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ABSTRACT Colossal values of the Seebeck coefficient were first discovered in Mg-poor Mg, Sn films in
the temperature range 600-700 K. Cubic and orthorhombic structures of the Mgy Sn films for solid-state
thermoelectric energy conversion devices were prepared by radio frequency (RF) magnetron co-sputtering.
The Mg-Sn films showed a structural phase transition between the metastable orthorhombic and the stable
cubic structures as the atomic ratio Mg/Sn varied near the stoichiometric ratio. The Mg-poor orthorhombic
Mg-Sn films transited from p-type to n-type conductivity at 500 K and exhibited colossal values of the
Seebeck coefficient and power factor in the temperature range 600—700 K. The colossal Seebeck coefficient,
which exceeded -10 mVK ™!, indicates long-term stability over a wide temperature range. Furthermore, the
energy band structure and density-of-state were calculated for the cubic and the orthorhombic Mg, Sn using
the first-principles calculation with the Perdew-Burke-Ernzerhof (PBEO) hybrid functionals, which yielded

results that were consistent with the experimental data.

INDEX TERMS Mg;Sn films, electronic structure, thermoelectric properties, stoichiometric modification,

colossal Seebeck coefficient, sputtering.

I. INTRODUCTION

Thermoelectric (TE) materials are functional materials that
can be used for direct and reversible conversion between
waste heat and useful electrical power [1], [2]. Thermo-
electric generators (TEGs) are solid-state energy converters
with no moving parts, having a high power density, and an
excellent long-term reliability. Moreover, they require little
or no maintenance and potentially generate electrical energy
in an environmentally friendly manner and independent of
fossil fuels. The conversion efficiency of TE devices scales
with the performance of the TE materials, which is quantified
by the dimensionless TE figure of merit ZT = S°T/p«,
where S, p, S2,0, T, and « are the Seebeck coefficient,
electrical resistivity, power factor (PF), absolute temperature,
and the total thermal conductivity, respectively [3]. Bulk TE
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materials are used for power generation, because they can
generate substantial amounts of converted energy; however,
it is difficult to employ bulk materials in miniaturized elec-
tronic devices because of their large volume. To realize the
potential of powering miniaturized devices through efficient
thermal energy conversion by solid-state TE materials-based
conversion devices, the TE materials must be produced in the
form of films [4]-[6]. The highest values of ZT are usually
achieved in compounds that contain rare or heavy-metal ele-
ments such as Te or Pb, which severely limits the widespread
applications of TE materials because of ecological and eco-
nomic considerations [7]. In recent years, AgABIV com-
pounds, which crystallize in a cubic antifluorite structure,
have received considerable attention because of their funda-
mental and technological significance [8], [9]. In particular,
Mg,BY (BIY = Si, Ge, Sn) semiconductor compounds offer
a high thermal stability, low cost, low density, nontoxicity,
constituent abundance, and environmental-friendliness, and
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provide both n- and p-type conductivities [10]. These inter-
metallic compounds MngIV (BY = Si, Ge, Sn), which are
mixed ionic-covalent-semiconductors that crystallize in the
cubic antifluorite structure, are promising TE materials for
power generation [11], [12]. Among these TE compounds,
Mg, Sn is especially promising because it has a PF compa-
rable to those of more conventional Bi,Te; and YbAls TE
materials, but costs less than a quarter of their price [13].
However, the development of Mg,Sn as a sustainable TE
material is hindered by its difficult and time-consuming
synthesis [14], [15], which is attributed to the high vapor
pressure of Mg in the fabrication of Mg, B!V system. To com-
pensate for the loss of Mg due to its high vapor pressure
during synthesis, excess Mg up to 4 wt% was added to
the stoichiometry in previous works [16]. Mg>Sn-based TE
compounds are mainly prepared by the casting and powder
methods under controlled atmospheric conditions [17]-[20].
Several different methods have been suggested to produce
TE films. These methods include flash evaporation, pulsed
laser deposition (PLD), electrochemical deposition, metal
organic chemical vapor deposition (MOCVD), molecular
beam epitaxy (MBE), and sputtering [21]. Among these
methods, sputtering has numerous advantages such as good
reproducibility and control over the film composition and
homogeneity. In this study, Mg,Sn films are prepared by a
co-sputtering method with Mg and Sn targets in consideration
of the high vapor pressure and chemical reactivity of Mg.
The stoichiometric compositions and co-sputtering process
conditions are controlled to ensure the stability of the Mg, Sn
films and their TE properties.

