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SnSe single crystals are known to exhibit notable thermoelectric performance.
Gainza et al. show that a fast and inexpensive arc-melting procedure followed by
simple cold-pressing produces n-type thermoelectric pellets. Interestingly, at
lower temperatures, this material is p-type, with a transition around 580 K to n-

type.
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High-Performance n-type SnSe Thermoelectric

Polycrystal Prepared by Arc-Melting

Javier Gainza,'?'9* Federico Serrano-Sanchez," Jo&o E.F.S. Rodrigues,’ Yves Huttel,” Oscar J. Dura,”
Michael M. Koza,® Maria Teresa Fernandez-Diaz,® Juan J. Meléndez,*® Bence G. Markus,®’
Ferenc Simon,%’ José Luis Martinez," José Antonio Alonso,” and Norbert M. Nemes'-®

SUMMARY

Tin selenide (SnSe) has notable thermoelectric properties, yet stable
n-type polycrystalline SnSe is difficult to synthesize. Here, polycrys-
talline SnSe is easily prepared by arc-melting as robust pellets, with
thermoelectric properties repeatably changing to negative See-
beck-coefficient above 580 K reaching a figure of merit ~1.8 at
816 K. DC conductivity changes 4 orders of magnitude with temper-
ature, whereas microwave conductivity increases only 4-fold, con-
firming the effects of oxidized grain boundaries. Effects of ambient
oxygen exposure are probed by X-ray photoelectron spectroscopy.
Neutron powder diffraction reveals 3% Sn deficiency. Inelastic
neutron scattering shows phonon spectrum consistent with ab initio
calculations and reported Raman spectra, but with higher-energy
modes strongly softened at higher temperatures. We thereby pro-
vide insight on undoped n-type polycrystalline SnSe that reveals
high-performance at high temperature, being a suitable peer mate-
rial for p-type SnSe.

INTRODUCTION

Thermoelectrics, which enable direct conversion of heat to electricity, can become
key materials for solving the current and future energy issues worldwide. The perfor-
mance of these thermoelectric materials can be assessed by the figure of merit, ZT =
S26T/k, where S, T, 5, and k, are the Seebeck-coefficient, the electrical conductivity,
the absolute temperature, and the total thermal conductivity, respectively. This total
thermal conductivity includes the lattice (k) and electronic contributions (ko).
Although commercial devices have ZT ~1"? and state-of-the-art materials have sur-
passed ZT of 2, much research still remains to develop a competitive thermoelec-
tric device. A particularly difficult challenge is to find both p- and n-type materials
with similar thermoelectric and thermomechanical properties, in order to build du-
rable thermoelectric elements.”®

Chalcogenides, well-known compounds such as PbTe,”® GeTe,*”'° or Bi2Te3,2'”
have long been among the best performing thermoelectric materials due to their
complex electronic structures and low intrinsic lattice thermal conductivity. These
compounds have been widely investigated using diverse approaches in order to
improve their thermoelectric performance.’* "> Nevertheless, lead toxicity and
tellurium shortage thwart these high-performance thermoelectric materials.

Recently, promising thermoelectric properties were reported in undoped p-type

16,17

SnSe single crystals, generating great expectations.'®?? Despite exhaustive

L)

TInstituto de Ciencia de Materiales de Madrid
ICMM-CSIC, Calle Sor Juana Inés de la Cruz, 3,
Cantoblanco, 28049 Madrid, Spain
?Departamento de Fisica Aplicada and INEI,
Universidad de Castilla-La Mancha, 13071 Ciudad
Real, Spain

3Institut Laue-Langevin, C.S. 20156, 38042
Grenoble Cedex 9, France

4Departamento de Fisica, Universidad de
Extremadura, Badajoz 06006, Spain

SInstituto de Computacién Cientifica Avanzada
de Extremadura, Badajoz 06006, Spain

éDepartment of Physics, Budapest University of
Technology and Economics and MTA-BME
Lendiilet Spintronics Research Group (PROSPIN),
P.O. Box 91, 1521 Budapest, Hungary
7Laboratory of Physics of Complex Matter, Ecole
Polytechnique Fédérale de Lausanne, Lausanne
1015, Switzerland

8GFMC, Departamento de Fisica de Materiales,
Universidad Complutense de Madrid, 28040
Madrid, Spain

Twitter: @ Gainza8

0L ead Contact

*Correspondence: j.gainza@csic.es
https://doi.org/10.1016/j.xcrp.2020.100263

Gheskior Cell Reports Physical Science 1, 100263, December 23, 2020 © 2020 The Authorf(s). 1

updates.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:j.gainza@csic.es
https://doi.org/10.1016/j.xcrp.2020.100263
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrp.2020.100263&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

research following these outstanding results,”*~*°

it has been difficult to reproduce
similar high thermoelectric performance in polycrystalline tin selenide.?*~*° In turn,
even better thermoelectric performance was predicted in n-type SnSe.*'*? Howev-
er, doping SnSe with donor or acceptor elements is more challenging than in other
IV-VI chalcogenide semiconductors, like PbTe or GeTe. Thus, obtaining an n-type

SnSe is not straightforward.*®

Polycrystalline SnSe has been thoroughly studied in recent years: by optimization of
the carrier concentration via traditional doping strategies,”’**** 3’ analyzing nano-
structuration effects,***' the influence of Sn and Se vacancies on the thermoelectric
properties,”*™’ and oxygen exposure on the transport properties.*®*? Minimizing
oxidation is crucial to attain good thermoelectric properties in SnSe; Lee et al.*” re-
ported a near-single-crystal p-type thermoelectric performance in polycrystalline
SnSe after a chemical reduction process, and Zhang et al.”' concluded that the ox-
ygen behaves as a hole-like doping agent because of the electron capture by the ox-

ygen due to its large electronegativity.

