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Nonequilibrium hole relaxation dynamics in an intrinsic semiconductor
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The thermalization dynamics of photoexcited nonequilibrium holes is selectively investigated in intrinsic
bulk GaAs using a high sensitivity two-wavelength pump-probe technique. The carriers are photoexcited close
to the bottom of their respective bands and hole heating is followed by monitoring the absorption saturation
due to filling of higher-energy states. The characteristic thermalization time is measured to increase only
slightly from ~120 to~170 fs as carrier density decreases fromI0" to 2x 10'® cm™3, indicating that
hole heating is dominated by hole—optical-phonon scattering. These results are in good agreement with a
simulation of the carrier relaxation based on numerical resolution of the carrier Boltzmann equations including
interaction of holes with LO and TO phonor§0163-18206)10327-]

[. INTRODUCTION short pump pulse generates a nonequilibrium electron-hole
distribution through interband absorption. The carriers, with
Ultrafast relaxation dynamics of photoexcited free carriergdensityp, quickly redistribute in their respective bands and
has been extensively investigated in semiconductors, botformation on their transient distributions is obtained by
theoretically and experimentally, yielding important infor- following the temporal evolution of the differential transmis-
mation on carrier elementary scattering processes in bulk argion, AT/T=[T(p)—T(0)]/T(0), of aprobe puls€.For an
low-dimensionality system$.'? In particular, the central antireflection coated sample, changes of the refractive index
problem of energy redistribution and exchange processes hggn be neglected andT/T at the probe photon energy,
been studied on a femtosecond time scale using incoherefitw, is proportional to the modificatioa « of the sample
optical techniques, such as time-resolved luminescence arabsorptiona (AT/T=—AaL, for an optically thin sample
absorption saturation spectroscopy. These techniques avéth thicknessL):
generally based on interband optical transitions and are thus
a priori sensitive to both electron and hole relaxa_tlon_. How- a(fiwpy,p)= aoz ME/ZCU(Pﬁwpr)\/m
ever, because of the band structure, hole relaxation is gener- v
ally faster and/or its contribution to the measured signal ; ;
smaller and the electron response generally dominates the X[1=Te(kp) = Tu(kpo 1, @
measured transient signél.Specific time-resolved experi- where the summation is performed over the valence bands
ments have thus to be designed to selectively access holgvolved (light- and heavy-hole bands in our measurements
relaxation dynamics®~'° Consequently, although electron assuming the same average optical transition amplftude.
interaction processes are now relatively well characterizedAEpr:ﬁwpr_ E4(p) is the excess probe photon energy rela-
little is known on hole thermalization dynamics, especially intive to the carrier density dependent band g&p, is the
intrinsic direct-gap semiconductors, except at very high carsommerfeld or Coulomb enhancement faéfaandy, is the
rier density in the gain reginte: _ reduced electron-hole madg(kp,) andf,(kp,) are the occu-
This problem has recently been addressechidoped  pation numbers of, respectively, the probed electron and hole
bulk GaAs and InP and GaAs/gBa, _As quantum wells  gate5 with wave vectde’, =2, AE/%i. As high-energy
usmg_ﬂme-resplved luminescente’" In thes_e eXperiments, giates are probed, the excitonic terms have been disregarded.
the high-density thermal electron population introduced byl’he normalized absorption changeq/«, after photoinjec-

dOp'ng acts as a reservoir for the _re_combmauon O.f IOW’tion of a carrier plasma in an intrinsic sample, can be written
density photoexcited hot holes, permitting the determlnatlor}jlS the sum of two terms:

of their cooling dynamics, but also E:{S%?Athermal bath domi-
nating hole cooling at low temperatures:” To suppress this
effect, thermalization of a one-component plasma has beeny Ev: I““gle(Cv(h‘”pr’P) VAEL(p))
studied in p-doped Ge using a femtosecond intervalence — (fiwp,,p)=
band absorption saturation technid@e’ These measure- ¢ > 137C, (hwy,0) VAEL(0)
ments, performed at low temperature, show contributions of AL o
both scattering of nonequilibrium holes by the background
thermal holes and of hole-phonon mtqacyéﬁi;m this pa- > M3/ZCU(ﬁwpno)(fe(kgr)+fv(kgr))
per, we report on the selective investigation of low-energy v
heavy-hole (HH) heating dynamics in an intrinsic polar
semiconductor: GaAs, using a femtosecond high-sensitivity 2 wdC,(hwy,0)
two-wavelength absorption saturation technique. Y

In femtosecond absorption saturation measurements a (2
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iy (nm) the HH band having a much smaller occupation number.
Filling of the LH states is always negligible, most of the
holes (~95%) being in the HH band at thermal equilibrium.

