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Self-energies and population kinetics of optical phonons in strongly photo-excited intrinsic andp-type doped
germanium have been studied using picosecond Raman scattering measurements at 295 K for induced carrier
densities up to 231020 cm23. Time-integrated and time-resolved measurements indicate that the nonequilib-
rium phonon occupation number increases sublinearly and its temporal peak shifts as the photoexcited carrier
density is increased above 1019 cm23. A theoretical model of coupled carrier and phonon dynamics indicates
that this can be attributed to nonequilibrium phonon reabsorption by holes undergoing intra-heavy-hole
valence-band transitions. The time-integrated measurements also reveal broadening and shifting of the Raman
lines: for a photoexcited carrier density of 231020 cm23, the line broadening indicates that the phonon
lifetime is reduced from its quiescent value of 4 ps to; 0.5 ps and the phonon frequency is reduced by
;8 cm21. We present a microscopic model to describe the phonon self-energy effects that are caused by
carrier-phonon interactions. The model indicates that the phonon broadening is consistent with primarily
intra-heavy-hole valence-band transitions, while the phonon frequency renormalization is consistent with pri-
marily inter-heavy-hole↔ light-hole valence-band transitions.@S0163-1829~96!00631-5#

I. INTRODUCTION

Incoherent Raman spectroscopy with either continuous
wave ~cw! or picosecond pulsed light sources is a useful
probe of near-zone-center, longitudinal optical~LO! and
transverse optical~TO! phonons in Group IV and III-V semi-
conductors. For example, the broadening and shifting of cw
Raman lines with increasing lattice temperature gives a
frequency-domain view of the influence of the anharmonic
interaction on the phonon lifetime and frequency.1–3 Shifted
and asymmetrically broadened cw Raman spectra in heavily
doped extrinsic semiconductors have revealed the contribu-
tion of carrier-phonon interactions to the phonon
self-energy.4–6 Time-resolved incoherent Raman spectros-
copy provides an alternative method for probing LO and TO
phonon dynamics and lifetimes in group-IV and -III-V
semiconductors.7–14 In the first such measurements, von der
Linde et al.7 used picosecond pulses to probe the temporal
evolution of nonequilibrium phonon populations and deter-
mined the lifetime of LO phonons in GaAs at 77 K to be
; 4 ps. Since then, time-resolved Raman measurements
have allowed direct determinations of the phonon lifetime
dependence on lattice temperature in Ge and GaAs,8,10,11al-
loy composition in group-IV and -III-V alloys,9,14 and isoto-
pic composition in Ge.13

It has been suggested that under intense excitation, hot
phonon reabsorption by a dense intrinsic plasma should re-
duce the cooling rate of photoexcited carriers15–17and inhibit
the buildup of nonequilibrium phonons. This carrier-phonon
phenomenon, commonly referred to as thehot phonon effect,
has been cited to explain reduced carrier cooling rates in Ge
~Ref. 15! and GaAs.16,18 The presence of phonon reabsorp-
tion and a concomitant reduction in phonon lifetime in GaAs
~Ref. 19! and III-V quantum wells20 have been confirmed by
time-integrated and time-resolved Raman measurements.
Earlier, we presented preliminary results on picosecond Ra-
man measurements of LO phonons in highly photoexcited

Ge that suggested an influence of phonon reabsorption on
phonon lifetime and an influence of many-body effects on
phonon broadening.21,22

In this work, we report the use of picosecond time-
resolved and time-integrated Raman spectroscopy tosimul-
taneouslyperform time-domain studies of LO phonon dy-
namics and frequency-domain studies of LO phonon self-
energy effects in the presence of a hot photoexcited plasma
with carrier densityN;1020 cm23 in intrinsic andp-type
doped Ge at 295 K. The carrier densities are substantially
higher than those of previous picosecond Raman studies of
Ge,10–13 all of which gave results consistent with scaling of
the phonon population with excitation intensity, and a
carrier-density-independent phonon decay rate. We report
sublinear increases in the phonon occupation number and
Raman linewidth and a sublinear decrease in the phonon
frequency as the density of the optically injected plasma is
increased. A theoretical model of coupled carrier and phonon
kinetics in the high excitation regime suggests that the sub-
linear increase in phonon occupation number can be prima-
rily attributed to an increase in nonequilibrium phonon ab-
sorption by carriers with increasingN.22 We also present a
theoretical model of phonon self-energy effects~phonon line
broadening and frequency renormalization! in the presence
of hot carriers, which indicates that the observed Raman line
broadening and frequency shift are associated with intra- and
inter-valence-band single-particle excitations.23

The rest of this paper is organized as follows. Section II
contains a description of the experimental apparatus used in
picosecond time-resolved and time-integrated Raman scatter-
ing measurements. Section III presents the phonon self-
energy and coupled carrier-phonon dynamics models used to
analyze the Raman spectroscopy data. In Sec. IV measure-
ments of broadening and shifting of the Raman lines with
increasingN are compared to simulations of the Raman line-
width and line shift based on the phonon self-energy model.
Measured Raman intensities are used to determine the tem-
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poral evolution of the phonon occupation number, and the
N dependence of the time-integrated phonon occupation
number; these measurements are compared to simulations
based on the coupled carrier-phonon dynamics model. Key
results and conclusions of this work are given in Sec. V.

II. EXPERIMENTAL DETAILS

Two types of Raman scattering experiments—time-
integrated and time-resolved—were performed at 295 K to
probe LO phonons in crystalline intrinsic andp type doped
~with acceptor densities ofNa5231019 and 531019

cm23
) Ge ~001!. Both experiments involved exciting and

probing samples with 3–4 ps@full width at half maximum
~FWHM!# light pulses; these are short enough and spectrally
narrow enough to offer both good temporal resolution and
reasonable spectral resolution. The experiments used a stan-
dard pump-probe configuration similar to that described
elsewhere,12 with the exception that the excitation dye laser
was cavity dumped to provide more energetic light pulses
~up to ; 30 nJ! than those used by previous workers.11–13

The laser was configured to producel 5 585 nm light pulses
at a repetition rate of 9.5 MHz. For both types of experi-
ments, the probe beam polarization was parallel to the~010!
direction. First-order Raman-scattered light from the probe
beam was collected in a backscattering geometry, analyzed
with a triple spectrometer, and monitored on a charge
coupled device array detector. The experimental configura-
tion probes LO phonons with quiescent energyEq0

537 meV

and wave numberq051.23106 cm21; symmetry dictates
that the behavior of TO phonons is essentially identical.

