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EXCITON-EXCITON INTERACTION IN GaSe CRYSTAL
ELECTROLUMINESCENCE SPECTRUM
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Stimulated emission from the quasi-two-dimensional lamellar semiconductor GaSe was investigated under high electric fields and at the
temperature 77 K. Increase of the polarized optical spectrum and quantum vield have been determined. Versus defects concentration and
direction of the electric field applied to the specimens relative to optical C axis. The presence of three processes of intensification at the
boundary of the fundamental absorption region. connected with mutual interaction of defects. free direct and non-direct excitons. has been

confirmed.
INTRODUCTION

GaSe is a quasi-two-dimensional semiconductor with the
indirect transition (space group D_ih—;_)6_ m2) with the peak
of the valence band in the G-point of the Brillouin zone and
the bottom of the conduction band in Af-point. i.e. two
equivalent minima are situated on second order axes {1-3].
Moreover. an additional subband with the upward energy
shift of 40 meV exists in the G-point. Fundamental direct and

indirect transitions at 77 K are EZ=2.177eV and

mnd < . L . .

E,” =2.065¢V. respectively. Binding energies of corresponding
excitons are E¥=20 meV and E™=43 meV [6-8]. Due to
crystal structure. this free exciton becomes the resonance
state (Philips. [9]) with the continuum of free electron states
of indirect conduction band botton. Meanwhile impurities
and phonon scattering might provide strong binding of these
two types of state.

Large oscillator strength of the direct free exciton
transition can provide free excitons recombination at energy
substantially higher than E"~. These processes become more
probable at sufficiently high temperatures for electronic
jumps to free exciton levels and will be maintained by high
excitation density.

Results of investigations of stimulated emission in GaSe
[10] with various intensities of the electric field applied along
and normally to lavers at 7=77 K are given in the present
paper. Three different lines of the stimulated emission in the
region of direct and indirect excitons were observed.

In accordance with works [11-13] process of exciton-
exciton interaction causes presence of the emission line
shifted from the free exciton line to the region close to the
bound exciton energy. Thus. mechanisms of optical spectrum
intensification. which are responsible for observed lines.
could be associated with joint exciton processes.

EXPERIMENTAL

Crystals were grown by Bridgman-Stockbarge method.

Experiments were carried out on monocrystalline plates
of p-GaSe with mobility of holes and electrons 30-40 and
150180 cm’/V-s respectively at the room temperature.
Specimens with dimensions 3x5x0.1 mm’. specific resistance
10° = 10°-Q-cm at 300 K. obtained by simple cleaving along
the cleavage plane. were used. Contacts were placed on the
fresh-cleaved surface. In-Ga eutectic mixture was used as the
electrode. Intercontact distance was 0.1-0.2 mm. The
electrod-crystal contact processes have been excluded by

measurement of all investigated volt-ampere characteristics at
™Wo opposite voltage directions. Crystals were cooled by
direct immersion into the liquid nitrogen. Excitation was
accomplished by the alternating voltage with the frequency
50 Hz Electroluminescence was registered in two directions:
from the surface normal to C axis and from the layer plane.

containing C axis. Obtained spectra were analyzed by the
DFC-24 spectrometer.

RESULTS

Electroluminescence spectra of available GaSe crystals in
the region of the fundamental absorption edge can be
combined into 4 groups. In accordance with .X-ray analysis
data. the e-polvivpe is prevalent in specimens of No.1 type in
comparison with other modifications: respectively crystals of
this group are more perfect [14]. It could be seen from fig.1
that different distribution of lines intensities is observed for
different groups of specimens: 4-395 nm. B—615 nm. C-667
nm. D688 nm. Short-wavelength line {4 having the same
energy as line observed in the transmission spectrum and
induced by free electron — hole pairs formation. can be
ascribed to recombination of a direct free exciton. Strong
resonance line of {4 exciton in specimens of No.l type
confirms that they are more perfect in comparison with
specimens of other groups. Thus. for complex investigations
of electroluminescence spectra. crystals of No.l type with
clearly defined exciton luminescence. have been chosen.
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Fig.l. Electroluminescence spectra for various specimens of
GaSe at 77K
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Figures 2. 3 demonstrate series of electroluminescence
spectra obtained for GaSe at 77 K in emission directions

g LCand q||6 respectively. with increase of the electric

field intensity. Enlarged exciton electroluminescence
spectrum at various intensities of the applied electric field

