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Photoluminescence due to exciton-exciton scattering in GaSe under picosecond laser excitations
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Picosecond-laser-excited photoluminescence spectra in GaSe at room temperature have been mea-
sured and analyzed. Both spontaneous and stimulated emissions were attributed to the exciton-
exciton scattering process in GaSe through a careful band-shape analysis. The exciton-photon cou-
pling coefficient ma/e=3.3 10" was obtained from the spontaneous emission spectra fit. The
stimulated emission is well explained by the optical gain mechanism arising from the reverse absorp-

tion process of the exciton-exciton scattering.

I. INTRODUCTION

Over the years many experiments on the luminescence
spectra of the gallium selenide (GaSe) semiconductor us-
ing different excitation techniques and configurations at
various temperatures and excitation intensities have been
performed.! ~!3 Various mechanisms have been suggested
to explain the observed luminescence spectra in GaSe.
The origin of the spontaneous and stimulated emissions in
GaSe at high excitation levels still remains controversial.
At room temperature and high excitation intensities
(~10% W/cm?) the emission spectra from GaSe consist of
two bands: a broad spontaneous band peaked at ~ 628
nm and a narrow stimulated one at ~646 nm. Most of
the preceding publications attributed them to two different
mechanisms without considering the correlation between
those two bands. In fact, the feature that a sharp stimu-
lated emission line appears at the low-energy side of a
broad spontaneous band exists in many semiconductors
and can be explained by a general theory based on
different emission mechanisms. In this paper, we will
show through a band-shape analysis that the spontaneous
and stimulated emission bands in GaSe originate from the
same mechanism—the exciton-exciton scattering process.

In Sec. II, we report on our experimental apparatus and
techniques. The observation of the photoluminescence
spectra at room temperature is discussed in Sec. III.
Different theoretical models are presented in Sec. IV. Nu-
merical calculations based on these theories are presented
and compared to our experimental spectra in Sec. V. Dis-
cussion of the results are given in Sec. V1.

II. EXPERIMENTAL METHOD

The experimental setup used a mode-locked Nd:YAG
(YAG denotes yttrium aluminum garnet) laser system
Quantel YG401C including an oscillator, an acoustic-
optic modulator, a pulse selector, a two-pass amplifier,
and a second-harmonic generator. The excitation beam of
27 psec at 532 nm was focused on the sample surface to a
spot of ~0.35 mm in diameter. The excitation beam was
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s polarized and nearly perpendicularly incident on the
sample surface.

GaSe is a III-VI semiconductor which crystallizes in a
layer structure. Three different periodic stacking se-
quences of the layers have so far been observed and de-
scribed in the literature as 3-, -, and e-GaSe.'* The cor-
responding periods embrace two, three, and two layers,
respectively. The e-GaSe which has D3, symmetry!'> was
used in the present work. The top valence band has a 'y
symmetry and the lowest conduction band has a symme-
try of I'T at the center of the first Brillouin zone. The
sample used was an e-type GaSe thin-layer single crystal
with the ¢ axis perpendicular to the surface of the layer.
The photoluminescence from the sample was collected by
a lens of 15 cm focal length at an angle of 40° into a {-m
Jarrell-Ash spectrometer. The signal was measured by a
silicon-intensified-target detector coupled to an optical-
multichannel analyzer (OMA-III), and stored in a PDP
11/23 + minicomputer. Corning 3-67 filters were placed
in front of the spectrometer to eliminate the elastically
scattered light from the sample. All photoluminescence
spectra were recorded at room temperature by single shots
of the laser. The resolution of the detection system was
about 2 nm.

III. RESULTS

The photoluminescence spectra from GaSe at room
temperature under the picosecond-pulse-laser excitation
corresponding to the three excitation energies 0.5 puJ
(weak), 2.0 uJ (medium), and 4.0 uJ (strong) per pulse are
shown in Figs. 1(a), 1(b), and 1(c), respectively. The exci-
tation intensities are 0.16X 108, 0.64 % 108, and 1.3 10%
W/cm?, respectively. At low excitation intensities
(<0.5%x 10 W/cm?) only one broad band peaked at
~ 628 nm (which agrees with Ref. 11) was observed. This
band, as shown in Fig. 1(a), is attributed to the spontane-
ous emission in GaSe. Its intensity was found to be pro-
portional to the excitation intensity. At medium intensity
[see Fig. 1(b)], in addition to the spontaneous emission
band at ~628 nm, there appears a sharp stimulated emis-

1140 © 1987 The American Physical Society



36
»

e

z 6%8

@©

(4

<

>

=

%)

4

wi

-

Z

N 1 s 1
700 600

WAVELENGTH (nm)

(a)

INTENSITY (ARB.UNITS)

1 1

PHOTOLUMINESCENCE DUE TO EXCITON-EXCITON . ..

