Vacancies in SnSe single crystals in a near-equilibrium state
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The development of intrinsic vacancies in SnSe single crystals was investigated as a function of annealing
temperature by means of positron annihilation spectroscopy accompanied by transport measurements. It has
been demonstrated that two types of vacancies are present in single-crystalline SnSe. While Sn vacancies
dominate in the low-temperature region, Se vacancies and vacancy clusters govern the high-temperature region.
These findings are supported by theoretical calculations enabling direct detection and quantification of the most
favorable type of vacancies. The experiments show that Sn vacancies couple with one or more Se vacancies with
increasing temperature to form vacancy clusters. Interestingly, the clusters survive the o — g transition at ~800 K
and even grow in size with temperature. The concentration of both Se vacancies and vacancy clusters increases
with temperature, similar to thermoelectric performance. This indicates that the extraordinary thermoelectric
properties of SnSe are related to point defects. We suggest that either these defects vary the band structure in
favor of high thermoelectric performance or introduce an energy-dependent scattering of free carriers realizing,
in fact, energy filtering of the free carriers. Cluster defects account for the glasslike thermal conductivity of SnSe

at elevated temperatures.

I. INTRODUCTION

The utilization of thermoelectric generators is an alterna-
tive for the recovery of waste heat. Research on thermoelectric
(TE) materials is thus a very active field of research. The TE
efficiency of a material can be expressed in terms of the di-
mensionless figure of merit, ZT, where ZT = S2cT /k. In this
formula, S, o, T, and « are the Seebeck coefficient, electrical
conductivity, absolute temperature, and thermal conductivity
of the material, respectively [1]. Recently, high-TE perfor-
mance has been reported for doped and undoped single-crystal
SnSe or its solid solutions with SnS [2-4]. However, undoped
polycrystalline SnSe shows only moderate TE performance
according to Ref. [5]. The reason is still a point to debate,
and doping seems to provide only minor improvements in
polycrystals. As SnSe crystallizes in a complex structure
below 810 K [6] with an inherently low thermal conductivity,
there seems to be enough space for the tuning of other TE
coefficients independently. However, a reinvestigation of its
thermal conductivity has shown that the intrinsic thermal
conductivity of a SnSe single crystal might be much higher
than reported previously [7]. Furthermore, long-term stability
seems to be questionable for doped samples [8]. Thus, an effi-
cient and stable dopant of polycrystalline material is needed to
increase the electrical conductivity to its TE optimum [9]. An

increasing number of doping studies have appeared each year
since the first report [8,10—14]. With the aim of understanding
the exceptional properties of SnSe, a number of studies of the
band structure of SnSe have appeared [15-17]. The studies
suggest that the TE performance of n-type materials is higher
than that of p-type materials. This is corroborated by the latest
results on Bi-doped n-type single crystals [18]. In Ref. [19],
an unprecedented ZT value of 2.8 was reported for out-off-
plane transport in n-type crystals. According to Ref. [20],
quasi-two-dimensional (2D) transport is responsible for the
excellent TE properties of SnSe.

Recently, more particular attention has been given to in-
trinsic defects (IDs) [15,21-23]. The intrinsic defects, e.g.,
Sn vacancies (Vg,), seem to play a very important role
in the excellent electronic properties of SnSe at elevated
temperatures [15,24]. In Ref. [15], the authors suggest that
the concentration of Vg, increases rapidly with temperature
with a formation energy of 0.67 eV and mimics thermal
activation (excitation) of the free charge carriers from these
defects. The excitation energy of the defects is much smaller
[21]. Such activation leads to a large concentration of free
carriers (FCs), thus increasing electrical conductivity. The
corresponding decrease in the Seebeck coefficient is moderate
due to the peculiar structure (and corresponding electronic
structure) variations with increasing temperature [19]. In fact,
a high concentration of Vg, (5%) would modify the band
structure towards higher FC effective masses and thus lead
to a higher Seebeck coefficient [21]. We are left with the
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question of how to preserve such a high concentration of
Vsn in a required temperature range. Equilibrium drives a tin
under stoichiometric composition towards the formation of
the secondary phase SnSe, instead of the formation of Vg,
at all temperatures [25].

Together with Vg,, another intrinsic defect, interstitial Se
(Se;), seems to play an important role in transport properties;
an extra-large concentration of this defect might be responsi-
ble for extremely low thermal conductivity [22]. Such intrinsic
defects would provide excellent TE performance even at lower
temperatures if induced artificially. However, it is not clear
how to induce these defects in the required (lower) tempera-
ture range or stabilize them upon cycling. Again, excess Se
should react to produce SnSe; [25].

The equilibrium concentration of IDs is generally a func-
tion of temperature. Data about the thermal stability and
equilibrium stoichiometry as a function of temperature are
missing in the literature from both experimental and theoret-
ical perspectives. In the present paper, we observe that SnSe
varies slightly with temperature; the structure of SnSe itself
prefers a tin-poor state in the low-temperature range and a
selenium-poor state at elevated temperatures. This fact alone
implies that the physical properties will be a function of the
starting stoichiometry but also of the kinetics of growth.

According to our experiments, it is highly plausible that
the wide spectrum of outputs reported for SnSe single crystals
(SCs) and polycrystals (PCs) in the literature is affected
by the thermal history of the respective samples. In other
words, the kinetics rather than the thermodynamics of sample
preparation and, in most cases, the kinetics of measurements
markedly affect the outputs. To shed more light on this is-
sue, in the present work, stoichiometric single crystal (SC)
samples were prepared and annealed for a prolonged time
at various temperatures to achieve an equilibrium-close state
for the respective temperatures. After annealing, the samples
were quenched in air to preserve this state. Accordingly, all
characterizations were performed below 450 K to prevent any
aging of the samples. P-type conduction is ascribed to Sn
vacancies in the literature [15,24]. In the present paper, it is
demonstrated that this applies to the low-temperature region
only. Using positron annihilation spectroscopy (PAS) accom-
panied by transport measurements, the nature of the intrinsic
defects was characterized as a function of temperature. These
investigations provided clear evidence that Se vacancies and
the complex of vacancies dictate the p-type conductivity of
SnSe above 500 K.

