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Annealing in appropriate atmosphere affects considerably transparency and photoluminescence (PL) of lithium
thiogallate LiGaS, (LGS). Intense absorption at 8.0 pm after annealing in vapors of GaySs or S is related to S-S
vibrations. Annealing in vacuum produces intense blue PL in a 2.74 band, which transforms further to a
2.98 eV band: both emissions are excited in the same 3.4 eV band and are associated with two types of crystal-
lographically nonequivalent anion vacancies (F-centers). The 2.98 eV emission of a more stable F-center decays
exponentially with decay times 7 = 19 us and 218 ns at 80 and 300 K, respectively, and quenches to 650 K. PL in a
2.0 eV band, excited near the fundamental absorption edge, with a large Stokes shift and fast temperature quench-
ing is related to recombination of the self-trapped excitons. LGS with F-centers can be used as a light-emitting

medium in different laser and optoelectronic devices.

OCIS codes:  300.6250, 300.6280, 140.3380.

1. INTRODUCTION

Optical parametric oscillation (OPO) is today one of the most
widespread ways to produce tunable coherent radiation. The
main part of OPO is a nonlinear crystal. The most widely used
nonlinear crystals for the mid-IR are silver thiogallates and
selenogallates (AgGaS, and AgGaSe,), zinc germanium phos-
phide ZnGeP,, etc. [1]. Recently, ternary chalcogenides
related to the LiB™C}Y! family where B = In, Ga and C = S,
Se, Te are also considered promising nonlinear crystals
[2,3]. The advantages of these crystals are their relatively high
thermal conductivity, large bandgap, and, as a result, a low
two-photon absorption and a weak mismatch between the
group velocities [4]. The LiGaS, (LGS) crystals have the lar-
gest bandgap and maximal threshold of optical damage among
LiB™C}! compounds [4]. Because of the high volatility of chal-
cogen and large chemical activity of Li, it is difficult enough to
grow LGS crystals of stoichiometric composition. The devia-
tions from stoichiometry lead to inclusions of foreign phases
and increased content of native point defects, which in turn
lower crystal transparency and affect negatively the OPO
output parameters. When investigating how LGS annealing
affects its optical properties, we found an intense photolumi-
nescence (PL) in the shortwave (violet to blue) region, which
appears after annealing in vacuum and disappears after an-
nealing in the sulfur-containing atmosphere. This PL was as-
sociated with anion vacancies (F'-centers), and in the present
paper we studied its optical properties in detail. We revealed
two types of F-centers corresponding to two crystallographi-
cally nonequivalent S sites in LGS, investigated PL kinetics
and thermal properties. Low-temperature pink PL present
in all LGS crystals is associated with the recombination of
self-trapped excitons (STEs).
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2. EXPERIMENTAL TECHNIQUE

A. Crystal Growth

LGS single crystals were grown using the Bridgman-—
Stokbarger technique in a two-zone vertical furnace. Its upper
and lower parts were separated with a diaphragm from a
poorly thermoconductive material. The temperature of melted
zone was kept at the level of 1150 °C with accuracy of £0.1 °C,
which is ~100°C higher than the LGS melting temperature.
Axial temperature gradient was ~2°C.mm~!. The rate of
ampule dropping varied in the range of 2 to 10 mm/day.
We used Ga and S of 99.999% purity and Li 99.9% as starting
chemicals for crystal growth. The charge was placed into a
glass graphite crucible, which in turn was sealed into a silica
ampule. Such construction allowed us to weaken a chemical
interaction between Li and the container (silica) walls. Grown
LGS single crystals were ~20 mm in diameter and up to 50 mm
long. We cut ~2 mm thick plates with 0.5 cm? aperture; their
edges were parallel to crystallographic axes. These LGS plates
were annealed at 7 = 950 °C in static vacuum or in the pre-
sence of solid LiyS, GaySs, or S in order to lower the light
scattering and improve the transparency. The annealing
experiments on LilnS;, combined with composition testing
using the technique of differential dissolving [5], showed
changes up to 2 wt. % for different components after anneal-
ing. The LGS plates were polished after annealing before the
spectroscopic measurements. To analyze the shape of funda-
mental absorption edge, thin ~60 ym thick polished plates
were prepared.