The different carrier contributions toA(/a)ge were
computed assuming isotropic parabolic conduction and va-
lence bands. The HH band anisotropy might modify the
above description and its effect has been estimated by calcu-
lating the relative contributions toA(a/a)gg for different
HH masses. 4 a/ a)gr for large AE ,, has been found to be
always dominated by HH band filling, the ratio of the HH
contribution to the electron one changing, for instance, from

~5.5 to ~4.5 asmyy is changed from 0.35, (my along
e the X direction to 0.9Imy (myy along theL direction for
Tl ~— AE,=250 meV.
t L N 1 L In the nonequilibrium case, the electrons can be confined
0 30 100 150200 250 300 9 small momentum states by photoexciting them with an
AE,, (meV) average momentum of the order or smaller than the thermal
one (i.e., A\;,;>840 nm at 295 K In these conditions, as

FIG. 1. Total normalized absorption change\af «)ge (full most of the excess energy is injected into the electron sys-
line), due to band filling as a function of the probe photon exces¢em, the initial average hole energy is smaller than the ther-
energy, AE,=fw,—E,, for a thermal electron-hole plasma mal one and the heating dynamics of cold holes is investi-
(T=295 K) with a density of 2¢10'" cm™* in GaAs. The indi- gated by probing large momentum states. This conclusion
vidual contributions due to filling of the conductid&L), heavy-  will be confirmed by computing the different transient band-
hole (HH) and light-hole(LH) bands are also shown. The excited fijlling contributions toAa/a in more detail in Sec. I for
(dasheq arrO\)yand probedfull arrow) transitions are schematically nonequilibrium photoexcited carriers. The results of the cal-
shown in the inset. culations will be compared to the experimental measure-

ments in Sec. V.
The first one lumps the effects of the band-gap shrinkage and
of the reduction of the Sommerfeld factor due to creation of II. NUMERICAL SIMULATIONS
carrier(many-body effects'®*The second term, which cor- _ . o
responds to absorption saturation, is the usual band-filing The dynamics of the photoexcited carriers is modeled us-
(BF) contribution, Aa/a)ge, which contains direct infor- Ing a global description considering only energy redistribu-
mation on the free carrigt-space distributiondIn contrast  tion processes and neglecting coherent effécEhese are
to time-resolved luminescence, where the measured signal @pected to only weakly alter the measured signal for the
proportional to the product of the occupation numbers of thesarrier densities #2x 10'° cm™%) and high-energy carrier
identical momentum electron and hole that recombine, abstates investigated here. The nonequilibrium distributions are
sorption saturation spectroscopy depends on the sum of tttescribed by the wave-vector-dependent occupation num-
carrier Occupation numbers. Their contributions tobers,fi, of the different bands whose time evolutions are
(Aala)ge are thus intrinsically separated and experimentacomputed by numerically solving the carrier Boltzmann
conditions can be chosen so that this term is dominated b§duations:
either the electron or hole band-filling effect.

Because of the large HH-electron mass ratio, the root- dfi(k) _(dfi(k)) dfi(k))
mean-square momentum of a thermal HH distribution is dt | dt dt
much larger than that of the corresponding electron distribu-
tion. Consequently, for small wave vectors, the electron oci,j stand for the electron, heavy-hole, and light-hole bands,
cupation number is much larger than the HH one andandg; is a photoinjection function determined by the pump
(Aala)gr is essentially due to occupation of the conduction-pulse. @f;/dt); describes scattering ofcarriers byj carri-
band states when probing close to the band edge. In contragtis and @f;/dt)nonons the energy exchanges between
for large wave vectorgi.e., large AE,), the probed hole phonons and carriers. Assuming isotropic parabolic bands
occupation number is larger than the electronic one andwith effective masses m,=0.066m,, myy=0.5mg,
heavy holes give the dominant contribution thd/a)ge. m_ 4= 0.082my) and neglecting the transiektspace anisot-
The existence of these two regimes is clearly shown in Fig. topy of the carrier distributions® the occupation numbers
where A o/ a)gr and the relative contributions due to filling only depend on the carrier energy, which greatly simplifies
of the electronEL), light hole (LH), and HH states are plot- resolution of the above systeth?® making it manageable on
ted as a function oAE,,, for a thermal electron-hole plasma a personal computer.