1141

646
)
[
z
=]
@
3
<
>
e
2
bri] 628
[
=z
1 1
700 600
WAVELENGTH (nm)

647

+

628

" "

700

600

WAVELENGTH (nm)

(c)

FIG. 1. Photoluminescence spectra excited by a picosecond 532-nm beam at three different excitation intensities: (a) 7 =0.16x 10*

W/cm?, (b) I =0.64 % 10® W/cm?, (c) I =1.3%x 10 W/cm?.

sion line at 646 nm whose intensity increases superlinear-
ly with the excitation intensity. At strong excitation in-
tensity the stimulated emission peaked at ~647 nm dom-
inates the entire emission spectra, as shown in Fig. 1(c).
No impurity emission lines from our GaSe samples were
observed because of the relatively high temperature
(~300 K) in the experiment.

IV. THEORY

In highly excited semiconductors, exciton-exciton
scattering and electron-hole plasma effects play significant
roles in the luminescence spectra near the band edge of
the material. Both mechanisms have been reported in
various semiconducting compounds and also have been
suggested to be important in the optical amplification and
the laser action.

The electron-hole plasma (EHP) emission originates
from recombination of electron-hole pairs. The spontane-

ous emission spectrum at high temperature with the k-
selection rule is given by!®

, 1)

where Eg =E,—1kgT,, T, is the electronic temperature,
E, is the reduced band-gap energy, and E, is the peak en-
ergy of the emission band.

The optical amplification gain spectrum is given by!”

E —AF
I,(E)|[1— —_— 2
g(E)c I(E) exp ko, ) (2)
where
AF =F,—F,
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is the energy difference between the quasi Fermi levels of
the electron and the hole. As shown in Fig. 1 of Ref. 17,
the peak of gain occurs on the low-energy side of the peak
of I,(E) due to the excitation-induced reverse optical-
absorption process of the stimulated emission.
The stimulated emission spectrum for unsaturated gain
is given by!
J
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I4(E)=1I;exp(gl) , (3)

where L is the length of the excitation region.

The emission due to exciton-exciton scattering can be
expressed symbolically as (E E¥)—(hv,e-h). The
spontaneous emission spectrum due to this process is
given by!'®

— 2
EP(E) 1 w© w \/é 1 Ex _Eb_E_§
I, (E) d dt exXp | —l—— |/ > 4)
P E B0+ (ra/e)E} ks T, fo . fo I+ E/Ep) T 4 kpTx
I
where p(E)dE is the number of photon modes in the crys- at  exciton temperature 7,=500K and T7a/e

tal between energies E and E +dE, where p(E)« E?, E,
is the energy of the 1s exciton at K=0, E, is the binding
energy of excitons, Ex=E, —E;, T, is the exciton tem-
perature, a and € are the polarizability of excitons and
dielectric constant of the material, respectively. Note that
nonradiative exciton-exciton interaction, which is expected
to be proportional to the exciton temperature T, should
decrease the exciton lifetime and broaden the emission
lines. This effect is implicitly reflected by the factor
(1/kpg T, ) outside the integral in Eq. (4).

The spectral gain due to exciton-exciton scattering pro-
cess is given by!’

g(E) < Iy(E) |1 —nexp MH (5)
P kBTx ’
where
Romty mxz 3/2
- nf memy ] (©

and n,,m.;n,,my; and n,,m, are densities and effective
masses of electron, hole, and exciton, respectively. Note
that 7 increases with increasing temperature, excitation
intensity, or length. A similar red shift of the optical gain
peak relative to the spontaneous emission peak can be
seen from Fig. 1 of Ref. 19. The stimulated emission
spectrum in this model is also given by Eq. (3).

V. NUMERICAL CALCULATION
AND FITTING DATA

The calculated spontaneous emission spectra at
different electronic temperatures using the EHP model
[Eq. (1)] are shown in Fig. 2 in which E,=1.973 eV.
The solid dots represent the experimental data of Fig.
1(b). The calculated high-energy tail fits the data well if
we choose T,=400 K. However, the sharp drop at the
low-energy side of the theoretical curve cannot fit the ex-
perimental data at all.