B. Crystal Structure
Compounds LiInS, (LIS), LilnSe, (LISe), LiGaS,, and LiGaSe,
(LGSe), related to the LiBIC}! family with a tetrahedral atom
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coordination, crystallize in orthorhombic structure f-FeNaO,
with space group Pna2; (point group mm2). Compounds
ABICY where Al is an alkali metal, Bl are Ga, In, and
CV, a chalcogen, is S, Se, or Te, are characterized as struc-
tures with mixed covalent-ionic types of bonding [6]. Here
the AI-CT bonds are mainly ionic, whereas the B'-C!V bonds
are mainly covalent. The lithium has a very low electronega-
tivity (compared to sulfur’s), and thus strong bond ionicity; as
a result, chemical bonds are the strongest, and bandgap is the
largest. The structure of LGS is formed by Li-S, and Ga-S,
tetrahedrons, and the S? ions are arranged in hexagonal
packing with tetragonal and octahedral cavities (tetrapores
and octapores). Only half of the tetrapores are occupied by
Li and Ga, while all octapores are empty. LGS structure is
shown in Fig. 1. The p-NaFeO, structure is less dense than
the chalcopyrite structures of AgGaS, and AgGaSe, due to
the presence of these empty cavities in the unit cell volume.
There are two anion-centered tetrahedrons Li;Gay: they are
titled S; and S, in [6] (Fig. 2). Both tetrahedrons are distorted
in different ways, and, as a result, the lengths of Li—S and Ga-S
bonds as well as the angles between them are all different (Ta-
ble 1). The difference between the longest and the shortest Li—
S bonds is 0.0301 nm, whereas for Ga—S bonds this value is
0.0084 nm (Table 1). Larger lengths of bonds are typical of
S, whereas for S, the lengths are shorter (Table 2). As follows
from Table 1, in the A'BICY! family these differences are max-
imal in LGS. This implies that the bond energies for S are con-
siderably different in Li,Ga, tetrahedrons with S; and S;.

Fig. 1. (Color online) Structure of LGS crystal of space group Pna21
with tetrahedrons: Li-S, (left) and Ga—S, (right). Blue, green, and red
balls correspond to Li, Ga, and S atoms, respectively.

Fig. 2. (Color online) Fragment of LiGaS, structure with two sulfur
sites: S; and S5. The shortest bonds are marked by an asterisk.
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Table 1. Distortions in LiC4, BC; Tetrahedrons in
LiBC, Crystals

Crystal LGS LGSe LIS LISe
R(Li*), nm 0.045 0.047 0.045 0.047
R(B*1), nm 0.042 0.044 0.045 0.047
ALi-Hal, nm 0.0301 0.0142 0.0181
AB_Hal nm 0.0084 0.0017 0.0009

Table 2. Bond Lengths in Tetrahedrons Li,Ga,,
Containing S; and S,

Sulfur Site Bonds BondLength/Distance,
nm (£0.0002 nm)
S: Li-S 0.2410
Li-S 0.2590
Ga-S 0.2271
Ga-S 0.2261
S, Li-S 0.2260
Li-S 0.2269
Ga-S 0.2252
Ga-S 0.2364

C. Optical Spectroscopy and Irradiation

Transmission spectra were recorded using a UV-2501PC Shi-
madzu spectrometer in the UV to near IR, whereas in the mid-
IR we used a Fourier transform spectrometer Infralum 801.
The PL spectra were measured using an SDL1 luminescence
spectrometer with excitation from the 1 kW Xe lamp through
the MDR2 monochromator. The photoluminescence excita-
tion (PLE) spectra were corrected to a constant number of
incident photons using Na salicylate and Rhodamine 640.
Maximal possible transmission T',, and LGS absorption were
calculated using dispersion characteristics n = f(4) for LGS
from [7] and the well-known formulas for single reflection,

(n-1)*
= 3 @D
(n-1)
and transmission at multiple reflection [§],
1-R?
- = ———- 2
1-R)? @

PL kinetics was measured at excitation from the XeCl
excimer laser (4 = 308 nm, = = 20 ns) and the third harmonic
of the Nd:YAG laser (355 nm, ns) with an Edinburgh Instru-
ments F900 spectrometer. The PL quantum yield » was mea-
sured relative to the freshly prepared sodium salicylate
powder, which has a reported quantum efficiency of n =
0.99 when excited at 253.7 nm [9]. The ionizing irradiation
with fast electrons was carried out on the linear electron
accelerator at the Institute of Chemical Kinetics and Combus-
tion, Novosibirsk. The electron energy was 3.5 MeV, and the
dose was ~10'7 cm2. Crystals were cooled by flowing cold
water during irradiation. Raman spectra were measured using
a Ranishaw Ramascope Raman spectrometer.
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3. RESULTS AND DISCUSSION

A. Raman Spectrum

The Raman spectrum, recorded for LGS at T' = 300 K| is given
in Fig. 3. The group-theory analysis shows that, at the zone
center for the p-NaFeO, structure, the 48 normal phonon
modes are distributed among various irreducible representa-
tions of the CJ factor group as follows: IV = 124,+
12A5 + 12B; + 12B,. As in the case of LilnS, [10], the three
acoustic phonon modes have A;, B;, and B, symmetries;
the 45 remaining (optical) modes are Raman active. Owing
to the respective mass of the atoms, high- (low-) frequency
modes obviously imply the movements of Li—S (Ga-S) bonds.
Phonons of medium frequency (250-350 cm™!), visible in both
IR reflectivity and Raman scattering, are attributed to Ga—S
bonds. The phonons of highest frequency (above 350 cm™)
that give rise to strong IR bands but are not observable in
Raman spectra are due to weaker Li—S bonds. Larger energies
for Me!-C¥! vibrations in LiGaS, in comparison with AgGasS,
with chalcopyrite structure favor heat dissipation; hence, a
higher thermal conductivity is expected. The thermal conduc-
tivity of LiGaS, is not known to date but is expected to be
close to that of LiInS,. The thermal conductivity of LilnS, var-
ies from 6.0 to 7.6 Wm™! K~! for different directions [10] and
is ~b times higher than that of AgGaS,.

