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Ultrafast thermalization of nonequilibrium holes in p-type tetrahedral semiconductors
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Ultrafast relaxation processes of holes in p-type group-IV and -III-V semiconductors are investigated

by model calculations. Scattering and energy-loss rates of highly excited nonequilibrium holes are calcu-
lated for inter-valence- and intra-valence-band processes with large energy exchange, in particular,
optical-phonon scattering and inelastic hole-hole scattering. For both mechanisms of energy loss, the
simulation fully takes into account the valence-band dispersion, hole wave functions, and interaction ma-

trix elements of an 8 X 8 k.p band-structure calculation and includes dynamical screening of the coupled

plasma —optical-phonon system within the random-phase approximation. Inter-valence-band relaxation
of split-ofF holes is dominated by emission of optical phonons via deformation-potential interaction. In-

elastic scattering of carriers with the plasma —optical-phonon system represents the main mec'.manism of
hole thermalization. Numerical results are given for p-type Ge and GaAs which are compared with

femtosecond experiments on hole thermalization.

I. INTRODUCTION

The nonequilibrium dynamics of free carriers in semi-
conductors occurs on a subpicosecond time scale and is
governed by scattering processes among the carriers and
by interaction of electrons and holes with the lattice. Op-
tical studies with ultrashort light pulses give direct in-
sight into these phenomena, allowing the time-resolved
observation of the microscopic scattering events. '

Numerous femtosecond experiments and theoretical
simulations have concentrated on the relaxation behavior
of photoexcited electron-hole plasma, addressing the
coherent generation process of carriers, ' the dynamics
of coherent polarizations, the redistribution of elec-
trons and holes, ' and carrier cooling. " In most cases,
the optical response is dominated by electrons and-
consequently —there is only limited information on the
dynamics of holes that is important from a fundamental
physical point of view and relevant for many semiconduc-
tor devices.

The investigation of n-doped materials with a quasista-
tionary electron distribution gives insight into the hole
dynamics. In Refs. 12—14, n-doped bulk GaAs and
GaAs/Al„Ga, As quantum wells have been studied by
time-resolved luminescence and time constants of several
hundreds of femtoseconds have been reported for hole
thermalization, i.e., the relaxation of the photoexcited
nonequilibrium carriers to a quasiequilibrium distribu-
tion. At low temperature, ' ' hole-electron scattering
was considered the dominant mechanism of thermaliza-
tion, whereas the very rapid kinetics observed at room
temperature was attributed to scattering of holes with op-
tical phonons. ' The problem of electron-hole interaction
can be avoided by investigating a pure hole plasma in @-
type materials. Very recently, a 6rst femtosecond experi-
ment on the ultrafast relaxation of a pure hole plasma
was reported. ' After excitation of carriers to the split-off
(SO) valence band of p-type germanium, the redistribu-
tion processes were monitored via transient changes of

inter-valence-band absorption. Inter-valence-band
scattering from the SO to the heavy-hole (HH) and light-
hole (LH) valence bands was found to occur within the
time resolution of the experiment of 150 fs. The subse-
quent thermalization of the photoexcited holes proceeds
by inelastic hole-hole and hole —optical-phonon scattering
with time constants of about 700 fs. The thermalized car-
riers eventually cool down to lattice temperature by pho-
non emission within several tens to hundreds of pi-
coseconds. In this paper we present a detailed theoretical
analysis of the subpicosecond relaxation behavior of pho-
toexcited holes in bulk GaAs and Ge. The different
scattering rates are quantitatively determined with em-
phasis on inter-valence-band scattering from the SO band
and on inelastic carrier-carrier (CC) scattering. In agree-
ment with the experiment, theory predicts a sub-100-fs
relaxation time of SO populations. The analysis of CC
scattering demonstrates that weak dynamical screening
of the long-range Coulomb interaction is essential for the
very rapid thermalization kinetics of the carriers. From
the carrier dynamics, we calculate the transient optical
response of p-type germanium that is in quantitative
agreement with the data.

The paper is organized in the following way. Starting
from a short description of the band-structure model
used in the calculations (Sec. II), hole-phonon and hole-
plasma scattering rates are calculated in Secs. III A and
III B, respectively. Numerical results of the energy relax-
ation of nonequilibrium holes in p-type Ge and GaAs are
presented in Sec. IV which are compared with recently
published femtosecond experiments on hole thermaliza-
tion. ' Conclusions are given in Sec. VI.