Il. EXPERIMENTAL DETAILS

Mg-Sn films were deposited on 2 x 2 cm? Corning glass
substrates using an RF magnetron co-sputtering system (IDT
Engineering Co., Korea) in which the sputtering power of the
Sn (TASCO, Korea, 99.99% purity, 2-inch diameter) target
was varied from 78 to 83 W and the sputtering power of the
Mg (TASCO, Korea, 99.99% purity, 2-inch diameter) target
was fixed at 90 W. The other parameters for co-sputtering
were kept constant at the following values: The pre-sputtering
time prior to each run was 3 min, the Ar gas flux was 20 sccm,
the base pressure was 1.0 x 10~% Torr, the substrate-to-
target distance was 5.0 cm, and the vacuum pressure was
7.5 x 1073 Torr during sputtering at room temperature. The
thickness of the films deposited over the deposition time of
30 min estimated from a cross-sectional field emission scan-
ning electron microscope (FESEM) images ranged from 1000
to 1200 nm. The crystalline structures of the films were
analyzed using X-ray diffraction (XRD, PANalytical B.V.,
The Netherlands, X pert-PRO-MRD, Cu Ko = 0.15405 nm,
40 kV, 30 mA). To examine the structural stability, a sample
was subjected to rapid thermal annealing (RTA, GRT-100,
GD-Tech Co., Korea) process at different temperatures up
to 673 K for 1 hr under a Ny gas atmosphere. The FESEM
(S-4700, Hitachi, Japan, without Pt coating) was employed to
reveal the morphological characteristics of the Mg-Sn films.
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An energy dispersive X-ray spectrometer (EDS) attached to
the FESEM and X-ray photoelectron spectroscopy (XPS,
Thermo Fisher Scientific Inc., USA, K-Alpha™) were used
to analyze the composition and chemical nature of the Mg-Sn
films. Moreover, the electrical properties including the carrier
concentration, resistivity, and mobility of the Mg-Sn films
were characterized using a Hall effect measurement system
(HL5500PC, Accent Optical Technologies, USA) at room
temperature. The electrical resistivity (p) and the Seebeck
coefficient (§) were simultaneously measured as a function
of temperature up to 700 K using a modified commercial TE
measurement system (TEP-800, Seepel Instrument, Korea).
The Seebeck coefficient was measured by thermally connect-
ing the two opposite sides of the sample to two different
heaters at different temperatures, to create a temperature
difference (AT). Further, the resulting potential difference
(AV) was measured, and the Seebeck coefficient was cal-
culated as the ratio of AV/AT. Each measurement cycle
started at 300 K and the sample was heated up to 700 K
with a ramp of 1 K min~!'. The PF was calculated using
the experimental data of the Seebeck coefficient and the
electrical resistivity. The measurement errors of the calcu-
lated PF were smaller than 10% for all the reported cases.
Moreover, the electronic band structure and density-of-states
(DOS) for the Mg>Sn phases were studied using the den-
sity functional theory (DFT) framework implemented in the
CAmbridge Serial Total Energy Package (CASTEP). First-
principle calculations of the electronic structure of all Mg>Sn
phases were carried out with CASTEP19.0 using the Perdew-
Burke-Ernzerhof (PBEO) hybrid functionals because these
functionals provide more accurate values of the band gap
for cubic Mg>Sn compared to other functions. It is well
known that the semiconductor band gaps are underestimated
in the local-density approximation (LDA) and the generalized
gradient approximation (GGA) framework, whereas hybrid
functional calculations can provide more reliable band gap
values that are consistent with experimental values. Besides,
the experimentally determined unit cells were included in the
geometry optimization for each composition, and the con-
vergence tolerance parameters for the geometry optimization
were set to an energy of 1 x 107> eV per atom, a maximum
force of 0.03 eV/A, a maximum stress of 0.05 GPa and a
maximum displacement of 1 x 10~% nm. The energy cutoff
was set to 500 eV with norm-conserving pseudopotentials and
the 4 x 1 x 3 k-point meshes for the Brillouin zone sampling
were constructed using the Monkhorst-Pack scheme. The
calculations were based on the experimental crystal structure
data after refinement.