B. Transmission/Absorption Spectra and Defect
Concentration

The transmission spectra for LGS crystals annealed in differ-
ent environments are shown in Fig. 4. At room temperature,
all LGS samples are transparent in the 0.32-11.6 ym range
above the transmission level of 10%, which corresponds ap-
proximately to the absorption level of 5 cm™!. The shortwave
limit in the UV is determined by the fundamental absorption
edge of LGS, whereas multiphonon absorption is responsible
for the longwave limit: two-phonon and three-phonon absorp-
tion limits setting on from about 10 and 7 um, respectively. To
determine bandgap precisely, we recorded transmission spec-
tra of the 60 ym thick LGS plate at 80 and 300 K. The analysis
of the shape of the fundamental absorption edge showed that
linear approximation is possible for the (ahv)? versus hv
curves. This implies the case of direct, allowed band-to-band
electronic transitions (Fig. 5) [8]. This direct-allowed transi-
tion feature is also confirmed by the first-principles calcula-
tions for LGS in [l11]. Extrapolation of linear part
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Fig. 3. Unpolarized Raman spectra for LGS at T = 300 K.
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Fig. 4. Transmission spectra of the 2 mm thick LGS samples
recorded at room temperature after annealing in different environ-
ments: as-grown LGS (Curve 1), in vacuum (Curve 2), and in the pre-
sence of vapors of Li;S (Curve 3), GayS; (Curve 4), and sulfur
(Curve 5). Curve 6 shows the maximum possible transmission of
LGS calculated supposing zero absorption and multiple reflections
and using n = (1) from the Sellmeier equation in [8].

to a(hy) =0 gives the E, values 3.93 £0.01 and 4.03 £
0.01 eV at 300 and 80 K, respectively. As temperature
increases from 80 to 300 K, the bandgap E, shifts by 0.1 eV
to lower energies: such a shift is rather typical of wide-gap
dielectrics [12]. It is necessary to remind that the bandgap
of LGS was estimated as 4.15 eV at room temperature in
the previous papers [7,13] where the measurements were car-
ried out on thick samples (L = 2 mm), and there was a strong
(~20 cm™!) absorption band centered at ~330 nm near the
fundamental absorption edge. In this work a considerably
thinner plate (L = 60 ym) is used, which allowed us to mea-
sure absorption coefficients up to 10°> cm™!, and there were no
strong bands in LGS samples under investigation. The inten-
sity of absorption bands near the fundamental absorption
edge did not exceed 3 cm™! value (Fig. 6). Therefore, the cur-
rent estimation of the E, value is supposed to be more accu-
rate. These E, values are maximal among the crystals of the
Li'BMCY! family. For other crystals, the E, values are 3.57 eV
for LiInS, [10], 2.9 eV (LiInSe,) [14], 3.34 eV (LiGaSe,) [7], and
2.3 eV (LiGaTey) [7] at 300 K.

o (hv), (10° em™eV)®

0 T T T T v T
3.6 3.8 4.0 4.2
Photon energy hv, eV

Fig. 5. Fundamental absorption edge for a 60 ym thick plate cut from
“as-grown” LGS sample, at 300 K (Curve 1) and 80 K (Curve 2). Band-
gap values E are 3.93 £ 0.01 and 4.03 & 1 eV, respectively.
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Fig. 6. Absorption spectra at 300 K (Curve 1) and 80 K (Curves 2 and
3) for 2 mm thick plates cut from as-grown LGS (Curve 1) and from
LGS annealed in vacuum (Curve 2) and in S vapor (Curve 3). Curve 4
is differential spectrum (Curves 2 and 3).

