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A new nanometric cubic binary phase of the tin mono-selenide system, n-SnSe, was obtained as cube
shaped nanoparticles. Its structure and atomic positions were adopted from previously reported m-SnS
(P2,3, ag = 11.7 A). The proposed structure model of n-SnSe, with 64 atoms per unit cell, was refined
against experimental X-ray diffraction using Rietveld method (ag = 11.9702(9) A; R, = 1.65 Ry, = 2.11). The
optical properties of this new cubic SnSe phase were characterized by Raman and optical absorption
spectroscopies. The optical band gap was assessed to be indirect, with £5 = 1.28 eV (in the near infrared),
compared to Eg = 0.9 eV (indirect) and 1.3 eV (direct) for the conventional orthorhombic phase of a-SnSe.
Raman spectroscopy indicated significant phonon restraining, which is likely to be beneficial for thermo-
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electric applications. Since the new cubic phase belongs to a class of non-centrosymmetric crystals, inter-
esting and potentially useful properties may arise. Density functional theory calculations have been applied
in order to validate phase stability and evaluate the energy bandgap. These results, together with the re-
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cently discovered cubic phase of n-SnS, confirm the existence of a new class of nanoscale materials in the
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Introduction

Considerable attention is being focused on narrow band gap
materials because of their potential use in solar cells, optical
communication and near-infrared (NIR) detectors."” In par-
ticular, tin mono-sulfide (SnS) and tin mono-selenide (SnSe)
which belong to the IV-VI semiconductor family have become
attractive due to their promising opto-electronic properties,
moderate toxicity, chemical stability and natural abundance.
Conventional tin-chalcogenides adopt a layered orthorhombic
structure (GeS type) with two smaller lattice constants and
one much larger. Because of the resemblance in atomic posi-
tions, this structure could also be viewed as a distorted NaCl
structure. Indeed, much effort has been directed toward im-
proved syntheses of tin-chalcogenide nanomaterials.*

In the case of SnS, surfactant assisted synthesis of nano-
particles and chemical bath deposition (CBD) usually
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resulted in elongated platelet nanoparticles and flake like
morphology respectively which corresponded to the ortho-
rhombic structure of SnS referred to as o-SnS.*** Yet, more
recent publications reported on zinc blende (ZB) nano-
particles or thin films which formed under specific synthetic
conditions.”*?*® Transmission electron microscopy (TEM)
of the materials was inconsistent with the lattice parameter
expected for the ZB structure. In addition, density functional
theory (DFT) calculations predicted this phase to be thermo-
dynamically unstable.>” We have recently reported that the
new phase of SnS in fact belongs to a new, simple cubic bi-
nary phase of SnS, which possesses an exceptionally large lat-
tice parameter (a, = 11.7 A)*® and which we designated as
7-SnS.”® The equivalent orthorhombic analogue of a-SnS, tin
mono-selenide (a-SnSe), is an indirect band gap semicon-
ducting material (0.9 eV) with promising potential use in
thermoelectric applications.”'**%* In fact, the highest figure
of merit for thermoelectric material efficiency has been
reported for a-SnSe at elevated temeperature.”® SnS and SnSe
share much in common, chemically and structurally. Hence,
it was natural to question if the selenide analogue of the
n-SnS prototype also existed in the form of n-SnSe.

In this publication, we report on a new cubic binary phase
of tin mono-selenide, n-SnSe with a correspondingly large lat-
tice parameter of a, = 11.9702(9) A. The described synthetic
protocol enables synthesis of pure samples of a-SnSe and
n-SnSe upon demand, allowing for their characterization in
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the nanoscale as well as in the macroscale. The n-SnSe was
characterized using an array of powerful techniques, includ-
ing X-ray diffraction (XRD), Raman spectroscopy and optical
absorption spectroscopy. The stability of the n-SnSe has been
studied using DFT calculation along with evaluation of the
material band gap.

Experimental
(a) Materials

Purified water (18.2 MQ cm) was obtained from Millipore fil-
tration system. Tin(u) chloride (SnCl,, 98%), oleylamine (OLA,
>98%), oleic acid (OA, >90%), 1-dodecanthiol (DDT, 98%),
selenourea (SU, >98%), were all purchased from Sigma-
Aldrich and used without further purification (unless stated
otherwise in the text). Methanol (99.8%) and chloroform
(99.9%) were purchased from Bio-Lab, Israel and used with-
out further purification.

