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The initial cooling of hot carriers and the subsequent exciton formation in GaSe are studied by time-resolved
photoluminescencéPL) using femtosecond up-conversion techniques. From the time-resolved PL spectra of
this layered IlI-VI semiconductor two different energy relaxation channels are derived. After an initial subpi-
cosecond cooling due to Hibich-type interaction of carriers with longitudinal opticEl' (22) phonons a
slower regime follows, which is dominated by deformation potential interaction with the nonpolar optical
A;(1%) 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 n{&fH63-18207)01132-6

I. INTRODUCTION stant were determined, which were several times smaller
than the value reported in Refs. 6,8,10.

Energy relaxation dynamics of hot carriers in semicon- As the carrier energy during the cooling process reduces
ductors give important information on carrier-phonon inter-to values which are smaller than the exciton binding energy,
actions. These interactions affect critically such properties othe attractive Coulomb force between electrons and holes
the electronic system as carrier cooling and carrier mobili-can bind them into excitons. As a result, the excitonic state
ties, which directly determine the upper limits of operationgets incoherently occupied by thermalized electron hole
frequencies of high speed switching devices. Thereforepairs. Recently, exciton formation dynamics have been ac-
time-resolved studies of dynamics of the coupled electroniively investigated in bulk GaAs and GaAs/&a;_,As
phonon system are of significant interest. heterostructure® 2! However, only litle work has been

In polar semiconductors of high structural symmetrydone on llI-VI materials such as GaSe. Most of the time-
(IN-V and 11-VI compounds, the carrier phonon coupling is resolved measurements of exciton dynamics in GaSe show
dominated by the long-range Hiich-interaction involving  the formation of bound excitons due to localization of free
longitudinal optical phonons:® The situation is completely excitons at layer stacking fauft§-2°
different in semiconductors with low site symmetry. In these In the present paper we study the carrier cooling dynam-
compounds the short-range deformation potential couplingcs at the band edge of GaSe with femtosecond time resolu-
has a major influence on the carrier-phonon interaction, betion in the regime of low excitation densities. These studies
cause of the large gradients of the atomic potenfidlsis is  help to clarify ultrafast carrier cooling mechanisms in GaSe,
the case for the uniaxial layered semiconductor G@8#.  which have not been yet investigated because of the limited
5) studied in the present paper. This material is much lesime resolution in previous studies. Special attention is paid
investigated than tetrahedrally bound semiconductors. It iso the role of theA;(1%) phonon modg16.7 meV in the
known from theoretical studi€sHall mobility,”® and ab-  carrier cooling in case of negligible screening by the photo-
sorption measuremerfts'® that the carrier-phonon interac- excited carriers.
tion in GaSe is dominated by the deformation potential cou- We study the dynamics of photoexcited carriers all the
pling to the nonpolar opticaA;(1%) phonon mode(16.7  way through carrier cooling to the formation of free excitons
meV). From these type of studies values of the deformatiorand their final localization. The cross section for free exciton
potential constanD ypg of 5.5-6.6 eV/A were derive®®!®  formation is derived by modeling PL time transiefitse-
However, so far only a few studies have been reported on theorded at different pump fluences. Additionally, we study
role of carrier-phonon interaction in the cooling of hot carri- exciton relaxation dynamics due to trapping at structural de-
ers photoexcited above the band gap of GHSE Most of  fects.
the previous measurements were performed at room tem- The paper is organized in the following way. In Sec. Il the
peratures with a time resolution not better than 20 ps and ahaterial system of GaSe and the experimental setup are de-
excitation densities clearly above the Mott-transition densityscribed. In Sec. Ill the experimental results for the carrier
in GaSe Qyor~5x 10" cm3—10%¥ cm %) 1 As a con-  cooling (Sec. Ill A) and the exciton formatioriSec. Il B)
sequence, screened values of the deformation potential coare presented. Finally the conclusions are given in Sec. IV.
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Il. MATERIAL SYSTEM AND EXPERIMENTAL positions as the corresponding peaks in the cw luminescence.
SETUP These findings indicate that the sample temperature within