In this work, we describe the arc-melting synthesis of SnSe as well as its structural
characterization by neutron powder diffraction (NPD). We use inelastic neutron scat-
tering (INS) to show that locally the lattice dynamics matches earlier reports of SnSe
single crystals. X-ray photoelectron spectroscopy (XPS) is used to investigate the sur-
face oxidation by air exposure. In contrast to earlier reports by some of us on the
thermoelectric properties below room temperature®” with very high resistivity, we
show the complete characterization of resistivity, Seebeck-coefficient, and thermal
conductivity above 300 K for arc-melted tin selenide. We find a transition from p-
type to n-type behavior around 580 K. We compare DC and microwave conductivity
to reveal the effects of oxidized grain boundaries on the electronic transport.
Notwithstanding the influence of the oxygen exposure, we obtain a high figure of
merit (up to ZT ~1.8) above 800 K, where SnSe invariably shows its best thermoelec-
tric efficiency.

RESULTS AND DISCUSSION

Structural Characterization

NPD experiments were essential to characterize the structural features of our SnSe
specimen, and in particular to decouple the occupancy and displacement factors.
Figure 1 compares the laboratory X-ray diffraction (XRD) pattern from the pressed
pellet used for phase purity characterization (Figure 1A), the synchrotron X-ray
diffraction (SXRD) taken from rotating powder (Figure 1B), and the NPD pattern (Fig-
ure 1C), as the corresponding Rietveld plots. Trials to refine the structure from SXRD
data were unsuccessful, hampered by a strong preferred orientation that could not
be modeled, which is actually even worse than for laboratory XRD. The present
neutron data were free of these effects, helped by the large volume of loosely
packed powder in vanadium cylinders; additionally, the absence of form factors
enabled reaching a wide region of the reciprocal space, thus permitting a successful
structure refinement.

It is well known that SnSe crystallizes, at room temperature, in the GeS structural
type, defined in the orthorhombic Pnma space group (No 62) Z = 4. Basically, it con-
sists of corrugated layers of SnSe; and SeSnj pyramids, forming a covalent frame-
work by sharing corners (Figure 1C, inset). Adjacent layers are held together by
weaker van der Waals forces, thus making this selenide easily cleavable. We used
the model described in Serrano-Sanchez et al.>” to refine the crystal structure.
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Figure 1. Crystal Structure
(A) XRD pattern for arc-melted SnSe, Rietveld-refined in the space group Pnma.

2 theta (deg)

(B) Rietveld plot from SXRD data, showing a strong preferred orientation effect, which prevents the structural refinement.
(C) Rietveld plot from NPD data at room temperature (RT), displaying a good agreement between observed (crosses) and calculated (full line) profiles,
with the difference below. The tick lines correspond to the allowed Bragg reflections. The inset illustrates a view of the SnSe crystal structure at RT,

highlighting the anisotropic ellipsoids of both elements (with 95% probability).

(D) Rietveld plot from NPD data at 853 K. The second row of Bragg reflections corresponds to Fe from the sample holder. The inset illustrates the high-T
orthorhombic SnSe crystal structure (Cmcm space group), with large cigar-shaped anisotropic ellipsoids for Se atoms.

Both Sn and Se atoms are placed at 4d (x, 4, 2) positions; the atomic parameters are
listed in Table S1. The occupancy factors of Sn (with respect to Se fixed to unity) gave
a significant departure from the full stoichiometry, yielding the crystallographic for-
mula as Snog 9s9(Se. An excellent agreement was reached between observed and
calculated profiles, as shown in Figure 1C. The refined unit-cell parameters at
room temperature (RT), a = 11.5073(6), b = 4.15539(17), c = 4.4445 (2) ,5\, andV =
212.52(2) A3, are consistent with those previously reported.®” The displacement el-
lipsoids of the atoms in the crystal structure are illustrated in the inset of Figure 1C.
Prolate-type slightly elongated ellipsoids are observed for both elements; the root-
mean-square (RMS) displacements for Sn are 0.14, 0.13, and 0.16 A along the three
crystallographic directions, and 0.11,0.12,and 0.15 Afor Se, showing that the atoms
thermally vibrate within the layers; it is believed that the lone electron pairs of both
elements are directed to the interlayer space.”® The SnSes pyramids have Sn-Se
bond lengths of 2.7970(15) (x2) A and 2.753(2) A; the shorter interlayer Sn-Se dis-
tances are 3.3409(17) A.

Above T, =795 K, the structure experiences a phase transition to a higher symmetry
polymorph. The NPD pattern at 853 K shows a full transition to this Tll-type structure
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Table 1. Surface Composition

Sputt. time (min) At. %
O1s C1ls Sn 3d Se 3d Sn/Se

“fresh” SnSe

0 14.3 62.2 12.6 10.9 1.1
30 4.9 52.9 23.0 19.2 1.2
60 4.9 51.1 24.6 19.4 1.3
“aged” SnSe

0 26.6 54.9 11.8 6.7 1.8
20 13.8 52.1 19.7 14.4 1.4
35 10.9 53.2 20.1 15.8 1.3

Surface composition of the as-prepared tin selenide (“fresh” SnSe) and the tin selenide pellet kept at
laboratory conditions for 1 week (“aged” SnSe). Also shown is the surface composition for these samples
after the argon bombardment during different times inside the XPS chamber. Here, the elemental surface
quantifications were extracted from Survey spectra of all the pellets. Sputt.,sputtering. At.%, atomic per-
centage in %.