Ill. RESULTS AND DISCUSSION

The FESEM of the surface morphologies of the Mg-Sn films
obtained at different Sn target sputtering powers are shown in
Fig. 1. All the as-deposited Mg-Sn films cover the substrate
surfaces perfectly without cracks or delamination. The main
features in all the FESEM micrographs are the flower-like
microstructures composed of several grains, which resulted
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FIGURE 1. Surface field emission scanning electron microscope (FESEM)
images of the as-deposited Mg-Sn films fabricated by co-sputtering at the
Sn sputtering powers of (a) 73, (b) 75, (c) 78, (d) 80, and (e) 83 W and the
fixed Mg sputtering power of 90 W.
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FIGURE 2. Phase diagram of Mg-Sn binary system with the Mg/Sn atomic
ratio of the Mg-Sn films under the same conditions [22], [23].

from the extensive surface diffusion in the Mg-Sn films [24].
Further, these images clearly show that the Mg-Sn films have
uniform microstructures with very fine and dense particles
regardless of the Sn power and are made of large particles
with lateral sizes around 1 um as deduced from the FESEM
images. The Mg-Sn films fabricated at low Sn power exhib-
ited larger coalescence, as shown in Fig. 1(a)—(c). In addition,
as the Sn target sputtering power increases, the morphology
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of the Mg-Sn films changes. At higher Sn powers, the Mg-Sn
films exhibit smaller particles and dense and smooth surfaces,
as shown in Figs. 1(d) and (e), owing to the larger amount of
Sn in the films [25]. The Mg-Sn phase diagram corresponds
to that of a classical two-eutectic congruently melting line-
compound system [26]; any deviation from the 2/1 atomic
ratio would therefore result in the presence of Sn- or Mg-free
metal. The Mg, Sn phases are known to be slightly reactive to
oxygen and highly reactive to water; therefore, there might
be oxide layer growth at the surface of the particles [26],
[27]. Elemental analysis of the Mg-Sn films was carried out
through EDS measurements. Figure 2 shows the atomic ratio
of Mg/Sn in the Mg-Sn films for each Sn sputtering power.
The results show that the Mg/Sn ratio in the elemental com-
position of these Mg-Sn films exhibits a linear decrease from
Mg/Sn = 2.18 to Mg/Sn = 1.79, as the Sn power increases.
The Mg/Sn atomic ratios at the Sn powers of 73, 75, 78, 80,
and 83W were 2.18, 2.09, 1.99, 1.87, and 1.79, respectively.
The sputtering powers for the Sn target were designed to devi-
ate toward Mg-rich and Mg-poor compositions from almost-
stoichiometric Mg>Sn at the Sn sputtering power of 78 W.
The EDS results show that the Mg-Sn films are Mg-rich for
the Sn sputtering powers of 73 and 75 W, while the films are
Mg-poor at the Sn sputtering powers of 80 and 83 W.

