screen. Also, the critical density increases
weakly with temperature [I' —(kr)'j2[.

III. Si AND GaAs COMPARED

Actual phonon emission rates depend strongly on
the nature of the c'arrier —optical-phonon couplings

Energy felaxatlon via acoustic-phonon emlsslon
is less efficient and dominates only when the carriers
have already relaxed to within an optical-phonon en-
ergy of the band edge. In the case of nonpolar ma-
terials, matrix elements for optical-phonon emission
do not in general depend on the phonon wave vector
q, whereas for polar interactions, "" V —1/q. With
knowledge of the particular types of coupling which
are operative for specific intravalley and intervalley
transitions, Eq. (13) can be used to calculate the rates
accurately. However, even without a detailed deter-
mination of precise coupling strengths, it is possible
to compare the effects of high densities of 'excited
carriers on each kind of transition in a given material.

With the expressions for the widths I derived in

Sec. II, Eq. (14) can be used to determine the critical
density of carriers in valley i for each type of transi-
tion. '9 For intravalley transitions,

3 t
' l/2

)
+0 70ll 1

8rre' Pm,
"

where qo;;= (2m ru/li)' ' for nonpolar Si and as will

be shown, qo,; (/3m /3)'j2ru for polar GaAs. For
equivalent intervalley transitions,

'i l/2
eoQoij 2lll'ru

S~e'Z.. . P

Finally, for transitions between inequivalent valleys,
i 1 l 2

eoQQ2j m;" 2(Ei —Ej)
gn e2Z„m,', "P

P in these equations refers to the carrier temperature
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established by the carrier thermalization process. The
relative importance. of electron-hole pair creation and
free-carrier absorption is not important if carrier ther-
malization is more rapid than phonon emission. As
discussed above, for high carrier densities in Si, the
recombination is predominantly Auger so that energy
is retained by and rearranged within the system of
carriers. On the other hand, in GaAs much of the
energy is radiated away from the carriers during
recombination. If recombination is slow compared
with times of interest, the, number and energy density
of the carriers are simply related to the intensity and
wavelength of the laser pulse, In fact, the greater the
extent to which the recombination time exceeds the
laser pulse duration„ the greater the quasi-Fermi level

splitting and the lower the carrier temperature (for
given total carrier energy). Provided the total carrier
number and energy densities are known, the carrier-

temperature (and quasi-Fermi levels) can be calculat-
ed.

As found previously, ' the relevant phonon wave

vectors for emission in Si are q =6.6 & 10, 4.6 x 10',
and 1.2 x 10 cm ' for intravalley, intervalley on-axis
( f), and intervalley off-axis (g) transitions, respec-
tively. Within the hole band, the important values of
q are 4.6x 106 and 8.1 x 106 col '. For GaAs, the
polar coupling V —1/q shifts the intravalley peak po-
sitions to smaller wave vector. For these transitions,

qo;; ~(Pm, '/3) '~'. The wave vectors which dom-

inate intravalley relaxation are then q = 6.0 x 10'
cm ' for the conduction-band minimum at zone

center (lit = 0 06.7llt, g = 1) and 1.1 x 10 and
1.5 & 10" cm ' for the heavy-mass valleys at the
L(AF. =0.29 eV, g =4, g i In"=0.55')3" and
X(d F. 048 eV, g = 3, g' 3&n" = 0 85In )3" points,
respectively. For holes, the relevant values of q are
8.0 x 10' and 1.6 x 10 cm '. At large wave vectors
appropriate to intervalley transitions, the polar in-
teraction is less effective and relaxation proceeds
through a deformation-type coupling similar to that
in nonpolar semiconductors such as Si and Ge, Be-
cause qadi. && Q„, transitions from these heavy-mass
valleys to the minimum at the center of the zone oc-
cur at g 9,6 x 10 cm and 1.1 x 10 cm . Those
among equivalent higher-energy valleys are peaked at
q =1.1 x 108 cm '.