(space group Cmcm), which was modeled with both Sn and Se atoms at 4c (0, Y4, 2)
positions. At 853 K, the unit-cell parameters are a = 4.3190(5), b = 11.7268(11), c =
4.3019(4) A. The refined parameters are included in Table S2; the goodness of the fit
isillustrated in Figure 1D. The thermal ellipsoids of Sn atoms become flattened, with
RMS displacement values of 0.11,0.21, and 0.25 A along the three axes, whereas for
Se the ellipsoids are cigar-shaped, with greater RMS values of 0.23, 0.45, and 0.23 A.
A view of the crystal structure is displayed as an inset in Figure 1D. We emphasize
that the highest thermoelectric performance occurs in this structural type, above
800 K, as described below.

XPS Characterization

In order to investigate the effect of oxygen exposure, surface chemistry studies in
SnSe were carried out by means of XPS. The XPS spectra were acquired from two
samples: from the as-prepared SnSe pellet (referred to as “fresh”) and a second pel-
let kept at laboratory conditions (exposed to air at room temperature) for 1 week
(referred to as “aged”). Both samples were also sputtered using argon ions (Ar*)
for different times with survey spectra collected, as listed in Table 1 containing the
surface quantification of the elements O, C, Sn, and Se in atomic percentage. The
sputtering process was employed in order to check that the oxidation is predomi-
nant at the sample surface, as discussed next.

The fresh SnSe pellet was rapidly placed in the XPS chamber after cold-pressing in
order to reduce the aging process. The elemental surface quantification of fresh
SnSe pellet exhibited an excess of tin at the surface (i.e., the Sn/Se ratio was around
1.1), which partially agrees with the tin deficiency determined from bulk techniques,
such as NPD. This ratio increases from 1.1 up to 1.3 after the argon bombardment,
which shows a preferential sputtering of the Se atoms, as already reported in litera-
ture.”® In Figure 2A, the high-resolution photoelectron spectra at Sn 3d core levels
are displayed. The fitting of the XPS spectrum for the fresh sample revealed the pres-
ence of six components (three components for the Sn 3ds,, and another three for the
Sn 3d3,,) that could be assigned to SnSe (56.4%), SnO; (41.4%), and Sn° (2.2%) at
4941, 495.1, and 492.5 eV Sn 3ds,, core levels,” respectively. For the fresh pellet
as sputtered inside the XPS chamber for 60 min (named “fresh-sputtered-60""),
the photoemission spectrum at Sn 3d core levels displayed a strong reduction of
the SnO, component from 41.4% to 9.2%, revealing the surface nature of the oxide.

4 Cell Reports Physical Science 1, 100263, December 23, 2020
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Figure 2. Surface Oxides

Photoelectron spectra of the SnSe pellets (vertically shifted for clarity): (A) Sn 3d, (B) Se 3d, and (C) O 1s. Open circles and red lines denote the
experimental and fitted data, respectively. Solid lines represent the components for fitting process using Shirley background (dotted light green lines).
During the XPS experiments, two SnSe samples were employed: the as-prepared pellet (named “fresh”) and a second pellet kept at laboratory
conditions for 1 week (named “aged"”). Both pieces were sputtered inside the XPS chamber for different times, as listed in Table 1, in order to probe the

oxidation effect on the grain surfaces.

In Figure 2B, the high-resolution photoelectron spectra at Se 3d core levels are
shown. In the fitting process, four components were found for the fresh SnSe (two
for the Se 3ds,, and another two for the Se 3d3,,), attributed to SnSe (98.9%) and
Se®(1.1%) at 53.8 and 55.9 eV Se 3ds,, core levels®, respectively. For the fresh-sput-
tered-60' sample, no components of Se not bounded to tin selenide were found after
the argon bombardment. Figure 2C depicts the high-resolution O 1s XPS spectra
for the fresh and fresh-sputtered-60" samples. In the case of the fresh sample, two
components at 530.9 and 532.8 eV could be identified and ascribed to oxygen
bound to tin and OH groups at the surface,”® respectively. After the sputtering
with argon, the spectrum exhibited a hard to ascribe single low intensity and broad
peak at 532.2 eV.

Otherwise, the aged SnSe pellet has almost 83.8% of oxidized surface (SnO, at 495.5
eV Sn 3ds,, core level) against 16.2% of SnSe (at 494.2 eV Sn 3d3/, core level), as ex-
tracted from the photoelectron spectra at Sn 3d core levels of Figure 2A. The
elemental surface quantification of aged SnSe exhibited the Sn/Se ratio near 1.8,
which means that the surface oxidation due to SnO; shields the photoelectron signal
from Se element. After the argon bombardment, the Sn/Se ratio decreased from 1.8
down to 1.3 in 35 min of sputtering time and, therefore, almost recovering the orig-
inal value of 1.1 for fresh SnSe pellet. The argon “sputtered aged” SnSe sample

Cell Reports Physical Science 1, 100263, December 23, 2020 5
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Figure 3. Thermoelectric Properties
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Temperature dependence of the thermoelectric properties of SnSe polycrystal prepared by arc-melting: (A) electrical resistivity, (B) relative change of
the microwave conductivity (squares), and, for comparison, the DC conductivity of a SnSe single crystal as extracted from Zhao et al.’® (circles), (C)
Seebeck-coefficient, (D) power factor, (E) total thermal conductivity, and (F) ZT figure of merit. The vertical dotted line indicates the structural transition.

The uncertainty of the figure of merit is around 20%.
See also Figures S1, S2, and S3.

(named “aged-sputtered-35"") depicted only a reduction from 83.8% to 75.4% in the
SnO; quantity at the surface. It denotes that the oxygen exposure of SnSe pellet can
generate grains with surface oxide layer throughout the sample that may affect the
electrical conductivity due to an insulator barrier between grains.”’