II. EXPERIMENTAL

A. Crystal growth

Stoichiometric single crystals of SnSe were grown by
heating a mixture of SN Sn and Se (both from Sigma-Aldrich).
A stoichiometric mixture of elements was loaded into quartz
ampoules and sealed under vacuum (p < 1073Pa). Then, the
ampoules were heated to 1223 K at a rate of 1.7 K/min
and kept at this temperature for 6 h. Crystal growth involved
cooling at a rate of 0.1 K/min to 1073 K. The crystals were
annealed at this temperature for 168 h. Subsequently, one of
the ampoules was quenched in air, and the rest of them were

further cooled (0.1 K/min) to 973 K. The ampoules were kept
at this temperature for 168 h, and one of them was quenched in
air. This process was repeated using lower and lower tempera-
tures until a temperature of 473 K was reached. Thus, a series
of samples quenched from annealing temperatures (ATs) of
1073, 973, 873, 793, 773, 673, 623, 603, 573, and 473 K
was prepared. These temperatures are used as labels for each
sample (e.g., 473 K AT). Another series of stoichiometric SCs
was prepared for comparison. In this case, the ampoules were
slowly heated (1.7 K/min) up to 1223 K and then annealed
at this temperature for 6 h. Subsequently, the ampoules were
slowly cooled (0.1 K/min) to room temperature (293 K). It is
assumed that this procedure is fast enough to prevent the SCs
from reaching an equilibrium-close state at any temperature
but room temperature. The sample prepared in such a way was
used as a standard (denoted 293 K AT).

B. Positron annihilation

A carrier-free >Na radioisotope with an activity of
~1 MBq deposited on a 2-pum-thick Mylar foil was used as
a positron source for PAS. Two complementary PAS tech-
niques were employed: positron lifetime (LT) spectroscopy
[26], which enables the identification of defects and the de-
termination of their concentrations, and coincidence Doppler
broadening (CDB) [27], which provides information about the
local chemical environment of the defects. PAS measurements
were carried out at room temperature.

A digital spectrometer described in Ref. [28] was em-
ployed for the LT measurements. The spectrometer has a time
resolution of 145 ps (full width at half maximum of the res-
olution function). The LT spectra, which always contained at
least 107 positron annihilation events, were decomposed using
a maximum-likelihood code [29]. The source contribution to
the LT spectra consisted of two components with lifetimes
of ~368 ps and ~1.5 ns and relative intensities of ~11 and
~1%, representing the contributions of positrons annihilating
inside the **Na source spot and in the covering Mylar foil,
respectively.

The CDB studies were carried out using a digital spec-
trometer [30] equipped with two high-purity Ge detectors
and characterized by an energy resolution of 0.9 keV at the
annihilation line of 511 keV and a peak-to-background ratio
higher than 10°. At least 10® annihilations were collected
in each two-dimensional CDB spectrum. Subsequently, the
CDB spectra were reduced into one-dimensional cuts repre-
senting the resolution function of the spectrometer and the
Doppler-broadened annihilation peak. The results of the CDB
measurements are presented as ratio curves with respect to
Al; i.e., normalized Doppler-broadened peaks were divided by
the normalized peak for a well-annealed pure Al (99.9999%)
reference sample to highlight changes in the momentum dis-
tribution in the high-momentum region.

C. Ab initio calculations

Positron annihilation-related parameters (positron life-
times and the momentum distribution of annihilating electron-
positron pairs) were obtained by density-functional theory
(DFT) ab initio calculations within the so-called standard



scheme [31]. In this approximation, the positron density is
assumed to be vanishingly small everywhere and to not affect
the bulk electron structure. First, the electron density n(r) in
the material is solved without the positron. Subsequently, the
effective potential for the positron is constructed as

Vi) = o)+ Veorln, Vnl, (1

where ¢(r) is the Coulomb potential produced by the charge
distribution of the electrons and nuclei, and V., is the
zero-positron density limit of the electron-positron correlation
potential [31].

The ground-state positron wave function was calculated
by a numerical solution of the single-particle Schrodinger
equation

=3V () + Vi)Y (r) = Ey (), @

where E is the positron ground-state energy.

The positron lifetime was calculated from the overlap
of the positron density n,(r) = |, (r)> and the electron
density n(r) using the expression

—1
r = {nrezc/n+(r)n(r)y[n, Vn]dr} , 3)

where r, is the classical electron radius, and c is the speed
of light. The electron enhancement factor y accounts for the
pile-up of electrons at the positron site [31]. The electron-
positron correlation, i.e., the correlation potential V.., and
the enhancement factor y, were treated within the generalized
gradient approximation using the approach introduced by
Barbiellini et al. [32]. With this approach, V., and y are
determined by the electron density n and its gradient Vn at
the site of the positron.

