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Sebastian Siol, ‡*a Aaron Holder, ab Brenden R. Ortiz, c Philip A. Parilla, a

Eric Toberer, c Stephan Lany a and Andriy Zakutayev *a

The controlled decomposition of metastable alloys is an attractive route to form nanostructured

thermoelectric materials with reduced thermal conductivity. The ternary SnTe–MnTe and SnTe–SnSe

heterostructural alloys have been demonstrated as promising materials for thermoelectric applications.

In this work, the quaternary Sn1�yMnyTe1�xSex phase space serves as a relevant model system to explore

how a combination of computational and combinatorial-growth methods can be used to study

equilibrium and non-equilibrium solubility limits. Results from first principle calculations indicate low

equilibrium solubility for x,y < 0.05 that are in good agreement with results obtained from bulk

equilibrium synthesis experiments and predict significantly higher spinodal limits. An experimental

screening using sputtered combinatorial thin film sample libraries showed a remarkable increase in non-

equilibrium solubility for x,y > 0.2. These theoretical and experimental results were used to guide the

bulk synthesis of metastable alloys. The ability to reproduce the non-equilibrium solubility levels in bulk

materials indicates that such theoretical calculations and combinatorial growth can inform bulk synthetic

routes. Further, the large difference between equilibrium and non-equilibrium solubility limits in

Sn1�yMnyTe1�xSex indicates these metastable alloys are attractive in terms of nano-precipitate formation

for potential thermoelectric applications.
1. Introduction

Thermoelectric (TE) power generation allows the trans-
formation of waste heat into electrical energy and is expected to
play an important role in the future of sustainable energy
generation.1 While optimization of TE performance requires the
control of transport properties of the material, many of the
recent advances were achieved by reducing the thermal
conductivity.2 The lattice thermal conductivity can be reduced
through phonon scattering by introducing secondary phase
nanoprecipitates, point defects, grain boundaries and intrinsic
bond anharmonicity.3–5 Secondary phase nanoprecipitates to
scatter phonons or control the Fermi level6,7 can be incorpo-
rated through mechanical and chemical approaches. Mechan-
ical approaches involve the incorporation of non-reactive
secondary phases into a matrix phase. Chemical approaches are
centered around a supersaturation and precipitation of
a secondary phase within a solid matrix. For example,
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temperature can be used to increase the solubility of an alloy;
subsequent quenching yields the formation of nanoparticles
due to the decreased solubility on cooling.7,8 Liquid-state
quenching provides even greater solubility and can yield very
high volume fractions of nanoprecipitates.9 However, in many
systems, the change in solubility in the solid state is small and
liquid phase quenching is impractical. Nanoprecipitate forma-
tion requires an alternative to temperature to achieve meta-
stable compositions. One solution has been to combine
mechanical processing (milling to yield metastable powders)
with subsequent chemical partitioning.

SnTe is a narrow band gap IV–VI semiconductor with
demonstrated high ZT.10–13 Promising results have been re-
ported regarding the isoelectronic alloying of SnTe, specically
for (Sn,Mn)Te and Sn(Te,Se). High solubility limits have been
observed in previous studies of these systems (MnTe in SnTe <
13%,14,15 SnSe in SnTe < 15% (ref. 5)). For SnTe alloyed with
MnTe, the maximum performance occurred at alloying
concentrations slightly above the solubility limit and is attrib-
uted to an increase in phonon scattering from point defects and
secondary phases, as well as changes in the electronic band
structure (i.e. band degeneracy and opening of the band
gap).14,15

Based on the promising results of ternary SnTe alloys, we
investigate the quaternary (Sn,Mn) (Se,Te) alloy system (Fig. 1a).
This 3-dimensonal phase space can be constrained by limiting
the anion to cation ratio to unity (see Fig. 1b). While the
isoelectric alloying with SnSe and MnTe has been successfully
RSC Adv., 2017, 7, 24747–24753 | 24747
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Fig. 1 (a) Schematic illustration of the quaternary (Mn,Sn) (Te,Se) phase space. The 3-dimensonal phase space can be reduced to stoichiometric
Sn1�yMnyTe1�xSex compounds by choosing the precursors SnTe, SnSe, MnTe and MnSe, as indicate by the shaded area. (b) Quaternary stoi-
chiometric Sn1�yMnyTe1�xSex phase space investigated in this work. Listed are the endmember compounds as well as schematic representations
of their ground state crystal structures.
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demonstrated,15 the choice of MnSe is motivated by its struc-
tural and thermodynamic properties. Like SnTe, MnSe crystal-
lizes in the cubic NaCl structure although the atomic volume is
roughly 35% smaller than metallic SnTe (see Table 1). The
entropic stabilization of the quaternary alloy thus is at odds
with the enthalpic forces to separate the composition; both
strain and the high stability of MnSe (melting point Tm ¼
1460 �C (ref. 16)) are expected to yield a ground state that
exhibits low MnSe solubility in SnTe.

