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Correlation of hot-phonon and hot-carrier kinetics in Ge on a picosecond time scale
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We report room-temperature measurements of time-resolved reAectivity from intrinsic crystalline
Ge induced and probed by A, =O. 575 pm, 2-ps pulses and for photogenerated carrier densities up to
—10' cm '. These data are used together with our earlier picosecond-time-resolved Raman-

scattering data at 77 and 300 K to self-consistently determine transient nonequilibrium carrier and

phonon effects. The combined data sets are modeled with a Boltzmann transport description of
coupled electron and phonon kinetics to understand the temporal and spatial evolution of carrier
density and temperature and the generation and decay of Raman-active phonons. Using known ma-

terial parameters in the model, we can account for the magnitude and temporal evolution of the
electron, hole, and phonon thermodynamic parameters. In particular, the model accounts for the
relative delay between the peak of the pulse and the nonequilibrium phonon population, the number

of nonequilibrium phonons generated, and the initially rapid diffusion of hot carriers away from the
sample surface on a 5-ps time scale.

I. INTRODUCTION

Over the last few years many experiments in semicon-
ductors have separately probed aspects of hot-carrier and
phonon dynamics on a picosecond or subpicosecond time
scale using ultrashort light pulses. ' ' At very high peak
intensities the electron and hole subsystems can be driven
far out of equilibrium as can certain phonon modes. Al-
though much of the emphasis has been on understanding
nonequilibrium carrier kinetics alone, it is generally real-
ized that nonequilibrium phonon effects can inhuence
hot-carrier relaxation and transport. ' ' In fact, obser-
vations of nonequilibrium phonon populations through
transient Raman scattering ' have directly provided
evidence for the existence and decay of nonequilibrium
phonon populations generated by hot-carrier relaxation.
However, there has been extremely little work directed
towards studying both the carrier and the phonon dynam-
ics under experimental conditions that can be related to a
single, self-consistent theoretical model. Clearly we will
improve our understanding of subtle aspects of the cou-
pled system dynamics if we can correlate the behavior of
carrier and phonon systems. This paper reports on our
efforts to achieve this for intrinsic crystalline germanium
at T=77 and 300 K.

Germanium might seem an unlikely candidate for such
a study given the fact that relatively little research has
been performed on group-IV, as compared to group-III-V
materials, with respect to aspects of hot-carrier and pho-
non dynamics. Progress in understanding the details of
hot-carrier relaxation in group-IV semiconductors has
not advanced at the same pace as in group III-V materi-
als due largely to the indirect band gaps of Si and Ge.
Experimental techniques such as time-resolved photo-
luminescence and differential absorption spectroscopies

that have proved so powerful in the III-V materials are
limited in their utility when the fundamental gap is in-
direct. Transient transmission, reAection, and diffraction
measurements have been carried out for Ge and Si, but
most of this work was concerned with high excitation lev-
els where nonlinear absorption and recombination pro-
cesses often obscure the more subtle carrier-lattice in-
teractions. It is only recently that transient Raman-
scattering"' experiments have been done at su%ciently
low injected-carrier densities to make use of detailed mi-
croscopic models of the energy relaxation processes.

Despite this relative lack of work on group-IV materi-
als, the fact that they are centrosymmetric gives them a
tremendous advantage over their noncentrosymmetric
group III-V counterparts if one explicitly wishes to study
both carrier and lattice dynamics under comparable
experimental conditions. This is so because the
longitudinal-optic-phono n modes in centrosymmetric
material generate no macroscopic electric field and hence
they do not couple with long-range electric fields associ-
ated with free-carrier density Auctuations. This has the
practical consequence that the Raman-active optical pho-
nons in Ge do not become renormalized in the presence
of free carriers due to plasmon-phonon coupling, so that
they may be observed, unaltered, up to densities of —10
cm . The lack of long-range coupling between optical
phonons and free carriers also tremendously simplifies
the microscopic modeling of carrier-phonon dynamics,
since many-body effects can be ignored to first order. Al-
though many models of hot-carrier dynamics in group
III-V materials also ignore many-body effects, the prob-
lem there is manifestly many-body in nature, and any tru-
ly complete understanding will eventually have to treat
the many-body-related issues. In addition to these tech-
nical reasons for studying Ge, there is also a practical
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motivation for developing techniques to address these is-
sues in group-IV materials since sophisticated, high-speed
electronic devices such as double-barrier resonant tunnel-
ing structures are now being studied in the Si/Si-Ge ma-
terial system. '

We have carried out studies using picosecond Raman
scattering and visible reAectivity measurements in con-
junction with a self-consistent kinetic model for investi-
gating nonequilibrium carrier and phonon dynamics, In
the experiments, moderate excitation levels are used for
which minimal lattice heating occurs and for which non-
linear absorption and recombination processes, which
complicate the analysis of high-excitation experiments in
Ge or Si, are also absent. This allows a detailed analysis
of the results using a model which focuses on the micro-
scopic energy relaxation processes, in much the same way
as is commonly done for III-V materials.