In the first type of experiment, time-integrated Stokes and
anti-Stokes Raman spectra were measured as a function of
light pulse fluence using a single train of pulses to study the
N dependence of the phonon occupation number, frequency,
and linewidth. The pulses were focused to an; 15-
mm-diam spot, with fluences up to; 4 mJ/cm2 per pulse
and carrier densities up to;231020cm3. @Quoted fluences
F are transverse spatial averages of the energy density per
light pulse. All quoted photoexcited carrier densitiesN refer
to the transverse spatial average and the temporal peak in the
density of free carriers at the surface of the sample.N is
calculated according to the light pulse fluence and duration
using an absorption coefficient of 33105 cm21 and Oth-
onos, van Driel, Young, and Kelly’s~ODYK’s! model.12

TheseN values have a systematic uncertainty of6 40%, due
to the experimental uncertainty in fluence. The random error
in N, associated with fluctuations in the pulse energy, is6
10%.# The second type of experiment used orthogonally po-
larized pump and probe pulses to time resolve the Stokes and
anti-Stokes scattering intensities. Spatial averaging effects
were reduced by focusing the pump beam to a spot; 30
mm in diameter, twice the diameter of the probe spot. Each
pump pulse hadF;2 mJ/cm2 in the probed area, 43 the
fluence of each probe pulse.

The Raman line broadening and frequency shift with in-
creasingN were quantified by measuring the anti-Stokes Ra-
man line FWHM and line center at half maximum~LCHM!
relative to empirically determined values of theN→0, room-
temperature anti-Stokes FWHM (2G0) and LCHM. Line
broadening is of interest, rather than the absolute linewidth

since the linewidth includes theN50 room-temperature
phonon linewidth, the probe band width, the spectrometer
response function, sample inhomogeneity, pure dephasing
events, and inhomogeneous line broadening. The LCHM
rather than the position of the line peak was used to quantify
the line shift because the high-N Raman lines are asymmet-
ric. ~The random errors in the measured linewidths and line
positions are6; 0.5 cm21. The systematic uncertainties in
the measured linewidth increases and line shifts, associated
with the uncertainties in theN→0 FWHM and LCHM, are
6 1 cm21.)

Measurements of the dependence of the time-integrated
phonon occupation number on photoexcited carrier density
n(N) and of the time-resolved phonon occupation number
n(t) are based on measured Stokes–anti-Stokes intensity ra-
tios. Because of the line broadening, integrated intensities of
the Stokes and anti-Stokes Raman lines (I S and I AS respec-
tively!, rather than the Raman line heights, were used to
measure Stokes–anti-Stokes intensity ratios. The use ofI S
andI AS to proben can be complicated by the potential for~i!
unequal collection and/or detection efficiencies of the Stokes
and anti-Stokes light and~ii ! changes in the Stokes and anti-
Stokes cross sections with carrier density.24,25These compli-
cations are addressed by the factorQ in

n5SQ IS
I AS

21D 21

. ~1!

For a fixed excitation wavelengthQ can be determined em-
pirically using

Q5
neq11

neq S I ASI S D
F→0

, ~2!

whereneq is the room-temperature equilibrium phonon occu-
pation number and (I AS/I S)F→0 is given by extrapolation of
low excitation anti-Stokes–Stokes ratios to negligible excita-
tion. The uncertainty inQ, associated with the uncertainty in
(I AS/I S)F→0 , is 6 15%. The corresponding systematic un-
certainty inn increases withn, from 6 25% forn' 0.5, to
6 50% for n' 2. We assume that the low-excitation value
of Q can be applied to high excitation measurements, which
is roughly equivalent to assuming that the ratiosAS/sS is
constant. The validity of this assumption must be carefully
considered because of the proximity of the excitation wave-
length to theE1 andE11D1 resonance in the Raman scat-
tering cross section of Ge and observations of a redshift and
reduction in strength of this resonance in the presence of
hole or electron densities exceeding 1019 cm23.24,25 These
observations suggest that, for an excitation frequency below
the Raman resonance peak, bothsS andsAS may decrease
with increasingN in intrinsic Ge. However, the reduction in
the ratiosAS/sS , inferred from the data forp-type doped
Ge,25 is small (, 5% for Na5431019 cm23). Thus it is
reasonable to assume thatQ is constant for the range of
photoexcited carrier densities produced in the experiments.
Note that steady-state and transient lattice temperature in-
creases are small enough that lattice heating-induced changes
in the Raman resonance profile2 can be neglected. With the
assumptions that bothQ andsAS/sS are constant, the mea-
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sured Stokes and anti-Stokes intensities can also be used to
measure relative changes in the Raman scattering cross sec-
tion

sAS}sS}I S2
I AS
Q

. ~3!

Interpretation of the phonon occupation number, Raman
line broadening, and shifting data requires some care since
the samples are excited and probed with spatially and tem-
porally Gaussian, finite bandwidth pulses. The simulations
presented in Sec. IV include convolution effects associated
with the excitation and/or probing conditions; neglect of
these effects causes the line broadening to be underestimated
~by ; 10%! and both the line shift and phonon occupation
number to be overestimated~by 30% and 20%, respectively!,
for N5231020 cm23.