In this work, we present a general computational and high-
throughput experimental approach to quickly identify prom-
ising material systems with large metastable phase regions
amenable to controlled nano-precipitate formation. Here, the
equilibrium and metastable solubility limits of Sn1�yMny-
Te1�xSex were investigated for ultimate application in sponta-
neous nanostructure formation through a mixture of rst
principles calculations, non-equilibrium bulk syntheses, and
high-throughput thin lm combinatorial sputtering. This
structural analysis reveals a large region of metastable Sn1�y-
MnyTe1�xSex phase space that is accessible by non-equilibrium
synthesis methods. This, in turn, should facilitate independent
control of alloying concentration and the amount of nano-
precipitates in the alloyed material, a strategy that has led to
signicant enhancement of thermoelectric properties for
a variety of promising materials systems.3
Table 1 Computationally predicted properties and literature values for
ferromagnetic phases (AFM-phase) with their corresponding DFT calcula
atomic volume (V), along with the electronic properties computed using
effective masses (mh and me), and the band gap from literature Eg-exp
computed data and supporting information for these materials is availab

AFM-phase DEgs (meV at.�1) V (Å3 at.�1)

SnTe NaCl* 0 32.7
MnTe NiAs* 0 25.5

NaCl 40 25.7
SnSe ORC* 0 28.0
MnSe NaCl* 0 20.5

24748 | RSC Adv., 2017, 7, 24747–24753
2. Results

For an investigation of the composition–structure relationship
in the quaternary Sn1�yMnyTe1�xSex alloy system, a combined
computational and experimental approach was employed. First
principle calculations were used to determine solubility limits
and end member compound properties. In parallel, bulk
synthesis and high throughput combinatorial thin lm depo-
sition were performed to experimentally determine equilibrium
and non-equilibrium single-phase boundaries.
2.1 Computational results

Prior to an investigation of the quaternary Sn1�yMnyTe1�xSex alloy
system, the properties of the binary end member compounds
SnTe, MnTe, SnSe and MnSe were investigated. Table 1 shows
a summary of functional properties calculated for different poly-
morphs for the respective materials. The reported GW band gaps
exclude the effect of spin–orbit coupling (SOC). At the DFT level,
SOC reduces the gap of MnTe (NiAs structure) by 0.19 eV. In SnTe,
the conventional gap of 0.08 eV becomes an inverted gap of 0.23
eV. The properties provided for the end member binaries calcu-
lated for the NaCl structure can provide a general trend how the
properties of SnTe would change upon alloying with those mate-
rials. For the case of alloying SnTe with SnSe, the orthorhombic
the binary end member compounds. Listed are the respective anti-
ted polymorph energy relative to the ground state structure (DEgs) and
GW; fundamental and direct band gaps (Eg and Eg-D), hole and electron

. for the reported thermodynamic ground state (marked with *). The
le at http://materials.nrel.gov/

Eg (eV) Eg-D (eV) mh (m0) me (m0) Eg-exp. (eV)

0.10 0.10 0.72 1.34 0.2 (ref. 5)
0.98 2.11 1.54 1.26 1.2 (ref. 19)
0.65 1.25 1.16 0.61 —
0.96 1.10 1.59 0.98 0.9 (ref. 20)
2.52 3.01 1.57 0.78 2.6 (ref. 21)

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Computationally determined phase diagrams for alloys of
Sn1�yMnyTe1�xSex with x ¼ y as well as Sn1�xMnxTe and SnTe1�xSex.
Shown are the binodal and spinodal lines as a function of temperature
and composition x. Fig. 3 Volume/atom as a function of alloying concentration derived

from XRD measurements for Sn1�xMnxSe1�xTex alloys synthesized by
different equilibrium and non-equilibrium methods. A change in slope
indicates incorporation of secondary phases into the material.
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(ORC) structure of SnSe can be viewed as a distorted NaCl struc-
ture, and is therefore commensurate with the SnTe lattice. Similar
to SnS,17,18 SnSe has an inverted band gap in the ideal NaCl
structure, but this structure is not stable and a sizable conventional
band gap opens due to the orthorhombic distortion (see Table 1).