((7“(—‘) is given in fig.4. Dependence of the energy position

and relative intensity (E) are given in inset to fig.4. This
dependence is represented by intersection of two curves in
the region close to E=450 V/cm: they reflect two mutually
incompatible phenomena: at E<450 V/cm lines are
continuously shifting towards the low energy region. and
beginning from E>450 V/cm. steep rise in intensity is
observed which excludes longwavelength shifis.
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Fig. 2. Electroluminescence spectra for various specimens of
GaSe (npe No. 1) in different ficlds. geometry ¢LC at 77
K 1-450: 2-5330: 3-550: 4-660: 5-720: 6-760: 7-820:
8-840Viem

With increase of E at |IC both A and B lines of a free

exciton move to longwavelength region and have asymmetrical
form with the low-energy tail. Meanwhile. C and D-lines
demonstrate  shortwavelength  shifts. In  case of

§ L C geometry there is no energetic shift of lines.
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Fig 3. Electroluminescence spectra for various specimens of
GaSe (type No.1) in different fields. geometry q|C at 77K
1-230: 2-280: 3-340: 4-390: 5-450: 6-500: 7-560: 8-670:
9-780 V/cm

Alongside with increase of E up to the certain critical value
E™ in both observation directions. absolute value of the

emission intensity rises. It is always higher in § L C
direction than in case of 21'”(—‘ . Rise of the value E leads also
to decrease of 4 and B lines half-widths in geometry § L C

(B and C in case of 6“(' ). Line 4 (B) is narrower in
comparison with B (). This shows that emission mechanism
connected with {4 (B) is more favourable at higher intensities
of electric fields. It is confirmed by the spectrum at
E=760V/cm (580V/cm) for geometry ¢LC (un) where A
(B) line dominates.

DISCUSSION

For the A-line the observed superlinear dependence on E
excludes an impurity emission radiative recombination of the
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bound exciton and phonon replica of the free exciton.
Superlinearity, narrowing at E=720 V/em § L C with

geometry (at E=450V/cm —g||C ). polarization and direction

for the {-line emission allows to reveal stimulated emission
in the course of annihilation of free direct excitons due to
exciton-exciton interaction. Moreover the {-peak is badly

observed in case of élf geometry because reabsorption

effect is strong when the light passes through the specimen
and the low-energy tail of B-line is observed as the wide band
with the peak of 2.015eV. It has been suggested [15] that B-
line is a result of impurity-impurity emitting transition:
authors [16] consider this line as phonon replica of the
indirect bound exciton. However. further investigation [17]
did not confirm these suggestions.
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Fig.4. Exciton electroluminescence spectrum of GaSe specimen
(tvpe No.1) in different fields. geometry q H C Inset 10
Fig.4 is the dependence of energy position and relative
intensity of {-line on E.

Polarization of B-line (Eﬂ(—‘ ) comresponds to indirect
transition M — I, allowed in GaSe that takes place with

participation of the symmetry phonon Af; [18]. Magnitude
of such phonon with dispersion contribution Aw=13meV
[19]. Energy position hp=2.015eV of line satisfies to
equation hvy=Eo" —ho. where E0 =2028¢V is the

g.€xC.
value of indirect exciton zone in GaSe which is in good
agreement with works [6-8]. with the accuracy within
several meV.

In our opinion the B-line is a result of stimulated emitting
annihilation of free indirect excitons occurring at low
temperatures with phonon emission. Important factor in
favour of its exciton nature is coincidence of this line position
in the luminescence spectrum with the energy position in the
line caused by emitting decay of free indirect excitons.