In Figure 2B, the high-resolution photoelectron spectra at Se 3d core level of both
aged SnSe and aged-sputtered-35’ exhibit a slight variation in the percentage of
Se® (2.5% and 1.6%, respectively). It can be understood as a sputtering effect of
only tin elements in aged SnSe, which corroborates that the SnO, is mainly distrib-
uted on the grain surface of SnSe samples that were exposed to oxygen in laboratory
conditions. Also, the O 1s photoelectron spectrum of aged SnSe starts to exhibit a
third component at 534.0 eV probably due to the ~COj3 surface species.” Therefore,
XPS results confirmed the tendency for tin to segregate to the grain surfaces in poly-
crystalline tin selenide. SnSe pellet is very sensitive to surface oxidation, which may
hinder the electrical properties of polycrystalline samples.”"

Transport Measurements

The effects of the surface oxide of the grains can be unveiled by comparing the DC
and microwave conductivities (Figures 3A and 3B). The DC resistivity shows a dra-
matic, near exponential drop of 3—4 orders of magnitude between 400 and 800 K
in Figure 3A. This, when analyzed in terms of a thermal activation energy, indicates
a transport gap of around 1.03 eV, somewhat larger than the band gap of SnSe.>>?

The gap value is consistent with the acceptor character of the oxygen in SnSe,”’

6 Cell Reports Physical Science 1, 100263, December 23, 2020
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which may induce local electrostatic repulsions at the grain boundaries. Conse-
quently, the band structure changes locally at the grain boundaries to accommodate
the acceptor levels associated with the oxide layer, which results in a slight gap
opening. This interpretation is reinforced by comparison to the microwave conduc-
tivity in Figure 3B, measured using aged SnSe powder sealed in 4-mm quartz tubes
under helium atmosphere. Microwave conductivity® (6) measures the intrinsic, in-
tragrain properties and is not affected by the surface oxide barriers. This is valid in
the limit when there is no grain-to-grain conductivity and is justified by the low DC
conductivity at room temperature (for details, see Experimental Procedures). The
method only provides relative values of , and data shown in Figure 3B are relative
to room temperature. Surprisingly, the microwave conductivity behaves very similar
to the DC conductivity reported on high quality SnSe single crystals (compared in
Figure 3B with red lines from Zhao et al.'®) and not at all like that expected from Fig-
ure 3A. This proves that the local conductivity in our sample grains matches the
intrinsic properties of SnSe, whereas the DC resistivity of pressed pellets of fine
grains is obscured by the grain boundary effects. The microwave conductivity only
shows a 4-fold increase between 400 and 800 K, in stark contrast to the 4 orders
of magnitude of the DC conductivity. Notice the small resistivity increase (microwave
conductivity decrease) just above 300 Kin both Figures 3A and 3B, also reported for
single crystals."®

All the thermoelectric parameters for one arc-melted SnSe sample are shown in Fig-
ure 3 as a function of increasing temperature: the resistivity in Figure 3A, the See-
beck-coefficientin Figure 3C, the power factorin Figure 3D, the thermal conductivity
in Figure 3E, and the resulting figure of merit in Figure 3F with maximum value of ZT
~1.8. The temperature dependence of the Seebeck-coefficient shows an atypical
change of sign around 580 K and a high temperature value of ~—350 pV/K. All
the thermoelectric properties were measured along the pressing direction, where
previous reports show a higher ZT.?”*7°° The electronic transport measurements
were performed just after the synthesis process, in order to avoid the possible oxida-
tion of the samples (fresh). Every undoped SnSe sample studied (whether fresh or
aged, see Figure 4) shows a sudden p- to n-type transition at a temperature around
550-600 K. This behavior has been already reported before, at a similar tempera-
ture, in Se-deficient tin selenide,*® but not in the stoichiometric or Sn-deficient com-
pound.***> However, several anomalies have been observed around this tempera-
ture in other polycrystalline SnSe.”**?¢"? Moreover, some theoretical studies have
previously predicted this change of sign.”"**“* Indeed, Loa et al.® attributed the
rapid decrease and sign reversal of the Seebeck coefficient to the onset of the bipo-
lar conductivity, which is amplified and shifted to lower temperatures by a rapid
reduction of the gap at high temperatures. The strong preferred orientation of our
polycrystalline tin selenide (as we can see in Figure 1B), may also be related to the
observed p to n transition of this layered material.”®> The corresponding p-type
charge carrier concentration (ny) at room temperature is ~1.28 x 10" cm™2 as ex-
tracted from the Hall-effect measurement. This carrier density is slightly higher
than other reported data for tin-deficient single-crystal SnSe*® (around 4 x 10"

4565 (around

cm~3), but below that reported for tin-deficient polycrystalline SnSe
1 % 10" em~3). Considering transport dominated by acoustic phonons,® this carrier
density would correspond to an effective mass of 0.49 m, and a mobility of ~0.5 cm?
x V™' x s7" at room temperature. This effective mass is similar to that obtained by
Zhao et al.'” using a single-band model (0.47 m,), although this value is not valid to
explain the experimental data. On the other hand, the mobility is low compared to
the 25 cm? x V' x s~ reported for single crystals,® although it is much closer to

the reported mobility of 4 cm? x V™' x s~ for the reduced polycrystalline SnSe.>°
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Comparison of the temperature dependence of the Seebeck-coefficient of (A) several arc-melted SnSe polycrystals measured upon heating (red) and

cooling (blue), and (B) just after synthesis (circles) and after 10 months exposed to ambient air (squares). Lines are guides for the eye.

