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Picosecond phonon dynamics and self-energy effects in highly photoexcited germanium
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Self-energies and population kinetics of optical phonons in strongly photo-excited intringictgpd doped
germanium have been studied using picosecond Raman scattering measurements at 295 K for induced carrier
densities up to X 10?° cm™3. 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®@m 3. 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 ofx20?° cm™3, the line broadening indicates that the phonon
lifetime is reduced from its quiescent value of 4 ps~t00.5 ps and the phonon frequency is reduced by
~8 cm™1. 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 transitio$s0163-182606)00631-3

[. INTRODUCTION Ge that suggested an influence of phonon reabsorption on
phonon lifetime and an influence of many-body effects on
Incoherent Raman spectroscopy with either continuouphonon broadening}??
wave (cw) or picosecond pulsed light sources is a useful In this work, we report the use of picosecond time-
probe of near-zone-center, longitudinal opticdl0) and resolved and time-integrated Raman spectroscopsintuil-
transverse opticdlTO) phonons in Group IV and IlI-V semi- taneouslyperform time-domain studies of LO phonon dy-
conductors. For example, the broadening and shifting of cwhamics and frequency-domain studies of LO phonon self-
Raman lines with increasing lattice temperature gives anergy effects in the presence of a hot photoexcited plasma
frequency-domain view of the influence of the anharmonicwith carrier densityN~102° cm™2 in intrinsic andp-type
interaction on the phonon lifetime and frequericyShifted  doped Ge at 295 K. The carrier densities are substantially
and asymmetrically broadened cw Raman spectra in heavillgigher than those of previous picosecond Raman studies of
doped extrinsic semiconductors have revealed the contribuGe°~*3all of which gave results consistent with scaling of
tion of carrier-phonon interactions to the phononthe phonon population with excitation intensity, and a
self-energy*® Time-resolved incoherent Raman spectros-carrier-density-independent phonon decay rate. We report
copy provides an alternative method for probing LO and TOsublinear increases in the phonon occupation number and
phonon dynamics and lifetimes in group-IV and -llI-V Raman linewidth and a sublinear decrease in the phonon
semiconductor§-** In the first such measurements, von derfrequency as the density of the optically injected plasma is
Linde et al.” used picosecond pulses to probe the temporaincreased. A theoretical model of coupled carrier and phonon
evolution of nonequilibrium phonon populations and deter-kinetics in the high excitation regime suggests that the sub-
mined the lifetime of LO phonons in GaAs at 77 K to be linear increase in phonon occupation number can be prima-
~ 4 ps. Since then, time-resolved Raman measurementfly attributed to an increase in nonequilibrium phonon ab-
have allowed direct determinations of the phonon lifetimesorption by carriers with increasirly.?> We also present a
dependence on lattice temperature in Ge and GdA&tal-  theoretical model of phonon self-energy effegibonon line
loy composition in group-1V and -llI-V alloy$}*and isoto-  broadening and frequency renormalizajion the presence
pic composition in G&2 of hot carriers, which indicates that the observed Raman line
It has been suggested that under intense excitation, hdroadening and frequency shift are associated with intra- and
phonon reabsorption by a dense intrinsic plasma should rénter-valence-band single-particle excitatidis.
duce the cooling rate of photoexcited carrtérs’and inhibit The rest of this paper is organized as follows. Section I
the buildup of nonequilibrium phonons. This carrier-phononcontains a description of the experimental apparatus used in
phenomenon, commonly referred to as hieé phonon effect  picosecond time-resolved and time-integrated Raman scatter-
has been cited to explain reduced carrier cooling rates in Giag measurements. Section Il presents the phonon self-
(Ref. 15 and GaAs®® The presence of phonon reabsorp- energy and coupled carrier-phonon dynamics models used to
tion and a concomitant reduction in phonon lifetime in GaAsanalyze the Raman spectroscopy data. In Sec. IV measure-
(Ref. 19 and III-V quantum well€& have been confirmed by ments of broadening and shifting of the Raman lines with
time-integrated and time-resolved Raman measurementsicreasing\ are compared to simulations of the Raman line-
Earlier, we presented preliminary results on picosecond Rawidth and line shift based on the phonon self-energy model.
man measurements of LO phonons in highly photoexcitedeasured Raman intensities are used to determine the tem-
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poral evolution of the phonon occupation number, and thesince the linewidth includes th& =0 room-temperature
N dependence of the time-integrated phonon occupatiophonon linewidth, the probe band width, the spectrometer
number; these measurements are compared to simulatiorssponse function, sample inhomogeneity, pure dephasing
based on the coupled carrier-phonon dynamics model. Kegvents, and inhomogeneous line broadening. The LCHM
results and conclusions of this work are given in Sec. V. rather than the position of the line peak was used to quantify
the line shift because the high-Raman lines are asymmet-
Il. EXPERIMENTAL DETAILS ric. (The random errors in the measured linewidths and line
positions arex ~ 0.5 cm™ 1. The systematic uncertainties in
Two types of Raman scattering experiments—time-the measured linewidth increases and line shifts, associated
integrated and time-resolved—were performed at 295 K tqyith the uncertainties in th&l—0 FWHM and LCHM, are
probe LO phonons in crystalline intrinsic apdtype doped  + 1 cm™1.)
(with acceptor densities ofN,=2x10" and 5x<107 Measurements of the dependence of the time-integrated
cm3 Ge (001). Both experiments involved exciting and phonon occupation number on photoexcited carrier density
probing samples with 3—4 ggull width at half maximum  n(N) and of the time-resolved phonon occupation number
(FWHM)] light pulses; these are short enough and spectrally(t) are based on measured Stokes—anti-Stokes intensity ra-
narrow enough to offer both good temporal resolution andijos. Because of the line broadening, integrated intensities of
reasonable spectral resolution. The experiments used a stafie Stokes and anti-Stokes Raman linesdnd | 55 respec-
dard pump-probe configuration similar to that describedively), rather than the Raman line heights, were used to
elsewheré? with the exception that the excitation dye laser measure Stokes—anti-Stokes intensity ratios. The use of
was cavity dumped to provide more energetic light pulsesind| ,5to proben can be complicated by the potential foy
(up to ~ 30 nJ than those used by previous workets!®  nequal collection and/or detection efficiencies of the Stokes
The laser was configured to produce= 585 nm light pulses  and anti-Stokes light andi) changes in the Stokes and anti-