The spontaneous emission spectra predicted by the
exciton-exciton scattering model [Eq. (4)] are shown in
Fig. 3(a) for different excitonic temperatures, and Fig. 3(b)
for different exciton-photon coupling coefficient 7o /€. It
is clear that the high-energy tail of the spectra is sensitive
to the excitonic temperature T and the low-energy tail is
sensitive to the choice of ma /€. The best-fit result occurs

=3.3%1073, as shown in Fig. 3(b). Typical values of the
exciton-photon coupling coefficient 7a /€ in semiconduc-
tors range from 10~* to 1073, e.g., for the A exciton in
CdS, the oscillator strength 47ma=0.0142 and the back-
ground dielectric constant € =9.38 were derived from res-
onant Brillouin scattering,® yielding 7a/e=3.8x107%,
The exciton-exciton scattering model gives a much better
fit than the EHP model. Therefore, we believe that
exciton-exciton scattering is the dominant mechanism re-
sponsible for the spontaneous emissions in GaSe at room
temperature and high excitation levels (~ 108 W/cm?).
The optical gain spectra calculated from the exciton-
exciton scattering model [Eq. (5)] for E,=2.0 eV,
E, =0.020 eV, and T, =500 K are shown in Fig. 4(a) for
different 1, where I,(E) was taken from the experimental
data of Fig. 1(b). We see that the gain curve is very close
to the spontaneous emission spectrum when 7 is small.
As 7 is increased, the gain peak shifts towards the low-
energy side and the peak amplitude decreases. (The gain
in the high-energy region of the spectrum becomes nega-
tive and is not shown in the figure.) This is because the
optical absorption due to the reverse process, i.e., the
creation of two ls excitons with the annihilation of a pho-
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FIG. 2. Calculated spontaneous emission spectra from the
EHP model [Eq. (1)] with E, =1.973 eV and different electronic
temperature 7.. The solid circles represent the experimental
data of Fig. 1(b).
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FIG. 3. Calculated spontaneous emission spectra from the
exciton-exciton scattering model [Eq. (4)] with E,=2.0 eV,
E,=0.020 eV, and (a) ma/e=2.5x10"* and different excitonic
temperature 7x. (b) 7,=500 K and different exciton-photon
coupling coefficient ma /€. The solid circles represent the experi-
mental data of Fig. 1(b). The best fit occurs at Ex=2.0 eV,
E,=0.020 eV, T, =500 K, and ma/e=3.3x 107>.

ton and a free electron-hole pair, becomes significant
when the free-carrier density is increased. Since the re-
verse absorption band is located at higher energies than
the emission band, a relative increase of magnitude of the
reverse absorption reduces the gain in the high-energy
part of the spectrum and accordingly leads to the red shift
of the optical gain band.

The gain peak position relative to the spontaneous emis-
sion peak position at T,=500 K, E,=2.0 eV, and
E, =0.020 eV is plotted versus 7 in Fig. 4(b). If we as-
sume the gain peak position is the same as the peak posi-
tion of the stimulated emission [18 nm beyond the spon-
taneous one, as shown in Fig. 1(b)], we obtain 7=2.0 in
our experiment.

The calculated gain spectra for 7=2.0 at different tem-

peratures are shown in Fig. 4(c). The peak position shifts
gradually towards low energies with the temperature rise
and the peak amplitude decreases at the same time.

The stimulated emission profile (solid line) calculated
from Egs. (3) and (5) using the exciton-exciton scattering
model is shown in Fig. 5. In our calculation, the max-
imum value of the optical gain in GaSe was normalized to
1000 cm !, which is a reasonable value derived from the
literature.” The excitation length is estimated as L =0.2
mm. For comparison, we also show the observed stimu-
lated emission spectrum (solid circles) of Fig. 1(b), as well
as the calculated and observed spontaneous emission
profiles in the same figure. These are good fits.

VI. DISCUSSION

The energy-conservation equation for exciton-exciton
scattering emission process is given by

2p2 212
K %K
Ey + + [Ex+
2my 2m,
#2k2 72k}
=hv+ |Ex+E, +—— d
2m, 2my

If we neglect the contribution to the emitted photon from
the changes in kinetic energy of the system,

h’\/zEx—Eb :Eg—ZEb . (7)

Therefore, the peak position of the spontaneous emission
should locate at E, =E, —2E,, since E; is a function of
the lattice temperature which can be assumed to be
reasonably the same as the ambient temperature due to
the relatively slow response of the lattice to the pi-
cosecond excitation pulses. Thus E;,=E,(T =300 K)
=2.020 eV and from Eq. (7) E,=hv=1.980 eV
(A, =626 nm). Experimentally, we obtained A, =628 nm
which agrees with this estimate within our experimental
precision. Notice that the exciton temperature 7T, ob-
tained from our experiment is considerably higher than
room temperature due to fast transfer of energy from the
optical pulse to the exciton system. Also, the threshold
intensity of the stimulated emission in GaSe obtained in
our experiment ( ~ 108 W/cm?) is about 2 orders of mag-
nitude higher than that given in Ref. 8 because the excita-
tion length in our experiment (~0.2 mm) is much small-
er.