One issue that is limiting the performance of SnTe for
thermoelectric applications is its low band gap and high carrier
concentration.5 Considering a linear extrapolation of the
materials properties from the end member compounds in NaCl
structure (see Table 1) alloying with MnSe could increase the
SnTe band gap while increasing the hole effective mass. To
determine the thermodynamic solubilities for Sn1�yMnyTe1�x-
Sex with x ¼ y as well as Sn1�xMnxTe and SnTe1�xSex rst
principle calculations were performed for the mixing
enthalpies. Fig. 2 shows the binodal and spinodal lines for all
three cases, dening the metastable and unstable phase
regions, respectively. No signicant Mn–Se interaction was
found for the quaternary alloy system hence the system can be
treated as a random alloy. A signicant decrease in solubility is
observed upon alloying with MnSe as compared to SnSe or
MnTe. This might initially be counterintuitive since an increase
in solubility is expected for the isostructural alloy. It can be
explained however, by the large difference in atomic volume
(35%, see Table 1) that leads to tensile stress in the alloy.

In addition, the co-doping of SnTe with Mn and Se intro-
duces rock salt MnSe as a potential competing phase that is not
present in the ternary Sn1�xMnxTe or SnTe1�xSex alloys. The
increased relative stability of MnSe compared to the other
competing phases, SnSe and MnTe, reduces the solubility limit
of the quaternary solid solution despite the increase in cong-
urational entropy compared to the ternary alloys.
2.2 Bulk synthesis

For comparison with rst principle calculations, several bulk
samples of the quaternary Sn1�yMnyTe1�xSex alloy with x¼ ywere
synthesized. Three routes of synthesis were employed to target
different degrees ofmetastability, and ve different compositions
were investigated (x ¼ y ¼ 0/0.05/0.10/0.15/0.20) for each route.

Fig. 3 shows the atomic volume derived from X-ray diffraction
(XRD) measurements for the three bulk-processing methods
This journal is © The Royal Society of Chemistry 2017
employed herein. Hot pressed samples were processed at
temperatures of roughly 600 �C (80% of the melting point Tm for
each alloy) and slowly cooled to room temperature. The powder-
quenched samples were processed at temperatures of over 700 �C
(90% Tm for each alloy) and quenched in water to avoid decom-
position of the sample upon cooling. The ball-milled powder
received no thermal treatment aer ball milling and represents
a state of non-equilibrium, due the high kinetic energies in the
ball milling apparatus. Experimental details for the synthesis are
given in the methods section. A linear shi is expected with
increasing alloying concentration according to Vegard's law,22

whereas a change in slope indicates the formation of secondary
phases. For the hot pressed sample this change in slope occurs at
roughly x ¼ 0.03 alloying concentrations. The powder quench
leads to increased solubility of over x ¼ 0.06. Ball milling of the
powder on the other hand shows a remarkable increase in
solubility of over x ¼ 0.2. Only minor impurities of metallic Sn
and Te can be found in the XRD patterns (see ESI, Fig. S1†).

2.3 Combinatorial screening

For an investigation of the non-equilibrium solubility in the
quaternary alloy system, high-throughput combinatorial
experiments were carried out. While high-throughput tech-
niques are commonly used in other areas of materials science
(i.e. novel materials for thin lm PV23–26 or materials by
design27,28) such combinatorial approaches are rather
uncommon in TE research.29,30 Combinatorial thin lm depo-
sition was performed using radio frequency (RF) magnetron co-
sputtering from multiple targets leading to composition gradi-
ents along the substrate, and resulting in combinatorial sample
libraries (see Fig. 4, details are given in the Methods section).
Spatially resolved X-ray uorescence (XRF) and Q–2Q X-ray
diffraction (XRD) measurements were performed on multiple
libraries deposited at a substrate temperature of 230 �C. This
way, a large number of samples could be investigated (>1000
within the Sn1�yMnyTe1�xSex compositional phase space).