The momentum distribution of the annihilating electron-
positron pairs was calculated using the approach described in
Refs. [33] and [34]. The contribution p** from the i-th atom
and a shell characterized by the principal and orbital quantum
numbers n, [ was calculated by the formula

2

P (p) = 4m?rZe Nty / R R""B(pryr*dr|, (4

where N*" denotes the number of electrons in the (n,1)
shell, B, is a spherical Bessel function, and R’ , R™™ denote
the radial part of the positron and electron wave functions.
The symbol y*"* represents the state-dependent positron en-
hancement factor [34]. The momentum distribution of the
annihilating electron-positron pairs was obtained by sum-
ming the partial contributions p**(p) over all the occupied
atomic sites and corresponding electron shells. Since the
core electrons localized in atomic shells are practically not
affected by crystal bonding and retain their atomic character,
the present approach describes the high-momentum part of
the momentum distribution (p > 10 x 103 mgc) well, where
the contribution of positrons annihilated by core electrons
dominates. To mimic the effect of the finite resolution of
the experimental setup, the theoretical momentum distribution
curves were convolved with a Gaussian function with a full
width at half maximum of 3.5 x 103mgc. For the sake of
comparison with the experiment, the calculated momentum

FIG. 1. (a) Structure of the SnSe Pnma phase; Sn and Se ions are
indicated by red and green spheres, respectively. (b) Coordination of
Sn ion. Interatomic distances between Sn and Se ions are denoted by
labels.

distributions are presented as ratio curves related to the mo-
mentum distribution calculated for a perfect Al crystal.

Ab initio calculations were performed for the Pnma
SnSe phase with orthorhombic structure (¢ = 11.492 A, b =
4.151 10\, and ¢ = 4.442 10\) [6], which represents the thermo-
dynamic equilibrium phase at temperatures below ~800 K
[35,36]. Structure of the Pnma phase is shown in Fig. 1(a).
Point defects were modeled using 512 atom-based supercells.
The Brillouin-zone integration over the lowest-lying positron
state described in Ref. [37] was used in calculations of the
positron parameters for point defects to achieve a rapid con-
vergence of the results with respect to the supercell size.

D. Transport measurements

The transport parameters include the electrical conduc-
tivity o (i || b), the Hall coefficient Ry (i || b; B || a), and
the Seebeck coefficient S(AT | b). These parameters were
measured over a temperature range from 80 to 470 K. A
conductive graphite adhesive was used to attach the current
and voltage leads. The Hall effect and electrical conductivity
were examined using a lock-in nanovoltmeter with a 29-Hz
excitation and a static magnetic field of 0.6 T. To calculate
the Hall concentration of the holes %, we used the simplified
formula Ry = 1/he, which maintains correspondence with
the literature. However, that might be disputable, at least for
samples with ATs at approximately 700 K, where transport
might be affected by the presence of heavy holes. The Seebeck
coefficient was determined using the longitudinal steady-state
technique with a temperature difference ranging from 3 to
3.5 K. The thermal gradients were measured with the aid of
fine copper-constantan thermocouples.

E. Powder x-ray diffraction and sample orientation

X-ray diffraction (XRD) patterns (Cu Ko, A = 1.5418 A)
were recorded for powdered samples using a D8 Advance



TABLE 1. The bulk positron lifetime and the lifetimes of
positrons trapped at various point defects obtained from ab initio
calculations.

Positron state T (ps)
Bulk 217
Vs 308
Vse 279
Vsn + Vse 358
Vsn + 2Vse 396
Vsn +3Vse 431

diffractometer (Bruker AXES, Germany) with a Bragg-
Brentano 6 — 6 goniometer (radius 217.5 mm) equipped with
a Ni-beta filter and a LynxEye detector. Scans were performed
at room temperature in the range from 10° to 90° (2©)
in 0.01° steps with a counting time of 2 s per step. The
lattice parameters were refined using the Le Bail method as
implemented in the program FULLPROF [38]. Sample orien-
tation was performed using electron backscatter diffraction
(EBDS) on JEOL 733 equipped with an energy-dispersive
x-ray analysis EBSD detector. EBSD data were analyzed with
TSL OIM software.

III. RESULTS AND DISCUSSION

A. Positron annihilation spectroscopy

The lifetimes for the various positron states obtained from
ab initio calculations are listed in Table I. The calculated
bulk positron lifetime, i.e., the lifetime of free positrons
delocalized in a perfect (defect-free) lattice of the Pnma
phase of SnSe, is lifetime 73 = 217 ps. Both Sn vacancies
(Vsn) and Se vacancies (Vs.) represent deep trapping sites
for positrons characterized by positron binding energies of
1.50 and 1.29 eV, respectively. The Sn vacancy exhibits a
larger open volume than the Se vacancy, which is reflected
by a longer lifetime of positrons trapped in Vg, (308 ps) than
positrons trapped in Vg (279 ps). As shown in Fig. 1(b), Sn
ion is surrounded by three Se ions in similar distance 2.7-2.8
A. These ions are denoted in Fig. 1(b) as Sel, Se2, and Se3.
Other Se ions [denoted in Fig. 1(b) as Se4-Se6] are located in
significantly longer distance. Vg, was formed by removal of
Seion Sel, i.e., the nearest-neighbor Sn located in the distance
of 2.7 A. Two types of Vg, exist in the Pnma phase. First-type
Vs can be formed by removing the nearest-neighbor Se ion
(Sel) located in the distance of 2.7 A away from the Sn ion.
Second-type Vg, is created by removal of Se2 or Se3 located
in slightly longer distance of 2.8 A away from the Sn ion.
The difference in the calculated lifetimes of positrons trapped
in these two types of Vg, does not exceed 0.5 ps and can
therefore be neglected.

Complexes consisting of Vg, associated with single or
multiple Vs, were considered as well. Configuration of these
complexes is shown in Fig. 2. Vg, + Vg, divacancy was
formed by removal of the nearest-neighbor Se ion (Sel)
located in the distance of 2.7 A away from Vg,, see Fig. 2(a).
Vsn + 2Vse vacancy cluster was created by removal of Sel
and Se2 ions located in distances 2.7 and 2.8 A away from

(a) VSn+vSe (b)

vSn+2VSe (C) VSn+3vSe

Se 6

FIG. 2. Configurations of vacancy clusters considered in ab initio
calculations (a) Vs, + Vse, (b) Vs, + 2Vse, and (¢) Vs, + 3Vse. Sn
and Se ions are indicated by red and green spheres, respectively.
Vacancies are denoted by open squares.