III. THEORETICAL MODELS

In group-IV semiconductors, carriers and phonons inter-
act through the deformation potential. This interaction causes
the contribution of photoexcited carriers to the phonon self-
energy through single-particle excitations~SPE’s! and the
generation or absorption of nonequilibrium phonons through
carrier cooling or reexcitation. According to ODYK’s low-
excitation model,12 hole cooling and, to a lesser extent, elec-
tron cooling produce a nearly monoenergetic distribution of
LO and/or TO phonons, with aneffectivetemperature that
exceeds the lattice temperature. On a picosecond time scale,
the carriers cool to the effective temperature of the nonequi-
librium optical phonons; subsequently their rate of cooling is
determined by the rate of energy transfer from the LO and/or
TO phonons to the lattice. Once the carrier, LO and/or TO
phonon, and lattice systems attain thermal equilibrium, the
excited volume returns to equilibrium with the rest of the
sample on a slower (; nsec! time scale through carrier and
heat diffusion. With the exception of negligible residual lat-
tice heating, the combined carrier and lattice system com-
pletely recovers by the time the next light pulse arrives.

The high excitation regime differs from that described
above in the following ways.~i! With a high density of hot
photoexcited holes, SPE’s may broaden the phonon and
renormalize the phonon energy. These effects would be simi-
lar to Raman line broadening and shifting observed in
heavilyp-type doped Ge~Ref. 5! with cold hole densities of
the order of 1020 cm23. ~ii ! The hot phonon effect15,17may
be important.~iii ! The residual lattice heating produced by
each light pulse will be sufficient to raise the steady-state
lattice temperature and reduce the phonon lifetime and en-
ergy through anharmonic interactions.1–3

A. Phonon self-energy in germanium

TheT 5 0 contribution of intra-heavy-hole SPE’s to the
phonon self-energy in Ge has been calculated by Olego and
Cardona.5 Here we extend Olego and Cardona’s model to
calculate the contribution of hot carrier-phonon interactions
to the phonon self-energy. Our model also includes both
intra-heavy-hole and inter-heavy-hole↔ light-hole SPE’s;
this is essential to predict accurately the real part of the pho-
non self-energy~i.e., the phonon frequency shift!.

The SPE contribution to the phonon self-energy,
S52DE1 iDG, is calculated by considering single-
phonon–single-carrier processes in which a phonon is cre-
ated or annihilated simultaneously with the annihilation or
creation of a free carrier.5,26 HereDE is the phonon energy
shift and 2DG is the phonon linewidth change~in energy
units!. CalculatingS is equivalent to calculating the~intra-
band and interband! dielectric susceptibility and can there-
fore take advantage of the relation between the real and
imaginary parts of the phonon self-energy through the
Kramers-Kronig relation. We begin with Fermi’s golden rule

DG~Eq ,q!5
Dc
2\

4r̃cEq
r~Eq ,q!, ~4!

where r is the density of SPE’s involving a phonon with
energyEq and wave vectorq, Dc (c5H for holes,c5E for
electrons! is the deformation potential constant,r̃ is the mass
density, andc is the speed of light. The real part of the SPE
self-energy contribution is then given by the Hilbert~or
Kramers-Kronig! transform of the imaginary part

DE~Eq ,q!5
Dc
2\

4pr̃cEq
PE

0

`

r~E,q!H 1

Eq2E
2

1

Eq1E J dE.
~5!

In general, SPE’s involving both electrons and holes can
contribute to the phonon self-energy. However, for optical
phonons in Ge, SPE’s within the conduction bands can be
neglected since~i! the electron intravalley deformation po-
tential is less than half of the hole deformation potential and
~ii ! most of the electrons will be in theL valley, which has a
smaller effective mass than the heavy-hole band.27 Broaden-
ing and shifting of cw Raman spectra inp- andn-type doped
Ge provide empirical evidence in support of the compara-
tively minor impact of intra-L-valley SPE’s on the LO pho-
non self-energy.4,5,28 Although SPE’s explain the spectra of
p-type doped Ge,5 then-type doped Ge spectral features are
attributed to phonon confinement effects rather than intra-
L-valley SPE’s.4,27

The SPE’s that contribute substantially to the LO phonon
self-energy are intra-heavy-hole–valence-band transitions
and inter-heavy-hole↔ light-hole transitions. These contribu-
tions are derived separately in the Appendixes; the total den-
sity of states and energy shift are sums of the separate con-
tributions.~Intraband transitions within the light and split-off
valence bands can be neglected since the effective masses,
and therefore the densities of states, of these bands are much
smaller than that of the heavy-hole valence band.28 Interband
transitions involving the split-off valence band can also be
neglected since the required transition energies are much
larger than the LO phonon energies.! The SPE calculations
use Fermi-Dirac statistics, a parabolic heavy-hole band, and
a nonparabolic light-hole band.

To determine the broadening of the LO phonons probed
by the experiments, the expressions forr intra andr inter given
in the Appendixes are added and evaluated usingE5Eq0

and

q5q0 . The LO phonon line broadening shown in Fig. 1 for
various hole temperatures (TH) illustrates that, in general,
the LO phonon linewidth increases with increasingN. For
the hole temperature produced in the experiments
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@TH53000 K ~Ref. 22!#, the linewidth increases sublinearly
with N and more than 99% of the line broadening can be
attributed to intra-heavy-hole transitions. The structure in the
77 K and 300 K line broadening at low carrier densities
(N,531019 cm23) is caused by inter-heavy-hole
↔ light-hole transitions; for higherN andTH , the contribu-
tion of inter-heavy-hole↔ light-hole transitions to the line
broadening is negligible.

Figure 2 shows the total phonon energy shift as a function
of N for E5Eq0

, q5q0 phonons. With increasingN, the

general trend is a reduction in phonon energy for allTH due
to the contribution of inter-heavy-hole↔ light-hole SPE’s.
For TH53000 K, the contribution of inter-heavy-hole
↔ light-hole SPE’s dominates the contribution of intra-
heavy-hole SPEs, thereby giving a sublinear increase in the
magnitude of the LO phonon energy shift with increasing
N.