One important result of this study is the achievement
of quantitative agreement between theory and experiment
for the absolute nonequilibrium optical-phonon popula-
tion generated (-0.1) at an injected-carrier density of
—10' cm . Such a large nonequilibrium population
demonstrates that even with a wave vector independent
carrier-phonon matrix element, as is appropriate for the
deformation-potential interactions in Ge, pure kinematic
constraints of energy and momentum conservation
severely limit the range of wave vectors through which
energy may be transferred to the lattice from the hot car-
riers. Another interesting effect, predicted by the model
and verified by a time-resolved reAectivity experiment, is
the very significant role played by the carrier temperature
dependence of the carrier diffusion coefficient, even on pi-
cosecond time scales. This temperature dependence leads
to enhanced diffusion during and shortly after the optical
pulse.

In Sec. II we brieAy review the different experimental
methods. Section III contains a detailed description of
the theoretical model, which includes assumptions for the
band-gap structure, transport equations for carrier densi-
ty and temperatures, and the various energy-loss mecha-
nisms. In Sec. IV we describe our experimental results
and compare them with numerical solutions of our model
for A, =0.575 pm picosecond laser pulse excitation. In-
clusion of optical-phonon generation in the model allows
us to calculate the nonequilibrium optical-phonon popu-
lations and compare them with values obtained from
transient Raman scattering. From the analysis of the
carrier profiles obtained from the simulations we also
demonstrate that a simple Drude model is sufficient to ex-
plain the time-resolved reAectivity measurements.

II. EXPERIMENTAL DETAILS

The experimental setup used to time resolve the anti-
Stokes component of the Raman signal from nonequili-
brium optical phonons in Ge has been described in detail
elsewhere. " BrieAy, pump and perpendicularly polarized
probe beams were derived from a train of 4-ps [full width
at half maximum (FWHM)] 76 MHz synchronously
mode locked pulses at 0.575 pm. The pump pulses were
focused to yield a fiuence (F) of -0.1 mJ/cm per pulse

on -2-mm-thick crystalline Ge [001] and [110]surfaces
while the probe pulses were focused to the same spot size,
with -30% of the pump beam's Auence. Scattered light
due to the probe beam was collected in a backscattering
geometry and the anti-Stokes component was monitored
on a silicon charge-coupled array detector at the output
of a triple spectrograph. Raman selection rules dictate
that only LO phonons, on [100] surfaces, and TO pho-
nons, on [110] surfaces, can be observed in first-order
backseat tering spectra.

The time-resolved reAectivity measurements were per-
formed using two different experimental arrangements,
with similar results being obtained. First, pulses of 6 ps
(FWHM) duration from a synchronously pumped
A, =0.575 pm dye laser were amplified with a four-stage
dye cell system, pumped at 20 Hz by an excimer laser. '

The amplified pulses were split into orthogonally polar-
ized pump and probe beams and then superimposed on a
2-mm-thick [100] Ge sample. A 10' angle between pump
and probe pulses was used with the probe beam focused
to one fifth of the pump beam diameter. The peak
Auence of the pump pulse was 5 mJ/cm in a spot of 1

mm diameter. In the second experiment the 2 ps pump
and probe beams were derived from a synchronously
pumped dye laser with a cavity dumper operating at 3.8
MHz. The pump pulses were focused at normal in-
cidence to a Auence of F=mJ/cm in a 50 pm diam spot
while the probe pulses, incident at a 15 angle with
respect to the normal, were focused to one-fifth this spot
size at a Auence of ~ 20 pJ/cm . The high repetition rate
permitted lock-in detection for data collection, yielding
an improved signal-to-noise ratio over that obtained from
the boxcar detection scheme used with the amplified
pulses. Only the results from this experiment will be re-
ported here.

The sample temperature in the Raman experiments
was 77 or 300 K while for the reflectivity experiments
reasonable signal-to-noise ratios could only be achieved
for 300 K. All samples used were intrinsic specimens.

III. THEORETICAL MODEL

The fundamental interactions which occur during and
following the absorption of picosecond, above-band-gap
laser pulses in a semiconductor have been described by
many authors. ' ' Here we give a brief summary of the
processes that are relevant to our work and the necessary
considerations to incorporate nonequilibrium phonon
effects.