According to Schluter,?! GaSe is an indirect semicon-
ductor with the top of its valence band located at the
center ' of the Brillouin zone, having the 'y symmetry,
and the bottom of the conduction band situated at the M
point (M{ symmetry). Moreover, a relative minimum of
the conduction band (I'§) at the I point happens to be a
few tens of meV above the minimum of the M point.?!
The direct free exciton associated with the minimum I'7,
with a binding energy of E, =20 meV, becomes a reso-
nant state with the continuum free-electron states of the
indirect conduction-band minimum. Therefore, electrons
in the indirect conduction band will jump into the direct
free exciton levels at high-temperature and high-excitation
conditions,?? which increases the (direct) free exciton den-
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FIG. 4. (a) Calculated optical gain spectra due to exciton-exciton scattering in GaSe for Ex =2.0 eV, E; =0.020 eV, T, =500 K,
and different 7. (b) Calculated optical gain peak red shift relative to the spontaneous emission peak vs 77. (c) Calculated optical gain
spectra in GaSe due to exciton-exciton scattering for Ex =2.0 eV, E, =0.020 eV, n=2.0, and different excitonic temperatures.

sity and favors the exciton-exciton scattering process.

At extremely high excitation intensities the excitons
would dissociate into electrons and holes due to the
screening of the Coulomb interactions in excitons by elec-
trons and holes, and frequent collisions between excitons.
They form EHP in most direct-gap semiconductors. Fro-
va et al. (1977) found that exciton absorption bands in
GaSe at T =4.2 K disappeared in the limit of extremely
high optical intensities due to formation of EHP. The
critical density for the Mott transition from exciton to
EHP in GaSe (Ref. 23) is ~10'® cm~* (corresponding to
an average separation of ~100 A). In our case, about
3% of the incident photons at 532 nm would be absorbed
due to scattering;?* for pulse energy 2 uJ, the number of
photon delivered by each excitation pulse is

Npp=~1.5x10" .

These photons are distributed in a disk area of 0.35-mm
diameter and 5-um thickness. If we assume 100% quan-
tum efficiency for exciton production, the exciton density
in GaSe right after excitation of the laser pulse will be

ne=~3%x10"7 cm—3 .

The exciton density attainable in our experiment is be-
lieved to be smaller than this estimate due to low quan-
tum efficiency, and various exciton decay channels, etc.
The actual exciton density in our experiment was much
lower than the Mott transition threshold. Therefore, the
exciton-exciton scattering (instead of the EHP) model is
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FIG. 5. Calculated stimulated emission profile (solid line) due
to exciton-exciton scattering in GaSe for E, =2.0 eV, E;, =0.020
eV, T, =500 K, and 7=2.0. The solid circles represent the ex-
perimental data points of Fig. 1(b).

the dominant mechanism in our photoluminescence ex-
periment. The excellent fit of spectral shapes also sup-
ports the existence of excitons.

There is much evidence for the existence of exciton phe-

nomena in GaSe at room temperature. Besson et al.?
observed a very distinct n =1 direct exciton absorption
peak in GaSe at room temperature and showed that it
shifted towards red and weakened as pressure was in-
creased. Capozzi’? also observed the direct exciton
luminescence in GaSe at room temperature in the back-
scattering geometry along the ¢ axis. On the other hand,
Voitchovsky and Mercier'* found that emission lines due
to impurity levels and n 22 exciton states disappeared at
room temperature. Therefore, we believe scattering of the
ground state excitons is the main mechanism responsible
for the observed photoluminescence spectra even at room
temperature in our experiment.

In conclusion, the exciton-exciton scattering process is
the most probable mechanism responsible for both the
spontaneous and the stimulated emissions in GaSe at
room temperature and high excitation intensity. The
high-energy and low-energy tails of the spontaneous spec-
tra are sensitive to the exciton temperature and the
exciton-photon coupling coefficient, respectively. A value
of ma/€e=3.3x 103 was measured. The amplitude and
red shift of the stimulated emission with respect to the
spontaneous emission are determined by the ratio 7 and
the exciton temperature.
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