Fig. 5 shows a phase map of the Sn1�yMnyTe1�xSex with
alloying concentrations of x,y < 0.5. The green data points
RSC Adv., 2017, 7, 24747–24753 | 24749
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Fig. 4 Schematic illustration of the combinatorial screening per-
formed for this work. (a) Several sputter guns are used to deposit
compositional gradients onto a single substrate. Depending on the
number of guns and the target materials different compositional
spreads can be achieved. (b) Spatially resolved high-throughput
characterization (X-ray diffraction (XRD), X-ray fluorescence (XRF) and
4-point probe mapping) is used to characterize individual samples on
the combinatorial libraries.

Fig. 5 Experimentally determined phase map of the quaternary
Sn1�yMnyTe1�xSex alloy compositional space. Data points represent
investigated compositions with deposition temperatures of 230 �C.
Green points refer to samples that show anion to cation ratios of 1 and
show no signs of impurities from XRDmeasurements. Red points show
structural impurities according to XRD. Open black circles represent
non-equilibrium (NE) single phase boundaries extracted utilizing the
disappearing phase method (DPM). *Arrow represents samples
deposited from SnTe and MnSe targets. The Se-rich composition (Mn/
Se-ratio < 1) indicates preferred anion-exchange in the alloy.

Fig. 6 Combination of non-equilibrium solubility limits from sputter
deposition (Fig. 5) as well as non-equilibrium (NE) and equilibrium bulk
synthesis. The dashed lines represent binodal lines from computa-
tional data for 800 �C and 1000 �C. * is taken from ref. 15 (1150 �C +
quenching in water), # is taken from ref. 5 (anneal at 900 �C).
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represent samples that are single phase according to XRD. In
addition to a simple screening for impurities the disappearing
phase method was employed to determine the solubility limits
(white points in Fig. 4) for alloys of SnTe with MnTe, MnSe and
SnSe (see Fig. S2†). Over the entire composition range high
solubility limits of x,y > 0.15 are observed. Solubility limits for
the SnTe/MnSe alloy are in good agreement with non-
equilibrium solubility limits obtained from ball-milled
powder (see Fig. 3).

To investigate the feasibility of the alloy materials for ther-
moelectric applications a combinatorial screening of the resis-
tivity r was carried out. The measurements were taken on
combinatorial thin lm libraries consisting of alloys of SnTe/
MnTe, SnTe/SnSe, as well as SnTe/MnSe at 300 K. Resistivities
24750 | RSC Adv., 2017, 7, 24747–24753
were found to be in a range of 10�3 U cm to 10�4 U cm (Fig.-
S3a†). Besides delamiation that occurred for several samples
due to mechanical stress in the lm and lack of adhesion on the
glass substrates only a minor rise in resistivity can be observed
with increasing alloying concentration. In addition, the Seebeck
coefficient was measured for individual samples at 300 K. While
for the SnTe/SnSe a decrease in Seebeck coefficient can be
observed for higher alloying concentrations. Alloys of SnTe with
MnTe and MnSe show promising results with the highest See-
beck coefficients of 54 mV K�1 and 41 mV K�1 occurring around y
z 0.1 and y, xz 0.1 for the Sn1�yMnyTe and Sn1�yMnyTe1�xSex
alloys, respectively (Fig. S3b†). This is in good agreement with
literature values for SnTe/MnTe as well as SnTe/SnSe, support-
ing the feasibility of an initial thin lm materials screening for
thermoelectric applications.

3. Discussion

A comprehensive analysis of the structure composition relation
of the Sn1�yMnyTe1�xSex alloy phase space by theoretical and
experimental methods was carried out. Fig. 6 shows a compar-
ison of the single phase boundaries obtained by different
methods.