Germanium is an indirect-gap semiconductor with a
highly anisotropic and complex band structure. ' To
make our calculations tractable, we have made simplify-
ing assumptions about the band structure similar to those
described by Elci et al. ' In particular, in the conduc-
tion band we assume that the band-edge energies of the 4
L and 6 X valleys are the same, but assign each their
respective effective masses. In the valence band the
split-off band is neglected due to its small density of
states. Heavy and light holes are considered degenerate
since at the elevated temperatures of interest here, the
curvatures of the two valence bands are identical, and
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there is very little difference in their energies.
The model allows for one- and two-photon interband

absorption and single-photon free-carrier absorption.
However, for the excitation levels used in the experi-
ments, the dominant absorption mechanism is single-
photon interband absorption near the I point of the Bril-
louin zone. This results in the creation of electron-hole
pairs with total kinetic energy %co Eg The electrons in-
itially created in the I valley quickly scatter into the side
valleys, where they are assumed to establish a Maxwell-
Boltzmann distribution through electron-electron scatter-
ing with an initial temperature, i.e., in the absence of
cooling, of —6800 K (at an ambient temperature of 77
K). Once in the side valleys the hot electrons thermalize
with the lattice via electron-phonon deformation-
potential interactions, and with the cooler holes (initial
hole temperature —3000 K at an ambient temperature of
77 K) via the Coulomb interaction. The intraband
optical-phonon mediated relaxation of L-valley electrons
(X valley forbidden) and heavy holes generates nonequili-
brium populations of optical phonons with relatively
small wave vector which can be monitored via Raman
scattering. Energy relaxation via acoustic-mode phonons
and intervalley optical phonons also contributes to cool-
ing of the carriers, but without generating any small
wave-vector optical phonons, which can be probed by
Raman scattering with visible light.

To model the dynamics of hot electrons, holes, and op-
tical phonons, we use the formalism of van Driel' which
deals with coupled Boltzmann's equations, in the relaxa-
tion time approximation, for particle number, particle en-
ergy, and lattice energy. In his model three coupled con-
tinuity equations are solved numerically for the depth
and time-dependent carrier density X, carrier tempera-
ture T, (the subscript c will signify carriers—:e, h) and
lattice temperature T~. To specifically model the Raman
and reAectivity experiments in Ge, van Driel s formalism
was generalized to include different electron and hole
temperatures, and to include detailed microscopic expres-
sions for energy exchange processes between carriers and
phonons. The modified model therefore involves the
solution of four coupled differential equations for the spa-
tial and temporal dependence of N, T„Tz, and TL.
From these parameters and the microscopic model of the
carrier-phonon interaction one can also obtain the time
evolution of the population (n ) of the appropriate
Raman-active phonons of wave vector q.

Following van Driel, one can proceed from the micro-
scopic Boltzmann equation to a macroscopic description
by integrating the microscopic transport quantities over
the appropriate carrier or phonon distribution functions.
In the relaxation time approximation of Boltzmann's
equation one obtains relations for the electrical (j, ) and
energy current (W, ) of the carriers

j, =—o.,Vg, —o.,Q, V T, ,
1

e

3e
——

3~ & —&e=&~ .

From the above equations we can write the particle
current J= —j, /e as follows:

J= —D VN + VEg
B Teh

+ Pt'(il, )V T, +&(ilh )V Th ]
Teh

where T,h
= Te~ i/2(il )+ Th—& i/2(ilh ) —~(r)c )

=2&o(il, ) ——2&' i/2(il, ), E~ =Ec Ey is the band-gaP—
energy, and the ambipolar diffusion coefficient D is given
by

o o Te~—1/2( 9e )+Th~ —1/2( lh )

&h T.~o"(n, )+&,'Th~o "(nh )
(6)

D, ~ T,', D& ~ T& are the low-density electron and
hole diffusion constants appropriate for the ambient lat-
tice temperature. The energy current for electrons and
holes can be rewritten in the following form:

W, =J[Ec+2kii T,&o(il, )]—h, V T, ,

Wh =J[ Ey +2k' Th&o(i)h ) ] Kh V Th
(7)

Similarly for the lattice system the lattice current is
given by

Wi„= —vi„V TL (8)

where o., is the electrical conductivity, Q, is the Seebeck
coefficient, II, is the Peltier coefficient, ~, is the thermal
conductivity, —e is the charge of an electron, and g, is
the chemical potential of the carriers. For an intrinsic
semiconductor under laser excitation, phonon scattering
is expected to be the most important mechanism involv-
ing free carriers. This implies that the energy depen-
dence of the momentum relaxation is proportional to
(E E, )