Most of the LGS transmission spectra in Fig. 4 demonstrate
considerable optical losses in the 0.3—4 eV (0.3-5 ym) spectral
region combined with a set of broad absorption bands near
both shortwave and longwave transparency edges. The inten-
sity of losses at 4 < 5 ym correlates with the light scattering
revealed at the visual examination of the polished LGS
crystals. The intensity of these losses falls steadily as the
wavelength increases, and at least a part of these losses is
due to the Rayleigh light scattering on the submicrometer in-
clusions of foreign phases. The cross section of nonresonant
Rayleigh scattering is ¢ ~ 1478 (e - ¢), where 7 is the size of
scattering particles (inclusions in our case) with » < 4 and ¢
and ¢, are the dielectric permittivity of scattering substance
and the surrounding medium (crystal). It follows from this for-
mula that the scattering is maximal at short wavelengths and
decreases to the mid-IR. Such optical losses are typically
strong in the as-grown boules of ternary chalcogenides,
including AgGaS,, AgGaSe,, and LiInS,; their as-grown boules
are milky [7,13,15]. Another possible reason of optical losses
in the LGS transparency range may be the optical absorption
of broken bonds in dislocations: the latter are known to pro-
duce a continuous set of levels in the forbidden zone [16].
A widespread technique to improve the transparency of an
as-grown chalcogenide crystal is to anneal it in an appropriate
atmosphere. In this work, we annealed as-grown LGS crystals
in vacuum and in S, Li,S, and GayS; environments: in this way
we tried to affect the Li, Ga, and S contents in LGS and their
spectroscopic properties.

We established that only annealing in sulfur vapor improves
the overall transparency in the as-grown LGS despite a strong
optical absorption band at 8.0 yum and a considerably weaker
2.5 ym band (Fig. 4). The other treatments increase the light
scattering [13] and produce also a broadband absorption at
9.3 um with a narrower component at 8.9 um. The
8.9/9.3 ym components are related to the Ga-O vibrations
[17], revealing the trace of oxygen contamination in the
LGS crystal. Strong absorption at 8.0 um, appearing after an-
nealing in vapors of GayS; and sulfur, is associated with the
S-S vibration, which was also observed in the chalcogenide
glasses [17]. We suggest that such annealing does compensate
the existing deficit in S in the as-grown LGS and even creates
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the surplus. Thus, the improvement in the transparency after
annealing in the S vapor implies that indeed there was a deficit
in sulfur in as-grown LGS. Furthermore, occurrence of S-S
vibrations indicates that some sulfur atoms are in close adja-
cent positions. The absence of such S-S pairs in the perfect
LGS structure suggests that some S atoms occupy the
interstitial positions or cation (Li or Ga) sites. Taking into
account that the 8.0 um absorption band appears only after
annealing in Ga,Ss (not in LiyS), one may conclude that S
is more likely to occupy the Li site (not Ga site). This result
is consistent with the fact that the size of Li (0.045 nm) is
somewhat larger than that of Ga (0.042 nm), so the S anions
are favored to replace the Li sites. Another explanation of this
fact is a much higher Gibbs energy for one S ion in the case of
Li,S in comparison with GayS;, -520 kJ.mol! and
-226 kJ.mol™! at 600 °C, respectively [18]. Consequently,
LiyS is much more stable than Ga,Ss and so reacts much less.
It could be areason why Li,S is less reactive during annealing.

In the shortwave region near the fundamental absorption
edge, we observed a weak band at 2.95 eV in all LGS crystals
and an additional band at 3.31 eV in LGS crystals annealed in
vacuum. The latter is better pronounced in the differential
spectrum (Fig. 6, Curve 4). This spectrum was obtained when
subtracting Curve 3, without 3.31 eV band, from Curve 2 with
this band. On the other hand, the 3.31 eV band disappears after
annealing in the presence of S-containing solids (Li,S, GaySs,
or S). It is possible to associate the 3.31 eV band with an anion
(sulfur) vacancy Vg. These defects appear when some of S
atoms are removed (at annealing in vacuum) but they disap-
pear when sulfur is added again at annealing in Li, S, Ga,Ss, or
S and empty S sites are filled with S atoms again. These de-
fects are known as F-centers in literature [19]. Anion vacancy
has a deficit of electrons, and its charge state should be (2+).
Normally such centers capture deficient electrons from some
other defects, and vacancy becomes neutral (F° state). These
centers were studied in detail for alkali haloids, oxides, fluor-
ides, etc. [19]. It is noteworthy that the F-centers may become
ionized at appropriate illumination passing to F'* state [19].

The defect concentration N can be estimated from the
absorption spectrum, using the well-known Smakula’s
formula [19]:

-3\ __ 17 n i
Niem™) = 0821 x 107 oo s f aEYE  (3)

where n is the refractive index for LGS in the environment of
the absorption bands, f; is the oscillator’s strength, a(E) is the
absorption coefficient (cm™'), and E is the photon energy
(electron volts). For the Gaussian case, which takes place
in LGS, Eq. (3) transforms to

n

iy 1
N(Cm 3) =0.87 x 1017 WE X Amax? s

@

where a,,,; is the maximum absorption and y is the full
width at half-maximum (FWHM) of the absorption band
(electron volts).