Figure 3 shows the XRD patterns of the as-eposited Mg-Sn
films with various sputtering powers of the Sn target at room
temperature. The XRD patterns of the Mg-rich films sput-
tered at the Sn sputtering powers of 73 and 75 W indicate
a well-crystallized cubic Mg;Sn phase (stable form, JCPDS
No. 07-0274), as shown in Fig. 3(a) and (b). The XRD
patterns of the Mg-rich films show two main peaks at 20 =
22.7° and 37.4°, which are indexed to the (111) and (220)
planes of cubic Mg, Sn, respectively. Although Mg-rich films
contain excess Mg, Mg-related hexagonal peaks are absent
from the XRD results. This indicates that the excess Mg
might be in a non-crystalline form and/or it is present in very
little amount in the Mg-Sn films. Small diffraction peaks are
observed at 26 = 44.2°, 59.3°, and 67.3°, which correspond
to the (311), (331), and (422) preferred orientations (JCPDS
No. 07-0274), respectively. The evolution of the width and
peak positions in the XRD patterns at larger Sn sputtering
powers reveal the onset of phase transitions in the Mg-Sn
films. As shown in Fig. 3(c), the most intense peak at 26 =
22.7°, which corresponds to the (111) plane of the cubic
Mg, Sn phase, starts to decrease as the Sn sputtering power
increases. This indicates that there is a phase transformation
from the cubic structure to a mixed structure of the cubic
Mg,>Sn and metastable orthorhombic Mg,Sn phases [21].
As the Sn sputtering power increases further to 80 W, a phase
transition into a pure orthorhombic Mg, Sn phase (JCPDS No.
31-0812) and a secondary Sn phase occurs, as indicated by
XRD patterns in Fig. 3(d). This transformation from the cubic
to the orthorhombic phases is similar to what was previously
observed in the binary Mg-Sn system [21], [28]. Because the
formation of non-stoichiometric Mg>Sn is not expected from
the phase diagram, the excess Sn should remain at the grain
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boundaries or on the surface [24], [29], [30]. The metallic
Sn peaks increase along with the body-centered tetragonal
phase, as indicated by the distinctive diffraction peaks at 260 =
30.64° and 32.05°, that correspond to the (200) and (101)
crystal planes, respectively, as shown in Fig. 3(c)—(e). The
orthorhombic Mg;Sn phase is confirmed by the five major
peaks at 20 = 23.10°, 24.02°, 33.66°, 40.80°, and 41.34°,
which are indexed to the (400), (221), (422), (125), and (523)
planes, respectively, and the small diffraction peaks at 35.9°,
47.50° and 64.20°. It is inferred that high Sn content in the
Mg-Sn films may not result in phase transitions, and must
be accompanied by sufficient sputtering power to transfer
the formation energy to Mgy Sn, because the orthorhombic
Mg, Sn has a larger formation energy than the cubic Mg, Sn.
In general, the transition pressure is the pressure at which
the enthalpies of the two phases are equal, and the most
stable phase corresponds to the phase with the minimum
energy [31]. The phase transitions in this study occur because
the sputtering powers used are designed to be large enough to
encompass this transition point without applying additional
annealing treatment or external pressure.