II. BAND STRUCTURE
AND HOLE WAVE FUNCTIONS

Two aspects of the valence-band structure are impor-
tant for the calculation of carrier-carrier and carrier-
phonon scattering rates. (i) The energy dispersion of the
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where HH refers to the heavy-hole band and i indexes the
light-hole, split-off, and conduction (CB) bands. a;, b;, c;
are functions of k given by Eq. (15) of Ref. 16. For gen-
eral k direction the wave functions have to be rotated ac-
cording to Eqs. (6)—(8) of Ref. 16. For any given scatter-
ing process from state

~ ipse,) ,t,o state
~

i', p', k') (doubly
degenerate spin states are indexed by p, p'=a, P) the
transition probability depends on the interaction matrix
element coupling the various components of the periodic
parts [Eq. (1)] of the Bloch functions. For most processes
(carrier-carrier, ionized impurity, polar optical, and
piezoelectric scattering) the carrier interacts via its
charge density with a macroscopic 6eld caused by the
third particle involved. In this case the overlap between
the periodic parts of the Bloch functions directly enters
the matrix element. The corresponding factor
G(i, k, i', k') in the transition probability is defined by' '

G(i, k, i', k') =
—,
' g ((i,p, k~i', p', &') (' . (2)

The overlap between the periodic parts is summed over
the final spin states p' and averaged over initial spin
states p. With isotropic S-like wave functions relevant,
e.g., for intra-conduction-band scattering close to the I
point (small k, k'), the overlap is unity ( G = 1 ). For
intra-valence-band or interband scattering the 6 factor
depends strongly on the magnitude of k, k' as well as on
the angle between them.

The energy dispersion of the bands is given by the four

final band involved in the process determines the density
of states to which the particle is scattered. (ii) The over-
lap of the cell periodic part of the Bloch wave functions
of the initial and the final states enters directly into the
calculation of the transition-matrix element. In the
present calculations, holes with energies in the range of
the spin-orbit splitting b, =0.3 eV and higher (E~ ~0.5
eV) in Ge or GaAs are considered. The simplest k p
theory describing valence-band states in this energy re-
gion is given in Ref. 16. There, the k-independent spin-
orbit interaction as well as the interaction of the lowest
conduction band and the upper valence bands are treated
exactly whereas the contributions of higher conduction
and lower valence bands are taken into account by
second-order perturbation theory. With respect to the
crystallographic axes, the wave functions are linear com-
binations of basis functions having the symmetry proper-
ties of atomic S and P orbitals under the operations of the
tetrahedral group. For the k vector in z direction the
doubly degenerate wave functions may be written

double roots of the secular equation [Eqs. (9)—(11)of Ref.
16]:

E(I )=k . +M+(I, N—M—)W(8, y)
2m,

k k +k k +k k
W(8, $)= for HH, (3)

E'(E' Ea—)(E'+ b, ) kP—(E'+23, /3) =0,

E;(k.)=E +k +b; [M+(L N M—)W—(8,$)]
2@ie

p2P
6

—2(L —N —M ) W(8, $ )

for LH, SO, CB . (4)

III. SCATTERING PROCESSES

We want to discuss the thermalization of nonequilibri-
um hole distributions in p-type semiconductors following

TABLE I. Ge and CxaAs parameters.

Cxe GaAsSemiconductor

0.89
0.29

Direct energy gap (T=O)
Spin-orbit splitting
Conduction-valence band

momentum matrix
element

Valence-band parameter
Valence-band parameter
Valence-band parameter
High-frequency dielectric e„

function
Frequency LO phonon mLo (meV)
Frequency TO phonon coTo (meV)
Optical deformation potential do (eV)

1.52
0.34

P (eV A' /2m, ) 26.8 25.7

I. (A' /2m, )

M (R /2m
X (fi /2m, )