GaSe is a IIl-VI semiconductor with layered crystal the excited spot in the PL measurements is raised to approxi-

structure?” The samples under investigation are thin slabgnately 45 K due to laser-induced heating. _
cleaved from a Bridgman grown ing8t.They are attached Begause _of the layered ;tructure of GaSe, stacking faults
strainfree to a sapphire substrate and mounted in a Cbseand_dlslocatlons can occur in the samples. Therefore, the cw
cycle cryostat. luminescence from GaSe has several sample-dependent
The samples are excited at 3.1 eV by frequency-double@eaks below the free-exciton resonarisee Fig. 1 At low
100 fs pulses derived from a Kerr-lens mode-locked Ti:sapexcitation densitiegwhich is the case in the present stugiies
phire laser. The density of photoexcited carriers is on thdhese peaks are mainly due to bound excitons localized at
order of 5< 101 cm~3. This is at least an order of magni- stacking faults in the sampfé.*°
tude lower than in previously reported studies of carrier cool- GaSe is known as an indirect semiconductor with the
ing in GaSe'!13 lowest conduction-band minimum at tHd point of the
The luminescence from the sample is collected in a backBrillouin zone. However, the energy separation Iofand
ward geometry and is up-converted in a nonlinearM conduction-band minima is not well known. The values
B-barium borate crystal using a delayed laser pulse at thegported in the literature deviate from 25 to 130 mév*
lasers fundamental frequency. The sum-frequency signal iSlo luminescence from the indirect gap is observed in the
dispersed in a double monochromator, and detected with present studies in agreement with previous reported
cooled photomultiplier coupled to a single photon countingmeasurement¥.
system. The photoluminescen¢BL) up-conversion tech-
nique has a time resolution of 150 fs. To improve the spec-
tral resolution, some of the measurements were performed Ill. RESULTS AND DISCUSSION
with picosecond laser pulses having narrower spectral band-
width. These experiments nevertheless confirm only the
analysis presented below and are not shown here. Figure 2 shows time-resolved luminescence spectra of
The linear absorption spectru@ample temperatur€ is  GaSe. For early times after optical excitation of the carriers
40 K) and the spectrum of time-integrated luminescence unthe spectral maximum of the luminescence is located above
der pulsed excitatioficw luminescenceof GaSe are shown the Is-exciton resonance moving towards lower energies
in Fig. 1. The - and X-exciton direct gap resonances in with longer time. The high-energy slope of the spectra be-
GaSe are observed in linear absorption as pronounced peasmes steeper with increasing time delay. At negative delay
at 2.106 and 2.121 eV, respectively. The free-exciton linesimes the long-lived luminescence due to accumulated local-
are also well resolved in the cw luminescence. This indicateized excitons is observed as a broadband at low energy
that the carrier density is below the Mott-transition (~ 2.08 e\j. Essentially the same dynamics are obtained in
density*>?° The relatively large spacing between the directmeasurements with improved spectral resolution using pico-
1s-exciton resonance and the direct band gag=<19 me\)  second laser pulses. The recorded PL dynamics are related to
in GaSe allows the clear separation of the exciton and fre¢he cooling of electrons and holes, the formation of excitons
carrier dynamics in the femtosecond time-resolved PL meafrom the carriers as they lose energy to the phonon system
surements. and exciton trapping. In what follows, we use the time-
The luminescence experiments are performed at a samptesolved PL spectra to derive the relaxation rate related to the
temperature of 10 K. However, the exciton peaks in the lincarrier cooling.
ear absorption recorded at 40 and 5@tKe latter absorption The PL above the band gap of Ga$eXEg,=2.125 eV
spectrum is not shown her&ave nearly the same spectral results from the recombination of unbound electron hole