—'/ . Under these assumptions the coefficients
in Eqs. (1) and (2) are given by

kB
o, =eNPMB~l/2(rl ) Q [rj, —2&o(i), )],

e,

kB
II, = —T, [il, —2&o(il, )],' e,

k T
[ 6%~()( i), )

—4[&o(q, ) ] ],e2

where &J(il, ) is the ratio of the Fermi-Dirac integrals
V;(il, )/V~(i), ) for reduced Fermi-level il„and pMa is the
mobility of carriers in a Maxwell-Boltzmann distribution
and, e, equals —e for electrons and +e for holes. For a
laser-induced plasma the Dember field which develops
due to charge separation prohibits the carrier charge and
current density from becoming significantly different so
that

W, = H, — j, —v, VT, ,
e

(2) where ~&„ is the lattice thermal conductivity. After pho-
toexcitation, electrons and holes possess kinetic as well as
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g+2 E m*
3/2 g4

TL
(k T) 1—8 c

c
(12)

band-gap energy. Therefore one may express the total
energy density for the electron ( U, ) and hole ( U& ) system
of X carriers in the following way:

U, =NEc+ ', Nk—a T~% ]xz('qe) ~

(9)
Uh = NE—] + 2Nk—~ T],&]j~q(r4 ) .

This completes the equations which govern carrier and
thermal transport, assuming that the particles are in local
thermodynamic equilibrium, and can be represented by
spatially and temporally varying macroscopic parame-
ters. Next we consider the continuity equations which
dictate the dynamics of the macroscopic variables, X, T„
Tg, and TL'.

BX = —V J+9+W, CL = —V W„,+L, +Lh,at Bt
aU, = —V.W, +S,—L, —L, (10)

0U~ ——~ WI +Sh L~+Le
Bt

where S, and S& represent the energy source terms for
electrons and holes, L„LI,, and L, I, are the energy
transfer terms (between electrons and phonons, holes and
phonons, and electrons and holes, respectively), CI is the
lattice thermal conductivity, A is the net recombination
rate, and 9' is the carrier generation rate. The net recom-
bination rate is given by —yX, where y is the Auger
recombination coefficient. We consider for the genera-
tion rate

( 1 —R )aIO( t)e
Q(z, r) =

%cop

R is the refiectivity of the optical excitation, Io(t) is the
intensity, Scop is the photon energy, and a is the one-
photon absorption coeKcient. From 9 the quantities Se
and SI„which are the energy generation ratio for elec-
trons and holes, respectively, can be calculated using con-
servation of energy and momentum in the absorption
process.

To this point, the derivation has been purposely kept in
its most general form within the restrictions of the as-
sumptions. In order to simplify the computational solu-
tion of the equations when the microscopic energy
transfer terms are included below, the distribution func-
tions are now simplified to be of a Maxwell-Boltzmann
form. One simply replaces the factor &'(r), ) by unity in
the above equations. This approximation to the Fermi-
Dirac distribution function is valid for the carrier densi-
ties and temperature considered in this paper.

The total energy-loss rate of the carriers is incorporat-
ed in the model through the use of analytic expressions
for the various scattering mechanisms. ' These in-
clude (1) intravalley acoustic phonons and optical pho-
nons, (2) intervalley acoustic and optical phonons, and (3)
electron-hole scattering.

The average energy-loss rate of a Maxwellian distribu-
tion of carriers of effective mass m * to acoustic modes is
given by

where c.„is the appropriate acoustic deformation con-
stant (see Table I), and p is the density of the semiconduc-
tor. Energy loss by hot carriers to acoustic modes is gen-
erally small compared with the loss due to optical pho-
nons.

The energy-loss rate for a distribution of hot carriers
due to intra-l. -valley and intra-valence-band optical-
phonon processes is obtained by integrating the corre-
sponding optical-phonon generation rate" (Bn /Bt), „
over all wave vectors. The transverse or longitudinal
optical-phonon generation rate for a Maxwellian distribu-
tion of free carriers is given by" '

871
q

gen

1/2
7T

2
c m

p hq k~T,

1/2

XO X/2

X X,
x/2

e (13)
e

XQ=@ph/k]]TI. & =@ph/k]]T, x] = ~ x/
2m*(m* 6' h/]]]' q +q /46~h), 2), is the optical
deformation-potential constant, and 8 h is the optical-
phonon energy. Multiplying this equation by e h and in-
tegrating it over all wave vectors gives for the energy re-
laxation rate due to a particular phonon branch,

' 1/2

(
dE 2,m*

op ~ m6 p
X X —1

X
' —e""m ('x)

0 ] 2
(14)

where A] is the modified Bessel function. Electron inter-
valley scattering may be treated much like the intravalley
scattering by optical phonons. ' The average rate of
energy loss by a carrier due to intervalley scattering from
valley i to valley j may be calculated using Eq. (14) with
2), replaced by 2);., 8 h with A'co;, and finally m* with
the density-of-state mass of the j valley, m . ' Here %;.
and Ace;- are the intervalley deformation-potential con-
stant and phonon energies associated with intervalley
scattering, respectively. The terms L, or I I, are found by
summing the energy relaxation rates over the various
phonon modes.