Taking n ~ 2.3 at the photon energy of about 3 eV for LGS
[7], the FWHM values 0.16 and 0.31 eV for absorption bands
3.4 and 2.95 eV, respectively, and ap,, = 2.0 and 0.9 cm™!,
respectively, we obtain N(3.4eV) =12x10"%/f and
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N(2.95 eV) = 1.02 x 10 /f for defect concentrations. For the
case of f = 0.1, which is the typical oscillator strength for F-
centers in LiF and NaF [18], the defect concentrations N are
about 106 cm™ for both 3.4 and 2.95 eV bands.

C. PL Spectra

Figure 7 shows the PL spectra recorded at 80 K at different
excitations for the same LGS sample annealed in vacuum:
spectra in Fig. 7a were recorded shortly (in several days) after
annealing, whereas those in Fig. 7b were recorded in about six
months after annealing. In both cases band-to-band excitation
at 4.2 eV produces a pink PL in a broad band centered near
1.92 eV (6560 nm), and FWHM = 0.5/0.6 eV. This PL was
observed in LGS samples annealed in the presence of LiyS,
GaySs, and S. The PL intensity weakens an order as tempera-
ture grows from 80 to 300 K; complete quenching occurs
at 400 K.

Considerably different situation takes place at excitation
into the 3.4 eV related to the F-centers. An intense blue PL
is typical of LGS annealed in vacuum, and some time later
the PL color changes to violet, the intensity remaining high.
Corresponding PL spectra are given in Figs. 7a and 7b. It is
necessary to note that the structure of both PL spectra is
somewhat similar: in both cases there are three broad bands.
The bands’ maxima are 2.74, 2.34, and 1.93 eV (452, 529, and
660 nm), and their FWHM values are 0.22, 0.26, and 0.42 eV for
LGS shortly after annealing (Curve 2). The parameters are dif-
ferent in six months: the PL maxima become 2.98, 2.42, and
1.93 eV (415, 512, and 642 nm), and the FWHM values are 0.30,
0.38, and 0.5eV (Curve 4). High-energy components at 2.74 and
2.98 eV are the most intense in both cases. Thus, it seems that
two high-energy components shift simultaneously to high en-
ergy as time passes, whereas the low-energy components re-
main the same.

Two high-energy components quench much slower as tem-
perature grows in comparison with the third component
(Fig. 8). Their intensity decreases only by ~50% as tempera-
ture grows from 80 to 300 K and the complete quenching
occurs at 600 K, whereas the third low-energy component dis-
appears already at 400 K. Changes in PL spectrum as tempera-
ture grows for case in Fig. 7b are shown in Fig. 8.
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Fig. 7. PL spectra for LGS, measured a. shortly after annealing in
vacuum and b. in six months at 4.2 eV excitation (Curves 1 and 3)
and 3.35 eV excitation (Curves 2 and 4). 7' = 80 K.
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Fig. 8. PL spectra for Vg at 3.35 eV excitation, recorded at 80, 150,
200, 330, 450, and 550 K (Curves 1, 2, 3, 4, 5, and 6, respectively), in six
months after annealing LGS in vacuum. Detail with two low-energy
peaks is shown in the inset.

D. PLE Spectra

The PLE spectra for the main PL bands in LGS are given in
Fig. 9. Curve 1 is PLE for the pink PL in all LGS crystals.
One can see that this emission is excited mainly in the
3.94 eV band, located near the fundamental absorption edge
as well as at band-to-band transitions (arrow shows
E, =403 eV) and behind the edge when only the near-
surface layer is excited. Maximums near 5 eV correspond
to features in the function of the density of states in valence
and conduction bands. Pink PL is excited also but with a lower
efficiency in the 2.9 and 3.4 eV bands.

Curve 2 in Fig. 9 shows PLE for both blue and violet PL
types in LGS, annealed in vacuum, with dominating peaks
2.74 eV and 2.98 eV, respectively. Their PLE spectra are iden-
tical: at 80 K they consist of two close bands with maxima at
3.28 eV (377 nm) and 3.38 eV (366 nm), their FWHM values
being 0.09 and 0.13 eV, respectively. This shows that the ex-
cited state of this defect is split ~0.1 eV. As temperature
increases, the maxima of these components shift to low ener-
gies, bands are broadened, and the input of the low-energy
component decreases. The Stokes shift is 2 eV for pink PL,

1500

Rk T,

1000

Absorption, em!

PL, a.u.

Wanaatynran
N mevNA - Ady o

5

Photon energy, eV

Fig. 9. PLE spectra for PL bands at 1.92 eV (Curve 1), 2.92 (Curve 2),
and 2.75 eV (Curve 3) at T = 80 K in LGS. Curve 4 is absorption spec-
trum for 60 xm thick LGS plate at 80 K . Arrow shows bandgap Eg =
4.03 eV at 80 K.
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Fig. 10. PLE spectra for PL band 2.98 eV (415 nm) in LGS, in six

months after annealing in vacuum. Spectra were recorded at 80,

135, 175, 200, 240, 315, 490, 530, and 590 K (spectra 1, 2, 3, 4, 5, 6,

7, 8, and 9, respectively). (Inset) The experimental PLE spectrum

for 2.98 eV PL at 80 K is shown by points, whereas the solid line spec-
tra are a result of its decomposition into Gaussian components.

and it is much lower for the blue 2.74 eV (A = 0.64 eV) and
violet 2.98 eV (A = 0.40 eV) bands.

