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Abstract

Although NalnS:z and its isostructural NalnSez have been known for more than
half a century, these solid solutions have not been investigated. In this work, three
layered chalcogenides, NalnS1.5Seo.5, NaInSSe, and NalnSosSe1.5 were synthesized
by ball milling and subsequent heating. In-situ synchrotron X-ray diffraction
showed that these three chalcogenides were isostructural with NalnS2/NalnSe2
above 550 K, and were stable below 820 K. The mixed occupancy of S and Se were
confirmed by Rietveld refinements; the band gap of NaInSSe was estimated to be

2.31 eV by its optical absorption.



1. Introduction

Chalcogenide semiconductors have been actively pursued for decades. The control
of their physical properties, such as band gap and transportation properties, are
important for many applications, such as photocatalysts and photovoltaics. The
tuning of the band structures can be achieved by alloying different chalcogenides [1],
changing the dimensions of the crystal structures [2], or decreasing the particle size
[3]. A classic example is the CdS-CdSe system, which shows a band-gap range from
2.5 [4] to 1.72 eV [1]. Copper indium gallium selenide (CIGS) is a practical material
for photovoltaics [5-7], of which electronic structure can be tuned by alloying with S
and Se.

The crystals of NaInS: [8] and NalnSe2[9], having layered rock salt structures (Fig.
1), have been reported in 1873 and 1961, respectively. The band gap of NaInS: was
experimentally estimated to be 2.3-3.2 eV [10, 11], and that of NalnSe: was
calculated as 2.26 eV by density functional theory using a hybrid functional approach
[12]. The band structures and partial density of states (pDOS) of NalnS: and
NalnSe2 have also been calculated by a generalized gradient approximation (GGA)
method [13, 14]. These electronic structures are computationally predicted to be of
the indirect semiconductors. NalnS2 and NalnSe2 have also received significant
attention as unintentional dopants of CulnSz and CulnSe2. [12, 15, 16] Moreover,
NalnS: is a precursor for many sulfide/oxysulfide photocatalysts and phosphors:
CulnSs/NalnSs,[17] NalnSs/MglnsS4,[16] CulnSo/MglneSs,[17] In2Ss/ZnInaSa [18],
PbInSs-incorporated NalnSs,[19] and LaOInS:.[20] However, NalnS2«Sex solid-
solutions have not been investigated. They can be expected to have electronic

structures tunable by changing the ratio of S/Se.



Fig. 1. Crystal Structure of NalnSa-xSex.

In-situ X-ray diffraction is a useful tool for examining reaction mechanisms,
deciding the synthesis or the reaction conditions, and identifying the phase stability.
For example, a mechanochemical reaction can be monitored in real time using high-
energy synchrotron X-rays.[21] Shoemaker et al. monitored the ternary K-Cu-S and
K-Sn-S systems and examined the formation of known and new phases upon heating
and cooling.[22] Andrew J. Martinolich et al. studied the reaction mechanism of
solid-state metathesis reactions by in-situ XRD, and found that the reaction
pathways depended on the exposure to air.[23]

In this study, we successfully synthesized NalnSsxSex (x = 0.5, 1.0, 1.5),
isostructural with NaInS2 and NalnSeg, by ball milling and subsequent heating. The
heating conditions were determined using in-situ X-ray diffraction. We investigated
their crystallization and thermal-stability behavior, as well as their optical

absorption.

2. Experimental

NalnS2xSex were synthesized by solid-state reaction in a ball milling process.
NasS (Aldrich: 97.0-103.0 % from titration by Na2S203), In2Ss (Mitsuwa Chemical:
99.999 %), and InsSes (Aldrich: 62.9-64.8 % of Bi from gravimetric analysis) were
used as starting materials. The powders were mixed with a motor and pestle
according to the nominal compositions for NaInS2«<Sex (x=0, 0.5, 1.0, 1.5), in an Ar-

filled glovebox. One gram of the mixed powder was loaded under argon atmosphere



into a zirconia grinding jar with zirconia balls of 30 g and 4 mm diameter each. The
powder was ball-milled for 14 hours at 450 rpm.

