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The emission band spectra of,IHGa$, layered crystals were investigated

in the 10—-120 K temperature range and in the 540—-860 nm wavelength
range using photoluminescence (PL). The peak energy position of the
emission band is located at 1.754 eV (707 nm) at 10 K. The emission band
has a half-width of 0.28 eV and an asymmetric Gaussian lineshape. The
increase of the half-width of the emission band, the blue shift of the
emission band peak energy and the quenching of the PL with increasing
temperature is explained using the configuration coordinate model. The
blue shift of the emission band peak energy and the sublinear increase of the
emission band intensity with increasing excitation intensity is explained
using the inhomogenously spaced donor—acceptor pair recombination
model.© 1998 Elsevier Science Ltd. All rights reserved
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1. INTRODUCTION of TIGaS, in the 10-293 K temperature range and
observed three broad emission bands centered at 586,

In recent years, the_ HI—-1ll-\d tamily layer-structured 718 and 780 nm, which we have attributed to donor-
thallium chalcogenides such as TIGaSTlInS, and . .
acceptor pair recombination [8].

TIGaSe have been studied extensively [1]. At room
. ; In the present paper, we report the results of the PL
temperature these thallium chalcogenides belong to the .~ . ) .
- . : Investigation of TinGa$S, single crystals in the 540—
monoclinic system and their space groupdg/c. The ;
. ; . 860 nm wavelength and in the 10-120 K temperature
lattice of these crystals consists of alternating two- ) .
. . nge. The shift of the emission band peak energy as well
dimensional layers arranged parallel to the (00

. . s the change of the half-width of the emission band with
plane. Each successive layer is rotated by a&tyle o . . .
. : temperature and excitation laser intensity were also studied.
with respect to the previous layer. The observed results were analyzed using the configura-
Tl,InGas, is formed from the TIGag-TIInS, Y 9 9

system [2] and has an indirect band gap of 2.37 ar’ggnal coordinate (QC) and the inhomogenously spaced
onor—acceptor pair models.

2.50 eV aff = 300 and 10 K, respectively [3]. In view of
possible optoelectronic device applications in the visible
region, a great deal of attention has been devoted to the 2. EXPERIMENTAL
study of the optical and electrical properties of these T1,InGaS, polycrystals were synthesized from high-
ternary thallium chalcogenides [4—6]. Long-wave optical fit 2 | 0 .
: . : ; y elements (at least 99.999% pure) prepared in
phonons in these crystals were investigated by mfrarg{%ichiometric proportions. Single crystals obGaS,
(IR) reflection and Raman scattering experiments [7% : 2

. . re grown by the modified Bridgman method.
Recently, we have studied the photoluminescence (P. ﬁe ar?alysis ofy X-ray diffraction datg showed that

Tl,InGaS, crystallizes in a monoclinic unit cell with lattice
- parametersa = 1.0639,b = 1.0441 andc = 1.5334 nm
*Corresponding author. On leave from Physicand = 10012°. The samples were prepared by cleaving
Department, Baku State University, Baku, Azerbaijaran ingot parallel to the crystal layer, which was
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perpendicular to the-axis with typical sample dimen- laser intensity of 11 W cn?. We observed one broad
sions of 4x 3 X 0.7 mm®. The electrical conductivity of band centered at 707 nning, = 1.754 eV) in the PL
the studied samples wastype as determined by the hotspectrum at 10 K. The emission band intensity and peak
probe method. A “Spectra-Physics” argon ion laseposition changed with respect to temperature. The
operating at a wavelength 476.5 nm was used as tamission band has a half-width of 0.28 eV with an
excitation source. The PL was observed from the lasasymmetric Gaussian lineshape. These features are
illuminated face of the samples, in a direction close to thgpical of emission bands, which are due to donor—acceptor
normal of the (0 0 1) plane. A “CTI-Cryogenics M-22" pair transitions observed in ternary semiconductors [9].
closed-cycle helium cryostat was used to cool the The intensity variation of the maximum of the
crystals from room temperature down to 10 K. Themission band with respect to temperature is plotted in
temperature was controlled within an accuracy dfig. 2. In the 10—40 K range, the PL intensity changes
0.5 K. The PL spectra in the 540—-860 nm wavelengtvery little. Above 40 K the PL intensity decreases at a
range were analyzed using a “U-1000 Jobin-Yvon'larger rate, until it is dominated by a quenching process
double grating spectrometer and a cooled GaAs phot@above 60 K. The activation energyE for this thermal
multiplier equipped with the necessary photon countinguenching process is found to be 0.062 eV. This is
electronics. A set of neutral-density filters was used werived in the 65-120 K temperature range using a
adjust the2 excitation laser intensity from 0.11 taonlinear least squares fit to the following equation
17.9Wcm*“ This excitation laser intensity is the,
mean value of the laser intensity over the Gaussielm_ K expARksT), (1)
profile. wherel is the PL emission intensitK a proportionality
constant andkg the Boltzmann’'s constant.