—31.5 —18.4
—5.75 —3.77

—33.9 —19.6
16 10.91

37
37
30

36.5
33.8
30

The band structure is characterized by six parameters,
EG, 6, P, L, M, and N. The values for Ge and GaAs are
listed in Table I.' The k p theory at this level of approx-
imation describes the band structure around k =0 very
well. The HH band shows an approximately parabolic
but strongly anisotropic (warped) structure, whereas the
LH and SO bands are almost of spherical symmetry with
a distinct k dependence of the effective masses (nonpara-
bolic structure). The effective masses of Ge (GaAs) at the
band minima resulting from our calculations are (in units
of the free electron mass ma): men =0.036(0.067),
mso =0.091(0.145), m&H =0.042(0.074), mHH(100)
=0.21(0.36), m HH(110) =0.37(0.66), and mHH(111)
=0.49(0.9). Obviously, for large values of k (e.g., one-
third of the Brillouin zone) the Ir p theory is less accu-
rate, but nevertheless it can serve as a rough estimate for
calculating the 6nal density of states in HH and LH
bands in the 0.3-eV region.
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the experimental situation of Ref. 15. In p-type material,
the holes obey an initial equilibrium distribution from
which a nonequilibrium situation is created by fem-
tosecond infrared excitation. The excitation pulse pro-
motes a small fraction of the total carrier density ( ~ 5%)
to the SO band with an energy separation of several hun-
dreds of meV. The (fast) equilibration of the carriers re-
quires efficient inelastic scattering processes with a dis-
tinct loss of excess energy. In contrast, scattering of
holes with charged impurities or with acoustic phonons
are quasielastic processes contributing only weakly to en-
ergy relaxation. However, anisotropic distributions in k
space are effectively driven towards isotropic distribu-
tions by those elastic mechanisms. Furthermore, the in-
teraction with acoustic phonons represents an additional
channel for nearly isoenergetic inter-valence-band
transfer of holes.

In p-type materials, there are two major scattering
mechanisms which dominate the thermalization of non-
equilibrium holes: (i) scattering of holes with optical pho-
nons via the deformation potential or the polar interac-
tion, and (ii) carrier-carrier scattering mediated by the
long-range Coulomb potential. The combination of high
scattering rates with the large amount of energy ex-
changed in a single scattering process makes both pro-
cesses much more efficient than any other relaxation
channel. Thus the following theoretical treatment of hole
thermalization concentrates on these two mechanisms
considering carrier distributions i.sotropic in k space, i.e.,
the distribution f~(E) is exclusively a function of the
carrier energy E.

A. Gytica1-yhonon scattering
via deformation-potential interaction

In tetrahedral semiconductors, such as Ge or GaAs,
the carriers couple via the deformation potential to
acoustic and optical phonons. The e6'ect of deformation
on the hole energy spectrum and the resulting hole-
phonon coupling were previously discussed in the limit of
valence-band states close to the extremum. This
procedure was recently extended to the k-dependent band

I

structure and hole wave functions presented in the
preceding section. In crystals with diamond structure,
an optical displacement of both fcc sublattices couples ex-
clusively the subspace of basis functions with p orbital
symmetry lX ), l

Y ), l
Z ) of the same spin. The matrix

element for scattering from a hole state k in the valence
band i to the state k' =k+ q in the band i '

by emission of
a single optical phonon with wave vector q and relative
displacement u can be written as

M, = (N +l, i', k'lD u(b +bq )li, k, N~ ),v'3

2ap

where X is the phonon occupation number and b
b are the corresponding creation and annihilation
operators, respectively. The relative displacement u can
be divided into the amplitude

u0=+AVc/2VM co0

and the polarization direction e which can be chosen as
e„or e or e, without loss of generality (in nonpolar semi-
conductors, such as Ge, the LO and TO phonons are de-
generate in the long-wavelength limit). Vc is the volume
of the primitive cell, M* the reduced mass of the atoms
contributing to the optical mode with the energy Amp, V
is the volume of the crystal, and ap the lattice constant.
D is the deformation-potential operator which can be ex-
pressed in representation of the (lX), l Y), lZ ) ) basis as
[22]

0 0 0 0 0 1 0 1 0
D=dp 0 0 1, 0 0 0, 1 0 0

0 1 0 1 0 0 y 0 0 0

where dp is the optical deformation-potential constant.
For instance, the basis functions with lX) and l Y) sym-
metry are coupled via the deformation potential when
both fcc sublattices are displaced in z direction. Rates of
optical-phonon scattering are calculated in first-order
perturbation theory with the help of Fermi's golden rule.
The total scattering rate for a hole with the wave vector k
from the valence band i to i' is given by

&3u,
W(i, i', k) =

fi 2a0
l&i', p', k'ID e li, p, k&l'[~(~0)+-,' —,']n(E;(k) —E;(k )+fico0) .