Computational results indicate very low equilibrium solu-
bility of x,y < 0.05 for quaternary alloys of SnTe/MnSe in ther-
modynamic equilibrium. This can be explained by the large
difference in atomic volume leading to tensile strain in the
material (see Table 1) and is in very good agreement with results
from bulk synthesis and values from literature for ternary
(Sn,Mn)Te and Sn(Se,Te) alloys. Theoretical predictions for
equilibrium solubility limits in these ternary alloys at 1000 �C
are only slightly higher than literature values for the ternary
samples that were quenched from 1150 �C (ref. 14 and 15) (see
Fig. 6). In addition, the solubility limits obtained for the hot
pressed SnTe/MnSe quaternary alloy from this work are also
within 3% of the theoretical prediction, which is a remarkably
This journal is © The Royal Society of Chemistry 2017
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good agreement. This favorable comparison highlights the
feasibility of an accelerated computational screening of equi-
librium solubility limits even in complex alloy systems like the
quaternary alloys investigated in this work.

The solubility limits in the SnTe/MnSe can be increased
somewhat by quenching the samples in water (powder-
quenched). This synthesis route allows for more rapid cooling
from a higher-temperature and therefore higher-energy state,
than for the hot-pressed samples discussed above. Since the
cooling process is fast only little time is available for the
decomposition of the alloy in the endmember products. For the
powder-quenched SnTe/MnSe alloy non-equilibrium solubility
limits in the range of 7% could be achieved.

The non-equilibrium solubility limits obtained from the ball
milled alloy powder and from sputtered thin lms are remark-
ably higher, exceeding compositional values of x,y > 0.2. The
increase in solubility for these methods is due to the more
energetic environments during the synthesis processes. The
high-energy collisions during ball milling can supply more
energy than the heating during hot-pressing or powder-
quenching.31 At the same time kinetic energies of the atoms
during RF sputtering are comparably high (typically in the eV
range32). It is not unusual for thin lm alloys deposited at high
kinetic energies to show extended single-phase boundaries.27,33

For both of these processes, even at higher alloying concentra-
tions binodal decomposition can be kinetically hindered, as
shown in Fig. 6.

An additional interesting result of this study is the evolution of
the non-equilibrium solubility line as obtained from combina-
torial experiments. Upon alloying of SnTe with MnSe the result-
ing Sn1�yMnyTe1�xSex lms exhibit compositions of x > y
indicating preferred anion exchange (see Fig. 5). This can tenta-
tively explained by a reduction of tensile stress in the material as
described by Ortiz et al.34 and implies a new design principle for
isoelectronic alloying for thermoelectric applications. By carefully
choosing the cation and anion alloying elements it should be
possible to suppress macroscopic volume changes of the alloy,
while maintaining local strain that is necessary to enable
enhancements in phonon scattering. Using non-equilibrium bulk
synthesis such as spark plasma sintering this promising phase
space can be made accessible for thermoelectric applications. In
particular, material systems with large accessible metastable
composition space are promising for the controlled incorporation
of nano-precipitates and secondary phases to increase phonon
scattering. Most metastable alloys can withstand heating up to
a certain temperature before they undergo binodal-
decomposition, i.e. sufficient energy needs to be supplied to
overcome kinetic barriers in the decomposition pathway. In turn,
this means that the alloy can be designed to achieve the desired
concentration of nano-precipitates at the targeted operating
temperature of the thermoelectric by carefully adjusting the
alloying concentration and therefore the degree of metastability.

4. Conclusion

The integration of unique micro/nanostructures into bulk
thermoelectric materials is an attractive way of improving ZT.
This journal is © The Royal Society of Chemistry 2017
This work has demonstrated that a combination of combina-
torial sputtering and computation can serve as an effective
proxy for identifying solubility/metastability boundaries in
complex chemical spaces. Furthermore, results from sputtering
have been shown to be reproducible in bulk (via high-energy
ball milling), allowing the results to be generalized into
a form-factor attractive to thermoelectric applications. We have
specically tested this technique on alloys of Sn1�yMnyTe1�xSex,
demonstrating that a large region of metastability (0.05 < x,y <
0.20) is present, providing a wide array of potential chemical
compositions that can be used to generate nuanced micro/
nanostructures in bulk. Our approach serves as a case-study
for the rapid generation of alloying data combining computa-
tion, combinatorial sputtering, and bulk synthesis to enable
controlled partitioning and evolution of micro/nanostructures
in thermoelectric materials.
5. Methods
5.1 Computational work