See also Figures S4 and S5.

This low mobility explains the poor room-temperature thermoelectric performance
of the tin selenide samples of this study.?

The reproducibility of the high temperature behavior of Seebeck-coefficient is
demonstrated in Figure 4. Data from six nominally identical arc-melted SnSe poly-
crystals, and an additional one where 7% extra Sn was intentionally added to the pre-
cursor in an unsuccessful attempt to counteract the structural Sn-deficiency pro-
duced by arc-melting are shown in Figure 4A. These samples were measured right
after the synthesis and cold-pressing (equivalent to the fresh state) upon heating
and also cooling, to check for repeatability in each. Figure S1 shows their See-
beck-coefficient and DC resistivity. Furthermore, one sample was measured again,
after it was left in ambient air in the laboratory for 10 months (Figure 4B). The See-
beck-coefficient shows quite a bit of variation below the p- to n- transition around
550-600 K between samples, for heating and cooling of each sample, and for the
fresh and aged state of the same sample. However, all the Seebeck-coefficients
tend toward a uniform high temperature behavior, slowly decreasing from a peak
value of around —500 pV/K above the transition to around —350 pV/K at 800 K,
where the high thermoelectric performance is observed. This result is in accordance
to that predicted by Loa et al.,® who calculated a Seebeck coefficient of ~—400 pV/
K around 800 K in the direction perpendicular to the layers.

Ab Initio Calculations

This anomalous behavior, in particular the p- to n- transition, may be explained on
the basis of several concurrent effects; in fact, some theoretical studies have pre-
dicted before this change of sign.”’*¥¢* More precisely, Loa et al.®? attributed the
rapid decrease and sign reversal of the Seebeck coefficient to the onset of bipolar
conductivity, amplified and shifted to lower temperatures by the gap shrinkage at
around 700 K, and to the marked anisotropy of SnSe. In our case, the strong
preferred orientation of the polycrystalline tin selenide samples (as we can see in

8 Cell Reports Physical Science 1, 100263, December 23, 2020
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Figure 1B) may relate the observed p to n transition of this layered material to the
prediction by Loa et al.®® Another effect that may help to explain the observed trend,
as Loa et al.®® themselves concede, is the contribution of defect levels located close
to the edge of the conduction band; note that the existence of these defects may
well reduce the gap, which is therefore consistent with the previous analysis.

In this regard, one could try to understand the role played by the surface oxide layer
and the aforementioned tin deficiency on the transport properties of SnSe by a set of
ab initio calculations coupled with solutions of the Boltzmann transport equation;
this is a methodology that has been shown to yield good results in this system.®’
Such a study would require computational resources well beyond our capabilities,
mainly due to the need to build large supercells to mimic the defect configurations.
However, we may still extract some insights from theoretical predictions about
defective SnSe reported elsewhere.’” Indeed, oxygen behaves as acceptor in
SnSe, as we have already mentioned,”" and acceptor impurities at Sn sites of the
SnSe lattice may be stable under some conditions. This is the case of the Ing,, defect,
for instance, which yields an impurity level around 0.03 eV below the bottom of the
conduction band. Thus, a system with acceptor impurities at Sn sites would behave
as p-type at temperatures below that of ionization of the acceptor impurities—that is
around 400 K for Ing,—, but would exhibit a transition to n-type behavior at higher
temperatures. Another possibility involves unfilled Sn vacancies. A comparison of
the calculated electronic density of states for both stoichiometric and tin-deficient
SnSe (Sng.94Se) shows a broad defect-band right above the valence band for the
tin-deficient SnSe,“® reproduced in Figure S8, possibly contributing to the behavior
of the Seebeck-coefficient. This is relevant in light of the Rietveld-refined occupancy
factor for our tin deficient SnSe with a Sn/Se ratio of 0.97.

Finally, we note that the Seebeck-coefficient is asymmetric, with a higher absolute
maximum below 550 K, in the p-type regime. This asymmetry may be associated
with an energy filtering (EF) effect®”’? at the oxide layer of the grain boundaries.
EF consists in the reduction of the flow of minority charge carriers by high-energy po-
tential barriers associated with some defects. The suppression of the bipolar effect
does not reduce significantly the electrical conductivity, because the propagation of
the majority charge carriers is promoted, but it increases the Seebeck-coefficient. EF
has been modeled for a number of defect configurations.”'~’* Narducci et al.”” have
modeled the EF modification of the Seebeck-coefficient within the relaxation-time
approximation for the Boltzmann equation as an average weighted by the electrical
conductivity:
3m*

S=— 263_,_(8 — €F) (1

where m* and e are the effective mass and charge of the charge carriers and efis their
Fermi energy. Equation 1 shows that an asymmetric variation of the Fermi energy
with the temperature, as in a p-type to n-type transition, may explain an asymmetric
shape of the S curve. This asymmetry has indeed been observed experimentally,”*””
although it is generally considered weak. In any case, a much more detailed compu-
tational study, which ideally should be coupled with experimental structural data,

would be required to elucidate the previous issues.

The power factor, from DC conductivity and Seebeck-coefficient, is calculated as s
(Figure 3D). The sudden increase at 700 K reflects the near exponential decrease of
the resistivity, falling below 107 Q x m at that temperature. This sharp increase in
the power factor has been reported before,”®???¢*3 but here the maximum power
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factor of ~1.0 mW X m™" x K72 at 816 K in a pressed pellet approaches that orig-
inally reported for single crystalline SnSe (~1.0 mW x m~" x K~2 at 800-900 K),"®
and exceeds that of chemically reduced p-type SnSe polycrystals, with a maximum
value of 0.7 mW x m~" x K~2at ~770 K.°> At ~816 K, our power factor is also higher
than other tin deficient tin selenides, like that reported by Wei et al.,** achieving
around 0.6 MW x m™" x K=2 for the Sng ¢sSe. The highest power factor of Figure 3D
is also observed for another sample, as shown in Figures S1 and S2.

