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Carrier cooling and exciton formation in GaSe
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The initial cooling of hot carriers and the subsequent exciton formation in GaSe are studied by time-resolved
photoluminescence~PL! using femtosecond up-conversion techniques. From the time-resolved PL spectra of
this layered III-VI semiconductor two different energy relaxation channels are derived. After an initial subpi-
cosecond cooling due to Fro¨hlich-type interaction of carriers with longitudinal opticalE8(22) phonons a
slower regime follows, which is dominated by deformation potential interaction with the nonpolar optical
A18(1

2) phonons. The coupling constant for nonpolar optical phonon scattering is derived. The subsequent
formation of excitons is studied at different carrier densities and detection energies. A cross section for the
free-exciton formation is determined based on a rate equation model.@S0163-1829~97!01132-6#
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I. INTRODUCTION

Energy relaxation dynamics of hot carriers in semico
ductors give important information on carrier-phonon int
actions. These interactions affect critically such properties
the electronic system as carrier cooling and carrier mob
ties, which directly determine the upper limits of operati
frequencies of high speed switching devices. Therefo
time-resolved studies of dynamics of the coupled elect
phonon system are of significant interest.

In polar semiconductors of high structural symme
~III-V and II-VI compounds!, the carrier phonon coupling i
dominated by the long-range Fro¨hlich-interaction involving
longitudinal optical phonons.1–3 The situation is completely
different in semiconductors with low site symmetry. In the
compounds the short-range deformation potential coup
has a major influence on the carrier-phonon interaction,
cause of the large gradients of the atomic potentials.4 This is
the case for the uniaxial layered semiconductor GaSe~Ref.
5! studied in the present paper. This material is much l
investigated than tetrahedrally bound semiconductors. I
known from theoretical studies,6 Hall mobility,7,8 and ab-
sorption measurements,8–10 that the carrier-phonon interac
tion in GaSe is dominated by the deformation potential c
pling to the nonpolar opticalA18(1

2) phonon mode~16.7
meV!. From these type of studies values of the deformat
potential constantDNPO of 5.5–6.6 eV/Å were derived.6,8,10

However, so far only a few studies have been reported on
role of carrier-phonon interaction in the cooling of hot car
ers photoexcited above the band gap of GaSe.11–13 Most of
the previous measurements were performed at room t
peratures with a time resolution not better than 20 ps an
excitation densities clearly above the Mott-transition dens
in GaSe (nMott;531017 cm2321018 cm23).14,15 As a con-
sequence, screened values of the deformation potential
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stant were determined, which were several times sma
than the value reported in Refs. 6,8,10.

As the carrier energy during the cooling process redu
to values which are smaller than the exciton binding ener
the attractive Coulomb force between electrons and ho
can bind them into excitons. As a result, the excitonic st
gets incoherently occupied by thermalized electron h
pairs. Recently, exciton formation dynamics have been
tively investigated in bulk GaAs and GaAs/AlxGa12xAs
heterostructures.16–21 However, only little work has been
done on III-VI materials such as GaSe. Most of the tim
resolved measurements of exciton dynamics in GaSe s
the formation of bound excitons due to localization of fr
excitons at layer stacking faults.22–25

In the present paper we study the carrier cooling dyna
ics at the band edge of GaSe with femtosecond time res
tion in the regime of low excitation densities. These stud
help to clarify ultrafast carrier cooling mechanisms in GaS
which have not been yet investigated because of the lim
time resolution in previous studies. Special attention is p
to the role of theA18(1

2) phonon mode~16.7 meV! in the
carrier cooling in case of negligible screening by the pho
excited carriers.

We study the dynamics of photoexcited carriers all t
way through carrier cooling to the formation of free excito
and their final localization. The cross section for free excit
formation is derived by modeling PL time transients26 re-
corded at different pump fluences. Additionally, we stu
exciton relaxation dynamics due to trapping at structural
fects.