Electron-hole energy exchange, L, &, was treated in
the static screening limit, including only intra-heavy-hole
transitions, to be consistent with the simplifying band-
structure assumptions made above. Details of the com-
putational technique used to evaluate the electron-hole
energy exchange rate can be found elsewhere. Al-
though the Coulomb-mediated energy-loss rate of elec-
trons in anisotropic conduction-band valleys is in general
anisotropic, a single density-of-states effective mass was
adopted and used in the isotropic calculation of Ref. 22.
As will be shown below, the absolute value of the energy
exchange rate between electrons and holes turns out not
to strongly affect the calculated values of nonequilibrium
phonon populations or the transient reAectivity. This
process was included in the overall model merely to ob-
tain an estimate of how strongly the electron and hole
subsystems are coupled under the present experimental
conditions.
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n —neq
q q (15)

where n' is the equilibrium phonon occupation, T indi-
cates the total contribution from relaxing electrons and
holes, and ~ is the nonequilibrium phonon decay time
determined experimentally" to be 8+1 ps at 77 K and
4+1 ps at 300 K.

For a direct comparison with the Raman experiments,
we also calculate the temporal evolution of the optical-
phonon population generated due to intra-L-valley and
intra-heavy-hole valence-band relaxation processes. This
involves solving a partial differential equation for the
Raman-active phonon occupation number n at A, =0.575
pm

1, 2
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IV. RESULTS AND DISCUSSION

TABLE I. Material parameters of germanium (Refs. 19 and
23).

Parameter Value Units

The remainder of this paper is devoted to comparing
and discussing the calculated carrier and phonon dynam-
ics with the experimental data. First, the equations in the
preceding section which describe the evolution of elec-
tron temperature, hole temperature, carrier density, and
optical-phonon population were solved using the material
parameters listed in Table I, with an excitation term"
corresponding to a Gaussian 4-ps (FWHM), A, =0.575 p, m
laser pulse of energy 0.7 nJ, focused to a spot of diameter
30 pm (F =10 ' mJ/cm ). The sample temperature is
taken to be 77 K and the steady-state carrier density is
taken to be 10' cm . The absorption depth of optical
pulses at this wavelength is 0.1 pm at 77 K and 0.04 pm
at 300 K while the reAectivity R is =0.5. Appropriate
boundary conditions were used to solve the equations, as-
suming negligible surface recombination and a sample
thickness of 5 pm, a thickness which is large compared to
carrier diffusion depths for time scales of interest.

Figure 1 shows theoretical results for the temporal evo-

FIG. 1. Temporal evolution of the carrier density (N), elec-
tron ( T, ), hole ( Th ) and lattice ( Tz ) temperatures at the surface
of Ge at 77 K for 0.1 mJ/cm, 4-ps pulse excitation. The rise in
TI &s =0.5 K

lution of N, T„Th, and TL at the surface of the sample.
The simulations start at —10 ps and end at 20 ps with the
peak of the pump pulse taken at t=0. The main features
of the carrier density evolution are the fast rise time,
which simply reAects the integrated profile of the incident
Gaussian pulse, and the two distinct regimes in which the
carrier density drops at different rates. After the carrier
density reaches its peak value there is an initial rapid
reduction which occurs only for a few picoseconds. This
is followed by a much slower rate of density drop which
persists for tens of picoseconds. The reduction of surface
density is due to diffusion alone, since Auger recombina-
tion which is the dominant recombination mechanism is
still negligibly slow (lifetime —10 psec at carrier density
of 10' cm ) at these densities and time scales. The fact
that the rapid diffusion takes place only while the carrier
temperatures remain well above the ambient temperature
gives a clue as to the origin of the two regimes of
diffusion. From the model we understand that the in-
crease of carrier temperature causes the ambipolar
diffusivity (see Fig. 2) to increase above the value corre-

P
mr
mz
mg

D, (77 K)
D (77 K)
D, (300 K)
Dh (300 K)

'V

Cz
c.„(I )

c,„(A)
~„(L )