Vs, see Fig. 2(b). Vg, + 3Vs, vacancy cluster was formed
by removal of Sel, Se2, and Se3 ions, i.e., all three Se ions
located in close distance of 2.7-2.8 A from Vi, see Fig. 2(c).
The calculated positron lifetimes for these vacancy clusters
are listed in Table I as well. Table I shows that the lifetime of
the trapped positrons increases with increasing open volume
available in the defect.

The results of the LT experiments are summarized in
Figs. 3-6. Figure 3 shows the development of the mean
positron lifetime Tmean = D _; 7;/; With annealing temperature.
The mean positron lifetime Ty, 1S @ robust parameter that is
not influenced by mutual correlations between the fitting pa-
rameters. Hence, the behavior of T, provides good insight
into the development of defects in SnSe SCs. The dashed lines
in Fig. 3 indicate the calculated lifetimes for various positron
states. In the temperature range 300-600 K, Tpean 1S, on the
one hand, higher than the calculated bulk positron lifetime but,
on the other hand, lower than the values calculated for mono-
vacancies (Vse, Vsn). This indicates that some fraction of the
positrons annihilates in the trapped state available at volume
defects, while the remaining positrons are annihilated in the
free state (i.e., not trapped at defects). With an AT increasing
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FIG. 3. The development of the mean positron lifetime Tyea as
a function of AT. The dashed lines show the calculated positron
lifetimes for a perfect SnSe lattice (bulk) and for various types of
defects.
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FIG. 4. The development of the lifetimes 7; of the exponential
components resolved in the LT spectra as a function of AT. The
quantity 7y calculated using Eq. (5) is plotted in the figure as well.
The dashed lines show calculated lifetimes for various positron
states.

above 300 K, Tyean first slightly decreases towards the bulk
value and shows a minimum at approximately 500 K. Thus,
the lowest concentration of defects occurs at approximately
500 K. Above 600 K, the mean positron lifetime steeply
increases even above the values calculated for Vg, and Vg,
indicating a dramatic increase in the concentration of defects
and the introduction of defects with a larger open volume than
monovacancies.

More information about the defects can be obtained from
the decomposition of the LT spectra into individual compo-
nents. Figure 4 shows the development of the lifetimes t; of
the exponential components resolved in the LT spectra with
AT. The dashed lines in the figure again indicate the lifetimes
calculated for various kinds of defects. The development of
the corresponding intensities /; of the components resolved in
the LT spectra is plotted in Fig. 5 as a function of AT. Note that
the intensities are always normalized so that ), I; = 100%.
In the AT region from 300 to 500 K, the LT spectra contain
two components: (i) a short-lived component with lifetime t;
comes from free positrons annihilated in the delocalized state,
not trapped at defects. Note that the lifetime 7; of the free-
positron component becomes lower than the bulk lifetime 75
(i.e., the lifetime of free positrons in a perfect lattice) because
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FIG. 5. The development of the relative intensities /; of the
exponential components resolved in the LT spectra as a function of
AT. Dashed lines show extrapolation to zero intensity in case where
the corresponding component could not be resolved in the spectrum.

of the presence of defects [39]. The second component is (ii)
a longer component with lifetime 73 that can be attributed
to positrons trapped at Vg, since 13 agrees well with the
calculated value for Vg,. From the intensity behavior in Fig. 5,
it becomes clear that Sn vacancy represents the dominant type
of defect at an AT ~ 300 K (note that a 293 K AT corresponds,
in fact, to a nonannealed sample — see Sec. IT A). With increas-
ing AT, the concentration of Vg, rapidly decreases, which
leads to a pronounced drop in I3. Above 600 K, the nature
of the defects changes: the Sn-vacancy component cannot be
resolved in LT spectra anymore, but two other components
with lifetimes 7, and t4 appear. The component with lifetime
7, & 270 ps can be attributed to positrons trapped at Vg, as
shown in Fig. 4. The longest component with lifetime 74 >
350 ps comes obviously from positrons trapped at vacancy
clusters, and its lifetime increases with increasing AT from
~350 ps at 573 K to ~430 ps at 873 K, indicating the
growing size of the vacancy clusters. By comparison with the
ab initio calculations, the latter component can be attributed
to Vs, +nVse vacancy clusters where n varies between 1
and 3. From the development of the intensities in Fig. 5, one
can conclude that the concentration of Vg, and Vs, + nVse
increases with AT in the temperature range 600-800 K and
becomes saturated above 800 K. Hence, Vs, and Vg, + nVsg,
represent the dominant type of defect at elevated temperatures
(AT > 600 K).

The concentrations of the point defects Vs,, Vs, and
Vsn +nVse detected by LT spectroscopy can be calculated
from the LT results using the simple trapping model (STM)
[39]. The STM kinetic equations were derived assuming that
the spatial distribution of the defects is uniform, no detrapping
of positrons localized in the defects occurs, and only ther-
malized positrons can be trapped at defects. Within STM, the
parameters of the exponential components 7;, I; are not fully
independent but are interconnected so that the quantity

~1
I;
=2
always equals the bulk positron lifetime, i.e., the lifetime of
the free positrons in a perfect SnSe lattice: 7y = 75. One can
see in Fig. 4 that the quantity 7y calculated using Eq. (5) agrees
well with the calculated bulk lifetime for SnSe. It testifies that
the assumptions of STM are fulfilled in the present case and
can be used for the determination of defect concentrations.