k' rn=x, y, z p, p, '=a, P

The rates are averaged over the initial spin states p and
represent a sum over the final wave vectors k', final spin
states p', and polarizations e of the phonons involved
(upper sign for phonon emission, lower sign for absorp-
tion). For a thermal phonon system, the occupation
probability n(co0) is the Bose-Einstein factor. For the op-
tical deformation potential dp of Ge and GaAs similar
values have been reported in literature. ' In our calcula-
tions we use a common value of dp =30 eV for both-ma-
terials which corresponds to DD =&3/2( d 0 /a 0 )
=6.3X10 eV/cm as determined in previous picosecond

experiments on carrier cooling in p-type Ge." The aver-
aged rates of LO- and TO-phonon emission depend on (i)
the density of states in the final band i' and (ii) the sym-
metry properties of the hole wave functions involved. To
illustrate the second point, we consider different scatter-
ing processes for initial and final states with symmetry
properties at k=0, neglecting the difFerent densities of
final states. The rates of the following groups of process-
es: (SO~LH, SO~HH), (LH~LH, LH~HH,
HH~HH), and (SO~SO) show a ratio of l:—,':0, respec-
tively. Thus processes depopulating the SO band have
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20-
ly. At higher lattice temperatures these are even shorter
due to phonon absorption and other depopulating pro-
cesses, e.g. , acoustic-phonon scattering.
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FIG. 1. Scattering rates for holes in CxaAs and Ge due to
emission of optical phonons via deformation-potential interac-
tion at TL =0 (phonon occupation X, =0). The calculated rates
of intravalence and intervalence processes for heavy holes (HH),
light holes (LH), and split-oIt' holes (SO) are plotted as a func-
tion of the carrier energy.

roughly twice the rates of intraband and interband
scattering around the valence-band maximum. Further-
more, there is no optical deformation-potential intraband
scattering within the SO band. At larger carrier energies
(E(, ~ 0.3 eV) the various scattering rates vary in a com-
plicated way depending on the nonparabolic band struc-
ture and the k-dependent admixture of the basis functions
[see Eqs. (1)].

The rates for emission of optical phonons at a lattice
temperature of TL =0 [n(co0) =0, i.e., no phonon absorp-
tion] have been calculated for intra- as well as inter-
valence-band transitions. The total scattering rates (sum
of intraband and interband processes) for heavy holes,
light holes, and split-off holes are plotted for Ge and
GaAs as a function of carrier energy in Fig. 1. The rates
are roughly in the ratio of the density of the Anal states,
(mHH(110), G A ~IHH(110), o ) 2.38, and show only a3/2

weak dependence on the type (HH, LH, SO) of carrier.
Optical deformation-potential scattering of SO holes
arises exclusively as an inter-valence-band process. It
should be noted that the depopulation rate of the SO
band due to SO-HH and SO-LH processes at EH =400
meV has a very high value. The corresponding lifetimes
of SO holes in GaAs and Ge are 50 and 100 fs, respective-

B. Carrier-carrier and polar-optical scattering

The most efficient process for the thermalization of the
nonequilibrium holes is carrier-carrier scattering via the
long-range Coulomb interaction. There are several con-
cepts discussed in literature which have been applied to
model the equilibration dynamics of plasmas in semicon-
ductors. A commonly used method is the numerical
solution of the carrier-carrier Boltzmann equation using
a statically screened Coulomb potential. ' ' The
effective strength of the Coulomb interaction among the
carriers is strongly underestimated in this approximation,
resulting —for the present situation —in picosecond
equilibration rates of holes that are far too low to account
for the observed ultrafast relaxation. An adequate
description of hole thermalization requires a weaker
dynamical screening of the Coulomb interaction which
will be considered in the following. The thermalization
dynamics of holes is modeled with the help of a theoreti-
cal approach including full dynamic screening. This
method was recently applied by Young et al. to the
scattering of single electrons in an eh plasma ' and by
Levi and Yafet to the electron transport in bipolar de-
vices including both inelastic Coulomb scattering and
polar-optical-phonon scattering.

The treatment is based on the assumption that a given
nonequilibrium carrier distribution can be divided into
two parts. The first smaller part consists of few excited
carriers with high energies, the mutual interaction of
which is neglected. The excited holes couple strongly to
the major part of the plasma that is assumed to obey a
quasiequilibrium statistics characterized by an internal
temperature Tc during the whole relaxation process.
This concept represents an appropriate description of the
transient carrier distributions in the experiments dis-
cussed in Ref. 15 where about 3% of the carriers present
by doping are excited to the SO band. Inelastic scatter-
ing of excited holes with the thermal hole plasma is de-
scribed in terms of single carriers interacting with Auc-
tuations of the longitudinal macroscopic electric field in
the plasma of unexcited carriers at wave vectors q and
frequencies co. The assumption of thermal equilibrium in
the remainder of the plasma allows the application of the
dissipation-Auctuation theorem to calculate the inelastic
scattering rate W(i, k) for a single carrier in the band i
with the wave vector k,