(T=295 K) in GaAs. The carrier density is>210' cm™3 The carrier-carrier scattering rates are identical to those
and the Elliot formula has been used ©f(%w,,0).>* For  extensively discussed by many auth&t$/~*’neglecting the
AE,, larger than~200 meV(i.e., A, <770 nm the absorp- exchange term, and will not be explicitly given here. For
tion change is essentially due to filling of the HH states. Inscattering processes involving holes, the zone center hole
that range, electrons are essentially probed from the LHvave function overlap integrals calculated by Witthave
band, the higher-energy conduction-band states probed frolveen taken into account in the Coulomb matrix elements.
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Intervalence band scattering induced by carrier-carrier intersity range, is thus sensitive to the screening model, dynamic
actions has been neglected. Screening of the carrier Coulorsereening in the plasmon pole approximation has been
bic interactions has been treated statically but its dynamieised??3° However, this contribution does not play an essen-
character has been partly taken into account by consideringgl role here since the photoexcited electrons exchange little
only screening by identical or lighter carriers than those in-energy with LO phonons to thermalize. For the same reason,
volved in the scattering. This approximation, frequently usedhe nonequilibrium phonon effect due to electron-phonon
in Monte Carlo simulations, gives a good description ofjnteractiond®?® has been neglected.

screening for electrorfs?®*? Underestimation of hole-hole  Tpe possible transient modification of the LO and TO
scattering rates using static screening is expected to be legg,non distributiong“cold-phonon” effec® due to pho-
stringent than for electrons because of the larger momentu on absorption by the cold holes has also been disregafded.

exchange for a given energy exchaﬁ&e. . This is justified by the fact that because of their large mass,
Polar and nonpolar holes—optical-phonon scattering ha, H interact with large momentunti.e., large density of

been considered for both intraband and interband processeFate$ honons over k-space domain that is stronalv broad-
and measurements being performed at room temperaturg P P gy

carrier acoustic phonon scattering has been disregafdsd. ched by the band anisotropy. The optical phonons coupled

absorption and emission of LO phonons is accompanied by\élith holes thus constitute a high heat capacity reservoir,

large momentum exchange, the static approximation gives }Nich is expected to be only weakly perturbed by hole heat-
good description of screening of the polar interaction forind in contrast to what has been observed for cold electrons

densities up to 1§ cm~3 and has been used héfeThe  at room temperaturé. Note that computation of the “cold-
intraband polar scattering rates are given in Ref. 27. Th@honon” effect on hole heating is not straightforward and
polar interband hole scattering rate from th® j band with ~ requires inclusion of a realistic warped band structure model,
LO phonon emissiory_ and absorptiory, are calculated to the isotropic approximation strongly limiting the phonon

be k-space domain coupled with holes and leading to a large
overestimate of the effect.
3e2w oMy 1 1 The computed HH and LH transient carrier distributions
Y= - 68— 4o A . . .
32meoh22mE | &(®)  &(0) are shown in Figs. 2 and 3 for a final carrier density of
0 ' 2x 10 cm~ 2 injected by a Gaussian 70-fs pulse. The pump
Bzt1]|/1 1 photon energy i% w,,~1.48 eV (\,,~ 840 mr) photoexcit-
_3p32 4z pp pp
+(1+2azB5-3B7)In B-—1||\2 iz *tNwo, ing electrons with an initial average excess energy-@o

@) meV, close to the thermal energy at room temperature
(E,~38 me\). About £ (3) of the holes are created in the
where HH (LH) band with an excess energy 6f6 meV (~22
meV). The initial average hole excess energy is thus much
lower thanE,, and the photoexcited cold holes absorb energy

o = ME+m(E+fiw o) to thermalize with the rest of the sample. For HH, phonon
T 2ymmE(EF hwLo) ' replicas are observed at early times as holes quickly absorb
LO phonons. These structures are washed out by hole-hole
hzq% scattering that internally thermalizes the HH distribution,
Br=a- (5)  which is in thermal equilibrium with the lattice for times