For cooled holes, the LO phonon linewidth increase and
energy shift depend on phonon wave vector, through the de-
pendence ofr intra on q; these predictions are qualitatively
consistent with Olego and Cardona’s observations of a de-

pendence of Raman line broadening and shifting on excita-
tion wavelength in extrinsic Ge, at temperatures of 77 K and
300 K.5 However, for hot holes, the line broadening and
shifting dependence on phonon wave vector is negligible.

B. Model for coupled carrier and phonon dynamics

To determine the temporal evolution of the LO phonon
occupation number (nq) produced by an intense picosecond
light pulse, ODYK’s low excitation (N, 1018 cm23) model
for coupled carrier-phonon dynamics12 is modified. Our ex-
tended model addresses the high-excitation regime and in-
cludes the increased likelihood of nonequilibrium LO pho-
non reabsorption by free carriers asN increases, as well as
the increased anharmonic decay rate of LO phonons as the
lattice temperature increases. Both processes limit the attain-
able LO phonon occupation number in the high-excitation
regime. Since this low-excitation regime model has been de-
scribed in detail elsewhere,12 this section gives only a brief
description of the modifications made to describe high exci-
tations; these modifications all involve its description of LO
phonon dynamics.

For both high and low excitations,nq is given by the rate
equation

]nq
]t

5F]nq]t G
gen

tot

2G~nq2nq
eq!. ~6!

The second term describes anharmonic decay of the nonequi-
librium LO phonons; bothnq

eq, the equilibrium phonon oc-
cupation number, andG, the LO phonon anharmonic decay
rate, are calculated as functions of the steady-state lattice
temperature (TL). The first term is the net generation rate of
phonons, which includes nonequilibrium phonon emission
and absorption through carrier transitions. The ‘‘tot’’ indi-
cates that this is the sum of the net generation terms associ-
ated with intra-L-valley electron and intra-heavy-hole
valence-band hole transitions, each of which has the form

F]nq]t G
gen

5
\Dc

2

4p2r̃Eq
E d3k fkW@~nq11!~12 f kW2qW !

3d„E~kW !2E~kW2qW !2Eq…2nq~12 f kW1qW !

3d„E~kW1qW !2E~kW !2Eq…#. ~7!

The first and second terms of the integrand describe nonequi-
librium LO phonon emission and absorption respectively.
E(kW ) are carrier energies and thef kW functions describe the
carrier distributions. Just as hole transitions within the
heavy-hole valence band dominate over electron transitions
in theL-valley as contributors to the LO phonon self-energy,
; 95% of nonequilibrium LO phonons in photoexcited Ge
are generated through hole cooling.29 Inter-heavy-hole
↔ light-hole transitions are not considered in either the low-
or high-excitation models; this omission is justified by the
phonon self-energy calculations in Sec. III A, which show
that the density of states for these processes is negligible for
the LO phonon wave vector probed by the experiments.

To simplify Eq. ~6! we assume~i! empty final states for
carriers undergoing both excitation and deexcitation

FIG. 1. Dependence of the LO phonon line broadening on hole
density for hole temperatures of 77 K~solid line!, 300 K ~dashed
line!, and 3000 K~dot-dashed line!.

FIG. 2. Dependence of the total LO phonon energy shift on hole
density for hole temperatures of 0 K~solid line!, 300 K ~dashed
line!, and 3000 K~dot-dashed line!.
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(@12 f kW6qW #'1) and ~ii ! Maxwell-Boltzmann statistics for
the carrier distributions. This gives

]nq
]t

5AN~nq11!2BNnq2G~nq2nq
eq!. ~8!

The factorsA andB are analytical functions ofTH , Eq , q,
mh , r̃, andDc .

22 ODYK’s low excitation model applied the
further approximation thatnq'nq

eq in the phonon emission
@}N(nq11)# and phonon absorption (}Nnq) terms in Eq.
~8!.29 This approximation is unapplicable in the high-
excitation regime since substantial nonequilibrium LO pho-
non populations are generated. Furthermore, it is equivalent
to the untenable assumption that the LO phonon lifetime is
unaffected by SPE’s; to see this, note that bothN(nq11)
andNnq increase asN andnq increase, but in combination
they predict a sublinear increase in thenet generation rateof
nonequilibrium LO phonons. This is qualitatively consistent
with the SPE-induced phonon lifetime reduction predicted
above by the phonon self-energy model and with previous
discussions of the competing roles of phonon emission and
reabsorption in the cooling of photoexcited carriers~i.e., the
hot phonon effect!.15,17

Theeffective LO phonon decay rateG8 in the presence of
N photoexcited carriers can be determined by writing
nq5nq

eq1dnq and by rewriting Eq.~8! as

]dnq
]t

5AN~nq
eq11!2BNnq

eq2G8dnq , ~9!

where

G85G1~B2A!N. ~10!

The first and second terms of Eq.~9! describe nonequilib-
rium LO phonon emission and absorption, driven by the tem-
perature difference between the photo-excited holes and the
lattice; these terms cancel each other in the limitTc→TL .
The above definition ofG8 is chosen because the (B2A)N
term contains the same physics as the contribution of intra-
heavy-hole transitions to the imaginary part of the LO pho-
non self-energy@see Eqs.~4! and ~A1!#.

IV. RESULTS AND DISCUSSION

A. Phonon self-energy

Figure 3 shows typical time-averaged anti-Stokes spectra
produced by low- and high-fluence light pulses which illus-
trate that with increasingN ~i! the Raman lines are asym-
metrically broadened along their low-frequency sides and
shifted to lower frequencies and~ii ! the integrated intensity
of the Raman line increases along withn. These features are
qualitatively consistent with those of simulations based on
the theories presented in Sec. III.