The identity of absorption and PLE spectra for centers
responsible for the blue 2.74 eV and violet 2.98 eV PL in
LGS after annealing in vacuum, similarity of their PL spectra
(doublets with dominating high-energy component) and of the
PL temperature dependence (slow quenching to 600 K), simi-
lar formation conditions (appearing after annealing in vacuum
and disappearance after annealing in the presence of S-
containing solids), and at least their transformation into each
other with the lapse of time allows us to conclude the
following.

1. These two centers should be similar in structure.

2. Both centers are anion (sulfur) vacancies, F-centers.

3. Taking into account the presence of two crystographi-
cally nonequivalent positions for sulfur in LGS lattice (S; and

10 a
>
©
i 1
o
0.1 Hn ‘ . ;
0 20 40 60
Time, us
(&

PL a.u.

T T T

0 10 20 30 40
Time, us

PL, a.u.
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Sy, Fig. 2, Table 2) these two centers are suggested to be va-
cancies in these two S sites. The S, site has shorter and stron-
ger bonds relative to the S; site and it must be more stable.

4. Atransient center Vg; with the main 2.74 eV band in PL
is formed more easily but it later transforms into another Vg,
state characterized by the 2.986 eV PL. This Vg; — Vg trans-
formation can be a result of photoinduced transitions when
stocking and their study is progress now.

The pink PL in the broad band near 2 eV, which is observed
in all LGS crystals and depends slightly on the annealing con-
ditions, excited mainly in the 3.94 eV band below the £, with a
large Stokes shift of 2 eV is likely related to the recombination
of STEs [20].

E. PL Decay Kinetics

The kinetics of PL decay was measured only for the most
stable Vg, component. We recorded a decay of violet emission
at 2.88 eV (430 nm) and of pink emission at 2.25 eV (550 nm).
To excite PL, we used an excimer laser operating at hv =
3.99 eV and the third harmonic of the Nd:YAG laser
(3.49 eV). The results are given in Fig. 11 for 80 (Figs. 1la
and 1lc) and 300 K (Figs. 11b and 11d) (see below). As
one can see from Figs. 11a and 11b, the violet PL decay is well
approximated by exponents with decay time 7 = 19.0 £ 0.5 us
at 80 Kand r = 218 + 2 ns at 300 K. The decay time decreases
2 orders as temperature grows. The exponential PL decay
indicates the intracenter recombination process in the F-
center at both 80 and 300 K.

The excimer laser excites the pink broadband PL, the spec-
trum of which is shown by Curve 4 in Fig. 7. The PL kinetics is
more complicated and becomes considerably faster as tem-
perature increases from 80 to 300 K. The PL kinetics may
be approximated by a sum of two exponents with decay times
1.5 and 7.5 us at 80 K, and 58 and 300 ns at 300 K. One can see
that decay time decreases ~20 times for both components as

10000
b
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100
104
1 ;
500 1000
Time, ns
10000+
d
10004
100+
0 200 400
Time, ns

Fig. 11. PL decay at 80 and 300 K (b, d) in LGS in six months after annealing in vacuum. PL was excited by the third harmonic of the Nd:YAG laser
at3.49 eV/355 nm (a, b) and by excimer laser at 3.99 eV/308 nm (¢, d). PL was measured at 2.88 eV (a, b) and 2.25 eV (c, d). PL intensities are given
in the logarithmic scale.
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temperature grows from 80 to 300 K. Simultaneously, intensity
of the pink PL decreases considerably.

F. Temperature Dependence of PL and PLE Intensities
The behavior of PL and PLE spectra related to the F-centers
versus temperature is shown in Figs. 8 and 10, respectively.
The following changes are observed as temperature grows:
(i) the integral PL intensity decreases steadily; (ii) the peaks
maxima shift to lower energies, and (iii) the band FWHM
increases. The quantum efficiency 5 of violet PL of Vg,
estimated relative to freshly prepared sodium salicylate,
was found to be close to 1 at 80 K. We took into account
the portion of incident quanta which was absorbed, quanta
distribution in the light source spectrum, and difference in
PL spectra between LGS and sodium salicylate. We calculated
the integral PL as an area under the I = f(hv) curve and
plotted versus temperature in Fig. 12. For the F-center, the
PL temperature dependence is well described in the Mott
model with two recombination channels, one radiative and
one nonradiative, from the relaxed excited state [21]. Here
the temperature dependence of quantum efficiency » follows
the expression

1

n(T) =
1+ zgyy exp (— %)

. ®)

where 73, is the radiative lifetime at low temperature, AE is the
energy barrier to the nonradiative decay route, and v is a

(@)

PL,a.u.