To identify the element bonding in the Mg-Sn films, XPS
analysis was performed on the films with the Sn sputtering
powers of 73,78, and 83 W. These three Sn sputtering powers
were determined by the EDS/XRD analysis of the resultant
Mg-Sn films corresponding to the representative conditions
of the Mg-rich/cubic, stoichiometric/mixture (transition), and
Mg-poor/orthorhombic phases, respectively. The spectrum of
the C 1s peak at the binding energy of 285 eV was used as a
reference for data calibration. All XPS spectra were deconvo-
luted using the XPSPEAK4.1 software. High-resolution nar-
row scans were employed to examine the core level elements,
such as Mg 1s, Mg 2p, and Sn 3d, in the Mg-Sn films. The
cubic Mg>Sn has an anti-fluorite crystal structure (No.255,
space group is Fm3m, and the lattice constant of 0.676 nm),
which consists of interpenetrating fcc cubic lattices with Sn**
at the origin (0, 0, 0) and Mngr at the + (1/4, 1/4, 1/4)
position [27], [32]. In addition, the coordination number of
each Sn ion is 8, while each Mg ion is located in the middle
of the Sn*™ tetrahedral crystal structure [26]. Therefore, the
cubic Mg, Sn phase can be described as a compact fcc lattice
network of Sn atoms with all the tetrahedral sites occupied by
eight Mg atoms [26], [33]. The XPS Mg 1s peak is exhibited
in the three Mg-Sn films with the Sn sputtering powers of 73,
78, and 83 W, as shown in Fig. 4(a), (d), and (g), respectively.
A noticeable Mg 1s peak at the binding energy of approxi-
mately 1304.20 eV, which corresponds to Mg bonded to Sn in
the Mg-Sn films as reported for Mg, Sn [24], is present in the
spectra for all the Sn sputtering powers; no superposition of
other peaks is observed in the deconvolution result of the Mg
1s peaks. For the Mg 2p peaks shown in Fig. 4(b), (e), and (h),
all the Mg-Sn films comprise two components with binding
energies of approximately 50.9 eV and 49.7 eV, which are
attributed to Mg>Sn and elemental Mg, respectively. At the
Sn sputtering power of 83 W, the elemental Mg component is
shifted to higher binding energy of 50.3 eV [34], as shown in

VOLUME 10, 2022

v Orthorhombic Mg,Sn
o Cubic Mg,Sn
* Sn

v

.

v v
(8w Y oo v
@sow |7 eV g

Intensity [a.u.]

26 [degree]

FIGURE 3. X-ray diffraction (XRD) patterns of the as-deposited Mg-Sn
films fabricated by co-sputtering at the Sn sputtering powers of 73, 75, 78,
80, and 83 W and the fixed Mg sputtering power of 90 W.

Fig. 4(h), because Mg becomes more electropositive as more
elemental Mg is bonded with Sn at higher Sn sputtering pow-
ers. The area ratio of the elemental Mg component decreases
gradually from approximately 36% at 73 W to 33% at 78 W
and then to approximately 28% at 83 W, as the Sn sputtering
power and content increase.

The Sn 3d doublet spectrum is symmetric and narrow and
comprises the two split peaks of Sn 3ds;2 and Sn 3d3,; at
484.60-485.00 eV and 493.15 eV, respectively [24], [35].
As exhibited in Fig. 4(c), (f), and (i), the deconvolution of the
Sn 3ds/, peak reveals several components that correspond to
SnO,, Mg, Sn, and elemental Sn. The binding energy of ele-
mental Sn is approximately 484.9 eV, which can be observed
from the XPS spectra of the stoichiometric film and the
Mg-poor Mg-Sn films at 78 and 83 W, respectively; however,
there is no elemental Sn component in the XPS spectrum of
the Mg-rich Mg-Sn film at 73 W, which is consistent with the
XRD pattern (Fig. 3). Because Sn tends to gain electrons in
the Mg, Sn lattice, the binding energy in the Mg, Sn lattice is
reduced compared to that of elemental Sn [24]. The specific
component of Sn 3ds;, at 483.9 eV in the XPS pattern is
assigned to Mg bonded to Sn in the Mg, Sn lattice [36], [37].
There is a shoulder that corresponds to SnO», which is located
at higher binding energies of approximately 470 eV. The
SnO;, component in the XPS Sn 3d spectra is believed to be
due to easy oxidation of the Sn metal on the surface during
the ex-sirzu XPS analysis, which occurs even at normal tem-
perature. A 0.5 eV shift of the binding energy is observed in
the Mg-Sn film with the Sn sputtering power of 78 W, which
consists of both cubic and orthorhombic Mg, Sn phases. This
chemical shift towards higher binding energy without any
obvious change in the spectral shape is due to the large
electronegativity difference between the coordinating groups.
This difference can be attributed to the formation of a large
number of crystal defects at the transition point from the
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FIGURE 4. X-ray photoelectron spectra of (a,d,g) Mg 1s, (b,e,h) Mg 2p, and (c,f,i) Sn 3d5, obtained from the as-deposited Mg-Sn films fabricated by
co-sputtering at the Sn sputtering powers of (a,b,c) 73, (d,e,f) 78, and (g,h,i) 83 W and the fixed Mg sputtering power of 90 W.