The concentration of from the i-th kind of defect can be
calculated from the equation [39]

L1 1
a=1(s-7) ©
Vi \T1 T;

where v; is the specific positron-trapping rate (cross section
of positron trapping per unit concentration of defects) for
the corresponding type of defect [39]. Since exact values of
the specific positron-trapping rate for the vacancies in SnSe
are unknown for Vg, and Vg,, we used vy = 10'* at s~!,
representing an order of magnitude estimation of v for neutral
monovacancies in semiconductors [39]. The specific positron-
trapping rate for small vacancy clusters (containing up to ten
vacancies) is directly proportional to the number of vacancies
in the cluster [39]. Hence, the specific positron-trapping rate
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FIG. 6. The development of the concentrations of point defects
detected by LT spectroscopy in SnSe SCs plotted as a function of AT.

for Vs, + nVse clusters was estimated as (n + 1) vy. The
concentrations of the point defects [Vg,], [Vse], and [Vs, +
nVse] determined from the LT data are plotted in Fig. 6 as a
function of AT. From inspection of the figure, it becomes clear
that [Vs,] decreases with AT and diminishes at 600 K. Above
this temperature, Vs, and Vg, + nVs, appear, and their con-
centrations [Vs.] and [V, + nVs.] strongly increase with AT.
Note that determination of the concentrations of defects from
the LT data is possible only when the free-positron component
71 is resolved in LT spectra. At an AT > 700 K, saturated
positron trapping occurs (i.e., the concentration of Vg, and
Vsn + nVse becomes so high that virtually all positrons are
annihilated in the trapped state), and the concentrations of
defects cannot be determined anymore.

The calculated coincidence Doppler broadening ratio
curves (related to Al) for a perfect (defect-free) SnSe crystal
are plotted in Fig. 7(a). Positrons in SnSe are annihilated
either by electrons belonging to Sn or Se. The partial con-
tributions of positrons annihilated by Sn and Se electrons
are plotted in Fig. 7 with dashed lines. The Se contribution
is characterized by two peaks located at p ~ 8 x 10~ and
18 x 103 mgc. The prominent feature of the Sn contribution
is a broad peak centered at p ~ 12 x 1073 myc followed by
a broad minimum at p & 28 x 1073 mgc. The fractions of
positrons annihilated by Sn and Se electrons in a perfect SnSe
crystal are comparable, namely, 53 and 47%.

The CDB ratio curves calculated for Vg, and Vg, are
plotted in Figs. 7(b) and 7(c). The Sn vacancy is surrounded
by Se nearest neighbors. Hence, Se electrons annihilate the
majority (63%) of the positrons trapped at Vg,. In contrast,
the Se vacancy is surrounded by Sn nearest neighbors, and
the majority (67%) of positrons trapped at Vs, is, therefore,
annihilated by Sn electrons.

The experimental CDB ratio curves for SnSe SCs are
plotted in Fig. 8. The CDB ratio curves for reference samples
of pure Sn and Se are plotted in the figure as well. The
shapes of the high-momentum parts of the CDB ratio curve
for pure Sn and Se are in good qualitative agreement with the
calculated Sn and Se contributions. Note that the comparison
of the experimental CDB curves for the Sn and Se reference
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FIG. 7. The calculated CDB ratio curves (related to pure Al) for
(a) the perfect SnSe crystal, (b) Vg,, and (c) V.. Partial contributions
of the positrons annihilated by Sn and Se electrons are plotted with
dashed lines.

samples and the calculated Sn and Se contributions for a
SnSe crystal is meaningful in the high-momentum region only
with the dominating contribution of the core electrons, which
retain their atomic character and are not influenced by crystal
binding.

From inspection of Fig. 8, one can conclude that the CDB
ratio curves for SnSe SCs for AT < 600 K exhibit similar fea-
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FIG. 8. Experimental CDB ratio curves (related to well-annealed
pure Al) for SnSe SCs. The ratio curves for reference samples of pure
Sn and Se are plotted in the figure as well.

tures, namely a peak at p &~ 9 x 10~*myc followed by a broad
peak at higher momenta (~20 x 10~>myc). The CDB curve
for AT = 473K is only vertically shifted up with respect to
the curve for AT = 293 K. This indicates that for AT < 600 K
positrons were annihilated in similar chemical environment,
i.e., the fraction of positrons annihilated in the vicinity of
Sn and Se ions is comparable. In contrast, for AT > 600 K
the shape of the CDB curves significantly changes, indicating
a change in the dominant type of defect. The calculated
CDB ratio curves for various defects in SnSe are compared
in Fig. 9. The CDB curves for all defects considered are
characterized by the two characteristic peaks at p ~ 8 x 1073
and 18 x 1073 myc, representing a contribution of positrons
annihilated by Se electrons. For open volume defects, the
CDB ratio curves generally decrease in the high-momentum
region and increase for low momenta due to the localization
of the positron wave function in the defect, which reduces its

— bulk
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FIG. 9. Calculated CDB ratio curves (related to Al) for a perfect
SnSe crystal and various point defects in SnSe.