+ .
4JmmE(EF frwLo) longer than~800 fs (Fig. 2). The light holes are quickly

scattered into the heavy-hole band, mostly by optical phonon

E is the initial hole state energy, o the LO phonon occu- absorption(they are excited below the thresholds for optical
pation number, andp the Debye-Huakel wave vector: phonon emissionresulting in a short time delay replica
around 60 meV in the HH distribution. Note that LH contain
most of the initial hole excess energy and efficiently heat up
- e? 3 e » f,(E) 4 the (_:old HH. Th_ei_r inclusion into Fhe _simulatiqn_ i_s thus es-
QD_W - M JE E. (6)  sential for describing hole thermalization. The initial average
* excess energy of the electrons being clos& g the calcu-
lated transient electron distributions show fast interttgl

Nonpolar interactions with TO and LO phonons signifi- €lectron-electron scatteringand external thermalizations
cantly contribute to the total hole-phonon scattering®ate  (Fig. 4).
and both intra- and inter-valence-band processes have been The HH thermalization dynamics can be observed using a
included. Furthermore, because of the different energy of therobe photon energy larger thanl.6 eV. The energies of
TO and LO phonons, multiple scattering contributes to enthe probed states are indicated by the arrows in Figs. 2 and 3
ergy redistribution between holes, especially at low densitiesfor # w,~1.65 eV (A~ 750 nm). To compute the total ab-
The nonpolar scattering rates were derived by Costato ansbrption changé?), renormalization of the band gap and of
Reggiant® and we have used the measured optical deformathe optical interactions by the many-body Coulomb effect
tion potentiald,=48 eV?’ have to be calculated for the transient carrier distributions.

As the electron—LO phonon interaction involves smallBand-gap renormalization can be written as the sum of a
wave-vector exchanges and, for the investigated carrier derGoulomb hole term and a screened exchange term as calcu-
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FIG. 2. Calculated transient heavy-hole distri-
bution, fy4(E), times the density of heavy-hole
states gu(E). Heavy holes are photoexcited
with an excess energy of 6 meV by a 70-fs
pump pulse & wy,=1.48 eV). The carrier density
is 2 10" cm~3. The arrow indicates the probed
states for a probe photon energy of 1.65 eV.
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lated using a quasistatic modél.Assuming a rigid band whereV, andV,. are the unscreened and statically screened
shift, the band-gap energy reads Coulomb potentials. The modification of the optical transi-
tion matrix elements by Coulomb correlation is estimated
using the analytic expression of the Coulomb enhancement
Eq(p)=Eq(0)+ X [Ved@)—Vo(a)] — X Veda)fi(q), (7)  factor derived for a Hithen potentiaf?
q 1,q

C.p)= 27 sin(mgVAE/R,) ®
vP VAE, /R, costimgyAE,/R,)—cod m\/4g—g?AE,/R,)’

whereR, is the exciton Rydberg energy age- 1/qpag. To  bution. The nonequilibrium nature of the plasma is thus only
derive this expression, band-filling effects have been nereflected in the distribution-dependent Debyéckiel wave
glected, assuming that screening gives the dominant contritector. Note that this expression reduces to the Elliot for-
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' w2 FIG. 3. Calculated transient light-hole distri-
| | ! = bution, f 4(E), times the density of light-hole
= statesg, 4(E) for the same conditions as Fig. 2.
— The light-hole initial excess energy 1822 meV.
1 E}: The arrow indicates the probing position for a
bl probe photon energy of 1.65 eV.
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FIG. 4. Calculated transient electron distribu-
tion, f¢(E), times the density of stateg,(E) for
the same conditions as Fig. 2. The two peaks cor-
respond to photoexcitation from the heavy- and
light-hole bands. The arrow indicates the states
probed from the light-hole band for a probe pho-
ton energy of 1.65 eV.
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mula for vanishing carrier densitié8. rium distributions photoexcited close to the band etigae
The calculated transmission change is shown in Fig. 5 fosubsequent rise oAT/T is mainly due to filling of the
p=2x10" cm™3, together with the individual contributions probed HH states as the initially cold distribution heats up
due to filling of the electron and hole states and to many-and thermalize¢direct contribution due to filling of the LH
body effects. Because of the large momentum difference bestates is negligible As expectedFig. 1), the electrons only
tween the probed and photoexcited states, BF effects are dereakly contribute to the total signal.
layed and the short time delay signal is mainly due to the The carrier occupation numbers changing linearly with
many-body effects. Increase of the probed density of statesarrier density at thermal equilibrium for nondegenerate dis-
(and thus of the absorptiprby band-gap renormalization tributions, similar relative amplitudes of the band-filling con-
predominates over reduction of the Coulomb enhancemertibutions are computed for lower densities. For larger den-
(that reduces the absorptjoresulting in an almost instanta- sities (p=5x 10*" cm~3), the electron distribution becomes
neous decrease of the sample transmission. This contributiaignificantly degenerated and its contribution increases,
depends on carrier density but, in our experimental condipartly masking the hole thermalization dynamisge Sec.
tions, is only weakly sensitive to the exact carrier distribu-1V).
tions. It is thus almost constant after carrier injection has
terminated, resulting in a signal offset. These results are con- IIl. EXPERIMENTAL SYSTEM