at a repetition rate of 9.5 MHz. For both types of experi-Stokes cross sections with carrier dendfty” These compli-
ments, the probe beam polarization was parallel to®#1€)  cations are addressed by the fad@in

direction. First-order Raman-scattered light from the probe

beam was collected in a backscattering geometry, analyzed | -1
with a triple spectrometer, and monitored on a charge n= Q—S—l) ) )
coupled device array detector. The experimental configura- las

tion probes LO phonons with quiescent enekgy= 37 meV

and wave numbery=1.2x10° cm~!; 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-  wheren®dis the room-temperature equilibrium phonon occu-
um-diam spot, with fluences up te 4 mJ/cn? per pulse  pation number andls/ls)¢_ o is given by extrapolation of
and carrier densities up te 2x 10?°cm?. [Quoted fluences low excitation anti-Stokes—Stokes ratios to negligible excita-
F are transverse spatial averages of the energy density pgon. The uncertainty if), associated with the uncertainty in
light pulse. All quoted photoexcited carrier densitiésefer  (Ias/lg)r_o, IS = 15%. The corresponding systematic un-
to the transverse spatial average and the temporal peak in tleertainty inn increases witm, from £ 25% forn~ 0.5, to
density of free carriers at the surface of the sampleis + 50% forn~ 2. We assume that the low-excitation value
calculated according to the light pulse fluence and duratiof Q can be applied to high excitation measurements, which
using an absorption coefficient of>310° cm~! and Oth- is roughly equivalent to assuming that the ratigs/og is
onos, van Driel, Young, and Kelly’'§ODYK’s) model?>  constant. The validity of this assumption must be carefully
TheseN values have a systematic uncertaintyto#0%, due  considered because of the proximity of the excitation wave-
to the experimental uncertainty in fluence. The random errolength to theE;, andE,+ A, resonance in the Raman scat-
in N, associated with fluctuations in the pulse energytis tering cross section of Ge and observations of a redshift and
10%.] The second type of experiment used orthogonally po+eduction in strength of this resonance in the presence of
larized pump and probe pulses to time resolve the Stokes arftble or electron densities exceeding*d@m~2.242° These
anti-Stokes scattering intensities. Spatial averaging effectgbservations suggest that, for an excitation frequency below
were reduced by focusing the pump beam to a spoB0  the Raman resonance peak, bethand ong may decrease
pm in diameter, twice the diameter of the probe spot. Eaclwith increasingN in intrinsic Ge. However, the reduction in
pump pulse hadd~2 mJ/cn? in the probed area, ¥ the the ratiooag/os, inferred from the data fop-type doped
fluence of each probe pulse. Ge? is small (< 5% for N;=4Xx 10 cm™%). Thus it is

The Raman line broadening and frequency shift with in-reasonable to assume th@t is constant for the range of
creasingN were quantified by measuring the anti-Stokes Raphotoexcited carrier densities produced in the experiments.
man line FWHM and line center at half maximuiipCHM) Note that steady-state and transient lattice temperature in-
relative to empirically determined values of tNe-~0, room-  creases are small enough that lattice heating-induced changes
temperature anti-Stokes FWHM [3) and LCHM. Line in the Raman resonance profilean be neglected. With the
broadening is of interest, rather than the absolute linewidtlassumptions that bot@ and oas/os are constant, the mea-

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

n®%+1
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:
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sured Stokes and anti-Stokes intensities can also be used toThe SPE contribution to the phonon self-energy,
measure relative changes in the Raman scattering cross s&t=—AE+iAT', is calculated by considering single-

tion phonon-single-carrier processes in which a phonon is cre-
ated or annihilated simultaneously with the annihilation or
las creation of a free carrie¥?® Here AE is the phonon energy
O'ASO(O'SOCIS__. (3) . . . . .
Q shift and 2T is the phonon linewidth changén energy

units). Calculating?, is equivalent to calculating théntra-
Interpretation of the phonon occupation number, Ramamand and interbanddielectric susceptibility and can there-
line broadening, and shifting data requires some care sind@re take advantage of the relation between the real and
the samples are excited and probed with spatially and teMmaginary parts of the phonon self-energy through the

porally Gaussian, finite bandwidth pulses. The simulationkramers-Kronig relation. We begin with Fermi’s golden rule
presented in Sec. IV include convolution effects associated

with the excitation and/or probing conditions; neglect of p
these effects causes the line broadening to be underestimated AT(Eq,q)= 4;)-?P(Eq Ne)B (4)
(by ~ 10%) and both the line shift and phonon occupation a

number to be overestimatéby 30% and 20%, respectively Wwhere p is the density of SPE’s involving a phonon with