overlap with core electron orbitals and thereby enhances the
fraction of positrons annihilated by low-momentum valence
electrons. Comparing Figs. 8 and 9, one can conclude that
there is relatively good qualitative similarity between the
CDB curves measured for SnSe SCs for AT < 600 K and the
calculated CDB curve for Vg,. This is in accordance with Vg,
representing the dominating type of defect for AT < 600 K.
An enhancement of the experimental CDB curve in the high-
momentum range caused by an increase in AT from 293 to
473 K corresponds well to a decrease in Vg, concentration,
i.e., a shift of the CDB ratio curve towards the curve for the
bulk. For AT = 603 K and higher temperatures, the experi-
mental CDB ratio curves drop in the high-momentum range
(Fig. 8). This indicates the introduction of defects with a larger
open volume than the open volume of Vg,, which is consistent
with the creation of Vg, + nVs, clusters, cf. Fig. 6. Indeed, the
shape of the experimental CDB ratio curves for AT > 600 K
is in good qualitative agreement with the calculated curves
for the Vg, + nVse clusters. The drop in the experimental
CDB curves in the high-momentum range is more pronounced
when AT increases from 603 to 873 K (see Fig. 8). This is in
accordance with the increasing concentration of Vg, + nVsg,
clusters. Hence, the CDB investigations support the picture
that the Sn vacancy represents the dominating type of defect
at AT < 600 K, while at higher temperatures (AT > 600 K) the
dominating defect changes to V. and Vg, + nVse.

An enhanced concentration of Sn-poor domains as large
as several nanometers, interpreted as Vg,, was reported in
Ref. [21] for a polycrystalline material prepared by me-
chanical alloying and compacted using spark plasma sin-
tering (SPS). The SPS process is fast enough to facilitate
the freezing of this type of defect. In fact, these defects
are not thermodynamically stable at lower temperatures and
most likely disappear upon thermal cycling. Moreover, the
large understoichiometry of Sn (up to x = 0.1 for Sn;_,Se)
investigated in Ref. [21] would definitely lead to a mixture
of SnSe and SnSe; in the equilibrium state [25]. The PAS
results suggest another scenario for the near-equilibrium state.
In contrast to Ref. [21], we observed a decrease in isolated Vg,
upon increasing AT and their complete depletion between 500
and 600 K AT (see Fig. 6); instead of Vg,, Vs, and Vg, +
nVse vacancy complexes are formed above 520 K. Although
very rarely, Vs, + 2V, were observed using high resolution
scanning transmission electron microscopy (HR-STEM) [24].
Based on the DFT calculations, it has been reported that both
Vse and Vg, + 2V produce only localized electrons and do
not contribute to band transport in SnSe [24]. While Vg, can
behave as both a donor and an acceptor depending on the
Fermi level [23], the complex defects (Vs, + nVs.) tend to
be acceptors. This is indicated by the transport measurements
(increase in the hole concentration) presented in Sec. III B.
Note that according to the PAS results, no isolated Vg, are
available in the SnSe structure at elevated temperatures (above
600 K) in contrast to the conclusions of previous publications,
e.g., Refs. [15] and [24]. As discussed below, the formation
of complex defects is accompanied by the formation of SnSe;
precipitates. Thus, the increase in the hole concentration can
be partially attributed to charge (electron) transfer from SnSe
to SnSe,, as suggested in Ref. [25]. Note that such large com-
plex defects like Vg, 4 nVg. might mimic the energy filtering



of FC generally provided by ionized point defects at lower
temperatures [40]. This would prevent any abrupt decrease
in the Seebeck coefficient or the power function (PF) with
increasing FC concentration (see discussion in Sec. IIIB.).
Furthermore, Vg, + nVse can modify the band structure in
favor of higher effective masses [21]. The presence of such
complex vacancies in the lattice effectively decreases the
thermal conductivity of crystals. The complex vacancies nat-
urally explain the pronounced anharmonicity and softening
of phonons [41,42]. The formation of complex vacancies
also triggers the formation of SnSe, at elevated temperatures,
namely, the Vs./Vg, ratio in complexes ranges between 1
and 3, which drives the system towards the formation of a
Se-rich phase. This implies that the SnSe matrix prefers Se
understoichiometry at elevated temperatures and that there is
a strong tendency for Se segregation. Note that this process
could also lead to the formation of a high concentration of Se
interstitials in an intermediate state, as observed in Ref. [22].
On the other hand, below 500 K, the SnSe matrix prefers Se
overstoichiometry, which is achieved by the formation of Vg,
(see Fig. 4).

We suggest that the formation of Vg, and Vg, + nVg, at
elevated temperatures above 600 K and decomposition into
SnSe; and Sn phase is the reason for the discrepancy observed
between the TE performances of SC and PC SnSe materials.
Namely, vacancies and complex vacancies can diffuse and
annihilate on the grain boundaries in a PC, but they survive
within the bulk of an SC. Similarly, second-phase particles
may segregate on grain boundaries within a PC, while in an
SC, they remain as nanoinclusions. Indeed, the presence of Sn
nanoinclusions was reported in K-doped SnSe [43]. We think
that any effect of other intrinsic defects (Sng., Sesn, Sn;, )
is not manifested until one approaches higher temperatures
(=600 K) due to the high formation energies in that regime
[23]. We discuss this issue in Sec. III B.

B. Transport properties

The Hall FC concentration 4 as a function of AT is shown
in Fig. 10. We used the simplified formula 7 = 1/Rpye, with
Ry being the Hall coefficient. The lowest hole concentration
is achieved by annealing in the range from 473 to 573 K. This
is in accordance with the lowest concentration of vacancies
measured by PAS. Note that the Sn vacancy is the dominant
type of defect in this temperature range. For higher tempera-
tures (AT > 600 K), we observe a steep increase in the hole
concentration of an order of magnitude with a maximum at
673 K. Note that this increase is ascribed to the formation of
Vs, with a formation energy of 0.67 eV and not the thermal
activation in, i.e., ionization [15,21]. In contrast, the PAS
results suggest that p-type conductivity is not due to Vg, but
due to the introduction of (Vs, + nVs.) or Vg, (see Fig. 6). We
observe a steep increase in the hole concentration for sample
673 K AT passing from 300 to 400 K, which indicates thermal
excitations (see Fig. 10). This contradicts the results of the
DFT calculations in [24] in two ways. First, it is declared in
Ref. [24] that Vg, and (Vs, + 2Vse) produce just electrons,
not holes. Second, according to calculations [24], electrons
are localized, i.e., they are not involved in band transport. The
decrease in Hall concentration above 673 K AT is less clear. A
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FIG. 10. Hall concentration 4 of holes of SnSe as a function
of AT for three temperatures. Note the significant increase in the
hole concentration between 300 and 400 K for 673 K AT, which is
indicative of thermal excitation. The dotted line represents the «— 8
transition temperature (810 K) of SnSe. The inset documents the
eventual impact of heavy holes (HH) if combined with light holes
(LH) in terms of carrier mobility. The curves are calculated using
Ry | Ghaapdythoned )