The paper is organized in the following way. In Sec. II t
material system of GaSe and the experimental setup are
scribed. In Sec. III the experimental results for the carr
cooling ~Sec. III A! and the exciton formation~Sec. III B!
are presented. Finally the conclusions are given in Sec.
4578 © 1997 The American Physical Society
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FIG. 1. Band-edge cw luminescence of Ga
~dashed line; inset: logarithmic plot; the cryost
temperature T is 10 K! in comparison to the lin-
ear absorption spectrum~solid line; T540 K!.
The free-exciton resonances are marked ass
and 2s, anda2g mark the spectral positions o
bound excitons localized at stacking faults.
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II. MATERIAL SYSTEM AND EXPERIMENTAL
SETUP

GaSe is a III-VI semiconductor with layered cryst
structure.27 The samples under investigation are thin sla
cleaved from a Bridgman grown ingot.28 They are attached
strainfree to a sapphire substrate and mounted in a clo
cycle cryostat.

The samples are excited at 3.1 eV by frequency-doub
100 fs pulses derived from a Kerr-lens mode-locked Ti:s
phire laser. The density of photoexcited carriers is on
order of 531016 cm23. This is at least an order of magn
tude lower than in previously reported studies of carrier co
ing in GaSe.11–13

The luminescence from the sample is collected in a ba
ward geometry and is up-converted in a nonline
b-barium borate crystal using a delayed laser pulse at
lasers fundamental frequency. The sum-frequency signa
dispersed in a double monochromator, and detected wi
cooled photomultiplier coupled to a single photon count
system. The photoluminescence~PL! up-conversion tech-
nique has a time resolution of 150 fs. To improve the sp
tral resolution, some of the measurements were perform
with picosecond laser pulses having narrower spectral ba
width. These experiments nevertheless confirm only
analysis presented below and are not shown here.

The linear absorption spectrum~sample temperatureT is
40 K! and the spectrum of time-integrated luminescence
der pulsed excitation~cw luminescence! of GaSe are shown
in Fig. 1. The 1s- and 2s-exciton direct gap resonances
GaSe are observed in linear absorption as pronounced p
at 2.106 and 2.121 eV, respectively. The free-exciton li
are also well resolved in the cw luminescence. This indica
that the carrier density is below the Mott-transitio
density.15,29 The relatively large spacing between the dire
1s-exciton resonance and the direct band gap (EB

X519 meV!
in GaSe allows the clear separation of the exciton and
carrier dynamics in the femtosecond time-resolved PL m
surements.

The luminescence experiments are performed at a sam
temperature of 10 K. However, the exciton peaks in the
ear absorption recorded at 40 and 50 K~the latter absorption
spectrum is not shown here! have nearly the same spectr
s
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positions as the corresponding peaks in the cw luminesce
These findings indicate that the sample temperature wi
the excited spot in the PL measurements is raised to appr
mately 45 K due to laser-induced heating.

Because of the layered structure of GaSe, stacking fa
and dislocations can occur in the samples. Therefore, the
luminescence from GaSe has several sample-depen
peaks below the free-exciton resonance~see Fig. 1!. At low
excitation densities~which is the case in the present studie!
these peaks are mainly due to bound excitons localize
stacking faults in the sample.14,30

GaSe is known as an indirect semiconductor with
lowest conduction-band minimum at theM point of the
Brillouin zone. However, the energy separation ofG and
M conduction-band minima is not well known. The valu
reported in the literature deviate from 25 to 130 meV.14,31

No luminescence from the indirect gap is observed in
present studies in agreement with previous repor
measurements.14

III. RESULTS AND DISCUSSION

A. Carrier cooling dynamics

Figure 2 shows time-resolved luminescence spectra
GaSe. For early times after optical excitation of the carri
the spectral maximum of the luminescence is located ab
the 1s-exciton resonance moving towards lower energ
with longer time. The high-energy slope of the spectra
comes steeper with increasing time delay. At negative de
times the long-lived luminescence due to accumulated lo
ized excitons is observed as a broadband at low ene
~; 2.08 eV!. Essentially the same dynamics are obtained
measurements with improved spectral resolution using p
second laser pulses. The recorded PL dynamics are relat
the cooling of electrons and holes, the formation of excito
from the carriers as they lose energy to the phonon sys
and exciton trapping. In what follows, we use the tim
resolved PL spectra to derive the relaxation rate related to
carrier cooling.