4 2

W(i, k)= g J q J [n(co)+1]G(i,k, i', k+q)[I —f;(k+q)]fi, , (2ir)3 qi —m m'

X Im — 5[E,,(k+q) —E;(k)+fico] .
e(q, co)

e(q, co) is the longitudinal dielectric response function of the system, e is the electronic charge, n (co) is the Bose-Einstein
factor, f;.(k+q) is the distribution function in the final band i, and G(i, k, i,k+q) is the overlap factor defined in Eq.
(2). The scattering rate is summed over the final bands i' and is integrated over all frequencies co and
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wave vectors q of the emitted or absorbed (negative fre-
quencies) plasma excitations. In the time-resolved experi-
ment discussed in Ref. 15, the holes are initially excited
to very high carrier energies of 400 meV. Here Pauli
blocking of the final states is almost completely absent

[f;(k+q)=0]. The calculations show that carrier-
plasma scattering strongly favors processes with small
momentum transfer (q « k ). Consequently, inter-
valence-band scattering via plasma interaction which is
connected with a large momentum transfer plays only a
negligible role. The plasma scattering of the excited
holes is dominated by intraband transitions with an over-
lap factor close to unity [G(i,k, i, k+q) = 1 for k+q=k].

The longitudinal dielectric response function e(q, co) is
calculated in the random phase approximation (RPA)
considering intra- as well as inter-valence-band transi-
tions. ' In the most general form we will consider

e(q, ~)=e„4~ y—,(~)+yy, ,'(q, m) (10)

Im[y;; (q, co)]= — G(i, k, i', k+q)2me dk

q (2'�)
X [f;(k)—f; (k+q)]

X5[E;(k)—E; (k+q)+%co],

(12)

with the hole distribution function f;(k) in the valence
band i and the corresponding carrier energies E, (k). Fi-
nally, the real part of the susceptibilities y(q, co) is ob-
tained from integrating the imaginary parts numerically
(using the Kramers-Kronig relations). For our simula-
tion of hole thermalization in p-type Cxe we use the ap-
proximation of low excitation (p,„«po), i.e., only the
contribution of the unexcited holes which are the major
part of the plasma is regarded for the calculation of the
dielectric response function e(q, co). These holes are con-
centrated at energies around the valence-band maximum.
Thus it is a good approximation to include only the intra-
band and interband susceptibilities of the heavy-hole and
light-hole valence bands [i,i'=HH, LH in Eq. (12)] in the

Here e is the high-frequency limit of the dielectric
response function. yl (co) is the frequency-dependent lat-
tice susceptibility

(~ro ~t.o)2 2

yl. (~)=
4m. (coro —co )

where cozo and ezo are the longitudinal- and transverse-
optical-phonon frequencies, respectively. In polar ma-
terials, i.e., III-V and II-VI compounds, this term causes
an additional coupling between the carriers and LO pho-
nons resulting in the well-known polar-optical-phonon
scattering. In the case of group-IV semiconductors, e.g.,
germanium, the TO- and LO-phonon frequencies are
identical and the lattice susceptibility [Eq. (11)]vanishes.
g;;(q, co) in Eq. (10) are the various intra- and inter-
valence-band susceptibilities, the imaginary parts of
which are calculated with

calculation of e(q, co) [Eq. (10)]. For low excitation densi-
ties p„&&po, a weak transient spectral hole in HH distri-
bution caused by the excitation process is leveled out on a
sub-100-fs time scale by ultrafast intraband thermaliza-
tion among the heavy holes. This fact is confirmed by ex-
perimental' and theoretical results where the relaxa-
tion of spectral holes in a dense carrier distribution with
very high collision frequencies has been simulated in de-
tailed theoretical calculations including a dynamically
screened Coulomb interaction. Thus the unexcited heavy
and light holes obey a common Fermi distribution func-
tion f&(E) during the excitation and the subsequent re-
laxation process. The Fermi level p and the momentary
carrier temperature Tc are related to the carrier density

po, which is constant in our simulation (and the experi-
ment discussed in Ref. 15):

po= J dED(E)f~(E) . (13)

D(E) is the combined density of states of the HH and
LH bands. Now, the rate of inelastic plasma scattering
W(i, E,.(k)) can be calculated for a hole in the valence
band i as a function of the carrier energy E;(k) with help
of Fq. (9) for a plasma of unexcited holes characterized
by the longitudinal dielectric response function e(q, co)

[Eq. (10)] which depends in the case of nonpolar materi-
als on two parameters, the plasma density po and the car-
rier temperature Tc. The corresponding energy-loss rate
P(i, E;(k)) is gained by multiplying the integrand of Eq.
(9) with the energy %co, of the plasma excitations. The
average energy loss per scattering event is given by
P(i, E;(k))/W(i, E;(k)).