sistent with recent Monte Carlo simulations for nonequilib- . o
To perform high sensitivity two-color femtosecond pump-

probe measurements, we have developed a high repetition
HH -+ LH rate source generating synchronized independently tunable
"""""""""""""""" pulses by nonlinear frequency conversion of a Kerr-lens
mode-locked Ti:sapphire las&The laser is operated at 800
nm and its output is passed through a Faraday isolator. After
external group velocity dispersion compensation in a prism
pair, the pulse duration is 50 fs with an average power of 1.2
T S IR W. The pulse train is then coupled into a 5.5-cm-long, 3.9-
pm core diameter single mode optical fiber where self-phase
modulation broadens the spectrum froall4 to ~130 nm
(full width at half maximum. The output of the fiber
(~600 mW is then split into two parts, which are indepen-
dently temporally compressed and spectrally filtered using
1.0 two identical grating pair systems to generate two synchro-
nized frequency tunable femtosecond pulses. Each system
consists of two diffraction gratings separated by a unity mag-
FIG. 5. Calculated transient transmission chany@/T (full  nNification telescopé’ Wavelength selection is performed us-
line) for a pump(probe photon energy of 1.48 eY1.65 eV and a  iNg an adjustable slit placed out of the Fourier plane, which
carrier density of %10 cm~3. The individual contributions to Permits generation of nearly Gaussian pulSeBhe width of
AT/T due to band-gap renormalization and reduction of the Couthe slits is adjusted to produce transformed limited 70-fs
lomb enhancement factdBGR+CEP and to filling of the conduc-  pulses with a maximum average power of 20 mW. Using the
tion (EL) and valence band$iH+LH) are also shown. wings of the spectrum, pulses separated by as much as 170

AT/T  (arb. units)

BGR + CEF

TIME DELAY (ps)
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for pump and probe photon energies of respectively 1.48 and 1.65
FIG. 6. Measured transient transmission change in GaAs for @V. The photoexcited carrier density-is2x 107 cm~3. The inset
pump photon energy of 1.48 eV and a probe photon energy ranginghows the corresponding normalized transmission change differ-
from 1.48 to 1.7 eV. The carrier density is<30'” cm 3, ence, NDE[(AT/T)y—AT/T]/(AT/T)y on a logarithmic scale
as a function of the probe time del@yAT/T)y, is the quasiequi-

nm can be created with a tunable central wavelength. Thiorium transmission change measured ferl psl.
source offers many possibilities for two-color femtosecond

spectroscopy when limited tunability and peak power are,q probe wavelengths tAT/T~1.2<10"2 for \p~750

required and is particularly well adapted to the investigation _ . : . .
of semiconductor systems. nm (fwp~1.65 eV consistent with the- 10 time reduction

The two beams are sent into a standard pump-probe setu f_the band-filling ef_fect calculated at thermal _equmbnum at
m temperaturéFig. 1). A larger reduction is measured

The probe beam is passed through a variable delay stage al . X
cross polarized with the pump. The beams are focused intBecause of the transmission decrease induced by many-body

the sample using a 20 microscope objective. The focal spot €ffects, which weakly affecAT/T for probing closer to the
size has been measured to bed® in diameter by imaging ©and edge wj,~1.5 eV) but significantly contribute for
the sample with a microscope onto a CCD camera. Measurdligh probe photon energi€big. 5). For largerfiw,(=1.72
ments were performed at room temperature in a 0.2€V, i.e,, A,=<720 nm), the temporal shape of the measured
um-thick GaAs sample with AJ(Gag 4As cladding layers AT/T changes and its long-term amplitude increases as a
and antireflection coating. The pump beam is chopped at 1.Besult of the onset of probing the bottom of the conduction
kHz and the signal is detected using a lock-in amplifier. Theband from the spin split-off valence band. Information on
high stability of the laser and the high repetition rate of thehole thermalization dynamics is thus contained in the inter-
tunable pulse$76 MHz) permit very high sensitivity mea- mediate regior(1.6 eV<fiw,<1.7 e\V) where electron dy-
surements with a noise level f&T/T in the 10 ° range. namics plays a minor role.