The PL above the band gap of GaSe (E.Egap52.125 eV!
results from the recombination of unbound electron h
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4580 56NÜSSE, HARING BOLIVAR, KURZ, KLIMOV, AND LEVY
pairs. This part of the PL spectra can be described
Boltzman statistics. Ultrafast carrier thermalization occ
on a time scale shorter than the time resolution of
measurements. By fitting the high-energy tails of the spe
with Boltzman distributions the effective carrier temperatu
TC as a function of time~see Fig. 3! can be derived. The
cooling curveTC(t) reveals a fast and a slow energy lo
stage of the carriers. The excess energy of the photoexc
carriers corresponds to the initial carrier temperature
;5670 K, and the highest effective carrier temperature
rived from the luminescence spectra is less than 300
Therefore a significant amount of the excess energy is tr
fered from the carriers to the phonon system already with

FIG. 2. Time-resolved luminescence spectra of GaSe reco
for delay times from22 to 35 ps. To avoid intersections along th
vertical axis, the spectra are shifted to each other. The spe
positions of the 1s- and 2s- free excitons and the localized excito
g at energyEg are marked by arrows.

FIG. 3. Double logarithmic plot of the effective carrier temper
ture as a function of the delay time after excitation. The data po
shown by solid circles are derived by fitting of high-energy slop
(E.Egap) of the time-resolved PL spectra using Boltzman sta
tics. The solid line is a double exponential decay fitted to the d
points.
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time shorter than the time resolution of the measurem
~150 fs!. Even though the fast initial cooling cannot be fo
lowed in great detail the presence of the subpicosecond
laxation stage is observed by the rapid carrier cooling fr
;300 to ;100 K ~see Fig. 3!. This stage is followed by a
slower picosecond cooling of the carriers down to the latt
temperature. The observed cooling dynamics can be well
scribed by a double exponential decay with time consta
0.1 and 5.7 ps. The lattice temperatureT0 is thereby deter-
mined to 46 K.

To identify the dominant carrier energy loss mechanis
in GaSe, the cooling rates of electron hole pairs are extra
from the cooling dynamics. The experimental results
compared with the relaxation rates calculated for the diff
ent types of carrier-phonon interactions, such as the lo
range Fro¨hlich interaction with the longitudinal optical 31.
meV phonon, the deformation-potential coupling of the c
riers to the nonpolar opticalA18 phonons~16.7 and 38.5
meV!, and the acoustic phonons and the piezoelectric c
pling to the acoustic phonons.1,32,33 The analysis is per-
formed at a lattice temperature ofT0546 K, using the GaSe
parameters from Refs. 11,27,34. The resulting plots
shown in Fig. 4, where the high temperatures correspon
early times after excitation.

Two different energy-loss mechnisms for the fast and
slow relaxation stage of the carrier cooling are identifie
The cooling rate during the first picosecond at temperatu
between 5670 and 100 K approaches the values calcul
for the Fröhlich coupling to the longitudinal opticalE8(22)
phonon~31.3 meV!. The corresponding cooling rate is give
by the following expression:1,32,33
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FIG. 4. Symbols:Measured carrier energy relaxation rates a
function of the effective carrier temperature@solid circles, derived
from the measured cooling curve;open circles, derived from the
double exponential fit to the measured data points;solid square,
estimated value for the subpicosecond carrier cooling from 567
100 K ~using a time range of 1 ps and an average carrier temp
ture of ; 2800 K!#. Lines: Calculated carrier energy relaxatio
rates.Solid lines:Dominant relaxation rates@FOP ~31.3 meV!, Fröh-
lich coupling to the polar longitudinal opticalE8(22) phonon mode
~31.3 meV!; DPNPO ~16.7 meV!, deformation potential coupling to
the nonpolar opticalA18(1

2) phonon mode~16.7 meV!#. Dashed
lines: Relaxation rates of minor significance@DPNPO ~38.5 meV!,
deformation potential coupling to the nonpolar opticalA18(2