C. Carrier-plasma scattering in p-type Ge

In Fig. 2(a), the total scattering rates of excited carriers
in the HH (solid line), the LH (short-dashed line), and the
SO bands (dashed line) of Ge are plotted versus their ex-
cess energy for a total carrier concentration of
po=3X10' cm and a carrier temperature of TC=O.
The rates, which depend slightly on the effective mass of
the holes„show a steep rise up to carrier energies of
E~=50 meV and level off at higher E~. A detailed
analysis of the hole-plasma interaction shows that the
rates are dominated by HH to LH inter-valence-band
transitions in the cold plasma which strongly enhance
small angle scattering. It should be noted that the total
scattering rate of excited holes at low and medium excess
energies is dominated by the hole-plasma interaction
whereas hole —optical-phonon processes make a
significant contribution for E~ )0.5 eV.

The average energy loss per collision and energy-loss
rate due to inelastic hole-hole scattering are shown in
Figs. 2(b) and 2(c), respectively. For the plasma density
considered here, the energy emitted per scattering event
is comparable with the optical-phonon energy of CJe, i.e.,
the higher rate of hole-hole scattering results in an
energy-loss rate via inelastic plasma scattering
significantly higher than by emission of optical phonons.

In Fig. 3, the scattering rates are plotted for a wide
range of carrier densities. The total scattering rate (a)
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FIG. 3. Calculated HH scattering rates for hole plasmas with
various densities of po = 10', 10', 10', 10', and 10' cm at a
carrier temperature of TC=O. The scattering rates (a) and
energy-loss rates (b) are plotted on a logarithmic scale vs the
carrier energy.

FIG. 2. Inelastic scattering of holes with plasma excitations
in p-type germanium for a thermal hole plasma of a density of
p0=3X10' cm and a carrier temperature of Tc=0. (a) Cal-
culated scattering rates for HH (solid lines), SO (long-dashed
lines), and LH (short-dashed lines) as a function of the carrier
energy. (b) Average energy loss per inelastic scattering event.
(c) Calculated energy-loss rates of plasma scattering.

FIG. 4. Calculated scattering and energy-loss rates for a hole
plasma with po =3X 10' cm and a carrier temperature of
T~ = 100 K (plotted as in Fig. 2).

and the energy-loss rate (b) are plotted on a logarithmic
scale versus the hole energy for plasma densities of
@0=10' 10' 10', 10', and 10' cm at a carrier tem-
perature of Tc =10 K. The rates for holes at small car-
rier energies are lowered for the higher plasma densities.
At high carrier energies (E~ =400 meV), the scattering
rates show a relatively weak, sublinear change with car-
rier densities. For a change of carrier concentration by
four orders of magnitude (from pa=10' to 10' cm ),
the total scattering rate [Fig. 3(a)] varies by only a factor
of 20 whereas the energy-loss rate [Fig. 2(b)] changes by a
factor of 500. This insensitivity of the inelastic carrier-
carrier scattering rate to the plasma density is caused by
the very effective screening of the Coulomb interaction at
high carrier concentrations.

The theoretical curves in Fig. 4 were calculated with
the same parameters as the results of Fig. 2, but for a
plasma temperature of TC =100 K. In comparison to
Fig. 2, we observe higher scattering rates but lower
energy-loss rates and, consequently, a lower average ener-
gy loss per scattering event. The reduced energy loss is
due to absorption of plasma excitations, which increases
the total scattering rate [Fig. 4(a)] and leads to a flow of
energy to the highly excited carriers.

D. Scattering of holes &pith the coupled
plasma-optical-phonon system in p-type GaAs

In the case of polar semiconductors like GaAs, the in-
teraction of carriers with the plasma is more complicated.
The longitudinal dielectric response function [Eq. (10)]
contains an additional term due to the lattice susceptibili-
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ty [Eq. (11)]. This term causes polar coupling between
the carriers and longitudinal-optical phonons. In the
presence of both plasma and lattice, there are coupled
modes of the plasma —optical-phonon system and the in-
teraction of carriers with one part of this system is
influenced by the other part due to screening or an-
tiscreening. To separate the various contributions to the
total scattering rate of holes in p-type GaAs the loss func-
tion 1m[1/e(co, q)] in the integrand of Eq. (9) can be di-
vided into additive terms:

Im
e(q, co )

y;(co, q ) are the various susceptibilities of the lattice [Eq.
(11)] and intra- and inter-valence-band excitations [Eq.
(12)] whereas e(co, q) [Eq. (10)] is the dielectric function
of the entire plasma —optical-phonon system. After in-
tegrating the various additive terms separately we get the
following results for hole scattering in p-type GaAs. In
Fig. 5(a) inelastic scattering of heavy holes with excita-
tions of the coupled plasma —optical-phonon system in p-
type GaAs is shown for a plasma density of p0=3X 10'
cm and a temperature of TC=T&=0. The solid line
represents the total rate of coupled plasma —optical-
phonon scattering for heavy holes as a function of the
carrier energy. The various contributions [Eq. (14)] to
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FICx. 5. Inelastic scattering of holes with excitations of the
coupled plasma —optical-phonon system in p-type GaAs for a
plasma density of p0=3X10' cm and a temperature of
&&=&L =0. (a) Various contributions to the total rate {solid
line) of coupled plasma —optical-phonon scattering for heavy
holes as a function of the carrier energy. Long-dashed line:
polar-optical-phonon part; medium-dashed line: plasma inter-
valence-band excitations; short-dashed line: plasma intra-
valence-band excitations. (c) Corresponding energy-loss rates
for HH scattering.

this rate are emission of LO phonons via the polar in-
teraction (long-dashed line) and excitation of plasma
modes due to inter- (medium-dashed line) and intra-
valence-band transitions (short-dashed line). The corre-
sponding energy-loss rate for HH scattering is depicted in
Fig. 5(b). In contrast to the nonpolar semiconductor Ge,
the total scattering and energy-loss rate due to optical-
phonon emission, polar plus nonpolar (see Fig. 1), is
much higher than the rate of carrier-plasma scattering.
Again, the inter-valence-band excitations (medium-
dashed line) in the hole plasma play the dominant role for
the latter process. This diFerent behavior is caused by
the higher density of final states for optical deformation-
potential scattering (Fig. 1) and by the additional cou-
pling to LO phonons due to the presence of ionicity in
GaAs.

IV. KNKRGY RELAXATION
OF NONEQUII IBRIUM HOLES

A. Hole relaxation in p-type Ge

In this section, we compare our numerical results with
recently published femtosecond experiments which pro-
vide specific insight into the ultrafast thermalization pro-
cess of a single-component hole plasma in p-type germani-
um. ' A 200-pm-thick crystal with a doping concentra-
tion of X~ =3X10' cm was investigated. In the
time-resolved experiments, an intense infrared pulse of
300 fs duration excites about 5% of the holes from the
HH to the SO valence band. The resulting absorption
change of the HH to SO transition is monitored by weak
probe pulses at various wavelengths and gives informa-
tion on the femtosecond hole relaxation. The time reso-
lution was 150 fs.

The essential experimental results are the following. (i)
The holes excited to the SO band scatter back to the LH
and HH bands within the time resolution of the experi-
ment. This experimental fact is supported by the numeri-
cal results of this paper. The calculation of the inter-
valence-band scattering rate by optical-phonon emission
in CJe (see Fig. 1) provides a lifetime for carriers
in the split-oF band of roughly T~ f 120 fs
= [8' q,„,„(SO~HH)+ W h,„,„(SO~LH)] '. The
high density of final states in the HH and LH bands
favors the very rapid depopulation of the SO band. (ii)
After inter-valence-band scattering, the hole distribution
still has a distinct nonequilibrium character. The major
part of the plasma, the unexcited holes, occupies states of
small energy around k =0 with a quasiequilibrium distri-
bution function. The small fraction of excited holes pop-
ulates states in the HH and LH bands at high energies in
the range of EH =400 meV. These carriers lose their ex-
cess energy by (i) emission of phonons and (ii) inelastic
carrier-carrier scattering. Emission of optical phonons
via the deformation potential makes the main contribu-
tion to the first mechanism. In Fig. 1, the corresponding
calculated scattering rates are plotted as a function of the
carrier energy. In the range of EH =400 meV the holes
emit roughly seven optical phonons per picosecond. The
second process, i.e., inelastic Coulomb scattering with the
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cold plasma of unexcited holes, results in an equilibration
of the hole distribution. The rise time of the transient ab-
sorption of about 700 fs in the experiment of Ref. 15 is
directly related to the energy transfer from the photoex-
cited hot carriers to the cold plasma of unexcited holes.
For a quantitative comparison of theory and experiment,
we calculate the energy relaxation of nonequilibrium
holes from the following coupled differential equations
for the transient carrier temperature Tc(t), and for the
momentary energy of the initially excited holes EH"(t):