= mm, where h and u are the reSpeCtiVe hole
HHMKHH LHMLH

concentration and mobility.

plausible explanation involves the formation of a defect band
that contributes to transport itself or resonates with the valence
band [21]. We assume that the concentration of defects is
high enough to realize a slight overlap, which implies heavy
carriers. This assumption is strongly corroborated by the
Pisarenko plot which will be discussed later. A population of
heavy holes can explain the decrease in Hall concentration
(see inset of Fig. 10). Thus, we must admit that the simplified
formula 7 = 1/Rye does not correctly reflect the reality at
AT > 700 K. Finally, the effect of charge transfer from SnSe
to SnSe; can play a certain role and eventually produce holes,
as mentioned in the Introduction [25]. However, we are not
able to address that issue at this moment.

The Hall mobility uy (Fig. 11) is comparable in magnitude
with the data published in Ref. [18]. In accordance with the
PAS results, the mobility of FC increases with a decreasing
concentration of Vg, and peaks around AT =600 K, i.e.,
close to the temperature where the lowest concentration of
defects is found. An interesting transient drop in FC mobility
(and partially in the PF) appears at an AT of approximately
773 K (Fig. 11). This suggests that the concentration of
defects (disorder) is higher at 773 than at 793 K, which is a
temperature on the verge of the «— § transformation. Indeed,
the concentration of Vg, + nVs, clusters is lower at 793 than
at 773 K according to PAS (see a drop of I in Fig. 5). On the
other hand, this can suggest that the transition temperature is
lower than 800 K, as reported in Ref. [44]. We note that the
positions of the Sn and Se atoms vary abruptly well below 800
K [6,45].

The power factor PF = ¢ S? (o and S are electrical conduc-
tivity and Seebeck coefficient, respectively) of SnSe as a func-
tion of AT is depicted in Fig. 12. The material annealed at 673
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FIG. 11. Hall mobility puy of SnSe as a function of AT for
three temperatures. The dotted line represents the «— 8 transition
temperature (810 K) of SnSe.

K shows a high PF ~ 2mWm ™! K2 at a rather low temper-
ature of 200 K. With respect to the AT, the PF maximum co-
incides with the domination of Vg, + nVsg. clusters and Vge.
It is obvious from Fig. 6 that the concentrations of Vg, and
Vsn + nVse markedly increase with an AT approaching 673
K. The PAS data in Figs. 4 and 5 testify that the concentration
of Vg, further increases and n becomes larger for Vg, + nVsg,
clusters above 673 K. Note that concentrations of both Vg, and
Vsn + nVse also remain high in 8-SnSe, i.e., above ~800 K.
Admittedly, the 8— o« crossover during the quenching of the
samples can affect the concentration of these defects. Thus,
the results for the samples annealed above 800 K should be
considered with caution. For an AT between 573 and 673 K,
the FC concentration increases by an order of magnitude and
the Seebeck coefficient decreases by ~15%. This indicates
extraordinary behavior, as discussed in the next section. The
decrease in mobility above 673 K is due to both an increase in
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FIG. 12. PF as a function of AT. The dotted line represents the
a— [ transition temperature (=810 K) of SnSe.
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FIG. 13. The Seebeck coefficient S as a function of the Hall
concentration of holes (Pisarenko plot) for various ATs (not shown
are the samples annealed above the o— f§ transition temperature
~800 K). The solid lines are fits using a single parabolic model as-
suming scattering of FCs by acoustic phonons. The sample annealed
at 793 K (green triangle) is on the verge of the «— 8 transition. The
red square represents the standard (nonannealed) sample. The values
were measured at 7 = 200 K.

the concentration of defects and the presence of heavy holes.
Interestingly, both Vg, and vacancy clusters do not induce a
dramatic decrease in mobility for an AT of 673 K (Fig. 11).
Figure 13 shows the Seebeck coefficient as a function
of the hole concentration (Pisarenko plot) for various ATs.
The solid lines are fits to a single parabolic model assuming
scattering of FCs by acoustic phonons [40]. A marked virtual
increase in the density of states (DOS) effective mass of FC
was observed when AT increased from 473 to 673 K. It is
obvious that this violates the model. The results coincide
with the outputs resulting from PAS and transport parameter
analysis, i.e., with increasing defect concentration, which
effectively leads to an increase in effective mass [21]. In the
literature, such extraordinary behavior has been attributed to a
steep variation of the effective mass [17,21,46], multivalley
transport [25], or the quasi-2D thermoelectricity of SnSe
[19,20]. We propose another idea that can help in explaining
the extraordinary properties of SnSe: the extra energy filtering
of the FCs by the Vg, defects or clusters of Vg, + nVs, that
mimic the increase in the DOS effective mass and the Seebeck
coefficient. The virtual increase in the DOS effective mass can
be induced by a shift of the scattering mechanism of the FCs
towards a more energetically dependent one. For example, the
scattering by ionized impurities produces a much higher See-
beck coefficient than scattering by acoustic phonons for the
same FC concentration. Hence, one obtains a virtually larger
DOS effective mass of FCs. The scattering of FCs by ionized
Vse up to unusually high temperatures was recently suggested
for Bi;Ses in Ref. [40]. An increasing concentration of Vg,
and clusters might be the reason for this phenomenon in SnSe.
In comparison with single vacancies, larger defects (clusters
Vsn + nVse) may provide more-pronounced energy filtering.
It has to be noted that the DOS effective mass mqr = 0.2my is
lower than that reported in the literature (Fig. 13). For samples
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FIG. 14. A typical PXRD pattern of a powdered SnSe single
crystal. No traces of foreign phases are detectable. The red arrow
shows the Kz reflection. The inset documents the variation of UCV
with AT. The maximum deviation of the UCV is 40.1A3.