(b) Synthesis of 7-SnSe nanoparticles

5 ml of OLA (15.53 mmol) held under vacuum overnight,
56.88 mg of SnCl, (0.3 mmol) 100 uL of water (5.5 mmol)
were placed in a 50 ml three necked flask together with a
magnetic stirrer bar. The flask was transferred to a heating
mantle, evacuated and flushed with argon 4 times and stirred
at 50 °C until a milky white suspension appeared. Then, 0.5
ml of OA was injected into the flask, which was then evacu-
ated and left under vacuum for 30 min. Simultaneously, 1 ml
of OLA (3.1 mmol) and 18.45 mg of SU (0.15 mmol) were
placed in an amber vial together with a magnetic stirring bar.
The vial was evacuated and flushed with argon 4 times and
left under vacuum for 30 min. Subsequently, the reaction
flask was flushed with argon and the temperature was raised
to 120 °C at a heating rate of 10 degrees per min. Once the
reaction reached the destination temperature, the milky
white colour disappeared to form a clear yellowish solution.
The reaction was left for another 30 min while in the mean-
time the amber vial was transferred a bench-top sonicating
bath to dissolve any residual aggregates of SU. The SU-OLA
solution was injected to the reaction flask. The reaction
turned reddish-brown within 10 seconds after injection. The
incubation time was set to 5 min which after the heating
mantle was removed. The reaction was allowed to cool natu-
rally to 40 °C and 1 ml of DDA was injected. The colloidal
suspension was then stirred for another 5 min and 5 ml of
chloroform were added into the flask. The solution was then
washed with a 1:10 ratio of chloroform:methanol and
centrifuged at 2800 rpm for 5 min.

(c) Synthesis of a-SnSe nanoparticles

o-SnSe nanoparticles were synthesized similarly as the syn-
thesis of the n-SnSe by keeping all reaction procedures and
parameters identical, except for elevating the temperature of
the reaction to 240 °C instead of 120 °C. After injecting the
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SU-OLA solution, the reaction solution instantly turned
black.

Results and discussion

The two syntheses described above resulted in two different
morphologies, thick platelets (Fig. 1a) and aggregated cube-
like nanoparticles (Fig. 1b, e and f). The nanoparticles with
thick platelet morphology exhibited wider size and shape dis-
tributions. The corresponding XRD pattern presented in
Fig. 2a match to a-SnSe (JCPDS no. 48-1224, a, = 11.498 A,
bo = 4.153 A, ¢, = 4.440 A). The cube-like nanoparticles were
subjected to EDS chemical analysis in TEM, and showed a
Sn:Se ratio of 1:1 within the experimental error (5%). Se-
lected area electron diffraction (SAED) taken from a large
cluster of nanoparticles yielded a ring pattern which could

510

440
443
622

400,401,330
412

T
35 4.0 4.5 5.0 5.5 6.0 6.5

K (nm™)

Fig. 1 Bright field TEM micrographs showing (a) a-SnSe nanoparticles
synthesized at 240 °C (b) n-SnSe nanoparticles synthesized at 120 °C.
(c) SAED taken from b. (d) Intensity profile deduced from the diffrac-
tion pattern shown in c obtained by radial integration of the diffraction
ring intensities.® () HRTEM micrograph showing a cube-like nanoparti-
cle taken along [001] orientation. Inset: FFT of the HRTEM image (f)
HRTEM micrograph showing a cube-like nanoparticle taken along [111]
orientation. Inset: FFT of the HRTEM image. Both SAED and FFTs con-
firmed the proposed cubic structure with ag = 12.1 A.
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Fig. 2 Powder XRD patterns corresponding to (a) a-SnSe with irregu-
lar morphologies (b) n-SnSe with cube-like morphology. Raman spec-
tra corresponding to (c) a-SnSe nanoparticles (d) t-SnSe nanoparticles.
The new n-SnSe phase shows less features than conventional a-SnSe
in the investigated region. (e) UV-vis-NIR spectra of n-SnSe cube-like
nanoparticles. (f) Tauc plot of the corresponding absorption spectra,
indicating a band gap of 1.28 eV for the n-SnSe phase.

not be indexed as a-SnSe. A line profile was extracted from
the SAED pattern by radial integration of the electron diffrac-
tion ring intensities in order to obtain the precise position of
the reflections (Fig. 1c and d).> The measured dj-spacings
acquired from the line plot differed substantially from the
dnrrspacing expected for o-SnSe. The XRD pattern acquired
from the same sample corroborated these results (Fig. 2b).