Figure 3 presents the temperature dependence of the
PL half-width W, which appears to follow the CC model
Figure 1 shows the PL spectra of the,fiGaS, equation [10]

3. RESULTS AND DISCUSSION

crystal measured in the 540—-860 nm wavelength and,in 12
the 10-120 K temperature range at a constant excitati\égl_ Wofcoth(hwe/2kT)} ™, )
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Fig. 1. PL spectra of TInGaS, in the 10-120 K Fig. 2. Temperature dependence of,lfiGaS, PL
temperature range. Excitation laser intensitintensity at the emission band maximum. The arrow
L=11Wcm?2 shows the starting point of the quenching process.
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Fig. 3. Variation of the half-width with square root of temperature folfiGaS, emission band. The solid line is a
plot of equation (2) witthy, = 0.022 eV.

whereW, is a constant, whose value is equalWttas the [7], shows the localized nature of the centers and the
temperature approaches 0 K amg, is the energy of the validity of applying the CC model [11].

vibrational mode of the excited state. The half-width Figure 4 shows the shift of the emission peak energy
measurements were not performed above 90 K, becaasea function of temperature. The emission band peak
of the reduced PL intensity. However, the changes in tlmergy increases with increasing temperature. This is
half-width between 10 and 90 K is large enough to showpposite to the behavior of the band gap energy shift,
the functional dependence of equation (2). The solid linghich decreases with increasing temperature [3]. The
in Fig. 3 is a plot of equation (2) with parameteremission band peak energy blue shifts, slowly at first,
Wp = 0.278 eV andhye = 0.022 eV. The fact that the then more rapidly and finally levels off above a tem-
excited state vibrational enerdwy() is lower than the LO perature of 85 K. The total range of the peak energy shift
phonon energy of 0.037 eV, measured by IR reflectiaa 0.02 eV. Similar behavior for the peak energy shift as
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Fig. 4. Temperature dependence ofliGaS, emission band peak energy. The dotted line is only guide for the eye.
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CONDUCTION BAND originates from a sulphur vacancy donor led&land,
\ gl 1 the zero point of both states lies within the band gap.
oes eV Generally, in compound semiconductors a deviation
D /I\ """" 1\ from stoichiometry generates donors in the case of
anion vacancies [13]. The acceptor levelabove the
2806V 17540V top of the valence band may be linked, as in the case of
J/ GROUND GaSe [14], to the defects and stacking faults, which are
g NG STATE due to the weak interlayer interactions in the studied
o X crystals. Electron transitions from the excited state of the
VALENCE BAND donor level to the ground state of the acceptor level gives
rise to the PL with emitted photon enerd,s Also,
(a) Band model (b) CC model according to the CC model, when the ground-state

vibrational energy is larger than the excited-state
Fig. 5. Band model (a) and configurational coordinat@brational energy, the peak shift of the emission band
(CC) model (b) of ThHnGaS, crystal atT = 10 K. is opposite to the band gap energy shift [11].

In terms of the CC model, the observed quenching of
well as the above-mentioned half-width increase witthe PL with increasing temperature (Figs 1 and 2) is due
temperature has been observed for the emission bandsooén increased electron population of the excited state
p-GaAs [11] and layeredp-GaSe [12]. The 1.37 eV at higher displacement coordinates. These electrons
(GaAs) and 1.20eV (GaSe) emission bands wetken return to the ground state through nonradiative
associated with a vacancy—acceptor complex centecombinations. Thus, the activation energyE =
and the recombination mechanism was interpreted @962 eV, obtained from the thermal quenching of the
self-activated luminescence in terms of the CC modd?L, is the difference in the energies of the lowest excited
Since the CC model was so successful in explaining tistate and the intersection point of the excited and the
behavior of the luminescence associated with suchgaound state CC curves (Fig. 5).
localized center in layereg-GaSe, it was also applied  The emission band peak shifts slightly towards higher
here for layered TInGaS,, which belongs to the sameenergies with increasing excitation laser intensities in the
lNI-VI family as GaSe with a layered crystal structure.2.35-17.9 W cm? range (Fig. 6). The observed blue