2

for N=2x10% cm~3. energyE, and wave vectog, D, (c=H for holes,c=E for
electrons is the deformation potential constaptis the mass
Il. THEORETICAL MODELS density, anct is the speed of light. The real part of the SPE

self-energy contribution is then given by the Hilbdar

In group-1V semiconductors, carriers and phonons interKramers-Kronig transform of the imaginary part
act through the deformation potential. This interaction causes

the contribution of photoexcited carriers to the phonon self- D2# % 1 1
energy through single-particle excitatioSPE’S and the  AE(Eq.Q)= mpf p(E,Q)( E_E Esel9E
generation or absorption of nonequilibrium phonons through P=Eq Jo 4 d ©)

carrier cooling or reexcitation. According to ODYK’s low-
excitation modef? hole cooling and, to a lesser extent, elec-
tron cooling produce a nearly monoenergetic distribution of
LO and/or TO phonons, with asffectivetemperature that

In general, SPE’s involving both electrons and holes can
ontribute to the phonon self-energy. However, for optical

X : ; honons in Ge, SPE’s within the conduction bands can be
exceeds the lattice temperature. On a picosecond time scal€aglected sincéi) the electron intravalley deformation po-

the carriers cool to the effective temperature of the nonequigiig) js less than half of the hole deformation potential and
librium optical phonons; subsequently their rate of cooling iS(ii) most of the electrons will be in the valley, which has a

determined by the rate of energy transfer from the LO and/ogyajjer effective mass than the heavy-hole b&rBroaden-

TO phonons to the lattice. Once the carrier, LO and/or TOIng and shifting of cw Raman spectrafin andn-type doped

phonon, and lattice systems attain thermal equilibrium, th%e provide empirical evidence in support of the compara-
excited volume returns to equilibrium with the rest of thetively minor impact of intrak-valley SPE’s on the LO pho-
sample on a slower+ nseg time scale through carrier and non self-energ{:>2% Although SPE'’s explain the spectra of
heat diffusion. With the exception of negligible residual lat- p-type doped Gé the n-type doped Ge spectral features are
tice heating, the Comb'f!ed carrier an_d lattice System CoMzibyted to phonon confinement effects rather than intra-
pletely recovers by the time the next light pulse arrives. L-valley SPE'$"?7

The .high excitati'on regime differs frpm that'described The SPE’s that contribute substantially to the LO phonon
an;/e In .ihz fﬁ"‘l’w'”%‘[;vgys(-') W'tT)a h(ljgh dtins'%()f hot self-energy are intra-heavy-hole—valence-band transitions
pholoexcited holes, S may broaden the phonon angnd inter-heavy-hole light-hole transitions. These contribu-

renormalize the phonon energy. These effects would be S'MEions are derived separately in the Appendixes; the total den-

lar to Raman line broadening and shifting observed in_: ; )
heavily p-type doped GeRef. 5 with cold hole densities of sity of states and energy shift are sums of the separate con

.. tributi .(Intraband t iti ithin the light and split-off
the order of 18°cm~2. (i) The hot phonon effet* may o on (Intraband transitions within the light and split-o

. . X ) valence bands can be neglected since the effective masses,
be |mportant.(|n) The reS|du§1I.Iatt|ce hgatlng produced by and therefore the densities of states, of these bands are much
each light pulse will be sufficient to raise the steady-stat

. o &Smaller than that of the heavy-hole valence b&Hdterband
lattice temperature and reduce the phonon lifetime and en,hgjtions involving the split-off valence band can also be
ergy through anharmonic interactiohs. neglected since the required transition energies are much
larger than the LO phonon energie$he SPE calculations
A. Phonon self-energy in germanium use Fermi-Dirac statistics, a parabolic heavy-hole band, and

The T = 0 contribution of intra-heavy-hole SPE's to the & nonparabolic light-hole band.
phonon self-energy in Ge has been calculated by Olego and T0 determine the broadening of the LO phonons probed
Cardona Here we extend Olego and Cardona’s model toPY the experiments, the expressions fgf, and piner given
calculate the contribution of hot carrier-phonon interactiondn the Appendixes are added and evaluated uBinge, and
to the phonon self-energy. Our model also includes botlg=qgy. The LO phonon line broadening shown in Fig. 1 for
intra-heavy-hole and inter-heavy-heldight-hole SPE’s; various hole temperatured () illustrates that, in general,
this is essential to predict accurately the real part of the phathe LO phonon linewidth increases with increasiNg For
non self-energyi.e., the phonon frequency shift the hole temperature produced in the experiments
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pendence of Raman line broadening and shifting on excita-
tion wavelength in extrinsic Ge, at temperatures of 77 K and
—— . 300 K> However, for hot holes, the line broadening and

N
«

%20 I shifting dependence on phonon wave vector is negligible.

o

c

§ 157 B. Model for coupled carrier and phonon dynamics

& P To determine the temporal evolution of the LO phonon

é’ 10 ) T ] occupation numbern) produced by an intense picosecond

= 2 light pulse, ODYK’s low excitation < 108 cm™2%) model

S 5| for coupled carrier-phonon dynamtéds modified. Our ex-

T tended model addresses the high-excitation regime and in-

o L . . cludes the increased likelihood of nonequilibrium LO pho-

Oo,o 1.0 20 3.0 4.0 non reabsorption by free carriers Hsincreases, as well as

Hole Density (10°° cm™®) the increased anharmonic decay rate of LO phonons as the
lattice temperature increases. Both processes limit the attain-

FIG. 1. Dependence of the LO phonon line broadening on holeéable LO phonon occupation number in the high-excitation
density for hole temperatures of 77 (olid line), 300 K (dashed regime. Since this low-excitation regime model has been de-
line), and 3000 K(dot-dashed line scribed in detail elsewher'8,this section gives only a brief

description of the modifications made to describe high exci-
[T, =3000 K (Ref. 22], the linewidth increases sublinearly tations; these modifications all involve its description of LO
with N and more than 99% of the line broadening can bephonon dynamics.
attributed to intra-heavy-hole transitions. The structure in the For both high and low excitations, is given by the rate
77 K and 300 K line broadening at low carrier densitiesequation
(N<5x10* cm™3) is caused by inter-heavy-hole
—light-hole transitions; for higheN and Ty, the contribu- Ny
tion of inter-heavy-hole»light-hole transitions to the line ot
broadening is negligible.