2) pho-
non mode~38.5 meV!; DPAcc, deformation potential coupling to
accoustic phonons;PE, piezoelectric coupling#.
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FIG. 5. Solid lines:Luminescence time tran
sients taken at the spectral position of the 1s ex-
citon for different carrier densities.Dashed lines:
Fit to the data using the rate equation model d
scribed in the text. The curves are normalized a
offset for clarity.
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]E

]t [meV/ps]53543S m*

m0
D 1/2S 1

e`
2

1

e0
D

3~\v [meV]!
3/2

e~x02xc!21

ex021

3S p

2 D 21/2S xc

2 D 1/2

exc/23K0S xc

2 D ,

wherex05\v/kBT0 andxc5\v/kBTc . Tc andT0 are the
effective carrier temperature and lattice temperature, res
tively, \v is the energy of the polar opticalE8(22) phonon,
m* is the reduced mass of the electron hole pairs,e0 ande`

are the static and optical dielectric constants, respectiv
andK0 is the modified Bessel function of zero order.

For delay times longer than 1 ps, the experimentally m
sured cooling rates get clearly smaller than those for
Fröhlich interaction. They finally approach the values bei
characteristic of deformation potential coupling of the no
polar opticalA18(1

2) phonon~16.7 meV!. The slow cooling
dynamics of the electron hole pairs (t>1.5 ps,TC<100 K!
are well described by interaction with nonpolar optic
A18(1

2) phonons~16.7 meV!, whereas the rates calculated f
other carrier-phonon coupling mechanisms deviate by
least an order of magnitude from the measured values.
carrier energy relaxation rate for the interaction with the n
polar optical phonon due to deformation potential coupling
given by11,1,32,33

2
]E

]t [meV/ps]53.5533
~m* /m0!3/2D [eV/Å]

2

r [g/cm3]

3~\v [meV]!
1/2

e~x02xc!21

ex021

3S p

2 D 21/2S xc

2 D 1/2

exc/23K1S xc

2 D ,

where\v is the energy of the nonpolar opticalA18(1
2) pho-

non,r is the modified crystal density,5,8,11D is the deforma-
tion potential constant, andK1 is the modified Bessel func
tion of the first order. Using a deformation potential const
c-
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DNPO of 5.5 eV/Å in this formula fits the measured data be
This result corresponds well with the values forDNPO of
5.5–6.6 eV/Å reported in Refs. 6,8,10. The slight differenc
can be due to a weak screening of the deformation poten
coupling by the excited carriers in the present study.

We attribute the reduction in the efficiency of the pol
carrier-phonon interaction to the buildup of nonequilibriu
phonon populations, which can develop on the subpicos
ond timescale as demontrated in Ref. 3. Estimations sh
that the threshhold for saturation of theE8(22) phonon mode
is at carrier densities of;531016 cm23, which is in the
range of the excitation densities used in the pres
experiments.35

B. Exciton formation dynamics

As was pointed out, the carrier energy relaxation is
companied by the shift of the PL maximum towards the p
sition of the free 1s exciton. This behavior shows th
buildup of the excitonic state population due to the carr
cooling, and is an incoherent formation process of free ex
tons from the thermalized electron hole pairs.

The free-exciton formation rate is determined by the e
citon binding energy (EB

X519 meV in GaSe! and the thermal
energy of the carriers32 kBTC . When the thermal energy o
the carriers becomes smaller than the exciton binding ene
the attractive Coulomb interaction between electrons
holes is strong enough to bind them into excitons and p
vent the thermal dissociation of the exciton. This leads to
efficient formation process of excitons. As the exciton fo
mation results from the electron hole interaction the form
tion rate increases with increasing carrier density. Accord
to our data, within the first picosecond after excitation t
thermal energy of the carriers becomes smaller than the
citon binding energy, suggesting the efficient exciton form
tion at delay timest>1 ps.