Figure 4~a! illustrates a weakly sublinear increase in anti-
Stokes FWHM with increasingN for intrinsic Ge. For fits to
this and other data sets of the formNg, g is typically 0.74
6 0.12. Similar results are obtained for thep-type doped
samples. Figure 4~a! also shows a simulation for which the
linewidth increase is roughly proportional toNg, where
g50.83. The simulations include phonon line broadening
due to~i! SPE’s involvingN photoexcited holes withTH 5

3000 K, ~ii ! SPE’s involvingNa holes in the doped samples
with TH 5300 K, and~iii ! the small increase in steady-state
lattice temperature with increasing fluence. Note that the
simulations are relatively insensitive to whether or not the
doping-induced holes are considered to be cold or hot. The
anharmonic contribution is minor (, 10%! and approxi-
mately linear30 for the range of lattice temperatures produced
in the experiments@300–350 K~Ref. 31!#. In principle, there
may be additional linewidth contributions due to dephasing
events or inhomogeneous line-broadening processes, but
these are not included in the simulations. Nevertheless, the
data and simulations agree, both qualitatively and quantita-
tively, within experimental error.

Because the observed Raman line broadening can be pri-
marily attributed to a reduction in phonon lifetime, the anti-
Stokes linewidth increase can be used as a measure of the

FIG. 3. Measured anti-Stokes spectra with background sub-
tracted. TheN5231019 cm23 spectrum~squares! has been multi-
plied by 10 to facilitate comparison to theN51.531020 cm23

spectrum~triangles!. The Raman line shift is measured relative to
the laser line. The dotted lines are guides to the eye.

FIG. 4. Dependence of the time-integrated anti-Stokes Raman
~a! linewidth increase and~b! line shift on photoexcited carrier den-
sity. The data sets~triangles! are simulated by the solid lines using
2G0512 cm21.
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lower limit of the phonon lifetime. Figure 5 shows the de-
pendence of the spatially and temporally averaged phonon
lifetime onN in intrinsic Ge, as given by two data sets. Note
that spatial-temporal convolution effects cause the data-
derived phonon lifetime to be underestimated by; 10%.
Figure 5 also shows the results of a calculation of the phonon
lifetime dependence onN, which includes the influences of
both SPE’s and steady-state lattice heating. The agreement
between the data and simulation is well within experimental
error. Both the data and calculation show a reduction in pho-
non lifetime from 4 ps~Ref. 12! to ; 0.5 ps, for an increase
in N to 231020 cm23. According to the phonon self-energy
theory of Sec. III, nearly all of this lifetime reduction can be
attributed to intra-heavy-holevalence-band SPE’s rather
than inter-heavy-hole↔ light-hole SPEs or steady-state lat-
tice heating.

Figure 4~b! shows the measured and simulated~with
TH53000 K! dependence of the anti-Stokes Raman line shift
on N for intrinsic Ge. Similar results are obtained for the
p-type doped Ge samples. The line shifts are negative and
their magnitudes increase sublinearly withN. Numerical fits,
of the form2Ng, to the data and to the simulations give
g50.6860.19 andg50.76, respectively. Taking convolu-
tion effects into account, for an increase inN to 231020

cm23, the phonon frequency is reduced by;8 cm21. For
both intrinsic andp-type doped Ge, the degree of agreement
between each data set and its simulation is well within ex-
perimental error. According to the simulations, the majority
of the Raman line shift can be attributed to the phonon fre-
quency shift caused by SPE’s; lattice heating accounts for
, 15% of the observed line shift. Furthermore, the contribu-
tion of inter-heavy-hole↔ light-hole SPE’s to the line shift
dominates over that of intra-heavy-hole SPE’s.

Both the observed and simulated Raman lines become
asymmetically broadened along their low-frequency sides as
N increases. The exclusive source of the asymmetry in the
simulatedRaman lines is spatial-temporal convolution. The
degree of agreement between the measured and simulated
Raman lineshapes suggests that convolution effects may be

responsible for the majority of the asymmetry of the mea-
sured high-N Raman lines. This does not preclude the pos-
sible role of a Fano interaction between the phonons and a
continuum of electronic excitations.5 However, in the ab-
sence of a detailed model of the Fano-interference effect in
photoexcited Ge, this effect is not examined further.

B. Time-integrated and time-resolved phonon dynamics

Figure 6 showsn(N), based on measured time-integrated
Stokes and anti-Stokes intensities, and on Eq.~1! with
Q51. The key feature of then(N) data is the sublinear
increase inn with increasingN. The Raman intensities were
also used to calculate time-integrated Raman scattering cross
sections using Eq.~3!. With N. 1020 cm23, the cross sec-
tion is reduced by as much as 30% relative to the low-
excitation cross section. Since the laser frequency is below
the frequency of the Raman resonance peak, this reduction is
qualitatively consistent with measured cw Raman resonance
profiles of extrinsic Ge.24,25

Figure 7 shows the time-resolved Stokes and anti-Stokes
intensities forN5831019 cm23. The inset shows the time-
resolved anti-Stokes intensity produced by 203 weaker, 4-ps
pump and probe pulses with a 76-MHz repetition rate.12 Un-
der both high and low excitations, there is a rapid increase in
scattered light intensity associated with phonon generation
by cooling photoexcited carriers. The striking difference be-
tween the high- and low-excitation data is the rapid drop in
the high-excitation Raman intensity att.0 to below that of
the background intensity.~The background Raman intensity,
given by averaging the measured signals att<210 ps, is
indicated by the solid horizontal line.! Equation~3! was used
to calculate the temporal evolution of the cross section, mea-
sured relative to the average cross section att<210 ps. A
cross section reduction of; 15% at t.0 is found, which
accounts for part of the drop in signal.