The critical densities for Si and GaAs calculated
from Eqs. (15)—(17) are listed in Table 11, with the
particular choice P = 10 eV . (Efficient carrier relax-
ation via optical-phonon emission requires the initial
carrier temperature to be lent least comparable to the
optical-phonon energy. ) The table shows both the
critical density of carriers N;, in the set of'valleys i re-
quired to screen the i j transitions and the total
carrier density N, corresponding to Ã;, . The values
of W;, do not depend strongly on P in this tempera-
ture regime, since.P'~' varies only by a factor of ap-
proximately 2—3 «s the temperature ranges from that
appropriate to pulsed laser annealing conditions to
that of the pulse-probe experiments mentioned ear-
lier. (Although the, tot tl c«rrier energy density in the
former situation greatly exceeds that in the latter, the

TABLE II. Critic;~l carrier densities within valley i-( /VI, ) «nd critical total carrier densities (N, )
for i j tr ~nsitions in Si ~nd 6'iAs. The c~icul ited carrier densities for screening of the X-L,
L —I, and X—I tr insitions exceed possible v ~1ues.

&(c

fcm 3)
N,~

(cm 3)

(iaAs

Intra va l Icy
transitions
Electrons

Holes
/A

AA

Intervalley
transitions

on-axis ( f)
off-axis 4 g)

6.9 x 10~8

2, 2 x 10'9

6,9 x 1020

1.2 x 10"

4.5 x 10»
2.6 x 10'9

6.9 x 10'"
1.2 x 102'

In trav &lley

tr tnsitions
Electrons

I
L
X

Ikoles
/A

AA

Inter valley
transitions

L —L
X—X
X—L
L-r
X—1

2.2 x 10"
7.4 x 10"
1.4 x 10'7
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1.0 x 10"
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3.7 x 10~7

1.7 x 10'7

1.8 x 102'

3.7 x 102'
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q, hatt

NI+
cij

N,» is the value of the total carrier density at which
screening effects appear and is given in this case by
Eq. (14). The emission frequency, which is

v,-'~„=R,'J„/N, is then

Strictly speaking, the N dependence of the screening
factor in Eq. (19) is not precisely [1+(N/const)'] '

because the "const" N, itself depends on N through
P. However, P ' is roughly proportional to
(lnN ) 'it so that N, varies only weakly with N.
For small N, v is independent of N. %hen N grows
very large, v —N '. In this case, screening by the
excited carriers more than compensates for the in-

crease in carrier density so that even the scattering
rate Eq. (18) decreases with increasing ¹ The
change in character of the N dependence occurs at
the critical value N». For intravalley transitions
within the valence bands of Si, the emission frequen-
cy is given by Eq. (19) with the critical total carrier
density

where i = i and k =/t (i = it and k = I) for light-
(heavy-) hole transitions. Transitions between
valence bands can be treated in the same manner as
intervalley electronic transitions, but will not be ex-
plicitly discussed here, However, because both hole
bands lie at the center of the Brillouin zone, the criti-
cal density for transitions between them will be less
than that for intravalley transitions within the heavy-
hole band.

By applying the analytic methods of Joyce" and
Joyce and Dixon3' to GaAs, the individual valley
densities N„ in Eqs. (15)—(17) can be related to criti-
cal values of total photoexcited carrier densities. Be-

different quasi-Fermi-level splittings lead to carrier
temperatures which are relatively similar for the two
cases. ) In support of this, it should be noted that the
onset of the decrease in the cooling rate of photoex-
cited carriers in GaAs was measured to be indepen-
dent of carrier temperature. '" However, the energy
relaxation rate was found to fall with decreasing ex-
cess carrier energy and with time after excitation.
In both cases, the concomitant decrease in carrier
temperature would be expected to reduce the relaxa-
tion rate as a result of the factor N, (P) exp( —Ptcu) in

Eq. (13).
For Si, with just one type of relevant conduction-

band valley, N = N;; Thus, from Eq. (13), the i to J
transition rate has the dependence

cause of.the large density of states in the L and X
valleys, a significant fraction of the excited carriers
lies in these valleys. (To illustrate this fact; the total
density given in Table II for screening within the L
valleys is less than that for the I valley, even though
Nr, ) Nr, „„.) From Eq. (13), the phonon emis-

sion frequency is

N;