Figure 2 shows the total phonon energy shift as a functiorrhe second term describes anharmonic decay of the nonequi-
of N for E=Eq, d=do phonons. With increasin§l, the  librium LO phonons; botmg®, the equilibrium phonon oc-
general trend is a reduction in phonon energy foffalldue  cupation number, anfl, the LO phonon anharmonic decay
to the contribution of inter-heavy-halelight-hole SPE’s. rate, are calculated as functions of the steady-state lattice
For T,=3000 K, the contribution of inter-heavy-hole temperatureT,). The first term is the net generation rate of
«—light-hole SPE’s dominates the contribution of intra- phonons, which includes nonequilibrium phonon emission
heavy-hole SPEs, thereby giving a sublinear increase in thend absorption through carrier transitions. The “tot” indi-
magnitude of the LO phonon energy shift with increasingcates that this is the sum of the net generation terms associ-
N. ated with intrak-valley electron and intra-heavy-hole

For cooled holes, the LO phonon linewidth increase andsalence-band hole transitions, each of which has the form
energy shift depend on phonon wave vector, through the de-

tot
ang

o —I'(ng—ngd. (6)

q
gen

2

pendence op;, ON g; these predictions are qualitatively g : .
consistent with Olego and Cardona’s observations of a de- | —Tf d°k il (ng+1)(1—fi_q)
gen 47pEq
0 ‘ X S(E(K)—E(k—0)—Eg)—ng(1—fiiq)
R X S(E(K+Q) —E(K)—Eg)]. )
5 5 The first and second terms of the integrand describe nonequi-
£ librium LO phonon emission and absorption respectively.
@° E(IZ) are carrier energies and thg functions describe the
S -0 carrier distributions. Just as hole transitions within the
] heavy-hole valence band dominate over electron transitions
§ in the L-valley as contributors to the LO phonon self-energy,
§ A5 ¢ ~ 95% of nonequilibrium LO phonons in photoexcited Ge
are generated through hole cooliffg.Inter-heavy-hole
< light-hole transitions are not considered in either the low-
‘2000 10 20 or high-excitation models; this omission is justified by the

Hole Density (10 cm™) phonon self-energy calculations in Sec. Il A, which show
that the density of states for these processes is negligible for
FIG. 2. Dependence of the total LO phonon energy shift on hole¢he LO phonon wave vector probed by the experiments.
density for hole temperatures of 0 olid line), 300 K (dashed To simplify Eg. (6) we assumdi) empty final states for
line), and 3000 K(dot-dashed ling carriers undergoing both excitation and deexcitation
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([1—fg+gl=1) and (i) Maxwell-Boltzmann statistics for
the carrier distributions. This gives

i

P AN(ng+1)—BNng—T'(ng—ng?).

€S)
The factorsA andB are analytical functions ofy, Eq, q,
my, p, andD. .22 ODYK'’s low excitation model applied the
further approximation thalnqwngq in the phonon emission
[«<N(ng+1)] and phonon absorption<(Nn,) terms in Eq.
(8).2° 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 bhifn,+ 1)
andNn, increase afN andng increase, but in combination
they predict a sublinear increase in thet generation ratef
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FIG. 3. Measured anti-Stokes spectra with background sub-

nonequilibrium LO phonons. This is qualitatively consistenttracted. TheN=2x 10" cm~2 spectrum(squareshas been multi-
with the SPE-induced phonon lifetime reduction predictedplied by 10 to facilitate comparison to thd=1.5x10?° cm™3
above by the phonon self-energy model and with previouspectrum(triangles. The Raman line shift is measured relative to
discussions of the competing roles of phonon emission anthe laser line. The dotted lines are guides to the eye.

reabsorption in the cooling of photoexcited carriérs., the
hot phonon effegt!>*’
The effective LO phonon decay ral€ in the presence of

3000 K, (i) SPE’s involvingN, holes in the doped samples
with Ty =300 K, and(iii) the small increase in steady-state

N photoexcited carriers can be determined by writinglattice temperature with increasing fluence. Note that the

ng=ng+ ény and by rewriting Eq(8) as

a&nq _

o AN(ng*+1)—BNng—T"éng, 9)

where
I''=T+(B—A)N. (10

The first and second terms of E(@) 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 limit>T, .
The above definition of'’ is chosen because th8{ A)N

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 lineat® for the range of lattice temperatures produced
in the experimentf300-350 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

term contains the same physics as the contribution of intra-

heavy-hole transitions to the imaginary part of the LO pho-

non self-energysee Eqs(4) and (Al)].

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 increasind\ (i) the Raman lines are asym-

metrically broadened along their low-frequency sides and

shifted to lower frequencies and) the integrated intensity
of the Raman line increases along withThese features are

qualitatively consistent with those of simulations based on

the theories presented in Sec. lll.