High resolution TEM (HRTEM) micrographs of two cube-
like nanoparticles at different zone axes (ZA) are presented
in Fig. 1e and f; the inset in Fig. 1e and f shows the corre-
sponding fast Fourier transform (FFT) pattern. The FFT pat-
terns are in agreement with the dy;-spacing extracted from
SAED patterns. From the analysis of the net symmetry
presented in these FFT patterns, it was plausible to assume
that the m-SnSe crystallized in a cubic symmetry with a, =
12.1 +0.04 A.

In a recent report from our group, we have used the pre-
cession electron diffraction tomography (PEDT) technique for
obtaining a full structure solution for the n-SnS phase (P2,3,
ao = 11.7 A), a previously unknown simple cubic binary phase
of tin mono-sulfide.”® Significant progress in the synthesis
allowed us to obtain pure powder samples of the 7-SnS nano-
crystalline phase. Subsequently, refinement of the structural
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model was carried out using Rietveld refinement on powder
X-ray diffraction data, establishing a refined lattice parameter
of a, = 11.595 A.*>* Moreover, the model also confirms with
solution deposited thin film samples of 7-SnS.*>** Assuming
that the tin mono-selenide phase belong to the n-SnS struc-
tural type, both electron diffraction data and XRD could be
indexed appropriately. By replacing S with Se atom type, a
theoretical n-SnSe structural model was proposed. Then, ap-
plying the Rietveld method utilized in FULLPROF software,**
the theoretical n-SnSe model was fitted to the experimental
powder XRD data. Negligible difference between calculated
and observed X-ray diffraction profiles along with low values
of reliability factors (R, = 1.65 R, = 2.11), obtained at the fi-
nal Rietveld n-SnSe structure refinement, confirmed the ap-
plicability of the structural solution of the n-SnS for the
n-SnSe phase. The results are presented in detail in Fig. S1 in
ESLi The refined lattice parameter of n-SnSe was determined
to be a, = 11.9702(9) A. XRD and electron diffraction in TEM
are different techniques for lattice parameter determination.
Thus, deviation in the results can be expected (a, =
11.9702(9) A in XRD vs. a, = 12.1 in TEM A, a 1.07% differ-
ence). Yet, excellent match has been achieved by different
techniques. We note that XRD is the most accurate technique
for determination of the lattice parameter of powder
samples.

Comparison of the relative atomic positions of n-SnSe with
those of n-SnS shows that they do not differ from one other
by more than a few percent, with the lattice parameters scal-
ing similarly to within less than 3.2%. These variations are
well expected since the selenide anion is larger than the sul-
fide anion. As discussed above, SnS and SnSe are part of the
IV-VI family of semiconductor materials, and share similari-
ties with GeS and GeSe, namely belong to the orthorhombic
GeS prototype. The discovery of n-SnS and n-SnSe could point
toward a new simple cubic prototype in this system, yet no
similar simple cubic phase for GeS or GeS has been reported
to date. We also note that the new cubic phase, n-SnSe be-
longs to a class of non-centrosymmetric crystals. This, in
turn, gives rise to piezoelectricity, optical activity and enantio-
morphism - an important and potentially useful material
properties dictated by crystal symmetry. While this warrants
further consideration, both experimental and theoretical, we
note that these features are not expected for the orthorhom-
bic crystal structure.

Since our synthetic protocol allows synthesizing each SnSe
phase separately, we have explored the properties of n-SnSe
using macroscopic characterization tools. Fig. 2 shows the
Raman spectra of both n-SnSe and o-SnSe. The a-SnSe spec-
trum shows peaks at 75 ecm™, 110 em™, 133 ecm™, 154 ecm ™,
187 em ™. The 110 ecm™' peak corresponds to the Bz, mode,
while the peaks at 75 em™', 133 em™', 154 cm™' belong to A,
phonon modes, all attributed to a-SnSe.”**” The peak at
185 cm™* belongs to SnSe,.*® It was found that both a-SnSe
and 7©-SnSe particles are sensitive to the excitation laser
beam, which causes them to transform from SnSe to SnSe,
over time. The Raman spectrum of n-SnSe shows only 3 sharp