Synchrotron XRD was performed at beamline BL02B2 of SPring-8 with a
wavelength of 0.49559 A (proposal No.: 2017B1211). The sample powder was loaded
In a quartz capillary with 0.2 mm diameter and sealed under vacuum. The
experiments were performed with a sample rotator system at 300-900 K, and the
diffraction data were collected using a high-resolution one-dimensional
semiconductor detector (multiple MYTHEN system)[24] with a step of 26 = 0.006°.
The crystal structure parameters were refined using the Rietveld method with
RIETAN-FP [25]. Schematic images of the crystal structure were drawn using
VESTA [26]. Energy dispersive X-ray spectroscopy (EDX) was used for the elemental
analysis (Hitachi: Miniscope TM3030Plus). The optical absorption was measured by
the reflectance spectrum with 1.8—4 eV (JASCO: MSV-5000 series).

First-principle calculations were performed using the Vienna Ab initio Simulation
Package (VASP)[27]. The projector-augmented wave approach (GGA) [28, 29] and
the generalized PBE-type gradient approximation were used [30]. An energy cutoff
of 400 eV and rhombohedral cell of NaInS:2 and NalnSez were used.

3. Results and Discussion

Fig. 2 shows the in-situ XRD patterns of ball-milled NaInSxSez2-x heated from 300
to 900 K at a rate of 10 K/min. Even without heating, ball-milling-synthesized
NalnS15Seos (x=0.5), showed a low-crystalline phase isostructural with NaInSs. An
increase in temperature improved its crystallinity. The crystallinity of NalnSi.5Seo.s
suddenly improved at approximately 550 K and the phase of NaInS15Seos was stable
up to 900 K. A similar trend was also observed in NaInSSe (x= 1). The low-crystalline
NalnSSe phase changed into high-crystalline at approximately 550 K. At a
temperature above 850 K it formed peaks which could not be indexed as known
phases; these peaks were found in NalnSosSeis (x = 1.5), at high temperature.
NalnSo5Se1.5 was synthesized as an amorphous phase after ball milling. There were
small peaks which could not be indexed. NalnSo.5Se1.5 was formed isostructural with

NalnSs/NalnSe: at 550 K but changed into other peaks above 820 K. The diffraction



peaks at 900 K could not be indexed as a single phase, suggesting its decomposition
or the reaction with a quartz capillary. Energy dispersive X-ray spectroscopy
detected a Si peak in the position where Na, In, S and Se peaks were also detected.
This suggests the reaction with a quartz capillary above 820 K although further
investigation is necessary to understand more details in this reaction. Therefore, Se
substitution, in the range between x= 0.5-1.5, formed isostructural layered rock salt

structures by ball milling and a subsequent heating process.
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Fig. 2. Synchrotron X-ray diffraction patterns of ball-milled NaInSz2xSex heated up
to 900 K at a rate of 10 K/min. Left figures are the temperature profiles and the peak
intensities, depicted by a gradient from red to blue, in descending order. Right figures
are the XRD patterns at 300, 675, and 900 K. The diffraction peaks that could not be

indexed are indicated by # and *.

Further characterization (crystal structure and optical absorption analysis) were
performed on the products heated at 675 K, which crystallized in a layered rock salt
structure, isostructural with NalnSo/NalnSez. No structural transition occurred

when cooling from 675 to 300 K. Fig. 3 shows the Rietveld profile of the synchrotron



X-ray diffraction measured at 300 K. The refinements were performed with a
hexagonal cell with space group Rgm, and isostructural with NalnSe/NalnSez. The
lattice parameters of NalnSz2-«Sex with x=0.5-1.5 at 300 and 675 K are summarized
in Fig. 4. They increase almost linearly with increasing Se content, x, and are larger

at 650 than at 300 K. Refinements and structural factors are summarized in Table
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Fig. 3. Rietveld profiles of synchrotron X-ray diffraction patterns of NalnS:xSex
measured at 300 K. Green bars represent the allowed reflections for NalnSz-xSex.
Bottom lines give the difference between observed and calculated profiles. Insets

show enlargements between 20° and 40°.