E„(hole)
X.
+h

~( inter )(LO)
~(inter)(LA LO)

a(z'",ter)(I.A)

5.32
0.04
0.22
0.32

583
232
103
54
2
1.7
8.0

14.4
17.6
7.4
6.4

14.0
15.2
4.8
6.6

g/cm
mp

mp

mp
cm /sec
cm'/sec
cm /sec
crn /sec

10 " cm /sec
JK 'cm

10 '
erg

10 '2 erg
10 erg
10 '~ erg

10 erg/cm
10 erg/cm
10 " erg/crn
10 erg/cm
10 erg/crn

1.2

1.0—

0.8—

0.6—

0.4—

0.2—

2.5

2.0

1. 5

I.O ™

0.5

0
- 10 5

T/me (ps j
IO

0
20

FIG. 2. Temporal evolution of carrier density (N), and ambi-
polar diffusion coefficient (dashed curve) corresponding to Fig.
1.
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sponding to T, =TL =77 K thereby forcing carriers to
move out of the excitation region faster. When the tem-
perature of the carriers reaches that of the lattice the
diffusivity decreases to its equilibrium value and the car-
rier density decay rate is reduced. The density is in fact
reduced below what it would be at the same time if a con-
stant diffusion coefficient had been used, since by the time
the diffusion coefficient drops to its ambient value the
carrier density gradient is reduced.

The electron and hole temperatures increase during the
early part of the pulse and reach maximum values at
t = —2 ps. This maximum is reached before the peak of
the pulse (as noted by van Driel' ) because at very low
densities the rate at which the optical pulse is increasing
the kinetic energy of the carrier system is larger than the
rate at which the heat capacity is increasing. The surface
electron and hole temperatures peak at 5200 and at 2400
K, respectively, with both maxima occurring at approxi-
mately the same point in time, i.e., at t = —2 ps. The
maximum values are consistent with —1 eV of energy
provided to each optically excited electron and -0.3 eV
to each hole.

The temperature for the holes has a plateau once it
reaches a maximum value; this is due to the energy
drawn from the electron system under e-h scattering. We
have carried out simulations where this carrier-carrier
scattering relaxation time ~, & was set equal to 0 and ~.
In the case where electrons and holes were viewed as
decoupled systems (~, h

= ~ ) the simulation curves ap-
pear similar to those seen in Fig. 1. The most notable
difference was observed in the time dependence of T&.
Under these conditions no plateau is observed, and once
the peak value is reached, the hole temperature drops and
reaches the lattice temperature at a time different from
the time at which the electron temperature reaches the
lattice temperature. In the opposite extreme where elec-
trons and holes are strongly coupled (r, t, =0) they are
forced to share a common temperature. The calculation
of statically screened electron-hole energy transfer there-
fore suggests that under the present experimental condi-
tions, the two carrier subsystems are essentially decou-
pied. Although the model calculations of the time-
resolved reAectivity are not sensitive to details of the
electron-hole energy exchange, the calculated nonequili-
brium opticai-phonon dynamics are. In particular, the
good agreement between experiment and theory de-
scribed below for the delay and absolute magnitudes of
nonequilibrium phonon populations is obtained only if
the electron-hole energy exchange is calculated explicitly,
or if the two systems are assumed decoupled. A
significant, 25% error in both the delay and peak magni-
tudes of the phonon population is made if the carriers are
assumed to maintain a common temperature at all times.

In Fig. 3 we show the spatial profile of N, T„T&, and

TL when T„T& reach their maximum at t = —2 ps. The
spatial decay depths reAect the diffusion dynamics. A
significant result is the lack of variation of the carrier
density over the absorption depth. The decay depth asso-
ciated with the carrier temperatures is larger than that of
the carrier density since heat can be transported not only
through carrier diffusion but also through carrier col-
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FIG. 3. Spatial evolution of the carrier density (X), electron
(T, ), hole {Tl, ), and lattice (TI ) temperatures in Ge at 77 K
corresponding to Fig. 1 at t = —2 ps.

lisions. To a good approximation one may consider a
homogeneous carrier density over the absorption depth
of the Raman and reAectivity probe pulses under the con-
ditions employed in the experiments.