Figure 4a) illustrates a weakly sublinear increase in anti-
Stokes FWHM with increasindyl for intrinsic Ge. For fits to
this and other data sets of the fol?, vy is typically 0.74
+ 0.12. Similar results are obtained for tipetype doped
samples. Figure (4) also shows a simulation for which the
linewidth increase is roughly proportional tN”, where

DT )]
c 15
A= a
[} A
& 10| .
() s
Q
£ a
£ 5}
§ A
= N
@ . ‘ . .
c 0
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FIG. 4. Dependence of the time-integrated anti-Stokes Raman
(a) linewidth increase an(b) line shift on photoexcited carrier den-

v=0.83. The simulations include phonon line broadeningsity. The data setériangle$ are simulated by the solid lines using

due to(i) SPE’s involvingN photoexcited holes witffy =

2ly=12 cm 1,
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FIG. 5. Measuredsquares and trianglesind simulatedsolid FIG. 6. Dependence of the measur@djuares and simulated
line, self-energy model; dashed line, coupled carrier-phonon dytsolid line) time-integrated phonon occupation number on photoex-
namics model dependence of the temporal and spatial average ofited carrier density.
the phonon lifetime on photoexcited carrier density. The filled tri-
angles correspond to the intrinsic Ge data set in Fig). 4 responsible for the majority of the asymmetry of the mea-

sured highN Raman lines. This does not preclude the pos-
lower limit of the phonon lifetime. Figure 5 shows the de- sible role of a Fano interaction between the phonons and a
pendence of the spatially and temporally averaged phonocontinuum of electronic excitatioisHowever, in the ab-
lifetime onN in intrinsic Ge, as given by two data sets. Note sence of a detailed model of the Fano-interference effect in
that spatial-temporal convolution effects cause the dataphotoexcited Ge, this effect is not examined further.
derived phonon lifetime to be underestimated by 10%.
Figure 5 also shows the results of a calculation of the phonon
lifetime dependence oN, which includes the influences of
both SPE’s and steady-state lattice heating. The agreement Figure 6 shows(N), based on measured time-integrated
between the data and simulation is well within experimentalStokes and anti-Stokes intensities, and on EL. with
error. Both the data and calculation show a reduction in phoQ=1. The key feature of thé(N) data is the sublinear
non lifetime from 4 pgRef. 19 to ~ 0.5 ps, for an increase increase im with increasing\. The Raman intensities were
in N to 2x 10?° cm™3. According to the phonon self-energy also used to calculate time-integrated Raman scattering cross
theory of Sec. IlI, nearly all of this lifetime reduction can be sections using Eq3). With N> 10%° cm™3, the cross sec-
attributed to intra-heavy-hole valence-band SPE'’s rather tion is reduced by as much as 30% relative to the low-
than inter-heavy-hole light-hole SPEs or steady-state lat- excitation cross section. Since the laser frequency is below
tice heating. the frequency of the Raman resonance peak, this reduction is

Figure 4b) shows the measured and simulategith qualitatively consistent with measured cw Raman resonance
T =3000 K) dependence of the anti-Stokes Raman line shifprofiles of extrinsic Gé*2°
on N for intrinsic Ge. Similar results are obtained for the  Figure 7 shows the time-resolved Stokes and anti-Stokes
p-type doped Ge samples. The line shifts are negative anitensities forN=28x 10" cm™2. The inset shows the time-
their magnitudes increase sublinearly with Numerical fits,  resolved anti-Stokes intensity produced by2®eaker, 4-ps
of the form —N?, to the data and to the simulations give pump and probe pulses with a 76-MHz repetition r&tein-
vy=0.68=0.19 andy=0.76, respectively. Taking convolu- der both high and low excitations, there is a rapid increase in
tion effects into account, for an increase ihto 2x107°  scattered light intensity associated with phonon generation
cm™3, the phonon frequency is reduced ky8 cm™ 1. For by cooling photoexcited carriers. The striking difference be-
both intrinsic andp-type doped Ge, the degree of agreementween the high- and low-excitation data is the rapid drop in
between each data set and its simulation is well within exthe high-excitation Raman intensity &t 0 to below that of
perimental error. According to the simulations, the majoritythe background intensityThe background Raman intensity,
of the Raman line shift can be attributed to the phonon fregiven by averaging the measured signaldsat-10 ps, is
guency shift caused by SPE’s; lattice heating accounts foindicated by the solid horizontal lineEquation(3) was used
< 15% of the observed line shift. Furthermore, the contribu-to calculate the temporal evolution of the cross section, mea-
tion of inter-heavy-hole-light-hole SPE’s to the line shift sured relative to the average cross sectiof=at 10 ps. A
dominates over that of intra-heavy-hole SPE'’s. cross section reduction of 15% att>0 is found, which

Both the observed and simulated Raman lines becomaccounts for part of the drop in signal.
asymmetically broadened along their low-frequency sides as Figure 8 showsi(t), derived from the Raman intensities
N increases. The exclusive source of the asymmetry in thehown in Fig. 7 using Eq(l) with Q=1. There are three
simulatedRaman lines is spatial-temporal convolution. Thefeatures of then(t) data to note. First, the temporal peak
degree of agreement between the measured and simulatedcurs sooner than at low excitations. Secand; less than
Raman lineshapes suggests that convolution effects may Wlf of that predicted by a linear extrapolation of predicted

B. Time-integrated and time-resolved phonon dynamics
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FIG. 7. Temporal evolution of measured StoKéled squares and anti-Stokegfilled triangle3 Raman intensities withN=8x 10
cm~ 3. The insef{from ODYK (Ref. 12] shows the measured anti-Stokes Raman interfsitypty squarasproduced by excitation with
20x 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 mod@ef. 12.