(N;, )„
(21)

For N in the range N, (jflffgyg]]cy) 4 N 4 Ng(jqtgfvd]]ey) the
overall emission frequency is sensitive to the strength
of the intervalley matrix element as compared with
the polar coupling within a valley. However, if the
coupling strengths are comparable, relaxation by un-
screened intervalley transitions will occur rapidly until
large wave-vector phonons can no longer dominate
the relaxation, i.e., until a large fraction of the car-
riers do not have sufficient energy to make it to the
higher valleys. If the intervalley coupling is much
weaker, the overall emission rate will be significantly
reduced. Because the ratios N;/N are not functions
of the energy-band gap, the dependence of this ener-
gy on carrier temperature" and density" can be
neglected.

At these high concentrations, the carriers are in
communication through extremely rapid Coulomb
collisions. Carrier energy will consequently escape to
the lattice via the fastest available channel. As a
result, electrons and holes lose energy at essentially
the same per carrier rate,

= Xv fcd-
(lj)

The emission frequencies relevant to Si [Eq. (19)]
and GaAs [Eq. (21)] are plotted as functions of car-
rier density in Figs. 3(a) and 3(b), respectively. In
each case, large wave-vector intervalley phonons
remain unscreened until very high carrier density. In
fact, the calculated critical densities for transitions
between the higher-energy valleys in GaAs will never
be achieved. The contrast between Si and GaAs is
readily apparent from Fig. 4, where the carrier depen-
dences of the total emission rates for the two semi-
conductors are plotted. First, essentially all of the
excited electrons in Si can emit large wave-vector in-
tervalley phonons. In GaAs, only those carriers with
at least 0.28 eV of excess energy (the I' Lsepara-—
tion)' can make transitions between valleys. Howev-
er, as explained above, the large effective masses in
the L and L valleys do lead to reasonably large values
of NL/N and Nr/N. More important is the fact that
in Si the mechanism for intravalley carrier-phonon
scattering is the same as for equivalent and ine-
quivalent intervalley transitions, with similar defor-
mation potentials. The interaction matrix element V

has therefore been taken to be the same for all five
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Figure 4 shows the total emission frequency in GaAs
(normalized to its value at W = l0" cm '), for
severai values of v= V;„„„/V;„„,(q = 6 x l0' cm ').
Note that although the intervalley transitions in
GBAs afc JUst Bs d»ff»cult to scfccn as those»n Sl, thc
screening of the small-q intravalley transitions in
GaAs should be observed when the density exceeds
the critical values for these transitions. Consequent-
ly, a reduction in the energy relaxation rate in GaAs
should occur at attainable carrier densities„ the high
densities required for an appreciable reduction in Si
suggest that screening effects in this material are un-
likely to appear.

lO 5-
IV. DISCUSSION

l

»O»6

l

»O»8

N (crn~)

lO»7

I IG. 3. Dependence on total carrier density of phonon
emission frequencies for the relevant transitions in (;t} Si
&nd tb} GaAs.

of the transitions in Si. The resultant total emission
frequency plotted in Fig. 4 remains large until very
large W. On the other hand, the polar Frohlicll in-

teraction which dominates small-q intravalley transi-
tions in GaAs is much less important for transitions
between valleys, which proceed instead via a defor-
mation coupling similar to that for intervalley transi-
tions in Si. Using deformation potentials cited by
Fawcett et al. the intervalley transition matrix ele-
ments are found to be reduced by factors 0. 1 —0.01
from those appropriate to the intravalley couplings.