Table 1 Refinement and structural summary of NaInS2-xSex measured at 300 K.

56
Space Group

a (nm)

¢ (nm)

z (S/Se)
Na-S/Se (nm)
In—-S/Se(nm)
Rg (%)

Ry (%)

Rwp (%)

Rp (%)

S

Reference

0.3803
19.89
0.260
0.288

0.264

(8]

0.5

R3m
0.384123(4)
2.01608(3)
0.25969(6)
0.29044(8)
0.26688(7)
1.87

1.27

3.72

2.79

1.37

this work

1

R3m
0.388371(5)
2.04050(3)
0.25987(8)
0.29402(11)
0.26972(10)
2.50

0.98

4.07

4.68

1.60

this work

1.5

R3m
0.392165(10)
2.06145(7)
0.25994(16)
0.2970(3)
0.27231(19)
14.07

5.52

6.53

4.52

1.98

this work

2

R3m
0.3972
2.089
0.26
0.301

0.276

(8]

Atomic positions: In(0,0,0), Na(0,0,1/2), S/Se(0,0,z), occupancy of Se in S/Se site is x/2 (x=0.5, 1, 1.5).
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Fig. 4. Lattice parameters of NalnSzxSex. The filled and open round marks represent

the lattice parameters measured at 300 and 675 K, respectively. The filled diamond

marks are reference data [8].



The samples of NaInS: (x = 0), NaInSi15Seos (x = 0.5), NaInSSe (x = 1), and
NaInSosSe1s(x= 1.5) are light grey, yellow, brick-red and ocher, respectively (Fig. 5).
The band gap of NalnSz, estimated by linear extrapolation, was 3.32 eV, which is
close to previous reports [10, 11]. The band gaps of NalnS:xSex were 2.89 eV for
NalInSi15Seos (x=0.5), 2.31 eV for NaInSSe (x = 1.5), and 2.48 eV for NaInSosSe1.5 (x
= 1.5). Thus, higher Se substitution tends to narrow the band gap of NalnSsxSex
although the band gap of NaInSSe (x = 1) was slightly narrower than that of
NaInSosSe1s (x= 1.5).
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Fig. 5. Optical reflectance and photograph of the NalnS2-«Sex powders synthesized
by ball milling and subsequent heating to 675 K.

The band structures and pDOS of NalnSz and NalnSez have been calculated
using the GGA/PBE functional. These results are close to the previous computational
results [13, 14]. They were found to be indirect semiconductors. While their valence
bands are composed mainly of S/Se, their conduction bands are composed of both In
and S/Se. Since the electronic states of Se are higher than those of S, the resulting
valence state would form a narrower band gap in NalnSez (1.0 eV) than in NaInS
(1.8 eV); these absolute values are significantly underestimated by the GGA/PBE
approach. Thus, the overall trend we observed by Se doping is supported by these
calculations. The band structures of NaInSz2and NalnSez are calculated to be similar.

Nonetheless, even though the difference in energy is less than 0.1 eV, the bottom of



their conduction bands are different: F point (NaInS2) and I' point (NaInSe2). Thus,
the slightly narrower optical band gap of NaInSSe (x = 1) compared to that of
NaInSo.sSe1s(x=1.5), can be explained by the change in their band structures and/or

their defect states.
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Fig. 6. Band structures of NalnS2 and NalnSe: predicted by DFT calculation using
GGA/PBE functional.

In summary, we confirmed three layered chalcogenides, NalnSi.5Seo.s, NaInSSe
and NalnSosSeis, by in-situ synchrotron X-ray diffraction techniques. They are
layered rock salt structures composed of alternate Na-S/Se and In-S/Se layers. With
increasing Se content, their lattice parameters increased and their band gaps tended
to decrease. The band gap of NalnSSe was found to be ~2.3 eV. These results
demonstrated the usefulness of rapid screening by X-ray diffraction and the potential

of NalnSa-xSex as optoelectronic materials under visible light exposure.
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