The measured temporal behavior is shown on an enlarged
scale in Fig. 7 foriw,~1.65 eV andp~2x10 cm™3.
Transient reflectivity measurements performed simulta-

The results of the measurements are shown in Fig. 6 for aeously show that the change of the real part of the sample
pump photon energy of 1.48 e\A{,~840 nm and probe refractive index does not significantly contribute to the mea-
photon energies ranging from 1.48 to 1.70 €840 nm  suredAT/T, which can thus be directly related to the absorp-
=\p=730 nm). For smallw, the measured temporal be- tion changeA«. The measured dynamics is comparable to
havior is dominated by the electron thermalization dynamicghe calculated onéFig. 5 with a short time delay signal
(Fig. 1) and exhibits a fast short time delay response resultdominated by band-gap renormalizati®GR). The trans-
ing from the partial overlap of the excited and probed elecmission change reaches a plateau aft&t00 fs, indicating
tron and hole state¢hole burning). As the electrons are that heavy holes are in quasiequilibrium with the rest of the
excited with an excess energy close to the average energy sample, in good agreement with the computed transient car-
room temperature, they quickly thermalize between themrier distributions(Fig. 2). Similar temporal behavior were
selves and with the lattice leading to a fast decay of themeasured for probe wavelengths in the region dominated by
transient induced transmission. The hole burning effect ighe hole dynamics.
reduced as the probe photon energy increases and for Measurements performed for carrier densities ranging
fiwp=1.6 eV (A, <770 nm, the temporal behavior is dras- from 2x 10'® to 1x10*® cm~3 show comparable temporal
tically modified (Fig. 6) with a fast short time delay trans- behaviorgFig. 8 forfiw,~1.63 eV, i.e.\,~ 760 nm), with
mission decrease followed by a slow rise and a plateau. Tha reduction of the relative amplitude of the transient trans-
amplitude of the long termt& 1 p9 transmission change is mission decrease with increasing carrier density. This is a
strongly reduced fronA T/T~3.3x 102 for identical pump  consequence of the fact that BGR scales sublinearly with

IV. RESULTS AND DISCUSSION



TIME DELAY (ps)

FIG. 8. Measured transient transmission change in GaAs for a
photoexcited carrier density ¢8) 2x 10 (b) 7x10' cm~2, and
(c) 3x10' cm™3. The pump(probe photon energy is 1.48 eV
(1.63 eV).

density while band filling scales linearly for the nondegener-
ate hole distributions investigated here. The amplitude of th
absorption increase due to BGR is thus reduced compared l%
. . . . . S
the absorption decrease due to BF with increasing carriet
densities, in good agreement with our simulatigRig. 9).
For moderate carrier densities< 1 10'® cm™2) the signal
rise is only weakly modified, indicating a small density de-
pendence of the hole thermalization.
In order to analyze this dependence more quantitatively,

we have fitted out results assuming an instantaneous trans-

mission reductioriFig. 5 and a monoexponential signal rise
with a characteristic thermalization time,,.2° The phe-
nomenological response functioR(t) that is convoluted
with the pump-probe correlation function then reads

R(t)=u(t){—A+B[1—exp —t/my) ]}, 9

where u(t) is the unit step function. The validity of this
approach is demonstrated in the inset of Fig. 7, clearly show-
ing the quasiexponential decrease of the normalized trans-
mission change difference(NDT), NDT=[(AT/T)um
—AT/T)/(AT/T)y, where AT/T)y is the quasiequilib-
rium differential transmission measured atl ps[using(9),

NDT is proportional to exptt/7y,) for t larger than the
pulse duratioh The measured, are almost constant for
carrier densities larger than6x 10'® cm™2 (74,~130+ 15

~175 fs forp~2x10* cm~2 (Fig. 10. The thermalization

0)
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FIG. 9. Calculated transient transmission change in GaAs in the

of the

(fs)

Tth

200

interband scattering

same conditions as in Fig. 8.

similar carrier density dependence. The calculatgdare
slightly larger(about 10% than the measured ones. A pos-
gible origin of this discrepancy lies in the assumption of an
tropic parabolic HH band that modifies the HH density of
ates and thus the computed scattering rates. The use of
statically screened hole interactions, which overestimates the
reduction of the scattering rate by screefifrand the neglect
induced by carrier-carrier