As mentioned earlier, Leheny e( a/. ' have ob-
served a decrease in the initial hot-carrier cooling rate
in GaAs at photoexcited carrier densities greater than—10 ' cm . Below that density the cooling rate'was
determined to be independent of N. Although at
densities exceeding —10'8 cm 3 the carrier distribu-
tion remains nonthcrmalized for times as long as 10
ps following excitation, ' the rate of cooling appears
to decrease by roughly a factor of 5 when a density of
10" cm ' is attained. Indeed„ the above calculations
indicate a density-independent energy relaxation rate
at moderate densities. They predict that the onset of
screening should occur at N = 6 & 10'" cm 3, Bt
which density screening of phonon emission by elec-
trons in the central valley becomes effective. With
the assumption that the hole-phonon coupling
strength is comparable to that between electrons and
phonons„ the energy relaxation rate should be re-
duced by roughly one-quarter at this density, and by
a factor of —7—10 by N —5 x 10" cm . At h»gher
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dcnsitics, the relaxation rate decreases rapidly with N.
The calculated behavior is therefore qualitatively
similar to that observed; the quantitative difference
between calculated and measured critical densities is
not yet understood, but given the crudeness of the
calculation, is probably not significant. (The reason
the carriers fail to thermalize as rapidly at very high
as at moderate densities has not been explained, As
discussed at length above, the calculations in this pa-

per assume thermalization has occurred. ) To the
author's knowledge, consistent with expectations, no
reduction in the carrier cooling rate in indirect-gap
semiconductors such as Si and Ge has been experi-
mentally observed.

The methods developed in the preceding sections
CBA of course bc applied to other direct- Bnd

indirect-gap semiconductors. For the band structure
of Ge, it appears likely that large-q intervalley pho-
non emission remains unscreened even at high
carrier densities. Photoexcited carrier temperatures
greatly in excess of lattice temperatures have been
measured in CdS (Refs. 36 and 37) and CdSe (Ref.
38) although time-resolved spectroscopic measure-
ments capable of monitoring the hot-carrier cooling
rate have not yet been performed. The above calcu-
lations suggest that screening of thc phonon emission
should be attainable in these systems. In Sec. III the
critical carrier density N;, for thc oAsct of screening
in direct-gap, polar semiconductors was shown to
vary as mom ao3. This result can be used to predict
trends among polar semiconductors (e.g. , GaAs, CdS,
CdSe, fnAs, lnP, lnSb„etc. ) in the effectiveness of
scrcc A l Ag.

Noncqulllbf ium phoAon distributions generated
during hot-carrier relaxation provide an interesting
related topic for study. ~9 "' %hen the phonon equili-
brium time exceeds thc emission time, interesting
phonon bottleneck effects can occur. Because pho-
AoA emission is stroAgly pcakcd Bt wave vectors
specific to the particular band structure, the phonon
population will build up preferentially at certain loca-
tions in the Brillouin zone (local "hot spots" in q
space). lf the population of emitted phonons grows
large enough, these same phonons will be reabsorbed

by the carriers. 3 This process consequently adds to
the effect of screcriing to decrease the Aet rate of car-
rier cooling. von der Linde 2 has found that the rise
time for the population of near-zone-center phonons
(q & 8 x l0' cm ') in GaAs with % —10"-10'8
cm 3 is less than -4 ps, although the density depen-
dence of this time has not yet been investigated.

The calculations in this paper describe the relaxa-
tion of hot carriers comprising thermalizcd distribu-
tions (characterized by a carrier temperature and
electron and hole quasi-Fermi levels). As such, the
phonon emission rates derived refer to relaxation of
thc distribution as a whole. As discussed above, the

spectrum of emitted phonons is strongly peaked at
those wave vectors corresponding to transitions ori-
ginating from states near the valley minima, i.e.,
those states most likely to be occupied. A cornple-
rnentary approach to the problem of hot-carrier relax-
ation is the investigation of phonon emission by one
or morc hot carriers in nonthermalizcd distributions,
e.g., distributions peaked at the excitation energy. In
this case, the l/q interaction in polar materials will

strongly favor emission of small-g phonons. Because
these phonons are most easily screened, it might be
expected that high-density effects might be morc
readily observable. The total emission frequency is

the sum of all possible transitions, weighted by the
screened frequency of phoAoA emission at each g.
For both thermalized and nonthermalized distribu-
tions, the ultimate goal of these analyses is a detailed
description of the time evolution of thc excited car-
rier distribution.
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