phonon occupation numbers under low excitations. This feafluence light pulses and contribute to the sublinearity in
ture is consistent with the sublinearity wfN) shown in Fig. n(N), as evidenced by both the time-integrated and time-
6. Third, att>0, n(t) is greater than the background occu- resolved data. As discussed previously, both SPE'’s and lat-
pation number; this indicates that the reductions in scatteretice heating can reduce the phonon lifetime and the phonon
light intensity, att> 0 in Fig. 7, cannot be attributed to a Population. Another possibility is that, under conditions of
reduction in the probe generated phonon population due t6arrier degeneracy, holes would emit fewer phondBe:-
the presence of pump generated carriers. cause most of the phonons are generated by hole coBling,

There are a number of processes that could play a role igonduction-band filling need not be consideyeBleaching
limiting the phonon population produced by a train of high- 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 sublinearityniN) and shift towards
t=0 of the temporal peak in(t) can be attributed primarily
to a SPE-induced reduction in phonon lifetime. Figures 6 and
8 include simulations ofi(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 causesto be
overestimated by~ 10% for N=2x10?° cm~3.) The
n(N) simulation predicts a sublinear increasenirwith in-
creasingN, in qualitative agreement with the data. However,
I ] the simulation overestimategN), especially forN> 10%°
05 ‘ ‘ 0.4 cm™ 3. The simulations of(t) are also qualitatively similar
20 A0 ¢ o, ¥ 40 to the data and predict a shift in the temporal pealk)

ime (ps) ..
towardst=0 asN is increased. However, the temporal peak

FIG. 8. Temporal evolution of the measur@tjuaresand simu- N the measuredh(t) occurs earlier than the peak of the
lated (solid line) phonon occupation number corresponding to theSimulation ofn(t) by ~ 1 ps, and as fon(N), the simula-
data in Fig. 7. The dashed line represents the background phondiPn overestimates the phonon occupation number. These
occupation number for both the data and the simulation. The scalediscrepancies may be related to the following assumptions.
for the data and the simulation are the same, but offset by the (i) The first assumption is th& is constant over the full
difference between the measured and simulated backgrounds. range of carrier densities produced in the experiments. Con-
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tinuous wave measurements of Raman scattering cross samwnequilibrium phonon reabsorption through intraband
tions in p-type doped Ge suggest thais/og is reduced by SPE’s due to the presence of high carrier densities.
~ 5% for N,=4x10'"° cm~3.%° If a high density of hot Together our frequency-domain studies of the phonon
carriers also reduce®, then then(N) (at largeN) and self-energy and time-domain studies of nonequilibrium pho-
n(t) data(especially neat=2 ps whenN is maximized  non populations in photoexcited Ge self-consistently reveal
will be underestimated. For example, a decreasg of only ~ the importance of hole SPE’s in renormalizing the phonon
10%, for an increase iN to 1.6x10%° cm~3, would be frequency and reducing the phonon lifetime. For
sufficient to bring then(N) data and simulations into agree- N=2x10?° cm~3, the measured phonon lifetime is reduced
ment. to ~ 0.5 ps from the low-excitation lifetime of 4 ps and the
(i) There are the simplifying assumptions in the phononphonon frequency is reduced by 8 cm™*.
dynamics model. Figure 5 includes a comparison of khe
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- We thank Professor Jeff Young, of the University of Brit-
phonon dynamics model overestimates the Hgiphonon  ish Columbia, for helpful discussions. We are grateful to M.
lifetime by as much as 2 for N=2x10°*cm~>. The dis-  Stutzman, H.P. Weber, and M. Cardona, of the Max Planck
crepancy can be traced to the assumption of empty final holgstitut fir Festkaperforschung, for providing the-type
states[in Eq. (7)], which leads to an overestimate of both doped Ge samples. This work was supported by the Natural
A andB in Eq. (8). Since the error irA is larger, this leads Sciences and Engineering Research Council of Canada and

to an underestimate df’ in Eq. (10), which is compounded the Ontario Laser and Lightwave Research Center.
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 thanh(t) peaks at APPENDIX A INTRABAND DENSITY OF STATES
larger time delays.

In combination, these limitations to the data analysis anclint
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- 1 3e -

: : Pintra E,0) = 17— | d°kfni
tations, reasonable agreement exists between the data and”™nv&—’ A ,
simulations, well within(i) the systematic error in measuring
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For a general hole transition enerdy, the density of
ra-heavy-hole SPEs is given by

n (due to the uncertainty i®) (ii) the error in calculating X[(1="fhk+q) O(En(k+0q) —En(k)—E)

n associated with the uncertainties in the pump and probe _ .
fluences; andiii) the experimental error ih=0 of = 1 ps. — (1= Fni-q) 6(En(K) —En(k—a) —E)].
The extent of the agreement is gratifying considering that no (A1)

fitting parameters were used in the simulations.

The first and second-function terms describe hole excita-
V. CONCLUSIONS tion and relaxation processes, respectively. The dependence
of pinra ON N and Ty is contained infy, and (1—f,), the
Nonequilibrium phonon populations and the phonon self-gccupation probabilities of the initial and final heavy-hole
energy in strongly photo-excited intrinsic apetype doped  states E,(k) =#%2k?/2m, is the energy of a heavy hole with
germanium have been studied using time-resolved Ramarsffective massny, .
scattering intensity measurements on a picosecond time scale The integral is completed analytically using a method

and time-integrated, simultaneous measurements of Ramafinilar to that of Young and Kelf? and Fermi-Dirac statis-
linewidths, line shifts, and intensities. The time-integratediics to obtain

measurements show asymmetric broadening and shifting of

the Raman lines, a sublinear increase in the phonon occupa- 9
tion number, and a reduction in the Raman-scattering cross EtkaT ln(exp(x+)+exp( 77)”
section with increasindN. The time-resolved experiments B H  expx_)+exp(n)/ |
reveal a shift in the temporal peak of the phonon occupation (A2)
number with increasingN and a transient reduction in the