Figure 8 showsn(t), derived from the Raman intensities
shown in Fig. 7 using Eq.~1! with Q51. There are three
features of then(t) data to note. First, the temporal peak
occurs sooner than at low excitations. Second,n is less than
half of that predicted by a linear extrapolation of predicted

FIG. 5. Measured~squares and triangles! and simulated~solid
line, self-energy model; dashed line, coupled carrier-phonon dy-
namics model! dependence of the temporal and spatial average of
the phonon lifetime on photoexcited carrier density. The filled tri-
angles correspond to the intrinsic Ge data set in Fig. 4~a!

FIG. 6. Dependence of the measured~squares! and simulated
~solid line! time-integrated phonon occupation number on photoex-
cited carrier density.
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phonon occupation numbers under low excitations. This fea-
ture is consistent with the sublinearity ofn(N) shown in Fig.
6. Third, att.0, n(t) is greater than the background occu-
pation number; this indicates that the reductions in scattered
light intensity, att. 0 in Fig. 7, cannot be attributed to a
reduction in the probe generated phonon population due to
the presence of pump generated carriers.

There are a number of processes that could play a role in
limiting the phonon population produced by a train of high-

fluence light pulses and contribute to the sublinearity in
n(N), as evidenced by both the time-integrated and time-
resolved data. As discussed previously, both SPE’s and lat-
tice heating can reduce the phonon lifetime and the phonon
population. Another possibility is that, under conditions of
carrier degeneracy, holes would emit fewer phonons.~Be-
cause most of the phonons are generated by hole cooling,12

conduction-band filling need not be considered.! Bleaching
of the electronic transitions could also lead to the sublinear-
ity of n(N); however, bleaching effects can be neglected
under our excitation conditions.

We suggest that the sublinearity inn(N) and shift towards
t50 of the temporal peak inn(t) can be attributed primarily
to a SPE-induced reduction in phonon lifetime. Figures 6 and
8 include simulations ofn(N) andn(t) based on the carrier-
phonon dynamics model, which include the minor but non-
negligible influence of steady-state lattice heating on the
phonon lifetime.~Neglect of lattice heating causesn to be
overestimated by; 10% for N5231020 cm23.) The
n(N) simulation predicts a sublinear increase inn with in-
creasingN, in qualitative agreement with the data. However,
the simulation overestimatesn(N), especially forN. 1020

cm23. The simulations ofn(t) are also qualitatively similar
to the data and predict a shift in the temporal peak ofn(t)
towardst50 asN is increased. However, the temporal peak
in the measuredn(t) occurs earlier than the peak of the
simulation ofn(t) by ; 1 ps, and as forn(N), the simula-
tion overestimates the phonon occupation number. These
discrepancies may be related to the following assumptions.

~i! The first assumption is thatQ is constant over the full
range of carrier densities produced in the experiments. Con-

FIG. 7. Temporal evolution of measured Stokes~filled squares! and anti-Stokes~filled triangles! Raman intensities withN5831019

cm23. The inset@from ODYK ~Ref. 12!# shows the measured anti-Stokes Raman intensity~empty squares! produced by excitation with
203 weaker light pulses. The solid line in the inset represents the temporal evolution of the phonon occupation number given by ODYK’s
low excitation phonon dynamics model~Ref. 12!.

FIG. 8. Temporal evolution of the measured~squares! and simu-
lated ~solid line! phonon occupation number corresponding to the
data in Fig. 7. The dashed line represents the background phonon
occupation number for both the data and the simulation. The scales
for the data and the simulation are the same, but offset by the
difference between the measured and simulated backgrounds.
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tinuous wave measurements of Raman scattering cross sec-
tions inp-type doped Ge suggest thatsAS/sS is reduced by
; 5% for Na5431019 cm23.25 If a high density of hot
carriers also reducesQ, then then(N) ~at largeN) and
n(t) data ~especially neart52 ps whenN is maximized!
will be underestimated. For example, a decrease inQ of only
10%, for an increase inN to 1.631020 cm23, would be
sufficient to bring then(N) data and simulations into agree-
ment.

~ii ! There are the simplifying assumptions in the phonon
dynamics model. Figure 5 includes a comparison of theN
dependence of the effective phonon lifetime predicted by the
carrer-phonon dynamics model to that predicted by the pho-
non self-energy model. This figure illustrates that the carrier-
phonon dynamics model overestimates the high-N phonon
lifetime by as much as 23 for N5231020 cm23. The dis-
crepancy can be traced to the assumption of empty final hole
states@in Eq. ~7!#, which leads to an overestimate of both
A andB in Eq. ~8!. Since the error inA is larger, this leads
to an underestimate ofG8 in Eq. ~10!, which is compounded
by the adoption of Maxwell-Boltzmann statistics. The over-
estimate of the phonon lifetime causes the simulations to
overestimaten(N) and n(t) and predict thatn(t) peaks at
larger time delays.

In combination, these limitations to the data analysis and
the phonon dynamics model should be sufficient to account
for the discrepancies between the measurements and simula-
tions of the phonon occupation number. Despite these limi-
tations, reasonable agreement exists between the data and
simulations, well within~i! the systematic error in measuring
n ~due to the uncertainty inQ) ~ii ! the error in calculating
n associated with the uncertainties in the pump and probe
fluences; and~iii ! the experimental error int50 of 6 1 ps.
The extent of the agreement is gratifying considering that no
fitting parameters were used in the simulations.

V. CONCLUSIONS

Nonequilibrium phonon populations and the phonon self-
energy in strongly photo-excited intrinsic andp-type doped
germanium have been studied using time-resolved Raman-
scattering intensity measurements on a picosecond time scale
and time-integrated, simultaneous measurements of Raman
linewidths, line shifts, and intensities. The time-integrated
measurements show asymmetric broadening and shifting of
the Raman lines, a sublinear increase in the phonon occupa-
tion number, and a reduction in the Raman-scattering cross
section with increasingN. The time-resolved experiments
reveal a shift in the temporal peak of the phonon occupation
number with increasingN and a transient reduction in the
Raman-scattering cross section. Phonon self-energy calcula-
tions indicate that the phonon lifetime reduction is consistent
with primarily intra-heavy-hole SPE’s, while the reduction in
phonon frequency, which manifests itself in shifting of the
Raman lines, is consistent with primarily inter-heavy-hole
↔ light-hole SPE’s. The role of holes in affecting phonon
lifetimes in Ge is similar to that which has been identified in
GaAs.20 Calculations using coupled phonon and carrier ki-
netics show that most of the sublinearity ofn(N) and shift in
the temporal peak of the phonon occupation number can be
accounted for by considering the increased probability of

nonequilibrium phonon reabsorption through intraband
SPE’s due to the presence of high carrier densities.