A. Carrier cooling dynamics
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_ _ lich coupling to the polar longitudinal optic&’ (22) phonon mode
FIG. 2. Time-resolved luminescence spectra of GaSe recorde@1.3 meVj; DPypo (16.7 me\j, deformation potential coupling to
for delay times from—2 to 35 ps. To avoid intersections along the the nonpolar opticalA;(1?) phonon mode(16.7 meVf]. Dashed
vertical axis, the spectra are shifted to each other. The spectrhes: Relaxation rates of minor significan¢® Pypo (38.5 meV},
pOSitionS of the & and X- free excitons and the localized exciton deformation potentia| Coup”ng to the nonp0|ar Optléé[zz) pho_
y at energyE, are marked by arrows. non mode(38.5 meVj; DP,,., deformation potential coupling to
accoustic phonons$?E, piezoelectric coupling

pairs. This part of the PL spectra can be described by
Boltzman statistics. Ultrafast carrier thermalization occurs ) )
on a time scale shorter than the time resolution of thdime shorter than the time resolution of the measurement
measurements. By fitting the high-energy tails of the spectr&50 f9. Even though the fast initial cooling cannot be fol-
with Boltzman distributions the effective carrier temperaturelowed in great detail the presence of the subpicosecond re-
Tc as a function of time(see Fig. 3 can be derived. The laxation stage is observed by the rapid carrier cooling from
cooling curveT¢(t) reveals a fast and a slow energy loss ~300 to ~100 K (see Fig. 3. This stage is followed by a
stage of the carriers. The excess energy of the pho’[oexcitéjower picosecond cooling of the carriers down to the lattice
carriers corresponds to the initial carrier temperature otemperature. The observed cooling dynamics can be well de-
~5670 K, and the highest effective carrier temperature described by a double exponential decay with time constants
rived from the luminescence spectra is less than 300 KO0.1 and 5.7 ps. The lattice temperatdigis thereby deter-
Therefore a significant amount of the excess energy is transnined to 46 K.
fered from the carriers to the phonon system already within a To identify the dominant carrier energy loss mechanisms
in GaSe, the cooling rates of electron hole pairs are extracted
from the cooling dynamics. The experimental results are
compared with the relaxation rates calculated for the differ-
ent types of carrier-phonon interactions, such as the long-
range Fralich interaction with the longitudinal optical 31.3
meV phonon, the deformation-potential coupling of the car-
riers to the nonpolar opticah; phonons(16.7 and 38.5
meV), and the acoustic phonons and the piezoelectric cou-
pling to the acoustic phonors?3 The analysis is per-
formed at a lattice temperature ©§=46 K, using the GaSe
parameters from Refs. 11,27,34. The resulting plots are
shown in Fig. 4, where the high temperatures correspond to
100 early times after excitation.
Two different energy-loss mechnisms for the fast and the

FIG. 3. Double logarithmic plot of the effective carrier tempera- SIOW relaxation stage of the carrier cooling are identified.
ture as a function of the delay time after excitation. The data pointd he cooling rate during the first picosecond at temperatures
shown by solid circles are derived by fitting of high-energy slopesbetween 5670 and 100 K approaches the values calculated
(E>Egy, of the time-resolved PL spectra using Boltzman statis-for the Frdnlich coupling to the longitudinal opticét’ (22)
tics. The solid line is a double exponential decay fitted to the datgphonon(31.3 meV. The corresponding cooling rate is given
points. by the following expressiofr2=3

300

200

40

0.1 10
Time (ps)