Figure 5 shows the CC model for the ,liGaS,. shift is a main characteristic of donor—acceptor pair
Following thep-GaAs [11] andp-GaSe [12] works, let us recombination [13, 15] and is due to the separation
assume that, the ground state of the localized centeriibiomogeneity of the donor—acceptor pairs. The highest
derived from an acceptor leved, the excited state energies agree with transitions between closest pairs,
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Fig. 6. Excitation laser intensity vs IhGaS, emission band peak energy at 10 K. The solid curve gives the
theoretical fit using equation (3).
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while the lowest energies correspond to pairs witequation (3) to the experimental data, the photon
large separations. For weak excitation intensities, in tlemergy values for an infinitely distant donor—acceptor
0.11-1.60 W cm? range, the emission band peak doegair and a close donor—acceptor pair separatedgare
not change its position (data not included in Fig. 6), sindeund to be hy., = 1.694 eV and hvg = 1.754 eV,
the number of recombination is proportional to theespectively, whenc® = 1.59 nm and the sum of the
number of pairs, independent of the separations betweenization energies of donorEf) and acceptor K,)
the impurities [16]. For strong excitations, however, &vels is obtained to beEp + Eax=Ej;—hv, =
large part of the recombination takes place at close paifs806 eV at 10 K. It should be noted that, the fitted
emitting higher energy photons; the distant pairs, withalue of hyg = 1.754 eV is less than the maximum
small radiative transition probabilities, are saturated ambserved PL energy peak valuelof, = 1.767 eV (see
cannot accommodate more carriers. The observed blig. 6). This discrepancy may be due to the fact that
shift of 38 meV is relatively larger than that of theequation (3) was derived for binary semiconductors such
donor—acceptor pair bands of other binary and ternaag GaP and ZnSe. However, at present time there is not a
semiconductors (e.g. 19 meV for ZnSe and 15 meV fonore appropriate model, to our knowledge, to describe
GaP [16] and 20 meV for CuGagfL7]). This fact may precisely the variation of the emission band peak energy
be associated with the larger width of the donor anas a function of the excitation laser intensity.
acceptor bands in the studied quaternary crystal than that We have also investigated the intensity variation of
in the binary ZnSe and GaP and in the ternary CuGaS¢he maximum of the emission band vs the excitation laser
The semilog plot in Fig. 6 shows the excitation laseintensity atT = 10 K. The experimental data can be
intensity () as a function of the emission band peakitted by a simpler power law o L, wherel is the PL
energy (wp) at 10 K. The experimental data in Fig. 6 isntensity,L the excitation laser intensity anda dimen-
then fitted by the following equation [16] sionless exponent. It was found that, the PL intensity
s increases sublinearly (i.g.= 0.99) with respect to the
Lthwy) = Lo (hvp — hye) ox {_ 2(hwg — hvm)} excitation laser intensity (Fig. 7). Saturation of the PL
(hwg + hvee — 2hwp) hvp —hrv., |” starts at. > 7.2 W cm ™2 For an excitation laser photon
(3) with an energy exceeding the band gap endtgythe
coefficienty is generally 1<y <2 for the free- and
wherel, is a proportionality constantyg the emitted bound-exciton emission angd=< 1 for free-to-bound and
photon energy of a close donor—acceptor pair separatdmshor—acceptor pair recombination [18]. Thus, the
by a shallow impurity Bohr radiusRg) and hv,, the obtained value ofy = 0.99 confirms our assignment of
emitted photon energy of an infinitely distant donorthe observed emission band in,fGaS; is due to
acceptor pair. From a nonlinear least square fit afonor—acceptor pair recombination.
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Fig. 7. Dependence of 7InGaS, PL intensity at the emission band maximum vs excitation laser intensity at
T=10K.
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The analysis of the PL spectra as a function of4.
temperature and excitation laser intensity allows one to
obtain a possible model for the donor—acceptor levels
located in the forbidden energy gap of thelmGas,
crystal. In our proposed CC model, the emission band is
associated with a vacancy—acceptor complex center angl
the recombination mechanism is interpreted as self-
activated luminescence. The excited state originates
from a sulphur vacancy donor lev&l. The acceptor 7.
level A above the top of the valence band may be linked
to defects and stacking faults in the studied Iayere%
crystals. The difference in the energies of the lowest™
excited state and the intersection point of the excited ang
the ground state CC curves is equal to the activation
energy AE = 0.062 eV, which was obtained from the

thermal quenching of the PL. The blue shift of thelO.

emission band peak energy with increasing excitation
laser intensity is explained using the inhomogenous
spaced donor—acceptor pair model. Also, the PL intensi
increases sublinearly with respect to the excitation laser’
intensity and confirms our assignment that the observed RB,
in Tl,InGa$, is due to donor—acceptor pair recombination.
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