Together our frequency-domain studies of the phonon
self-energy and time-domain studies of nonequilibrium pho-
non populations in photoexcited Ge self-consistently reveal
the importance of hole SPE’s in renormalizing the phonon
frequency and reducing the phonon lifetime. For
N5231020 cm23, the measured phonon lifetime is reduced
to ; 0.5 ps from the low-excitation lifetime of 4 ps and the
phonon frequency is reduced by; 8 cm21.
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APPENDIX A: INTRABAND DENSITY OF STATES

For a general hole transition energyE, the density of
intra-heavy-hole SPEs is given by

r intra~E,q!5
1

4p3E d3k fh,kW

3@~12 f h,kW1qW !d„Eh~kW1qW !2Eh~kW !2E…

2~12 f h,kW2qW !d„Eh~kW !2Eh~kW2qW !2E…#.

~A1!

The first and secondd-function terms describe hole excita-
tion and relaxation processes, respectively. The dependence
of r intra on N and TH is contained inf h and (12 f h), the
occupation probabilities of the initial and final heavy-hole
states.Eh(k)5\2k2/2mh is the energy of a heavy hole with
effective massmh .

The integral is completed analytically using a method
similar to that of Young and Kelly32 and Fermi-Dirac statis-
tics to obtain

r intra~E,q!5
mh
2

2p2\4q FE1kBTHlnS exp~x1!1exp~h!

exp~x2!1exp~h! D G ,
~A2!

where

x65
\2S6

2

2mhq
2

1

kBTH
, S65

mhE

\2 7
q2

2
, ~A3!

andh5EF /kBTH , the reduced Fermi energy, is determined
according toN andTH using Nilsson’s approximation.33

For a system atT50, r intra(E,q) includes all transitions
from filled electronic states below the Fermi energy to empty
states above the Fermi energy and Eq.~A2! reduces to

54 4933PICOSECOND PHONON DYNAMICS AND SELF-ENERGY . . .



r intra~E,q!55
mh
2

2p2\4q
E for E<E2

mh
2

2p2\4q FEF2
\2

2mh

S1
2

q2 G for E2<E<E1

0 for E>E1 ,
~A4!

whereE65 \2/2mh (2kFq6q2) and kF is the Fermi wave
vector.

APPENDIX B: INTERBAND DENSITY OF STATES

The density of hole transitions between the heavy- and
light-hole valence bands, with transition energyE, is

r inter~E,q!5
1

4p3E d3k fh,kW

3@~12 f l ,kW1qW !d„El~kW1qW !2Eh~kW !2E…

2~12 f l ,kW2qW !d„Eh~kW !2El~kW2qW !2E…#

1 f l ,kW@~12 f h,kW1qW !d„Eh~kW1qW !2El~kW !2E…

2~12 f h,kW2qW !d„El~kW !2Eh~kW2qW !2E…#. ~B1!

The first twod-function terms describe hole excitation and
relaxation processes for which the initial state is in the
heavy-hole band. The second twod-function terms describe
hole excitation and relaxation processes for which the initial
state is in the light-hole band. The dependence ofr inter on
N andTH is contained in the functionsf h , f l , the occupation
probabilities for the heavy- and light-hole bands.El is the
energy of a hole in the nonparabolic light-hole band with
near zone-center effective massml ,

El~kW !5F«11 \2k2

2mh
GF12expS 2\2k2

2ml

1

«2
D G , ~B2!

where«1 5 169.8 meV and«2 5 175.4 meV. It is essential
to address the nonparabolicity of the light-hole band since
the parabolic band approximation leads to the unphysical
situation of a finite density of states for infinite interband
transition energies. Equation~B2! is a numerical fit to
Kane’s34 light-hole band, which describes the asymptotic in-
crease of the light-hole effective mass towards that of the
heavy-hole band with increasingk. This description is pref-
erable to, for example, the analytical form of Conwell and
Vassel,35 which allows the heavy-hole and light-hole bands
to cross at largek.

The integral in Eq.~B1! is greatly simplified by assuming
that qW 50W or that only direct transitions are allowed. Then
only the first and fourthd-function terms in Eq.~B1! need to
be kept to obtain, with simplification,

r inter~E!5
1

4p3E d3k@ f h,k2 f l ,k#d~R!, ~B3!

whereR[El(k)2Eh(k)2E. The d function can be rewrit-
ten usingd(R)5d(k2 k̃)/u]R/]ku, wherek̃ is the solution to
R50. Due to the nonparabolicity of the light-hole band,k̃ is

determined numerically. With the definitionẼ[\2k̃2/2mh ,
an analytical expression for a fit to the numerical solution is
given by

Ẽ~E!52e«3ln
«12E

«1
for 0<E<«1 , ~B4!

where «3[«2ml /mh and e522/ln«1 ~with «1 in units of
eV! are positive constants dictated by the curvatures of the
heavy- and light-hole bands.