We studied exciton formation dynamics by analyzing P
time transients recorded at the spectral position of the
1s-exciton resonance for different excitation densities~see
Fig. 5!. The transients have a finite rise timetX , which is
attributed to the exciton formation time. The formation ra
of free excitonsgX51/tX increases with increasing carrie
density, as expected from the above model.
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To analyze the measured dynamics in a quantitative w
we use a set of two coupled rate equations, which desc
the temporal evolution of the electron hole pair@C(t)# and
exciton density@X(t)#.26,22 The model implies that electro
and hole densities develop equally in time, and the car
density decays solely due to the formation of excitons:

]

]tS C~ t !

N0
D52gX3S C~ t !

N0
D 2

,

]

]tS X~ t !

N0
D51gX3S C~ t !

N0
D 2

2
1

tD
3S X~ t !

N0
D ,

S C~ t50!

N0
D51,

whereN0 is the initially excited electron hole pair densit
gX5sXv th3N0 is the free-exciton formation rate, wheresX
is the free-exciton formation cross section, andv th is the
thermal velocity of the carriers.tD accounts for the decay o
the excitonic PL, which is mainly determined by the ener
relaxation of the free excitons due to localization as d
cussed below. As the thermal dissociation of excitons ha

FIG. 6. Excitation density dependence of the free-exciton f
mation rate~solid circles! derived by fitting PL time transients re
corded at the position of the 1s-exciton resonance along with
linear fit ~solid line!. The slope of the straight linesXv th is
1.9331027 cm3/s and corresponds to the exciton formation cro
sectionsX of 1.6310214 cm2.
y,
be

r

y
-
a

negligible small effect on the dynamics att>1 ps the corre-
sponding term is not included in the rate equations.26

The measured data are well described by the ab
model, as illustrated by the fitting curves in Fig. 5. Th
exciton formation rates are chosen to yield the best fit
the data, and are shown by solid circles in Fig. 6. In agr
ment with the formulagX5sXv th3N0 the exciton formation
rate increases linearly with the excitation density, which
shown by the straight line in Fig. 6. Using the value of t
average thermal carrier velocityv th of 1.23107 cm/s~corre-
sponding to the measured average effective carrier temp
ture of 48 K! the cross sectionsX for free-exciton formation
is determined to 1.6310214 cm2, from the slope of the
straight line.

To study the exciton trapping dynamics, we recorded
time transients at the spectral position of the bound exc
at Eg ~see Fig. 1!. These are compared in Fig. 7 to tho
recorded at the position of the 1s-free-exciton resonance an
at spectral energies above the band gap. We observe a
nificant increase of the luminescence rise time with decre
ing detection energy, which is consistent with the spec
migration of excitons observed previously.22–25The rise time
of ;25 and;35 ps of the transients recorded at 2.08 a
2.06 eV, respectively can be taken as a measure of the
ping time of free excitons at stacking faults in GaSe, wh
is in agreement with previously published results.24

IV. CONCLUSIONS

A comprehensive study of the carrier cooling and excit
formation dynamics in GaSe has been performed us
femtosecond time-resolved PL measurements. Very
initial energy relaxation of carriers on the subpicoseco
time scale is explained by the Fro¨hlich coupling to the
longitudinal opticalE8(22) phonons in GaSe. The slowin
down of the cooling dynamics at delay timest>1 ps
is attributed to the buildup of a nonequilibrium populatio
of the longitudinal opticalE8(22) phonon mode, developing
on the subpicosecond time scale. The dominating ene
loss mechanism for the subsequent slower cooling dynam

-

s

es

es
FIG. 7. Solid lines: PL time transients re-
corded at different spectral positions. The curv
are arbitrary offset for clarity.Dashed lines:
Simple fit to the data to determine the rise tim
of the PL transients.
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is the deformation potential coupling of the carriers to t
nonpolar optical A18(1

2) phonon. The deformation
potential coupling constant found by the modeling of t
data is determined to be 5.5 eV/Å, which is in close agr
ment with the values derived by other experimental te
niques. The studies of excitation density-dependent exc
formation dynamics indicate the free-exciton formation cro
sectionsX of 1.6310214 cm2. The dynamics of the bound
t

o
in

.

o

.

.N

G.
ta
-
-
n
s

exciton related PL show that exciton trapping occurs on
timescale of; 30 ps.
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