100 |-

10[6

1017

CARRIER DENSITY (cm™)

1018

: ) - FIG. 10. Carrier density dependence of the measured and calcu-
fs) and only weakly increase for lower carrier densities up tated (full line for A

pr= 750 nm characteristic hole thermalization
times, 7y, in GaAs at room temperature. The pump wavelength is

times 7y, estimated from the calculatedT/T using the same 840 nm fiw,—1.48 €V and the probe wavelength 760 nm
procedure are shown by the full line in Fig. 10, in good(hwpr~1,53 eV, squargs750 nm (i w,~ 1.65 eV, pointsand 740
agreement with the measured one, showing in particular am (fiw,~1.68 eV, triangles
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interactiond® may also play a role.

The energy source for hole heating might be both the 6F
lattice and the simultaneously photoexcited electrons. How-
ever, the energy stored into the electron system being lim- 41
ited, a large electron-hole energy transfer would thermalize E
the two systems at a temperature lower than the lattice one. < 2F
Energy absorption from the lattice is thus always necessary o
to fully thermalize the system. This is in contrast with the -0
case ofn-doped samples where with measurements being
performed for doping densities much larger 10 times 2 . . .

than the photoexcited plasma density, the thermal electrons
introduced by doping can be considered as a thermal bath for
holes!314

The weak dependence of the measured hole relaxation
rate on carrier density and its monoexponential behavior sug-
gest that in intrinsic systems, electron-hole scattering is not
the main hole heating process and that hole thermalization is
essentially due to hole—optical phonon scattering with a :
dominant contribution from polar interactions. LO phonon X
absorption by cold holes involves large momentum ex-
changegfor instance, holes at the top of the valence band -2 0|0 0' L
can only exchange a momentum ¢@my,% w o/%) and, in ’ 3 10
contrast to the electron—LO phonon interaction and to hot- TIME DELAY (ps)
carrier cooling processes, it is thus only weakly reduced by
screening in the investigated carrier density range. In our FIG. 11. Measured and calculated transient transmission change
measurements, HH states with energies ranging frd@8 to  in GaAs for a photoexcited carrier density oka0® cm~3 and a
~33 meV (73B<\,~<770 nm, between the initial excita- pump (probg photon energy of 1.48 eY1.64 eV). The individual
tion peak and the first optical phonon replica, are probed:ontrlbutlon(Iabeled as in Fig. bto AT/T are also shown.
(Fig. 2. The measured absorption change thus depends on
both the phonon absorption rate by holes and on the holare excited close to the top of the valence band, which
internal thermalization time. For large densities, hole-holestrongly limits the range of the possible momentum ex-
scattering quickly establishes a hole temperature gpiés  change for a given energy transfer. Energy and momentum
limited by external energy transfer from the lattice. The TOconservation requirements are thus more stringent than for
and LO phonon absorption rate by polar and nonpolar scatiigh-energy electrons and holes, further limiting cold hole-
tering has been calculated to be5 ps ! at room electron energy exchanges. Inclusion of electron-induced in-
temperaturé? As, on the average, each hole has to increas¢ervalence band scattering should slightly increase the energy
its energy by~ 25 meV(i.e., ~0.7 optical phonopa typical  transfef® but is not expected to drastically modify the results
thermalization time of~140 fs can be roughly estimated, of the simulations. Although the initial distributions are dif-
which favorably compare with the almost constant value offerent, the minor role played by electrons in our measure-
71, measured for large densiti€sig. 10. ments is consistent with the longer hole cooling times attrib-

The weak increase afy, for low densities is attributed to uted to thermal electron-hole interactions nrdoped bulk
a slower internal thermalization of the hole distribution duesamples at low temperatufe,,~ 560 fs for a donor density
to reduction of the hole-hole interactions with a small con-of 6x 10 cm~2 at 77 K (Ref. 14]. The dominant role of
tribution from reduction of electron-hole scattering. The mi-the phonon in cold-hole heating at room temperature agrees
nor role of the electron-hole energy exchanges is consistemtith a hot-hole cooling dominated by phonon emission at
with the absence of any computed decrease of the electrowom temperature in the doped systethslote that the dif-
distribution temperaturé€Fig. 4) that would result in a tran- ferent conclusions drawn at different temperatures in the
sient decrease of the electron contribution tha{a)ge doped sampléd'* could be ascribed to the different hole—
when probing the tail of the distributioFig. 5). Our con-  optical phonon interaction conditions, with the phonon ab-
clusions are in agreement with numerical simulations persorption being negligible at 77 K and the cooling efficiency
formed for comparable excitation conditions, showing a fasby phonon emission being dependent of the hole distribution.
LO phonon-mediated heating of hof¥s. Impact ionization of neutral impurities may also play a role