56 CARRIER COOLING AND EXCITON FORMATION IN GaSe 4581
25
~ 2.0
= L . .
6 15 _ FIG. 5. Solid Ilnes:Lumlnesc_e_nce time tran-
c sients taken at the spectral position of theek-
~ citon for different carrier densitie®ashed lines:
210 Fit to the data using the rate equation model de-
g) scribed in the text. The curves are normalized and
) offset for clarity.
T 05
00 -I 1 1 1 1 1 1 1 L A 1 2
0 20 40 60 80 100 120 140 160 180 200
Time (ps)
JE m\¥2( 1 1 Dnpo Of 5.5 eV/A in this formula fits the measured data best.
T Top ImeVips]— 354x m_o) €. € This result corresponds well with the values fOgpg of
5.5—6.6 eV/A reported in Refs. 6,8,10. The slight differences
elXo=xd) — 1 can be due to a weak screening of the deformation potential
X(ﬁw[mev1)3/2—Xo coupling by the excited carriers in the present study.
eo—-1 We attribute the reduction in the efficiency of the polar
AR AL Y carrier-phonon interaction to the buildup of nonequilibrium
= Ac Xc/2 Ac ; ; ;
X 2) ( 2) eXd x K, 5 ) phon(_)n populations, which can _develop on the sgbpmosec—
ond timescale as demontrated in Ref. 3. Estimations show

that the threshhold for saturation of tB&(22) phonon mode

where yo=% w/kgTg and y.=fw/kgT.. T, and T, are the

effective carrier temperature and lattice temperature, respeés at carrier densities of-5x10* cm~3, which is in the

tively, w is the energy of the polar optic&l’ (22) phonon,
m* is the reduced mass of the electron hole paigsande.,

range of the excitation densities used in the present
experiments®

are the static and optical dielectric constants, respectively,

andK, is the modified Bessel function of zero order.

For delay times longer than 1 ps, the experimentally mea-
sured cooling rates get clearly smaller than those for the
Frohlich interaction. They finally approach the values being
characteristic of deformation potential coupling of the non-

polar opticalA;(1?) phonon(16.7 me\j. The slow cooling
dynamics of the electron hole pairs%1.5 ps,Tc<100 K)

are well described by interaction with nonpolar optical
A;(1%) phonong(16.7 me\}, whereas the rates calculated for
other carrier-phonon coupling mechanisms deviate by

B. Exciton formation dynamics

As was pointed out, the carrier energy relaxation is ac-
companied by the shift of the PL maximum towards the po-
sition of the free & exciton. This behavior shows the
buildup of the excitonic state population due to the carrier
cooling, and is an incoherent formation process of free exci-
tons from the thermalized electron hole pairs.

The free-exciton formation rate is determined by the ex-
citon binding energyEéz 19 meV in GaSgand the thermal
nergy of the carriergkgTc. When the thermal energy of

least an order of magnitude from the measured values. Thﬂ?\e carriers becomes smaller than the exciton binding energy,

carrier energy relaxation rate for the interaction with the non
polar optical phonon due to deformation potential coupling

given b)}l'l’32'33

aE (m* /m )3/2D2
~ S lmeVips|= 3.553x 0 [eV/A]
Plglend]
(Xo—Xc) —
€ 1
1/2
X(hw[me\/]) o1
-1/2 1/2
77 Xc Xe
a — Xc/2 Ac
X(z) (2) eretX Ky 2),

wheref o is the energy of the nonpolar opticaf(12) pho-
non, p is the modified crystal densi§#1'D is the deforma-

the attractive Coulomb interaction between electrons and

Sholes is strong enough to bind them into excitons and pre-

vent the thermal dissociation of the exciton. This leads to an
efficient formation process of excitons. As the exciton for-
mation results from the electron hole interaction the forma-
tion rate increases with increasing carrier density. According
to our data, within the first picosecond after excitation the
thermal energy of the carriers becomes smaller than the ex-
citon binding energy, suggesting the efficient exciton forma-
tion at delay times=1 ps.

We studied exciton formation dynamics by analyzing PL
time transients recorded at the spectral position of the free
1s-exciton resonance for different excitation densitisse
Fig. 5. The transients have a finite rise timg, which is
attributed to the exciton formation time. The formation rate

tion potential constant, and, is the modified Bessel func- of free excitonsyy=1/7x increases with increasing carrier
tion of the first order. Using a deformation potential constantdensity, as expected from the above model.
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0.065 negligible small effect on the dynamicstat 1 ps the corre-
sponding term is not included in the rate equatiths.