Our previously reported, time-resolved Raman studies
of Ge showed that the nonequilibrium density of LO and
TO phonons generated by the pump pulses were basically
identical, as were their lifetimes. " Hence in our model
we treat LO and TO phonons on an equal footing. The
calculated temporal evolution of the nonequilbrium
optical-phonon population of wave vector 1.2 X 10 cm
at 77 and 300 K, is shown by the solid curves in Figs. 4
and 5. There is a fast rise time associated with phonon
generation by cooling carriers and a slower decay due to
the decay of the zone-center phonons into acoustic pho-
nons. Also shown are the time-dependent optical-phonon
populations deduced from the anti-Stokes Raman-
scattering intensity. " The absolute values were obtained
from calibrated Stokes/anti-Stokes ratios in the case of
77-K data, and from the ratio of nonequilibrium to equi-
librium anti-Stokes scattering intensities for the 300-K
data. The phonon lifetimes ~ used to obtain the calculat-
ed curves were 8 and 4 ps for 77 and 300 K, respectively.

Note that the delay between the peak of the pump
pulse ( t =0) and the maximum nonequilibrium phonon
occupation agree, while the absolute value of the none-
quilibrium populations agree within a factor of 2. This
agreement between experimental Raman data and the
calculated result, with no variable fit parameters, is con-
sidered satisfying in two respects. First, the delay is a
function of material parameters only, and is therefore in-
sensitive to errors in estimating the precise excitation
conditions. Second, the error in the absolute scale for the
experimental nonequilibrium phonon population shown
in Figs. 4 and 5 is —+50%, due mainly to uncertainties
in the precise sizes and the overlap of the pump and
probe beams. Therefore even the absolute value of the
excess occupation number is basically in agreement with
the model within experimental error.

We .note that the ratio of optical-phonon deformation
potentials for holes to electrons used in the calculation
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is 2.2. If the value of 3.2 suggested by Conwell (1969) is
used instead, with the same electron deformation poten-
tial, the calculation yields the dashed curve in Fig. 4.
Clearly the agreement is not as good.

It is interesting that one is able to measure a significant
nonequilibrium population of optical phonons in Ge us-
ing time-resolved Raman scattering in the visible region
of the spectrum. The success of the same technique in
III-V materials, such as GaAs, has often been attributed
to the polar nature of the electron —LO-phonon interac-
tion in these materials. It has been argued that the 1/q
dependence of the interaction matrix element in polar
materials forces all of the electron's kinetic energy to How
to the lattice through a very restricted range of LO pho-
non modes near the zone center, close to the wave vector
probed by visible beams. In nonpolar materials such as
Ge, the carrier-phonon matrix element is wave-vector in-
dependent and it is not clear, a priori, why significant
nonequilibrium phonon populations may be observed.
Using Eq. (13) we have calculated, at 77 K, the contribu-

FIG. 4. Temporal evolution of the nonequilibrium optical-
phonon population at 77 K corresponding to the excitation con-
dition in Fig. 1. The squares represent experimental data, the
solid and dashed curves are calculated using the model with
2)z /2), =2.2 and 3.2, respectively.

tion from both relaxing holes and electrons to the popula-
tion of different optical-phonon modes in the Brillouin
zone (see Fig. 6). The first notable feature in Fig. 6 is that
most of the optical phonons are generated by the hot
holes, as one would expect from the values of the
deformation-potential constant (see Table I). It is also
clear that most of the deformation-potential interaction
takes place at small wave vectors, very close to that sam-
pled by the Raman probe, despite the fact that the matrix
element is wave-vector independent. The restriction of
energy Row preferentially through relatively small wave-
vector phonons is due to the kinematic restrictions re-
quired by energy and momentum conservation imposed
by the band structure. These purely kinematic con-
straints, together with the ability to maintain a well-
defined LO phonon mode at carrier densities in excess of
1X10' cm (due to the lack of polar electron-phonon
interactions), explains why significant nonequilibrium
optical-phonon populations can be observed in Ge.

Perhaps the most sensitive and important component
of the model is the carrier diffusion process. With the
full temperature-dependent ambipolar diffusion
coefficient included [Eq. (6)j, the maximum carrier densi-
ty achieved in the Raman experiments is estimated to be
—10' cm (see Fig. 1). At this density, Auger recom-
bination, impact ionization, nonlinear absorption, and
lattice heating are all negligible effects, thus confirming
the claim above concerning the moderate level of excita-
tion used in these experiments and justifying the use of
Maxwell-Boltzmann statistics. However, if diffusion is
ignored altogether (see Fig. 7), the peak surface carrier
density and the nonequilibrium optical-phonon occupa-
tion numbers are a full order of magnitude larger, which
is clearly inconsistent with the Raman data. If a constant
(equilibrium) ambipolar diffusion coefficient is used, the
difference between experimental and theoretical results is
not as large; nevertheless there is still a significant
difference compared to the results obtained using a
temperature-dependent diffusion coefficient.
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FIG. 5. Temporal evolution of the nonequilibrium optical-
phonon occupation number at 300 K corresponding to the exci-
tation condition in Fig. 1. The squares represent experimental
data; the solid curve is calculated using the model with
2)I, /R, =2.2.