with n ~ 107ecm =3 at 200 K, one edge closest subband of

light holes is involved in transport, which results in a lower
DOS and effective mass [4]. The DOS effective mass of the
upper valence band is ~0.5mg based on DFT calculations
[4]. On the other hand, the upper-band DOS effective mass
derived from Shubnikov—de Haas (SdH) effect is m¢r =~ 0.3my
[25]. From photoemission spectra, one obtains ~0.35my [47].
In addition, the defect-derived states can resonate with band
states and enhance the DOS [21]. Contrary to other papers,
the present paper deals with equilibrium-close state of SnSe,
which implies lower (equilibrium) defect concentration. Al-
though the Hall concentrations may be biased they indicate
the overall trend correctly.

C. Powder x-ray diffraction

Powder x-ray diffraction (PXRD) was employed for char-
acterization of the phase purity and determination of the lattice
parameters of the prepared SCs. Before the measurements,
the SCs were powdered. No foreign phases were observed
at any AT. An example of the PXRD pattern is depicted in
Fig. 14. The unit-cell volume as a function of AT is shown
in the inset. All the lattice parameters (a, b, ¢) show similar
behavior. The evolution of the unit-cell volume (UCV) with
AT reflects the AT dependence of the concentration of intrinsic
defects as discussed above. One can assume that vacancies
induce expansion of the structure due to the failure of bonding.
Hence, the UCV reaches a local minimum for the sample
annealed at 573 K, where the concentration of defects reaches
a minimum. Furthermore, the UCV increases steeply with
increasing concentration of defects, but the UCV drops to an
absolute minimum at AT = 673 K, where the concentration of
vacancies is much higher. We assume that the concentration
of vacancies becomes so large that the lattice somewhat
collapses or the concentration of vacancy clusters decreases.

It is worth mentioning that the large concentration of Vg,
and clusters Vg, + nVs, implies that SnSe prefers a Se-poor
composition. The spare Se reacts with SnSe to produce SnSe;
with a layered structure comprising Van der Waals (VdW)-
bonded triplet layers Se—Sn—Se [25]. It is assumed that SnSe;
can be embedded in the form of very thin layers (a few triplets)
between the VdW-bonded doublets of SnSe that are not
detectable by PXRD. This point requires further investigation
using high-resolution x-ray diffraction techniques.

IV. CONCLUSIONS

The present study showed that single-crystalline SnSe in
an equilibrium-close state has a pronounced defect structure
at all temperatures that is governed by vacancies. Tin vacan-
cies Vg, dominate at low temperatures (7 <500 K), while
selenium vacancies Vs, and clusters Vg, + nVs. dominate at
higher temperatures. This implies that SnSe prefers a Se-rich
composition at low temperatures and a Se-poor composition at
higher temperatures (7 > 600 K), i.e., its actual stoichiometry
varies with temperature. Furthermore, the spare Se that is
liberated with increasing temperature reacts with SnSe to
produce in situ SnSe; in equilibrium. Vg, and primary clusters
Vsn + nVse play an important role in transport in favor of the
excellent TE properties. This applies for both the «- and B
phase. First, all the defects decrease the thermal conductivity
due to the introduction of extra scattering and strong anhar-
monicity. Second, the defects help to increase the PF of the
material due to a local increase in the DOS effective mass or
extra energy-dependent scattering.

The occurrence of Vg, and clusters Vs, + nVs. is con-
nected with an increase in the DOS effective mass. This
increase could be real or virtual. Namely, it can be induced
by a shift of the scattering mechanism of FCs towards a more
energetically dependent mechanism, which is connected with
a higher Seebeck coefficient, than for scattering by acoustic
phonons for the same FC concentration. Hence, a virtually
larger DOS effective mass of FCs is obtained. The occurrence
of Vs, and vacancy clusters might be the reason for this
phenomenon.

The present study suggests an explanation for why the TE
properties of SCs are always much better than the TE proper-
ties of PCs. We hypothesize that the concentration of defects
remains much higher in SCs than in PCs. The reason might
be that such defects (being created due to the variation in the
equilibrium stoichiometry with temperature) can accumulate
at grain boundaries in PC while staying within the bulk in SC.
The defects formed within the SC bulk keep their nanoscopic
nature; hence, they can dissolve and precipitate upon cycling
repeatedly. Note that the accumulation at grain boundaries
leads to an effective annihilation of defects in the case of
vacancies. This process decreases the actual concentration
of vacancies within the structure and effectively increases
the thermal conductivity of crystallites. Additionally, such
annihilation of vacancies kills the eventual effective mass en-
hancement of the FC or an extra energy-dependent scattering
of electrons. The accumulation of foreign phase SnSe, at the
grain boundary hinders electronic transport in the case of PCs.
On the other hand, nanoscopic inclusions of SnSe; may be
beneficial for TE properties in the case of single crystals.
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