The rst principles calculations were performed with the VASP
code and its implementations of DFT and GW,35,36 using the
standard projector augmented wave pseudopotentials distrib-
uted with VASP. The GW calculations of the binary electronic
properties reported in Table 1 were performed as described in
ref. 37. The alloy mixing enthalpies were calculated in
DFT+U38,39 with U ¼ 3 eV for Mn-d orbitals and an energy cutoff
of 420 eV. To model the alloys, we used the special quasi-
random structure (SQS) method40 to generate ideally random
alloy structures for each phase and composition. The use of
random alloy models for describing the SnTe-rich quaternary
alloys is supported by the predicted binding energy between Mn
and Se of �0.036 meV, where the law of mass action indicates
that for such a small attractive energy the pairs will be
predominately dissociated at room temperature or higher. The
mixing enthalpy (DHm(x)) calculations were performed using
64-atom SQS models. For the Mn containing alloys, we used the
lowest energy magnetic conguration of the Mn cations, as
determined from magnetic conguration sampling, for
computing DHm(x). The alloy DGm(x) was determined from
DHm(x) and the congurational entropy of each sub-lattice in
the random alloy: DS ¼ �kB[x ln x + (1 � x)ln(1 � x)]. The re-
ported solubility limit (binodal line) are approximated from the
dG(T)/dx ¼ 0 condition, and the spinodal line evaluated using
the zero-curvature condition.
5.2 Bulk synthesis

For the bulk synthesis Mn (99.99%), Se (99.999%), Te
(99.999%), Sn (99.99%) precursors in shot or chunk form were
used. Samples ranging from 0.00–0.20 substitution (x in
Sn1�xMnxTe1�xSex) in steps of 5% were prepared. Samples were
loaded in stainless-steel vials with 3 0.500 stainless-steel balls
and milled continuously for 3 h. Powders were subsequently
passed through a 106 mm sieve. XRD measurements were per-
formed at this step (ball-milled in Fig. 3). Ball-milled powders
were then divided into two batches: one for hot-pressing and
RSC Adv., 2017, 7, 24747–24753 | 24751
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one for annealing. For hot-pressing, powders were loaded into
a high-density graphite die and placed in an induction, uniaxial
hot-press. Samples were heated under vacuum (<5mT) at 250 �C
min�1 to 600 �C and hot pressed for 1 h at 80 MPa. Aerwards,
the samples were annealed at 80% Tm (600–691 �C) for 30 min.
The samples were cooled to RT in approximately 30 min,
sectioned via diamond saw and subsequently analyzed with
XRD (hot-pressed in Fig. 3). For the annealing experiment
(powder-quenched in Fig. 3), the remaining ball-milled powder
was sealed in fused-silica ampoules under rough vacuum.
Ampoules were subsequently dropped in pre-heated furnaces
(90% Tm, 675–794 �C) and annealed for 72 h. Aerwards the
samples were quenched in water and analyzed with XRD.
Atomic cell volumes were determined from XRD data using
LeBail ts.
5.3 Combinatorial screening

Thin-lm combinatorial libraries were deposited using
orthogonal composition and temperature gradients via RF co-
sputtering from ceramic SnTe and MnTe, SnSe or MnSe
targets, respectively (see Fig. 1c). By applying intentional and
well-controlled gradients on the substrate during combinatorial
thin lm synthesis, several values of deposition parameters can
be covered in a single synthesis experiment.23 For selected
experiments a uniform temperature was applied over the whole
substrate area and co-sputtering from 3 targets was carried out
(SnTe, MnTe and MnSe, or SnTe, SnSe and MnSe, respectively –
see Fig. 1c). Several libraries were deposited to cover a broad
range of deposition temperatures and produce thin-lm
samples over the entire alloy composition range. A total of 44
samples were dened on a single library. The samples were
analyzed via spatially-resolved X-ray uorescence (XRF) and
XRD with respect to their composition and crystal structure
(including disappearing phase analysis), and electrical proper-
ties were characterized using 4 point probe mapping. Single
point Seebeck measurements were carried out at 300 K on
selected samples. A more detailed description of the combina-
torial experiments can be found in ESI† and in our prior
work.25,41
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and T. Buonassisi, Chem. Mater., 2017, 29(5), 1964–1988.

18 J. Vidal, S. Lany, J. Francis, R. Kokenyesi and J. Tate, J. Appl.
Phys., 2014, 115, 113507.
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