Thermal Conductivity

High ZT in SnSe is mainly attributed, in addition to the ultra-high power factor, to the
ultra-low thermal conductivity (Figure 3E) due to the strongly anharmonic bonding in
this compound.'®*? In this work, thermal conductivity was determined from the ther-
mal diffusivity. Because of the relatively high resistivity at low temperature, the elec-
tronic contribution to the total thermal conductivity becomes appreciable only
above 750 K, with 0.03W x m~" x K=" at 773 K (Figure S3). Therefore, the measured
values almost entirely reflect the lattice contribution. At room temperature, the ther-
mal conductivity is ~1.09 W x m™" xK™", while above 700 K it has an ultra-low value
(<0.5W x m~" x K™"),?% reaching 0.37 W x m~" x K~" at 873 K. This behavior is
27,4344 although it
does not reach the record-low value of 0.23 W x m~" x K=" achieved for single crys-
tals.’® The thermal conductivity decreases as T approximately (dashed line), which
is an indication of phonon scattering dominated by Umklapp processes.'”

similar to other reported data for polycrystalline undoped SnSe,

Previously reported ab initio calculations®” have shown that, indeed, the electronic
contribution to the thermal conductivity is negligible at temperatures below 500 K.
Besides, the analysis of the phonon spectrum reveals that a key parameter to under-
stand heat conduction in SnSe is the critical length A* at which the transition between
the ballistic (i.e., collision-free) and diffusive conduction regimes takes place. In
particular, if the grain size d >> A*, phonons are scattered within the grains. The crit-
ical length (that is anisotropic) varies with temperature; at 300 K it is around
0.9-1.0 um, thus comparable to the grain size of our samples, but it shrinks to
around 400 nm at 600 K. As a consequence, SnSe polycrystals and single
crystals should exhibit comparable thermal conductivities at high temperatures,
where the condition d >> A* is easily fulfilled, in good agreement with our results.
Furthermore, the thermal conductivity is essentially the same along and perpendic-
ular to the pressing direction, despite the strong texturing (Figure S6). At low tem-
perature, thermal conduction is instead ruled by grain boundary phonon

scattering.®’¢®

The high power factor together with this ultra-low thermal conductivity result in an
outstanding figure of merit of ZT ~1.5-1.8 at 816 K, as can be seen in Figure 3F.
Similar high values have been reported so far only in doped polycrystalline
SnSe?®394478 however, as far as we know, this is the highest ZT reported to date
in n-type undoped polycrystalline SnSe.*%#°7%77%9 A5 Chen et al.?" point out, “an
ideal SnSe-based thermoelectric material should be described as polycrystalline
SnSe composed by nanograins with single-crystal-like anisotropy and optimized
n.” This work can pave the way to move forward in this concept.

INS

The detailed phonon spectrum of SnSe is important to understand the ultra-low ther-
mal conductivity. An analysis of the anisotropic displacement parameters (ADPs) can
give a rough estimate of the vibrational energies and were identified before from
NPD.?? The highly anisotropic thermal ellipsoids of the ADPs revealed strong
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Figure 5. Phonons

Temperature dependence of the generalized phonon density of states G(w;T) of SnSe from inelastic neutron scattering (INS).

(A) G(w; T) (filled points) and results from fits with 9 Gaussians (thin solid lines) to the data at 150 K. The shaded area represents the total signal of the fit.
For comparison, data from DFT-based lattice dynamics calculations (DFT-LD) are shown by the thick solid line, upshifted by 0.3.

(B) G(w; T)/w? highlighting the characteristic spectral texture in the low-energy range. Solid horizontal lines indicate the low-energy level associated with
long-wavelength phonons. For comparison, measured room temperature Raman and IR modes are indicated in (A) and (B) by open symbols adapted
from Chandrasekhar et al.**

(C) Energy shift of the 9 identified peaks in (A) from their values at 150 K.

(D) Full width at half maximum (FWHM) of the peaks derived from Gaussian fits. The peaks are numbered according to their increasing eigenfrequency.
Low- and high-energy peaks are discriminated by blue and red color, respectively.

anharmonicity and permitted to assign up to three modes between 7-8 meV to the
movement of Sn and another three around 9—11 meV to that of Se.

Here, we report the INS and identify several vibrational energies, some with
important softening at high temperature (Figure 5). In order to quantify character-
istic modes and their temperature dependence, the generalized density of
states (GDOS) have been approximated by 9 Gaussians through 2 fits in the energy
range between 2.5 and 26 meV. Thereby, the relative intensities of the Gaussians
were determined only at 150 K and kept fixed at those values for any data at higher
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T. Thus, the relative number of excitations represented by the Gaussians were
appointed constant and only their positions and widths were matched. The relative
energy shifts and the full widths at half maximum of the Gaussians are presented in
Figures 5C and 5D. The intensities and eigenenergies computed at 150 K are listed
in Table S3. Figure 5B presents the lower energy part of the same data scaled as
G(w; T)/w?. The indicated low-energy levels (Figure 5B) associated with long-wave-
length phonons lead to estimated temperature dependent sound velocity and
Debye temperature, as given in Table S4.

