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with electron probe microanalysis (EPMA), atomic-emission spectrometry with inductively-coupled plasma

(ICP-AES) and atomic-absorption spectrometry (AAS). The joint solubility limits in the GaSe:InS system are
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Introduction

The nonlinear optical crystal GaSe is a highly promising material
used for frequency conversion over IR and THz spectral ranges.' ™
It is well known that GaSe is capable of incorporating different
doping elements at a high content with a noticeable modification
of physical properties.>™® Up to now, many single-element
dopants have been tested for incorporation into cation or anion
sublattices of the GaSe crystal, and the solubility limits and real
defect structure were estimated for several solid solutions.
Besides, there were several attempts made to use complex doping
in GaSe. The electrical properties of GaSe.95So.05:Na (4%) crystals
grown by the Bridgman method were evaluated."* Compounds
AgGaSe, and AgGas, were used as complex dopants in GaSe.>"*
As it was reported, the introduction of AgGaSe, (10.4% mass) into
the initial charge resulted in the noticeable increase of nonlinear
optical coefficient up to d ~ 75 pm V~'.° The hardness increase,
blue shift of the transparency cut edge and the noticeable
variation of phase-matching angles were reported in GaSe:AgGas,
(10.6% mass) crystal without a loss of optical quality.'* A detailed
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with spectroscopic ellipsometry (SE).

measured as y;, = 0.28 at% and ys = 7 at%. The optical properties of GaSe:InS crystal have been obtained

observation of growth conditions, final chemical composition
and structural properties, however, was not made for these two
crystals.

Up to now, better results have been achieved for GaSe doped
with elemental S or In. The layered crystals GaSe and GaS have a
similar atom arrangement in the layers and that provides a
continuous set of the solid solutions GaSe; —,S, with a possible
formation of several polymorph modifications defined by the
layer stocking.'”™® The situation with indium incorporation
into the GasSe lattice is less clear. Optical quality GaSe:In crystals
are grown at a low In content.>®'" At a higher In content, the
growth of Ga,_,In,Se single crystal with GaSe structure was
possible only for the range of 0 < y < 0.25 and, respectively, the
solubility limit of In in GaSe can be estimated as y ~ 0.25 or
12.5 at% on the basis of crystal composition estimations made
by neutron activation analysis.'® Compared to that, as low In
solubility as y;, ~ 1.7 at% was found in another experiment on
Ga,,In,Se crystal growth when crystal composition was
estimated by EPMA.>* So, the available information on In
solubility in GaSe is very contradictory. The present study is
aimed at the crystal growth and complex evaluation of
microstructural properties of (GaSe);_,(InS), crystals. This is
argued by common effective ion radii relations in this solid
solution. Indeed, the lattice extension generated by isomor-
phous substitution of Ga** with larger In** ions may be
compensated by lattice contrition due to the parallel substitu-
tion of Se®>~ by a smaller S*~ ions. This mechanism may result
in a higher solubility limit and better crystal quality.

Experiment

The starting materials for crystal growth were Ga (6N) and Se,
In, S (5N). At the first stage, polycrystalline compounds GaSe
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and InS were synthesized by the two zone method according to
the technique described elsewhere.>' Then, the polycrystalline
presynthesized charges were put into a quartz ampoule in
molar ratio GaSe : InS = 0.80 : 0.20. After evacuation up to
10~ * Torr, the ampoule was sealed off using a propane-oxygen
flame. Crystal growth was produced by the modified Bridgman
technique.”> The novel Bridgman furnace used in this
experiment was equipped with the middle zone where
nonstationary temperature distribution provides a more
effective mixing in the melt, which is very important for
multicomponent melts.>* The GaSe:InS crystal was grown in
the temperature range 935-850 °C, as measured at the bottom
point of the ampoule. The duration of the growth process was
10 days. As a result, a crystal with the diameter of 7 mm and
length of 100 mm was grown. The cleavage plane of the
GaSe:InS crystal was found to be orthogonal to the growth
direction that is quite a rare event for layered chalcogenide
compounds.>®19713:20:2428 pye to such orientation of the
cleavage plane, the crystal was broken into several 15-30 mm
pieces during cooling. A view through the cleaved faces of one
such piece is shown in Fig. 1. The GaSe:InS boule grown was in
a single-crystal state over the length of 0-40 mm from the seed,
and the remaining part was polycrystalline.