This journal is © The Royal Society of Chemistry 2016
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peaks in the same region, 69 cm™*, 156 cm " and 185 cm ™.
Another weak and broad peak is centered around 120 cm™.
The peak at 185 cm ™' is again attributed to SnSe, while the
other peaks are assigned to n-SnSe. Comparing the two spec-
tra shows that the n-SnSe 110 cm™ and 133 cm™ peaks are
substantially weakened. Such changes are expected due to
the different structure, and the subsequent lattice symmetry
of the two phases. The 185 cm™ peak is sharper in the spec-
trum of n-SnSe. We speculate that the larger surface area in
n-SnSe nanoparticles makes them more sensitive to the laser
beam, causing them to readily transform from =n-SnSe to
SnSe,. Surprisingly, comparison of the Raman spectra of
o-SnS and n-SnS showed quite a different picture. While
7-SnS showed several additional peaks compared to a-SnS,*"
Fig. 2d shows restraining of phonons in the Raman spectrum
of the n-SnSe phase as compared vs. o-SnSe. This phenome-
non of phonon restraining could be related to the change in
the tin and selenide coordination. It is well known that upon
heating the orthorhombic phase of SnSe, a second order
phase transition occurs from Pnma (space group no. 62) to
Cmcm (space group no. 63). This transition could be de-
scribed as a change in the coordination polyhedron of the tin
and selenide ions, with higher symmetry in the high temper-
ature orthorhombic phase. The higher site symmetry results
in phonon anharmonicity and substantial phonon scatter-
ing.*® Examination of the discussed cubic crystal structure
with respect to the low temperature orthorhombic structure
suggests that a similar transition may be occurring. In this
case, both tin and selenide ions are located in “4a” Wyckoff
sites (space group no. 198) with each ion surrounded by three
ions of the opposite valence in 3-fold symmetry. Thus, the co-
ordination polyhedron for both tin and selenium ions could
be represented as a pyramidal sub-structure in the n-SnSe
crystal. We speculate that this unique arrangement could ad-
versely affect phonon propagation in the material, similarly
to the previously proposed mechanism.** This mechanism of
phonon anharmonicity has been reported to be responsible
for the ultra-low thermal conductivity of a-SnSe at high tem-
peratures.>*>° Thus, we conclude that while substantial pho-
non scattering is observed in orthorhombic a-SnSe only at
high temperature, the new cubic n-SnSe is expected to exhibit
significant phonon scattering also at room temperature. Fur-
ther studies are underway in order to explore these phenom-
ena and to assign the specific phonon modes to the peaks in
the Raman spectrum of n-SnSe.

The optical properties of n-SnSe were explored using UV-
vis-NIR absorption spectroscopy. The n-SnSe absorption
curves and the corresponding Tauc plot for n-SnSe cube-like
nanoparticles are shown in Fig. 2. We note that the literature
reported band of o-SnSe is 0.9 eV (indirect) and 1.3 eV (di-
rect).>”"%1%3%37 The absorption curve in Fig. 2e shows an on-
set of absorption around ~950 nm. The band gap of an indi-
rect bandgap semiconductor is related to the absorption
coefficient o according to the formula omv®® = A(hv - E,)
where £ is Planck’'s constant, v is the light frequency, E, is
the material band gap and A is a constant. The band gap can

This journal is © The Royal Society of Chemistry 2016
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be obtained from the x-intercept upon plotting (o)’ vs. hv,
as shown in Fig. 2f. The plot yielded a straight line, indicat-
ing that n-SnSe is an indirect band gap material, with the ex-
trapolated fitted line intercepting the hv axis at 1.28 eV. Thus,
the bandgap of n-SnSe is significantly larger than that of
o-SnSe, with a difference of about 0.4 eV. This implies that
while a-SnSe is active in the short wave infrared range, the
new n-SnSe phase is expected to be active closer to the visible
range, with technological implications for solar cells, thermo-
electric applications and photocatalysis.">***" A similar in-
crease was reported also for n-SnS with respect to o-SnS,
where the band gap is increased from 1.07 eV in conventional
o-SnS to 1.53-1.72 eV in n-SnS.*' ™

The stable phase of tin selenide in the solid state is the
8 atom orthorhombic a-SnSe with the space group Pnma. We
performed DFT-PBE calculations of this orthorhombic 8 atom
phase and of the rocksalt phase for reference purposes. For
the orthorhombic phase, the calculated lattice parameters
were found to be a, = 11.8346 A, b, = 4.2254 A, ¢, = 4.54 A,
compared to the experimental values of JCPDS no. 48-1224,
ay = 11.498 A, by = 4.153 A, ¢, = 4.440 A. Representing devia-
tions of up to several percent as might be expected. The
electronic band structure in the relaxed position was
obtained and is presented in Fig. 3a.