The higher effective scattering power of Se (~0.11 barns [Me™®* cm?] x amu™ " in
comparison to Sn (~0.04 barns x amu~ ") shifts the spectral weight toward the higher
energy modes determining the strong intensity above 13 meV than expected from
earlier first principle calculations.®” Because the present experiment sampled the in-
elastic response in an extended momentum range, any vibrational excitation of low-
dispersion contributes to G(w;T) with a high signal. Thus, peaks identified in the
G(w;T) do not correspond exclusively to '-point modes. We compare the measured
phonon spectrum with ab initio calculations in Figure 5A. The ab initio dataset has
been broadened by a Gaussian convolution whose width approximates the energy
resolution in the applied experimental setup. The calculations match the experiment
remarkably well in terms of the number of peaks, their widths, and intensities, with
only a slight mismatch in the energy shifts.

We also find a stunning match between some prominent, fitted peaks of our GDOS
and results from Raman and IR experiments reported in the literature.®>*° For con-
venience, we indicate in Figures 5A and 5B the room temperature experimental re-
sults by Chandrasekhar et al.®? This match does not only hold for the eigenfrequen-
cies of the peaks at low T but comprises as well their renormalization upon heating as
best evidenced by the Raman experiments of Liu et al.”” In general, peaks around
15-18 meV whose energies correspond to Bzg and A4 I'—point excitations show a
particularly strong T dependence which we approximate to 6 peV x K=" close to
the results of the Raman studies. This correspondence holds as well for other peaks
in particular in the low-energy range dominated by Sn amplitudes®* and for the high-
est energy modes being less responsive to T changes.?*®? The characterization of
the peak of lowest energy located around 4 meV that is formed by lowest energy
I'—point excitations is hampered by the acoustic tail in the G(w;T).?* We cannotiden-
tify a particular temperature rescaling within the reliability of the fit results, as high-
lighted by the mismatch in the low-energy part in Figure 5B.

We presented a synthesis of polycrystalline SnSe by an arc-melting technique followed
by cold pressing as robust pellets. NPD reveals 3% structural Sn-deficiency and
confirms the well-known Pnma-to-Cmcm structural transition. The structure, surface
chemical composition, lattice dynamics, thermal conductivity, and comparison of the
electrical DC and microwave conductivities reveal that the material consists of grains,
albeit deficient in Sn, with properties inherently similar to single crystals, but separated
by surface oxide layers as grain boundaries. XPS measurements corroborate that oxy-
gen from ambient atmosphere alters the tin selenide grain surfaces over time. The
phonon spectrum, as measured by Inelastic Neutron Spectroscopy, is in good agree-
ment with the calculated ab initio spectrum of SnSe. The Seebeck-coefficient of arc-
melted SnSe switches to negative above 580 K, and the thermoelectric figure of merit
ZT reaches ~1.8 at 816 K. We thereby obtain a high-performance n-type thermoelec-
tric behavior at high temperature in (undoped) polycrystalline SnSe. This arc-melted
material could be a suitable peer to the p-type polycrystalline tin selenide for the
manufacturing of high-performance commercial thermoelectric devices.
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EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the Lead Contact, Javier Gainza (j.gainza@csic.es).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability

The authors declare that data supporting the findings of this work are available
within the article and the Supplemental Information. Any other data are available
from the Lead Contact upon reasonable request.

Reagents

The following reagents were used as obtained, unless otherwise noted: Mixtures of
nominal stoichiometric amounts of Sn (Alfa Aesar, 99.8%) and Se (Alfa Aesar,
99.999%) were ground, pelletized, and molten under Ar atmosphere in a water-
cooled Cu crucible, resulting in intermetallic ingots.

Synthesis

SnSe specimens were obtained as compact pellets, where intimate contact between
grains is already established, directly from an Edmund Buhler MAM-1 mini-arc furnace.
These pellets are directly cold pressed in a dye (without grinding them to powder), by
doing so the density of each pelletincreases (around 90% of the crystallographic value,
by mass and volume measurement) and the dimensions are easily measured and re-
produced. We can do so thanks to the malleability of this material, easily deformable.
We emphasize that, as shown by refinement of the NPD, this synthesis preferentially
yields Sn-deficient SnSe, contrary to expectations based on the larger volatility of
Se. Elemental analysis by total reflection X-ray fluorescence (TXRF) shows 2% Sn defi-
ciency. This preference cannot even be counteracted by intentionally loading up to 7%
extra Sn into the starting material. The extra Sn may evaporate or end up within/
around the sample, but not within the grains of SnSe structure, and rapidly oxidize.

Compacting Ingots

Part of the as-grown ingots were ground to powder for structural analysis and the re-
maining part was cold-pressed to obtain a pellet that was used for transport mea-
surements. A consolidation process such as spark plasma sintering (SPS) yields
higher densities but promotes the spreading of the oxide films on grain boundaries
throughout the pellets, which is detrimental for the thermoelectric properties,” so

this technique was not considered in this study.

Synchrotron X-Ray Powder Diffraction

The material science and powder diffraction (MSPD)-diffractometer beamline at
CELLS-ALBA synchrotron (Barcelona, Spain) was employed to collect the pattern, us-
ing the high-angular resolution mode (MAD set-up) with an incident beam of 27 keV
energy (A =0.45861 A).¥ The polycrystalline powder was contained in rotating quartz
capillaries of 0.7 mm diameter. The SXRD pattern was collected at room temperature.