0.0

T T

200 400 600
Temperature, K

Fig. 12. Temperature dependence for integral PL emission in 1.9 eV
(a) and 2.986 eV (b) bands in LGS at 4.0 eV and 3.4 eV excitations,
respectively. Experimental data are shown as points, whereas dotted
curves correspond to calculation according to Eq. (3) with parameters
AE = 0.14 eV, 750y = 4 x 10° (a) and AE = 0.35 eV, 71y = 1.7 x 10*
(b). In the case of (a), the initial stage is determined by the exponential
rise with AE; ~ 0.02 eV (activation barrier for exciton self-trapping).
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jump frequency. The proportional sign is used because other
nonradiative decay channels must be available before the sys-
tem reaches the relaxed excited state. The experimental
points in Fig. 12b fit Eq. (5) with AE = 0.35 eV and pre-
exponential factor zzy, = 1.7 x 10* (solid line).

The pink STE emission at first rises ~3 times as tempera-
ture grows from 80 K then goes through the maximum at
~180 K and further decreases rather promptly with complete
PL quenching at 400 K (Fig. 12a). The initial part of the PL
temperature dependence at about 100 K may be described
by an exponential factor ~exp(-AFE;/kT) with
AE| ~0.02 eV. Such buildup of PL may suggest an energy bar-
rier ~0.02 eV to overcome at exciton self-trapping [20].

The broad bands that are observed in the PL spectra arise
because the electron in the relaxation process interacts with
the whole spectrum of normal modes of the defect lattice. The
temperature dependence of the emission-band FWHM, H(T),
is described by the expression [21]

H*(T) = H(0) coth (2’2—‘;) (6)

where H(0) is the FWHM at low temperature and @ is the
weighted average over the frequencies of all the defect-lattice
modes that couple to the excited electronic state. The dots in
Fig. 13a show the temperature dependence of the FWHM
for PL 2986 and 2.42 eV bands in coordinates arc
coth(H?(T)/H?(80 K)) = f(1/T), whereas the same for PLE

arc coth (HATYHAEOK])

0.005 0.010

arc coth(H TJHZ(20K))

0.005 0.010

11, k!

Fig. 13. Temperature dependence of the FWHM for 2.98 and 2.42 eV
bands in PL spectra 1 and 2 and 3.38 eV band in PLE (Curve 3) in
coordinates arc coth(H(T)/H (80 K)) versus 1/7, in LGS, annealed
in vacuum. The straight lines show the approximation according to
Eq. (4) with the h® parameters: 50 meV (400 cm™!), 39 meV
(315 cm™!), and 32 meV(260 cm™), respectively. At 80 K, the FWHM
values are 0.22, 0.25, and 0.13 eV for Curves 1, 2, and 3, respectively.
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is given in Fig. 13b. The later data are related only to the high-
energy PLE Gaussian component in the inset of Fig. 10. As the
FWHM does not change in the range of 80 to 150 K,
we can take the value at 80 K as low-temperature H(0).
Experimental temperature dependencies are well approxi-
mated by straight lines in accord with Eq. (4). The obtained
values of h@ are 50 meV (400 cm™) and hw = 39 meV
(315 cm™!) for PL bands 2.98 and 2.42 eV, and for the PLE
high-energy component at 3.38 eV, we obtained hao =
32 meV (260 cm™!) in LGS. These values are realistic as they
are within the range of vibrations of perfect LGS lattice
according to Raman spectroscopy data in Fig. 3. The range
of phonon energies in LGS is 70 to 450 cm™! or 8 to
55 meV. The vibrations responsible for temperature broaden-
ing of PL spectra are close to Li—S vibrations in a perfect
LGS lattice.