The final form of the density of inter-heavy-hole
↔ light-hole transitions is

r inter~E!5
mh
3/2~2Ẽ!1/2

p2\3

expẼ/«3

«41Ẽ/«3
@ f h~Ẽ!2 f l~Ẽ1E!#

for 0<E<«1 , ~B5!

where«4[(«1 /«2)(mh /ml)21. Note that asE approaches
the maximum allowed transition energy«1 , both Ẽ and
r inter/@ f h(Ẽ)2 f l(Ẽ1E)# diverge. If @ f h(Ẽ)2 f l(Ẽ1E)# is
nonzero, this can causer inter to diverge. In general,r inter is
dominated by this divergence. Sincef h(Ẽ) and f l(Ẽ1E)
become small asẼ→`, the lowerTH , the weaker the diver-
gence in r inter. The behavior ofr inter for E5Eq0

, and

N,131019 cm23 is of note because this is the only range of
hole densities for whichr inter is significant compared to
r intra; herer inter decreases with increasingTH . For higher
N and all TH , r inter at E5Eq0

is much smaller thanr intra
(; 1–10%!. For a system atT50, only hole excitation tran-
sitions from the heavy-hole to the light-hole band are pos-
sible:

r inter~E!5H mh
3/2~2Ẽ!1/2

p2\3

exp~Ẽ/«3!

«41Ẽ/«3
for Ẽ<EF<Ẽ1E

0 for EF,Ẽ;Ẽ1E,EF .
~B6!

APPENDIX C: PHONON ENERGY SHIFT

The contributions of intra- and inter-valence-band transi-
tions to the LO phonon energy shift are calculated separately
using the forms ofr intra andr inter given above, evaluated at
E5Eq . For TH.0, the Hilbert transform@see Eq.~5!# of
r intra is calculated numerically; however, forTH50, an ana-
lytical expression can be obtained to give

DEq, intra~Eq ,q!

5
DH
2 \

4pr̃cEq

mh
2

2p2\4q H SEF2
\2

2mh

S1
2

q2 D
3 lnFE11Eq2\2q2/mh

uE12Equ
G1SEF2

\2

2mh

S2
2

q2 D
3 lnF uE12Eq2\2q2/mhu

E11Eq
G1

\2q2

2mh
2E1J ,

~C1!

whereE1 andS6 are as given above. The intraband energy
shift is negative for mostN and TH ; at low temperatures
with N,2.531020 cm23, the shift is positive.
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The Hilbert transform of r inter is calculated
numerically. For allN and TH the interband LO phonon
energy shift is negative, increases sublinearly in magnitude
asN increases, and decreases in magnitude asTH increases.
There is some structure in theTH50 energy shift, near

N5131019 cm23, associated with a pole in the
Hilbert transform integrand that occurs whenr inter(Eq)Þ0.
As TH increases,r inter(Eq) decreases and the structure
in the energy shift associated with this pole is smoothed
out.
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16W. Pötz and P. Kocevar, Phys. Rev. B28, 7040~1983!.
17A. Compaan, M.C. Lee, and G.J. Trott, Phys. Rev. B32, 6731

~1985!.
18Hot Carriers in Semiconductor Nanostructures; Physics and Ap-

plications, edited by J. Shah~Academic Boston, 1992!.
19J.A. Kash and J.C. Tsang, inLight Scattering in Solids VI, edited

by M. Cardona and G. Gu¨ntherodt ~Springer-Verlag, Berlin,
1991!, p. 423.

20P. Brockmann, J.F. Young, P. Hawrylak, and H.M. van Driel,
Phys. Rev. B48, 11 423~1993!.

21M.L. Ledgerwood and H.M. van Driel, Bull. Am. Phys. Soc.38,
808 ~1993!.

22M.L. Ledgerwood, J.F. Young, and H.M. van Driel, Solid State
Commun.89, 789 ~1994!.

23M.L. Ledgerwood, Ph.D. thesis, University of Toronto, 1995~un-
published!.

24A.K. Sood, G. Contreras, and M. Cardona, Phys. Rev. B31, 3760
~1985!.

25M.I. Alonso and M. Cardona, Phys. Rev. B37, 10 107~1988!.
26G. Abstreiter, M. Cardona, and A. Pinczuk, inLight Scattering in

Solids IV, edited by M. Cardona and G. Gu¨ntherodt~Springer-
Verlag, Berlin, 1984!, p. 5.

27R.N. Dexter, H.J. Zeiger, and B. Lax, Phys. Rev. B104, 637
~1956!; M. Neuberger,Handbook of Electronic Materials,
Group IV Semiconducting Materials~IFI/Plenum, New York,
1971!, Vol. 5; G. Gagliani and L. Reggiani, Nuovo Cimento30,
207 ~1975!; in Numerical Data and Functional Relationships in
Science and Technology, edited by O. Madelung, Landolt-
Börnstein, New Series, Group III, Vol. 17, Pt. a~Springer-
Verlag, Berlin, 1982!; L. Reggiani, in Proceedings of the 15th
International Conference on the Physics of Semiconductors,
Kyoto @J. Phys. Soc. Jpn. Suppl. A49, 317~1980!#. R. Brunetti,
C. Jacoboni, F. Nava, L. Reggiani, G. Bosman, and R.J. Zijlstra,
J. Appl. Phys.52, 6713~1981!.

28G. Gonza´lez de la Cruz, G. Contreras-Puente, F.L. Castillo-
Alvarado, C. Mejfa-Garcı´a, and A. Compaan, Solid State Com-
mun.82, 927 ~1992!.

29A. Othonos, Ph.D. thesis, University of Toronto, 1990~unpub-
lished!.

30R.K. Ray, R.L. Aggarwal, and B. Lax, inProceedings of the
Second International Conference on Light Scattering in Solids,
edited by M. Balkanski~Flammarion Science, Paris, 1971!, p.
288.

31M. Lax, Appl. Phys. Lett.33 787 ~1978!.
32J.F. Young and P.J. Kelly, Phys. Rev. B47, 6316~1993!.
33N.G. Nilsson, Appl. Phys. Lett.33, 653 ~1978!.
34E.O. Kane, J. Phys. Chem. Solids1, 82 ~1956!.
35E.M. Conwell and M.O. Vassel, Phys. Rev.166, 797 ~1968!.

54 4935PICOSECOND PHONON DYNAMICS AND SELF-ENERGY . . .