FIG. 6. Plot of the nonequilibrium LO phonon population at
77 K vs phonon wave vector, with the excitation condition in
Fig. 1. The solid and dashed curves correspond to phonons gen-
erated from holes and electrons, respectively. The vertical lines
mark the region probed by Raman backscattering.
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FIG. 7. Temporal evolution of the surface carrier density for
different diffusion coefficients. The solid, dashed, and dash-
dotted curves correspond to temperature-dependent, constant,
and zero ambipolar diffusion coefficients, respectively.

Experimental data for the time-resolved reAectivity are
shown in Fig. 8. The data reveal an initially fast decay in
the reAectivity, followed by a much slower recovery to-
wards the equilibrium value. The carrier density tem-
poral profiles obtained from the simulations have features
similar to those of the time-resolved reAectivity measure-
ments. This suggested that a simple model of the optical
properties with only a carrier density dependence, such
as the Drude model, might be used to estimate the
change in reAectivity. However, a comparison of the
reAectivity data and simulations using only the Drude
model show that the small ((5 K) change in lattice tem-
perature TL might also be contributing to the reAectivity
change. This effect was therefore also included in the
reAectivity calculation using the time dependent TL from
the simulation.

At normal incidence the change in reAectivity due to
changes in N and TL is given by

that without inclusion of heT the calculated value of
b,R /R agrees with the data for short times but is =30%
lower than the data for delay times longer than 10 ps.

We used the above model to estimate the carrier densi-
ty induced change in the reAectivity of the Ge at 300 K,
in response to a 2-ps excitation pulse as described in Sec.
II, for both constant and temperature-dependent
diffusion. The results of these two calculations are shown
in Fig. 8 along with the experimentally determined
change in reAectivity. It is clear that the full
temperature-dependent calculation yields a much better
fit to the experimental results than does the calculation
with a constant diffusion term. As with the phonon data,
although more significance should be placed in the agree-
ment with respect to shape than the absolute magnitudes
both shapes and magnitudes are well accounted for by
the model. Note that only the model with temperature-
dependent diffusion can account for the short-term and
long-term carrier density reduction. To obtain an accept-
able signal-to-noise ratio, the Auence of the pump pulse
used in the reAectivity experiments was more than an or-
der of magnitude higher than in the Raman experiments.
As a consequence, the peak carrier density achieved in
the reAectivity experiment is —1 X 10' cm . It would
of course be ideal if reflectivity and Raman data could be
obtained under identical pump conditions, however this
is not really necessary since even at these densities, no
significant Auger recombination, lattice heating, or non-
linear absorption take place. The model results scale
linearly over the range of densities spanned by the two
experiments. The only deficiency of the model at the
higher densities might be the assumption of Maxwell-
Boltzmann carrier distributions, however the inclusion of
Fermi-Dirac distributions is not expected to make a
significant difference in the calculated reAectivity at these
densities.

2
1 Qe+ be~+ b—eT

AR=
1++e+ b,e~+ AeT

2

(16)1+&a
ooo ee r

Here e=(34+13i) is the equilibrium dielectric constant
at A, =0.575 pm. In the Drude model we have

4ae iV
Ae N

0
, +

h Zm m co + l Q) /7

where m,' and m,„are the optical effective masses for
the electrons and holes, respectively, eo is the permittivity
of the vacuum, and ~ is the momentum relaxation time.
For visible light co))~ and we can neglect the imagi-
nary contribution to heN. The term heT is given by

L
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where we have estimated 81@1!dTL=0.7X10 K ' at
1=0.575 pm by extrapolation of the temperature depen-
dence of the reAectivity at nearby wavelengths. Note,

FIG. 8. Time-resolved reAectivity at 0.575 pm for I'=1
mJ/cm and T~ =300 K. The solid circles are experimental
data, the solid and dashed curves are calculated reAectivity
changes for the ambipolar diffusion coefficient assumed temper-
ature dependent and constant, respectively.
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V. SUMMARY

Through comparisons of picosecond Raman scattering
and time-resolved refIectivity experiments with a kinetic
model, we have demonstrated the ability of these tech-
niques to probe subtle aspects of nonequilibrium carrier
and phonon dynamics in Ge at moderate injected-carrier
densities. In particular, nonequilibrium optical-phonon
generation and hot-carrier diffusion processes can be
quantitatively and self-consistently understood. We have
also shown that the requirements of conservation of ener-

gy and momentum during carrier-phonon deformation
potential interactions are sufhcient to generate significant
populations of Brillouin-zone-center optical phonons.
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