The role of the electrons can be further investigated byin the doped bulk samplés.
switching off the electron-hole interactions in the simula- For large carrier densities<(10'® cm~3) the measured
tions. The results show a weak increase of the calculated T/T exhibits an additional slowly rising compone(iig.
74 from ~130 to ~ 145 fs for a carrier density of 107  11) making separation of the electron and hole dynamics
cm™3. As pointed out by many authors, this slow electron-difficult. At these densities, the electron distribution is
hole energy transfer that, in particular, results in a slow holestrongly degenerated and broaden ispace(at room tem-
electron thermalization on a few picosecond timeperature, the electron average thermal energy rises from
scale?®?"#* ijs a simple consequence of the large HH-~38 meV for a nondegenerate distribution+®9 meV for
electron mass ratio. Furthermore, in our measurements, holgs=2x 10'8 cm™3), increasing the relative electron contribu-

AT/T (arb. units)

BGR + CEF
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tion to (A a/a)gr. For the pump photon energy used in our non replica are probed and hence the measured times reflect
measurement$1.48 eV}, cold electrons are thus photoex- both internal and external hole thermalization. The weak car-
cited at high densities. Because of their smaller mass, eledier density dependence indicates that the thermalization is
trons absorb LO phonons at a slower rate than cold hthes dominated by hole—optical phonon interactions, in agree-
absorption rate is about 2.5 times smallleading to a slow ment with simulations of the carrier dynamics based on nu-
heatup of the cold electrons. The measured signal thus exnerical resolution of the carrier Boltzmann equations. The
hibits a slowly rising component that reflects cold computed heating times are, however, slightly longer than
electron—LO phonon interactior(§ig. 11). The total trans- the measured ones. More sophisticated numerical simula-
mission change and its different components computed iions including band anisotropy and dynamic screening of
these conditions are plotted in Fig. 11, clearly showing thehe hole interactions would be particularly interesting. The
increase of the relative electron contribution compared tdneasured heating times are consistent with the absorption
lower densitiegFig. 5 and its different temporal behavior. time of optical phonon by small momentum hol@scluding

Note that this slow rise further confirms the slow electron-polar and nonpolar interactiongaking into account that on
hole thermalization. This conclusion is also in agreementhe average each hole absorbs less than one phonon to ther-
with measurements performed in nondegenerate systems fgtalize with the lattice.

cold electron and hole distributions that show a weak modi- These measurements open up many possibilities for pre-
fication of the HH thermalization time and a comparablycise and selective analysis of hole interactions with their en-

slow electron heatuf?. vironment in various semiconductors. The little used ap-
proach of investigating cold-carrier thermalization is
V. CONCLUSION particularly interesting for investigating carrier-phonon inter-

actions. In contrast to hot-carrier cooling, heating of cold

In conclusion, we have demonstrated that thermalizatiomarriers by phonons is strongly dependent on the lattice tem-
of holes photoexcited with an average energy smaller thaperature(the efficiency of phonon absorption is proportional
the thermal one can be investigated in an intrinsic direct-gajo their occupation numbewhich should permit a quantita-
semiconductor using a high-sensitivity two-wavelengthtive separation of carrier-phonon interactions from other
pump-probe technique. These measurements take advantaggattering processes. The effect of a thermal carrier back-
of a higher k-space localization of electrons than heavyground injected by doping or photoexcited by a preptf§e
holes, which, together with the momentum state selectivitycould also be studied and should give information on hole-
of the optical techniques, permits separation of thehole scattering.
conduction- and valence-band filling contributions to the ab-
sorption saturation. Characteristic heavy-hole heating times
increasing from~120 to ~170 fs have been measured in
GaAs at room temperature for carrier density varying from The authors gratefully acknowledge L. Acioli and S. Frie-
7x 10" to 2x 10 cm~3. Heavy-hole states with energies bel for their participation to the early stage of the experiment
between the average energy and that of the first optical pha@nd J. Collet and C. Tanguy for helpful discussions.
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