Raman-scattering cross section. Phonon self-energy calculahere

tions indicate that the phonon lifetime reduction is consistent

my,
Pinra( E, Q) = 20217

with primarily intra-heavy-hole SPE’s, while the reduction in p2g2 1 mE a2
phonon frequency, which manifests itself in shifting of the X+:_i2_, s :Lz ;q_’ (A3)
Raman lines, is consistent with primarily inter-heavy-hole - 2myg” keTy he 2

—light-hole SPE’s. The role of holes in affecting phonon

lifetimes in Ge is similar to that which has been identified inand »=Er /kgTy, the reduced Fermi energy, is determined
GaAs? Calculations using coupled phonon and carrier ki-according toN and Ty, using Nilsson’s approximatiof,

netics show that most of the sublinearityrfN) and shift in For a system al =0, piw(E,q) includes all transitions
the temporal peak of the phonon occupation number can bieom filled electronic states below the Fermi energy to empty
accounted for by considering the increased probability oftates above the Fermi energy and E&R) reduces to
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m? determined numerically. With the definitidg=72k2/2m;,,
mE for E<E_ an analytical expression for a fit to the numerical solution is
given by
) E, _ m2 hZ SZ
Pintre E Q) 2h4 [ - _*2' for E_<E<E, _ e,—E
2m°h%q 2m;, q E(E)=— eegln— for O<E=g,, (B4)
1

0 for E=E., . . .
(Ad) where e;=¢e,m;/my, and e= —2/Ing; (with g4 in units of

eV) are positive constants dictated by the curvatures of the
whereE.. = #2/2my, (2keq=g?) andke is the Fermi wave heavy- and light-hole bands.
vector. The final form of the density of inter-heavy-hole
—light-hole transitions is
APPENDIX B: INTERBAND DENSITY OF STATES 312, =0 1/2 ~
mp (2E) ™~ expEl/e, _ -
The density of hole transitions between the heavy- and PinedE) = — 253 E [fn(E)—fI(E+E)]
light-hole valence bands, with transition enetgyis &4 &3

. for 0<E<e,, (B5)
Pintel E,Q) = mj d3kfy wheree,=(g1/8,)(m,/m;)— 1. Note that asE approaches

the maximum allowed transition energy,, both E and

X[(1= 1 g+q) S(Ey(K+q)— En(K) —E) pineer/[fn(E) — fi(E+E)] diverge. If [fo(E)—f|(E+E)] is

. .. nonzero, this can caugg, to diverge. In generalpe, is

—(1—f k- q) 8(En(k) —Ei(k—q) —E)] dominated by this divergence. Sindg(E) and f,(E+E)

become small aE— o, the lowerTy, the weaker the diver-
gence inpjuer- The behavior ofpje for E= qu, and
—(1—fri_g) 8(E((K)—En(k—q)—E)]. (B1) N<1X 10'° cm™ 3 is of note because this is the only range of

) ) _ o hole densities for whichp;e, IS significant compared to
The first two &-function terms describe hole excitation and , - here p, ., decreases with increasiriy,. For higher

relaxation processes for which the initial state is in then and all T,;, piyer at E=E, is much smaller tham
heavy-hole band. The second twefunction terms describe 0
hole excitation and relaxation processes for which the initial
state is in the light-hole band. The dependence gf.; on

+ 1 (1= ks ) SER(K+Q)— E((K)—E)

F~ 1-10%. For a system af =0, only hole excitation tran-
sitions from the heavy-hole to the light-hole band are pos-

N andTy is contained in the functiorf,,f,, the occupation sible:

probabilities for the heavy- and light-hole band.is the MY 2E)Y2 exp(E/e5) - _
energy of a hole in the nonparabolic light-hole band with 233 = for E<SEL<E+E
near zone-center effective mass, Pined E) = g4t Eles

22 0 for Eg<E;E+E<Eg.

gt —
1 2m,

>

E/(K)= (B6)

L —h%k* 1 a0
—ex om 2 | (B2)
whereg; = 169.8 meV and:, = 175.4 meV. It is essential o _ _ _
to address the nonparabolicity of the light-hole band since The contributions of intra- and.lnter—valence—band transi-
the parabolic band approximation leads to the unphysicdions to the LO phonon energy shift are calculated separately

situation of a finite density of states for infinite interband using the forms 0Py, anqpinter given above, evaluated at
transition energies. Equatio(B2) is a numerical fit to E=Eq. For T4>0, the Hilbert transfornisee Eq.(5)] of
Kane’s™ light-hole band, which describes the asymptotic in-pinra iS calculated numerically; however, fdi,=0, an ana-
crease of the light-hole effective mass towards that of thdytical expression can be obtained to give
heavy-hole band with increasirkg This description is pref- AE, id(Eq Q)
erable to, for example, the analytical form of Conwell and q.intral =g+ G
Vassel® which allows the heavy-hole and light-hole bands D2# m? h2 2
to cross at largé. = A ocE. 27258 E

The integral in Eq(B1) is greatly simplified by assuming TpCEq cm G
thatﬁzﬁ or that only direct transitions are allowed. Then
only the first and fourths-function terms in Eq(B1) need to XIn
be kept to obtain, with simplification,

APPENDIX C: PHONON ENERGY SHIFT

BF om, o

E.+Eq—#29%/m, ( n? &2
[E; —Eql F2m, o7

XIn

|E+_Eq_ﬁ2q2/mh|} h2q2 c ]
1 B+
Pl B)= 53| Kl fu—fJoR), (B3 ETE, | 2m,

(€Y
whereR=E, (k) —Ex(k) —E. The & function can be rewrit- \hereE, andS. are as given above. The intraband energy
ten usingd(R) = o(k—k)/| R/ K|, wherek is the solutionto  shift is negative for mosN and Ty; at low temperatures
R=0. Due to the nonparabolicity of the light-hole bakds  with N<2.5x10?° cm™3, the shift is positive.
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The Hilbert transform of pje is calculated N=1x10"° cm™3 associated with a pole in the

numerically. For allN and Ty the interband LO phonon Hilbert transform integrand that occurs whep{Eg) # 0.
energy shift is negative, increases sublinearly in magnitudés Ty increases,piye(E,) decreases and the structure

asN increases, and decreases in magnitud@,ascreases.
There is some structure in th&,=0 energy shift, near

in the energy shift associated with this pole is smoothed
out.