cubic to the orthorhombic phases [38]. This chemical shift
can also be attributed to the change in the band gap at the
phase transition, which shifts both the Fermi energy (Er) and
the entire XPS spectra [39], [40].

As observed from the XRD results, there is a transfor-
mation from the cubic to the orthorhombic structure at high
Sn sputtering power. Internal pressure is the governing force
behind the phase transition in this study [41], [42], because
the transition can be induced by either increasing the pressure
at a constant temperature or by increasing the temperature
at a finite pressure [41]. The transition is a reconstructive
first-order transition and involves the formation of several
crystalline defects in Mg>Sn films, which can result in a
change of conduction by the Mg vacancies as the Sn content
increases [41], [43], [44]. Additionally, the phase transition
is readily initiated by enhanced defect incorporation and
mechanical deformation [36]. Random local field defects are
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especially important for first-order phase transitions between
phases with different symmetries [44], [45]. Depending on
the symmetry of such defects, the structure can be stimu-
lated to transit to either a higher or lower degree of sym-
metry. In other words, the phase transition temperature can
either increase or decrease depending on the symmetry of the
defects [44], [46]. The difference in the local concentration of
such defects can result in the occurrence of phase transition,
at different temperatures and at different spatial locations,
in the Mg-Sn films [44].

The electrical properties, comprising the resistivity (p),
carrier mobility (1), and carrier concentration (n) of the
Mg-Sn films were analyzed by Hall effect measurements
at room temperature. All the Mg-Sn films exhibit p-type
conductivity regardless of the sputtering power of the Sn tar-
get with carrier concentrations between 7 x 10'° and 5 x
10?0 cm—3, as shown in Fig. 5. For the Mg-rich films with
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FIGURE 5. Electrical resistivity (p), carrier mobility (1), and carrier
concentration (n) of the Mg-Sn films obtained from Hall effect
measurements at room temperature at the Sn sputtering powers of 73,
75, 78, 80, and 83 W and the fixed Mg sputtering power of 90 W.

the Sn sputtering powers of 73 and 75 W, the obtained carrier
concentrations are less than the optimal carrier concentration
1020 cm—3 for TE applications [47].