It can be seen that an indirect band-gap of ca. 0.597 €V is
found between the points Z and X and a direct band-gap of
ca. 0.867 €V is found between the high symmetry points Z
and G, in excellent, but probably fortuitous, agreement with
experimental measurements of 0.9 eV.”*103%37

To study the 64 atom n-SnSe phase we constructed a sim-
ple cubic unit cell consisting of the 64 atoms initially lo-
cated in their experimentally determined positions. A struc-
tural relaxation allowing the atomic positions, the volume
and the lattice constants of the unit cell to vary was then
performed. In this cell, convergence of the calculation was
achieved with a 8 x 8 x 8 k-point mesh. A total energy of
-829.8196 Ry per 64 atom unit cell, a total (isotropic) stress
of —0.32 kbar and a relaxed lattice parameter of 12.284 A
which is slightly larger than the experimental value of
11.9702(9) A reported above indicating that the phase is me-
chanically stable. The stability of the n-SnSe phase can be
examined by comparing the total energy per atom pair of
—-25.9319 Ry to —25.9342 Ry in the ideal rocksalt phase and
-25.9339 Ry in the orthorhombic phase. We see that the to-
tal energy results predict the n-SnSe phase to be less stable
than the orthorhombic phase by approximately 2 x 10~* Ry
per atom which is computationally significant and at the
limit of physical significance. The orthorhombic a-SnSe
phase is slightly less stable in our calculation than the ener-
getically equivalent rocksalt phase, but this difference is
physically insignificant and of the same order of magnitude
as found in earlier studies.**

To examine the origin of the stability of the n-SnSe phase
relative to the ideal rocksalt structure we examined the band
structure of both systems in a unit cell containing 64 atoms,
i.e. with a similar size of the Brillouin zone. The results are

CrysttngComm, 2016, 18, 1918-1923 | 1921
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Fig. 3 (a) Band structure of the orthorhombic o-SnSe phase, with

8 atoms in the Herzenbergite structure. (b) Calculated band structures
of the ideal rock salt lattice with 64 atoms per unit cell (c) and the
n-SnSe phase with 64 atoms per unit cell.

shown in Fig. 3c. It is immediately seen that the band struc-
ture in the n-SnSe phase is distorted relative to the highly
symmetric structure in the ideal rocksalt phase, as can be
seen, e.g., at the L point. More significantly, the energy gap
between the valence and conduction band is found to in-
crease from ca. 0.2 eV in the ideal structure to approximately
1.18 eV in the n-SnSe phase in very good agreement with the
measurements reported above (1.28 eV). We note that DFT-
PBE is well-known to underestimate band gaps.*® Due to the
large size of the unit cell, and the consequently small size of
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the Brillouin zone, it was impossible to determine from our
calculations whether the band gap is indirect.

Conclusions

We have reported on a new binary phase of tin mono-selenide,
n-SnSe. A proposed theoretical n-SnSe model, based on the re-
cently discovered n-SnS structure was constructed by replacing
S ion with Se ions. Using this modified model, we successfully
indexed both XRD and electron diffraction patterns obtained
for the new n-SnSe material. Rietveld refinement of the modi-
fied n-SnSe model was carried on XRD data. The high compati-
bility between the modified n-SnSe model and observed XRD
profiles, along with low reliability factors, provided strong
proof for the correctness of the n-SnSe model, and points to-
wards a new prototype which may exist in parallel to the GeS
prototype. Since the n-SnSe phase was obtained as a single
phase of pure cube-like nanoparticle powder, it was possible to
carry out Raman spectroscopy and UV-vis-NIR absorption
spectroscopy. Raman spectroscopy showed a distinct finger-
print for n-SnSe, with restrained phonons (smaller number of
peaks) in comparison to o-SnSe. This phenomenon could be
potentially useful for thermoelectric applications where low
thermal conductivity is desired. UV-vis-NIR spectroscopy indi-
cated an indirect band gap of ca. 1.28 eV, which is larger by
about 0.4 eV with respect to that of a-SnSe (0.9 eV, indirect).
Due to the different crystallographic structure, this new cubic
phase of SnSe is predicted to exhibit interesting and poten-
tially useful piezoelectric properties, unlike the conventional
orthorhombic phase. DFT total energy calculations indicated
that the n-SnSe is mechanically stable and is energetically close
to the stable o-SnSe phase. The band gap is confirmed to in-
crease from ca. 0.9 to 1.2 eV in very good, but possibly fortu-
itous, agreement with the experimental measurements.
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