NPD

Good quality NPD patterns were collected for SnSe in the high-resolution D2B
neutron diffractometer at ILL (Grenoble-France), with the high-flux mode and a
counting time of 2 h. Approximately 1.5 g of sample was contained in a vanadium
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holder. A wavelength of 1.594 A was selected from a Ge monochromator; the mea-
surement temperatures were 295 K (RT) and 853 K. For the data collection above
room temperature, a furnace with vanadium resistors, working in vacuum, was uti-
lized. All the patterns were refined by the Rietveld method,®® using the FULLPROF
refinement program.?” A pseudo-Voigt function was chosen to generate the line
shape of the diffraction peaks. No regions were excluded in the refinement. In the
final run, the following parameters were refined from the high-resolution D2B
data: scale factor, background coefficients, zero-point error, unit-cell parameters,
pseudo-Voigt corrected for asymmetry parameters, positional coordinates, and
anisotropic displacement factors for Sn and Se atoms. The coherent scattering
lengths for Sn and Se atoms were 6.225 and 7.970 fm, respectively.

XPS

Samples were loaded in an ultra-high vacuum XPS chamber (base pressure in the low
107" mbar) equipped with a hemispherical electron energy analyzer (SPECS Phoi-
bos 100 spectrometer) and an Al Ka (1486.29 eV) X-ray source. Survey-spectra
were recorded using an energy step of 0.5 eV and a pass-energy of 40 eV, while spe-
cific core level spectra (Sn 3d, Se 3d, O 1s, and C 1s) were acquired with an energy
step of 0.1 eV and a pass-energy of 20 eV. Initial fittings by taking into account the C
1s core level at 285 eV,” as a calibration of the absolute binding energies, were un-
successful due to the absence of adventitious carbon in the sputtered samples (see
Figure S7). In this way, the absolute BE was obtained based on the Sn 3ds,, core level
at485.7 eV for all the XPS spectra; this assumption made the fittings more reliable in
view of the elemental quantification and core level positions for the remaining ele-
ments. Data processing was performed with CasaXPS software.

Thermoelectric Properties

All the thermoelectric properties were measured along the pressing direction, where
previous reports show a higher ZT.”’*%° Seebeck-coefficient and resistivity mea-
surements were carried out in high vacuum (107 mbar) in a homemade apparatus.”’
The DC resistivity, simultaneously with the Seebeck-coefficient, was measured in a 4-
probe configuration, in high vacuum, in a home-built setup following the design of
Iwanaga et al.”” Details of the implementation of this measurement can be found in
Gainza et al.””

Microwave Conductivity

Temperature-dependent microwave conductivity is determined”? by monitoring the
quality factor of a cylindrical TEgq1 microwave cavity with and without the sample. Mi-
crowave conductivity”” measures the intrinsic, intragrain properties and is not
affected by the surface oxide barriers. This is valid in the limit when there is no
grain-to-grain conductivity and justified by the low DC conductivity at room temper-
ature. In the so-called penetration limit, when the microwaves fully penetrate into
the sample (grain size smaller than the skin-depth), the observed microwave loss,
L, is proportional to the local conductivity.”””* Even the lowest resistivity is above
107*Q x m, implying a penetration depth at 10 GHz of ~100 pm, still much larger
than the grain size of our SnSe, on the order of 1 um.® Then, temperature-depen-
dent microwave conductivity is obtained from o(T) ~1/Qsampie-1/Qo, Where Qg is
the quality factor of the empty cavity”".

Hall Effect and Charge Carrier Density

The Hall-coefficient, Ry = 1/nye, below 400 K was measured using the 4-probe re-
sistivity option of a PPMS (Quantum Design) with an alternating DC current of | =
5mA in a van der Pauw geometry, by sweeping the magnetic field between +9T.

14 Cell Reports Physical Science 1, 100263, December 23, 2020

Cell Rerrts )
Physical Science



Cell Rer_;orts .
Physical Science

Thermal Conductivity

Thermal conductivity was determined from the thermal diffusivity (o) using a Linseis
LFA 1000 instrument by a laser-flash technique, as k = a x C, X d, where C, is the
specific heat and d = 5.6 g cm 3 is the sample density. The specific heat was calcu-
lated using the Dulong-Petit equation, C, = 252 J x kg™ 'K ™.

INS

The INS data were collected at the cold-neutron spectrometer INé-Sharp at the Eu-
ropean neutron source Institut Laue-Langevin in Grenoble, France.”” Approximately
12 g of sample was used (obtained from 6 consecutive syntheses). An incident wave-
length of 4.14 A and the inelastic-focusing mode with the target energy of 7 meV was
utilized to cover a sufficiently large energy-momentum phase space with best reso-
lution in the energy range of interest. Standard corrections for empty can, detectors’
efficiency and its energy dependence, frame overlap, as well as self-attenuation ef-
fects were carried out with the software package LAMP.”® The corrected signal was
transformed to the phonon density of states by means of the incoherent approxima-
tion”” having applied a self-consistent multi-phonon correction algorithm MuPho-
Cor”®?” implemented in the software package LAMP. The one-phonon generalized
densities of states G(w; T) are presented in Figure 5. Irrespective of the different scat-
tering power of Sn and Se, which is determined by the fraction of their neutron cross
sections and atomic masses, all G(w;T) have been normalized to six phonon modes.
Additional information can be found in Tables S3 and S4 and Note S2.

Ab Initio Phonon Spectrum

The density of states (DOS) and GDOS for phonons were integrated from the calcu-
lated phonon spectrum considering up to third-order anharmonic interatomic force
constants (IFCs). The harmonic, second-order IFCs and the third-order anharmonic
ones were calculated using the Phonopy'® and ShengBTE'?" packages, respec-
tively. In all cases, a real-space 2 x 2 X 2 supercell approach (2 x 3 x 6 k-mesh)
with finite displacements and a cutoff range for the interactions of 6.5 A was used;
only the T—point was used in the Brillouin zone. According to previous studies,®’
van der Waals corrections according to the DFT-D method were explicitly used.'®

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.
2020.100263.
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