The Huang—Rhys factor S, a parameter used to describe the
strength of the linear electron-lattice interaction, is related to
the second moment of the emission-band shape function [22].
The physical meaning of S is an average number of phonons
participating in the absorption/PL process. A relative estimate
for the Huang—Rhys factor can be obtained based on the semi-
classical configuration coordinate diagram [23]. With the as-
sumption of parabolic potential curves and equal ground- and
excited-state effective vibronic frequencies, the low-tempera-
ture Stokes shift is given as E, s — Eoni = h@(2S - 1); inser-
tion of the experimental quantities yields S values 5 to 6.5.
The magnitude of the Huang—Rhys factor is related to the
probability of observing a zero-phonon line (ZPL) in absorp-
tion and emission. The ratio of the integrated intensities of
ZPL to the broad band is expected to be e5. Failure to observe
a ZPL near 3.1 eV in moderately high-resolution absorption
(A1 ~0.05 nm) and emission (A1~ 0.5nm) spectra taken
near 80 K demonstrates S > 5, in agreement with the above
estimates. The Huang-Rhys factor for F-center in LGS, there-
fore, lies intermediate between the strong coupling reported
for MgO (S = 35) in [23] and the weak coupling reported for
diamond (S ~ 0.5 to 1 with a well-pronounced ZPL) [24].
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Fig. 14. Absorption spectra of LGS single crystals before (Curve 1)
and after (Curve 2) irradiation with 3.5 MeV electrons. Spectra 2-7
show absorption spectra after annealing of irradiated LGS during
5 min at 100, 200, 300, 320, and 350 K, respectively. Individual com-
ponents in the absorption spectrum of irradiated LGS are given in the
inset. All spectra were recorded at 7' = 80 K.
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Fig. 15. Temperature dependence of absorption in individual compo-
nents at 2.0 eV (Band A), 2.65 eV (Band B), and 3.5 eV (Band C) at
isochronic annealing. Absorption was measured in the band maxi-
mum for Bands A and B and in the low-energy wing (at
hv = 3.0 eV) for Band C.

G. Absorption Induced by Ionizing Radiation

The alternative way to produce anion vacancy in inorganic
solids is the ionizing irradiation with neutrons, protons, or
fast electrons, and a large experience is accumulated when
investigating alkali halide, oxide (particularly Al,O3 and
MgO), fluoride, and other crystals [19]. In this work we irra-
diated LGS crystals with fast electrons of the 3.5 MeV energy
to produce the F-centers. Figure 14 shows that the absorption
spectra of LGS before and after electron irradiation as well as
after annealing during 5 min at different temperatures in the
range of 20 °C to 400 °C are given. One can see that strong
absorption at hv > 1.7 eV appears after such irradiation. It
weakens as crystal is warmed step by step and decreases com-
pletely near T' = 350 °C. We separated three individual bands
in the LGS spectrum: they are given in the inset in Fig. 14. A
superposition of these bands produces the resulting absorp-
tion spectra of irradiated LGS. The maximums of these bands
are located at 2.0, 2.65, and 3.4 eV. Here the latter is the most
intense and is ~2 orders stronger than the 2.0 eV component.
This intense band at 3.4 eV in irradiated LGS is similar to the
absorption band 3.4 eV in LGS after annealing in vacuum, and
corresponding defects are responsible for blue or violet PL.
Thus, we produce the F-centers and some other point defects
at irradiation. Temperature dependence for these three com-
ponents is given in Fig. 15. We see that the intensity of two
bands, at 3.4 and 2.0 eV, decreases steadily as annealing tem-
perature grows, whereas the 2.65 eV component demonstrates
a maximum near 200 °C. The inclination of annealing curves
for 3.4 and 2.0 eV components already near room temperature
implies that anion vacancies are moveable already room tem-
perature and some defect transformations take place at about
200 °C. This fact agrees well with the above-mentioned trans-
formation Vg; — Vg, which takes place at room temperature.
The buildup of the 2.65 eV band near 200 °C during annealing
is likely due to F-centers aggregation, and some complexes,
probably F'5, appear.

4. CONCLUSIONS

Two PL systems with main bands at 2.74 and 2.98 eV in
nonlinear LGS crystals were associated with two types of
F-centers: sulfur vacancies Vg, Vgo. They are responsible
for absorption in the 3.4 eV band. These centers can be



Yelisseyev et al.

produced at annealing in vacuum or at irradiation with fast
electrons with 3.5 MeV energy, and they disappear after an-
nealing in the presence of S-containing solids or after anneal-
ing if produced by irradiation. The Vg; centers appear the first
at annealing, but afterward they transform into more stable
centers Vg when stored during several months at room tem-
perature. For Vg, PL decay is exponential with 7 = 19 us and
218 ns at 80 and 300 K, respectively, with complete PL quench-
ing at 650 K. Irradiation produces a set of radiation defects,
including the F-centers, which transform into each other dur-
ing annealing and annihilate completely at 670 K. The vacancy
migration takes place even at room temperature: as a result,
the initially produced Vg; centers transform into Vg, in
several months at room temperature.

A broadband PL near 2 eV excited near the fundamental
absorption band, with a large Stokes shift of 2 eV and nonex-
ponential decay, quenched at 400 K, is associated with recom-
bination of STEs. There is an energy barrier for exciton
self-trapping ~0.02 eV.

The chemically stable LGS crystals with a slow temperature
quenching of the F-center-related PL may be used as active
media for tunable solid-state lasers and also as multifunctional
material, taking into account its good nonlinear susceptibility
as well as a light emitting elements in different optoelectronic
devices. In addition, concentration and spatial distribution of
the F-centers give valuable information about the degree of
LGS deviation from stoichiometry, growth conditions, and ra-
diation history as well about its optical quality.
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