g) 400
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0 I I I
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Equation (15) describes the energy loss of the initially ex-
cited carriers and Eqs. (16) and (17) consider the energy
transfer of the high-energy holes to the lattice and to the
plasma of unexcited holes (density po), respectively. The
fraction of excited carriers p, /po determines the tran-
sient plasma temperature Tz(t) which is directly connect-
ed with the average carrier energy in the remainder of the
plasma (E(Tc ) ) [Eq. (18)]. For low excitation densities

(p,„((po) the energy relaxation of the excited holes
E~"(r) is almost independent of p,„. Using the parame-
ters of the time-resolved experiment,

'
po =3 X 10'

cm, Tc(t =0)=Tl =10 K, p,„(t=0)=10' cm, the
energy relaxation of nonequilibrium holes initially excited
to EH"(t =0)=500 meV has been calculated and is shown
in Fig. 6(a). The temporal evolution of the carrier energy
EH"( t ) (solid line) and the energies fractionally
transferred to the plasma E( ~lattice) (long-dashed line)
and to the lattice E( —+plasma) (short-dashed line) are
plotted versus time in picoseconds. We observe an ap-
proximately exponential rise of E( ~plasma) with a time
constant of &„„=800fs. The final value of E(~plasma,
t =2 ps) =340 meV corresponds to a plasma temperature
of TC=80 K. This is in very good agreement with the
experimental results of Ref. 15 and thus confirms our
physical picture of the thermalization process. For the
given density po the main part of the excess energy Aows
to the plasma of unexcited holes, resulting in an elevated
carrier temperature Tc. The simulations show that the
weak dynamical screening of the Coulomb interaction
[frequency dependence of the dielectric response function
E(q, co)] and the HH to LH inter valence band tran-sitions-
in the cold plasma play the major role for the rapid ener-
gy loss of the high-energy carriers.

FIG. 6. (a) Transient energy loss of holes excited to HH
states with EHH =500 meV in p-type Ge with a hole density of
p0=3X10' cm at Tc= TL =0. The transient energy of the
relaxing carriers (solid line) is plotted vs time in picoseconds.
The transferred energies to the cold hole plasma of unexcited
holes and to the lattice via optical-phonon emission are shown
as long- and short-dashed lines, respectively. (b) Transient ener-

gy loss of heavy holes in p-type GaAs [parameters and plot as in
(a)].

B. Energy relaxation of holes in p-type GaAs

For comparison we simulated the energy relaxation of
nonequilibrium holes in p-type GaAs under the same con-
ditions as for Ge discussed in the preceding section. The
results are presented in Fig. 6(b). In contrast to p-type
Ge, the relaxation in p-type GaAs is much faster. After
fitting an exponential decay curve to the data (solid line)
we deduce a time constant of ~E =300 fs for the energy
relaxation. This enhanced dissipation is mainly due to
the more pronounced polar- as well as nonpolar-phonon
scattering in GaAs (cf. Figs. 1 and 5). At this plasma
density the excited carriers transfer the major part of
their energy to the lattice [short-dashed line in Fig. 6(b)].
The reversed situation as in Ge [see Fig. 6(a)] is attained
for hole plasmas with much higher density where the
optical-phonon scattering is reduced by screening of the
polar interaction and the carrier-plasma scattering is
enhanced due to the higher density.

V. CONCLUSIONS

In conclusion, the theoretical results presented here
give evidence that the relaxation of nonequilibrium holes
in p-type tetrahedral semiconductors happens on an ul-
trafast subpicosecond time scale. Theoretical studies on
p-type Ge and GaAs reveal that the lifetime of holes in
the SO valence bands is 100 and 50 fs, respectively, due to
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very rapid inter-valence-band scattering via the optical
deformation potential. The equilibration of excited holes
with the remainder of the plasma at excess energies of
several hundreds of meV occurs with time constants of
about 300—700 fs. Nonpolar materials show a stronger
coupling to the hole plasma whereas the presence of ioni-

city in III-V components favors the energy transfer to the
lattice. The very good agreement of the theoretical re-
sults with a recently published experiment on hole
thermalization in Ge confirms our detailed physical pic-
ture of the ultrafast thermalization of nonequilibrium
holes in p-type semiconductors.
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