IT.R. Hart, R.L. Aggarwal, and B. Lax, Phys. Rev. B 638
(1970.

2IM.L. Ledgerwood and H.M. van Driel, Bull. Am. Phys. S@&8,
808 (1993.

2F. Cerdeira, W. Dreybrodt, and M. Cardona, Solid State Com22M.L. Ledgerwood, J.F. Young, and H.M. van Driel, Solid State

mun. 10, 591 (1972.
3J. Menadez and M. Cardona, Phys. Rev.2B, 2051(1984).
4F. Cerdeira and M. Cardona, Phys. Rev5B1440(1972.
5D. Olego and M. Cardona, Phys. Rev.2B, 6592(1981).

6G. Contreras, A.K. Sood, M. Cardona, and A. Compaan, Solid

State Communr49, 303(1984.

D. von der Linde, J. Kuhl, and H. Klingenberg,
44, 1505(1980.

8J.A. Kash, J.C. Tsang, and J.M. Hvam, Phys. Rev. [5t2151
(1985.

9J.A. Kash, S.S. Jha, and J.C. Tsang, Phys. Rev. b8t1869
(1987.

103.F. Young, K. Wan, and H.M. van Driel, Solid-State Electron.
31, 455(1988.

A7, Genack, L. Ye, and C.B. Roxlo, in SPE2, 130(1988; L.

Ye, C.B. Roxlo, and A.Z. Genack, Bull. Am. Phys. SG2, 934
(1987.

2. Othonos, H.M. van Driel, J.F. Young, and P.J. Kelly, Phys.
Rev. B43, 6682(199)).

134.D. Fuchs, C.H. Grein, R.l. Devlen, J. Kuhl, and M. Cardona,
Phys. Rev. B44, 8633(199).

J3.F. Young, D.J. Lockwood, J.M. Baribeau, P.J. Kelly, A. Oth-
onos, and H. M. van Driel, ikight Scattering in Semiconductor
Structures and Superlatticesdited by D.J. Lockwood and J.F.
Young (Plenum, New York, 1991 p. 401.

15H.M. van Driel, Phys. Rev. B9, 5928(1979.

8w, Pdz and P. Kocevar, Phys. Rev. 28, 7040(1983.

"A. Compaan, M.C. Lee, and G.J. Trott, Phys. Rev3B 6731
(1985.

Phys. Rev. Lett.

18Hot Carriers in Semiconductor Nanostructures; Physics and Ap-

plications edited by J. ShabAcademic Boston, 1992

193.A. Kash and J.C. Tsang, Iright Scattering in Solids Viedited
by M. Cardona and G. Giherodt (Springer-Verlag, Berlin,
1991), p. 423.

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

Commun.89, 789 (1994.

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

24AK. Sood, G. Contreras, and M. Cardona, Phys. Re8183760

(1985.

25M.1. Alonso and M. Cardona, Phys. Rev.&, 10 107(1988.

%G, Abstreiter, M. Cardona, and A. Pinczuk,lilght Scattering in
Solids I\, edited by M. Cardona and G. Gtherodt(Springer-
Verlag, Berlin, 1984, p. 5.

27TR.N. Dexter, H.J. Zeiger, and B. Lax, Phys. Rev.1B4, 637
(1956; M. Neuberger, Handbook of Electronic Materials,
Group IV Semiconducting MaterialdFI/Plenum, New York,
1971), Vol. 5; G. Gagliani and L. Reggiani, Nuovo Cimerg6,
207 (1975; in Numerical Data and Functional Relationships in
Science and Technologyedited by O. Madelung, Landolt-
Bornstein, New Series, Group lll, Vol. 17, Pt. @pringer-
Verlag, Berlin, 1982 L. Reggiani, in Proceedings of the 15th
International Conference on the Physics of Semiconductors,
Kyoto [J. Phys. Soc. Jpn. Suppl. 49, 317(1980]. R. Brunetti,

C. Jacoboni, F. Nava, L. Reggiani, G. Bosman, and R.J. Zijlstra,
J. Appl. Phys52, 6713(1981).

28G. Gonzéez de la Cruz, G. Contreras-Puente, F.L. Castillo-
Alvarado, C. Mejfa-Gara, and A. Compaan, Solid State Com-
mun. 82, 927 (1992.

29A. Othonos, Ph.D. thesis, University of Toronto, 19@tpub-
lished.

30R.K. Ray, R.L. Aggarwal, and B. Lax, ifProceedings of the
Second International Conference on Light Scattering in Splids
edited by M. BalkanskiFlammarion Science, Paris, 197D.
288.

3IM. Lax, Appl. Phys. Lett33 787 (1978.

323.F. Young and P.J. Kelly, Phys. Rev.48, 6316(1993.

33N.G. Nilsson, Appl. Phys. LetB3, 653(1978.

34E.0. Kane, J. Phys. Chem. Solidls82 (1956.

35 .M. Conwell and M.O. Vassel, Phys. ReM66, 797 (1968.