The samples for measurements were cleaved from the
grown ingot parallel to (001) and were used without an
additional surface treatment. The structural properties were
observed with XRD and TEM. XRD patterns were recorded
using DRON-3M (Cu Ku radiation, Ni - filter, 5-60° 20 range, 2
s per step) device (NPP Bourevestnik, Russia). A sample of
GaSe:InS crystal was cut into 0.5 mm pieces and these were
gently ground with hexane in an agate mortar and the
resulting suspension was deposited on the polished side of a
standard quartz sample holder, a smooth thin layer being
formed after drying. Indexing the diffraction patterns was

Fig. 1 GaSe:InS single crystal slightly illuminated by sunlight.
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carried out using the data for the compounds reported in the
PDF database [Powder Diffraction File. Alphabetical Index.
Inorganic Phases, JCPDS, 1983 (International Centre for
Diffraction Data, Pennsylvania, USA)]. TEM patterns were
obtained from the flakes occasionally formed onto the cleaved
(001) surface of the GaSe:InS crystal. The measurements were
produced using a EFZ4 device (Carl Zeiss, Germany) at 50 keV
electron energy.

The chemical composition determination was provided
with electron probe microanalysis (EPMA) using a JXA-8100
(JEOL, Japan) device and, for the selected samples, with atomic
spectral methods. The as-grown crystal ingot was cut perpen-
dicular to the growth axis to have the cylinder samples of 4-5
mm in thickness. For the position of the sample, which
composition is within the length of solidified ingot, the
parameter g was used. The parameter is introduced as g = M*/
M, where M is the total mass of ingot and M* is the mass of
ingot part from the seed point up to the considered sample.*”
Precisely weighed quantities of GaSe:InS crystal were dissolved
in diluted HCI and the solutions were analyzed. The atomic-
emission spectrometry with inductively-coupled plasma (ICP-
AES), enabling us to determine up to 30 elements with
detection limits 10~ *-10"° wt% and relative standard devia-
tion (S;) 0.05-0.15 was used for the determination of In and S.
The measurements were conducted using Spectrometer iCAP-
6500 (Thermo Scientific, USA) and the scandium internal
standard was added to the analyzed solutions for accounting
matrix effects. Atomic-absorption spectrometry (AAS) with
atomization in an air-acetylene flame gives us the opportunity
to control the dopant content with the relative random error
no more than 0.01-0.02.>° Using a Zeeman AA spectrometer
Z-8000 (Hitachi, Japan), we determined In in GaSe:InS crystals.
The absence of significant systematic error was verified by the
technique of additions, as well as that of subsequent dilution,
S, was less than 0.02.

Spectral dependencies of refractive index n(Z) and extinc-
tion coefficient k(1) were determined by means of spectro-
scopic ellipsometry (SE). Ellipsometric angles ¥ and A were
measured as a function of / in the spectral range ~250-1030
nm using an ELLIPS-1771 SA ellipsometer.*' The instrumental
spectral resolution was 2 nm, the recording time of the
spectrum did not exceed 20 s and the angle of incidence of
light beam on the sample was 70°. The four-zone measure-
ment method was used with subsequent averaging over all the
four zones. Ellipsometry parameters ¥ and A are related to the
complex Fresnel reflection coefficients by the equation:

i _ Ry

1g¥e R (1)
where R, and Ry are the coefficients for p- and s-polarized
lightwave. To calculate the dependencies of the refractive
index n(2) and extinction coefficient k(1) on optical wavelength
J, the experimental data were processed using the model of
air-homogeneous isotropic substrate. Thus, in the whole
spectral range, the spectral dependencies of polarization
angles were fitted for m points of the spectrum by minimiza-
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tion of the error function

(T

mlc,)2 + (l]/epr - lpcalc)z} (2)
i=1

Here, ¥(1) and 4(4) were also fitted using an approximate
dispersion model proposed by Lorentz and Drude. According
to this approximation, the dependence of the dielectric
function on the photon energy can be represented as

dE) =0 — ZE2 E2+1F 5E O

n=1

lEZDE

where E is the photon energy, eV, ¢.. is the value of ¢ at E — o,
the second term in eqn (3) is the contribution from the Drude
free carriers, and E;, and E,p, are the constants. The interband
transitions are described by the third Lorentz term on the
basis of damped harmonic oscillators, and A,, E,, and [, are
the force, energy, and broadening function of an n-th oscillator
from m oscillators included in the calculations.