It is difficult to understand the nature of the process
responsible for the C-line. Indeed reliable data for a binding
energy of indirect free exciton and for effective masses bound
with A/ minimum of the conduction band are not given in
literature. Nevertheless. we can observe that the functional
dependence /. on E is similar to the dependence of /, vs E but
it has different threshold voltage value. Larger halfwidth of
C-line (52meV) can be ascribed to band-impurity emitting
transitions in the energy region £>1.86eV. However, short-
wavelength shift with E rising up to E, for indirect free
exciton. superlinear dependence and narrowing beginning
from E>E,, allow to assume that C-line is linked respectively
by recombination through donor-acceptor pairs [20] and by
exciton-exciton interaction (indirect excitons).

On the contrary. there might be no D-line due to joint
exciton processes remoteness from exciton transition region
and absence of stimulation even at high E values. Short
wavelength shift with rise of £ and long-wavelength shift
with increase of time delay of registration relative to
initiating pulse show that most probable mechanism
stipulating this band must be recombination through donor-
acceptor pairs.

Thus. in the region of the fundamental absorption edge of
GaSe at 77 K we discovered three stimulated emission

channels with § L C (é‘ﬁ) geometry respectively working

at various intensities of the applied electric field. In other
words there are three mechanisms of inverse population with
different threshold voltage in GaSe.

It should be noted that intensification of the optical
specrum and strong quantum vield of various optical
intensification processes were registered which confirm the
importance of GaSe material as the coherent light source.
These results allow to suggest various methods of laser
application in lamellar compounds.
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GaSe-NIN ELEKTROLUMINESSENSIYA SPEKTRINDO EKSITON-EKSITON QARSILIQLI TOSIRI

77K temperaturunda va elektrik sahesinin yiksak qivmetlerinda kvaziikiokilu layl yvanmkeginicinin stimullasmis siialanmasi
Svronilmigdir.

Defektlorin konsentrasivas: vo niimunaya tatbiq olunan elektrik sahasinin optik ox C ilo teskil etdivi istigamatdan asilt olaraq
polvarize olunmus optik spektrin va kvant ¢iximinin gicclonmoasi ilo alagadar élgmalor apanimisdir.

Siibut olunmusdur ki. fundamental udulma sarhadinin formalasmasinda iki proses-qarsihigh tasirda olan defektlor va sarbast diiz
va ¢ap cksitonlar istirak edir.

I'.HA. AGyTtanmbos, C.3. Iaxagaposa, H.A. Parumosa

3KCHTOH-3KCUTOHHOE B3AMMOJAEHCTBHE B CIIEKTPE
JIEKTPOJHOMHHECHEHUHH KPHCTAJLUIA GaSe

CTHMYIHPOBAHHOS HITYHCHHE OT KBa3HIBYMEPHOTO CIOHCTOrO MOTMTIPOBOIHHKA NPH BBICOKHX 3HAYCHHAX JICKTPHYECKOTO TNOIA
H3Y4eHO mpH Temnepannpe 77 K. B 3aBHCHMOCTH OT KOHLUCHTPALUMH J1SCKTOB W HANMPARIKCHHA MNPHKIAIHBACMOr0 K 00pasiaM
ATICKTPHYECKOTO NOIS OTHOCHTETLHO ONTHIECKOH O0CH C. OCYHICCTRICHB H3MCPSHHA O Y CHKHHIO NOIAPH30BAHHOTO OITHYSCKOTO CIICKTPa
M KBAHTOBOTO BHIXOIA. J[OKAa3aHO HATHYHC TPSX TIPOLCSCCOB YCHICHHA B 001aCTH Kpas (GVHIAMCHTATBHOTO TIOTTIOMWCHHA. CBS3AHHOTO ¢
COBMECTHRIMH B3aHMOICHCTBHAMH 16EKTOB. CBOGOIHLIX MPSAMAIX H HCTIPAMBIX 3KCHTOHOB.
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