The measured data are well described by the above
model, as illustrated by the fitting curves in Fig. 5. The
exciton formation rates are chosen to yield the best fit to
the data, and are shown by solid circles in Fig. 6. In agree-
ment with the formulayyx= oxv X Ng the exciton formation
rate increases linearly with the excitation density, which is
shown by the straight line in Fig. 6. Using the value of the

average thermal carrier velocity;, of 1.2x 10" cm/s(corre-
: 4 6 &5 10 12 14 1 sponding to the measured average effective carrier tempera-
N, (10“cm™) ture of 48 K) the cross sectionry for free-exciton formation
is determined to 1810 * cm?, from the slope of the
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FIG. 6. Excitation density dependence of the free-exciton for- . .
mation rate(solid circleg derived by fitting PL time transients re- straight line. . . .
corded at the position of thesiexciton resonance along with a 10 Study the exciton trapping dynamics, we recorded PL
linear fit (solid line. The slope of the straight linergw,, is  time transients at the spectral position of the bound exciton
1.93x 10" cm?/s and corresponds to the exciton formation crossat E,, (see Fig. 1 These are compared in Fig. 7 to those
sectionoy of 1.6x 10714 cm?. recorded at the position of thesfree-exciton resonance and

at spectral energies above the band gap. We observe a sig-

To analyze the measured dynamics in a quantitative waificant increase of the luminescence rise time with decreas-
we use a set of two coupled rate equations, which describigg detection energy, which is consistent with the spectral
the temporal evolution of the electron hole pp@(t)] and  migration of excitons observed previou7?>The rise time
exciton density X(t)].°*** The model implies that electron of ~25 and~35 ps of the transients recorded at 2.08 and
and hole densities develop equally in time, and the carriep o6 eV, respectively can be taken as a measure of the trap-

density decays solely due to the formation of excitons:  hing time of free excitons at stacking faults in GaSe, which
e cv)\? is in agreement with previously published resédfts.
Al )=
f(fgl):+WMX(EKQ)?_JEX<Z£Q) IV. CONCLUSIONS
Jt\ N N Ng /)’
0 0 ™® 0 A comprehensive study of the carrier cooling and exciton
C(t=0) formation dynamics in GaSe has been performed using
N—> =1, femtosecond time-resolved PL measurements. Very fast
0

initial energy relaxation of carriers on the subpicosecond

where N, is the initially excited electron hole pair density. time scale is explained by the Hiich coupling to the
yx=oxvinX Ny is the free-exciton formation rate, whesg longitudinal opticalE’(2?) phonons in GaSe. The slowing

is the free-exciton formation cross section, ang is the down of the cooling dynamics at delay timés=1 ps
thermal velocity of the carriers;; accounts for the decay of is attributed to the buildup of a nonequilibrium population
the excitonic PL, which is mainly determined by the energyof the longitudinal opticaE’ (22) phonon mode, developing
relaxation of the free excitons due to localization as dis-on the subpicosecond time scale. The dominating energy-
cussed below. As the thermal dissociation of excitons has Bbss mechanism for the subsequent slower cooling dynamics
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FIG. 7. Solid lines: PL time transients re-
corded at different spectral positions. The curves
are arbitrary offset for clarity.Dashed lines:
Simple fit to the data to determine the rise times
of the PL transients.
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is the deformation potential coupling of the carriers to theexciton related PL show that exciton trapping occurs on a
nonpolar optical Aj(1%) phonon. The deformation timescale of~ 30 ps.

potential coupling constant found by the modeling of the

data is determined to be 5.5 eV/A, which is in close agree-

ment with the values derived by other experimental tech- ACKNOWLEDGMENTS
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