Results and discussion

The cleaved sample surface was found to be formed by wide
flat terraces with sharp edges that are typical of the GaSe
crystal surface. The presence of pure e-GaSe-type crystal phase
was verified by TEM and XRD analysis. The XRD curve
recorded for the highly doped sample taken from the tail of
crystalline part of the boule (g = 0.37) is shown in Fig. 2. The
detected peaks are well matched to &-GaSe, space group P6,
except for only one weak 1nten51ty feature at 20 = 20.11°.> The
unit cell parameter ¢ = 15.933 A estimated for the peak at 20 =
57.82° is in the wide range of ¢ = 15.919-15.968 A earlier
observed in pure GaSe."”"®**7® It is not possible to estimate
the cell parameter a in XRD experiment because of a strongly
preferential orientation of the crystal particles after grinding.
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Fig. 2 XRD pattern obtained from GaSe:InS crystal.
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Fig. 3 SAED pattern recorded for cleaved GaSe:InS surface. Electron beam is
along [001].

TEM observation produced for a suite of partly exfoliated
crystal flakes indicates the presence of pure e-GaSe-type crystal
phase. As an example, the SAED pattern is shown in Fig. 3
when the electron beam is oriented along the polar direction
[001] with the evident six-fold symmetry. The pattern is formed
by several single-crystal flakes slightly rotated to each other.
The unit cell parameters a = 3.78 and ¢ = 15.96 A estimated by
TEM analysis are in good relation to the structural parameters
Of Gase.15,18,34738

Chemical composition analysis indicates the inhomoge-
neous distribution of In and nearly homogeneous distribution
of S along the crystal growth direction with a higher In content
at the crystal end. The distributions are shown in Fig. 4. The
increase of the In doping level at the crystal end is verified by
EPMA and ICP-AES. However, the values obtained by EPMA are
evidently overestimated because of a low precision of EPMA at
low element contents. The indium contents measured by the
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Fig. 4 Distribution of S and In over the GaSe:InS crystal.
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Fig. 5 Spectral dependencies n(/) and k(2) calculated for the GaSe:InS sample
using spectral dependencies ¥(4) and 4(2) (solid lines) and the dispersion
Lorentz-Drude model (dotted lines).

ICP-AES method are excellently verified by AAS. So, the
pronounced segregation of In can be stated in the GaSe:InS
crystal. It should be pointed out that, In : S ratio in the grown
crystal is varied in the range of 0.09-0.28 which is very far from
that in InS. The highest indium concentration measured by
ICP is 0.28 at%, which is lower than the data obtained by
EPMA (~0.8 at%). Probably our result could be considered in
agreement with that measured in ref. 20 by EPMA for
Ga;_,In,Se (1.7 at%), since EPMA has a large error for low
element concentration. Thus, indium incorporation is a
governing factor for both GaSe:In and GaSe:InS systems and
that is less sensitive to the presence of sulfur.

In Fig. 5 the spectral dependencies of the refractive index
and extinction coefficient are shown over the wavelength range
A =250-1100 nm as it is determined for a sample with g = 0.13.
The parameters of the Lorentz-Drude model are shown in
Table 1. Generally, the shape of the curves n(/) and k(1) is very
similar to those earlier obtained for GaSe:Te and Ga, ;5Ing ,5Se
solid solutions, including the specific spectral feature at A ~
335 nm.’>™ Thus, a set of optical transitions in GaSe-type
crystals was not varying drastically with doping.

Table 1 The Lorentz—Drude model parameters in GaSe:InS (g = 0.13)

e Eip Eop A, E, Iy ¢
2.214 0.215 6.207 0.03 3.229 0.08 4.7

AZ EZ 1—2

1.424 3.644 0.189

A’% E3 r?

1.012 4.539 0.228

A4 E4 l—‘4

2.622 4.879 0.165
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Conclusions

As it is shown by a crystal growth experiment, the optical
quality crystals GaSe:InS can be grown at comparatively low
doping levels. Initially it was supposed that the favourable
relation of indium and sulfur effective ion radii will stimulate
the substitution in the anion and cation sublattices of GaSe.
Indeed, indium substitution for gallium should increase the
unit cell volume because the effective radius of the In** ion is
higher than that of the Ga®" ion. This effect should be
damped, at least partly, by the incorporation of small sulfur
ions instead of large selenium ones. However, the supposition
is not verified in the crystal growth experiment. Finally,
structural parameters of highly doped GaSe:InS are found to
be very similar to those of pure GaSe. It can be concluded that,
generally, the presence of sulfur does not assist indium
incorporation into the GasSe lattice. Thus, GaSe:InS crystals are
the third heterogeneous system, together with GaSe:AgGaSe,
and GaSe:AgGas,, able to provide optical quality crystals with
tuned properties.
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