The experimental results also show that Mg-rich conditions
result in carrier concentrations on the order of 1012 cm=3,
which are less than the optimal values required to maximize
the power factor. Besides, there is an increase in the carrier
concentration as the Sn sputtering power increases to 78 W
(i.e., from Mg-rich to stoichiometric conditions). Mg vacan-
cies (V) and interstitial Mg (Mg;) are deduced to be the
main defects in Mg>Sn compounds because of their relatively
low formation energies; therefore, their concentration deter-
mines the intrinsic conductivity of Mg,Sn compounds [33],
[47], [48]; while V), and Mg; behave as acceptor and donor
sites, respectively. The p-type conductivity of Mg-Sn films in
this study indicates a higher concentration of Vs, compared
to Mgy [43], [49]. The increase in the carrier concentration
in Mg-Sn films with Sn sputtering power can be explained
by the formation of szu_g with holes (2h1). As the atomic
ratio of Mg/Sn increases under Mg-rich conditions, the prob-
ability of forming the Mg-deficient Mg>Sn phase is lower
because of the excess Mg atoms, which results in a lower
carrier concentration in the Mg-Sn film sputtered with Sn
at 73 W. It can be observed that the Mg-Sn film still exhibit
p-type conductivity even in this extreme Mg-rich condition.
Such persistent behavior is a characteristic of an intrinsic
killer defect that causes pinning of the Er [43], [49]. The
Mg-Sn film with the Sn sputtering power of 78 W, which was
shown by XRD analysis to have transformed from the cubic
to the orthorhombic phase, shows the highest carrier con-
centration and lowest carrier mobility among all the Mg-Sn
films; also, it has the largest defects, as described earlier
in the discussion on the XPS analysis. The defects scatter
free carriers efficiently, thereby reducing their lifetime and
carrier mobility [50]. Jiang et al. observed that interstitial and
vacancy defects reduce the electron mobility significantly
while antisite defects have a relatively smaller effect [S1]. The
abrupt change in carrier concentration and carrier mobility
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coincides with the structural phase transition, which strongly
indicates that the crystal structure, carrier concentration,
defect, and carrier lifetime are intrinsically correlated to one
another [52]. As the Sn sputtering power increases to 80 W,
the carrier concentration decreases, which can be explained
by Sn substitution in the Mg sites (Sn;lg) [33], [43], [47].

Although the Mg vacancies (V,zvfg) are the dominant defects
and act as shallow acceptors in MgySn compounds, the
compensation of many free hole carriers by the Snx; leads
to a lower carrier concentration. In addition, when the Sn
sputtering power is further increased to 83 W, the increase in
Sn;f[g causes the carrier concentration to further decrease to a
near-optimal value (102 cm™3). The resistivity of the Mg-Sn
films depends mainly on the carrier concentration and mobil-
ity and is given by p = 1/nqu, where n, g, and p represent the
carrier concentration, the unit carrier charge, and the carrier
mobility, respectively. The calculated resistivity is in accord
with the experimental results, as shown in Fig. 5.

To further understand the different behaviors of the
Mg-rich and Mg-poor Mg-Sn films, DFT calculations were
performed to determine the electronic structures of the cubic
and orthorhombic phases of Mg>Sn. The Seebeck coefficient
is a parameter that depends on the electronic structure near
EF, which is in turn sensitive to other parameters such as the
effective mass, carrier concentration, and band shape. The
Seebeck coefficient is inversely proportional to the carrier
concentration, as shown in Eq. (1):

82T |, (7 \2/3
o A
3gh? 3n

where S is the Seebeck coefficient, kg Boltzmann’s constant,
T the absolute temperature, g the carrier charge, i Planck’s
constant, m:; the effective mass, and n the carrier concentra-
tion. The electronic and band structures of semiconductors
play a crucial role in determining the charge carriers; also,
the TE properties are quite sensitive to the details of the band
structure. The band gap is a critical parameter for TE trans-
port, particularly at higher temperatures, at which thermal
energy can overcome the band gap energy of the materials.
Using PBEO implemented in the CASTEP package, the first-
principles band structures of Mg,Sn were calculated over a
wide energy range. For clarity, the energy dispersion curves
for the cubic and orthorhombic structures only show energy
values from —5.0 to 5.0 eV and from -2.0 to 2.0 eV, respec-
tively, as represented in Fig. 6. The band structure indicates
that the cubic structure is indirect semiconductor. The valence
band maximum (VBM) is located at the I" point, and the
conduction band minimum (CBM) at the X point in the cubic
Mg,>Sn phase, as shown in Fig. 6(a). The band structure
of cubic MgySn has a narrow band gap of approximately
0.413 eV, which is somewhat larger than the experimental val-
ues; a similar result with a value of approximately 0.460 eV
has been reported in a previous study [53]. However, the
orthorhombic Mg, Sn phase does not have a clear band struc-
ture, as shown in Fig. 6(c) and the conduction and valence
bands overlaps. The phase transition occurs together with
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density-of-states (DOS) of the (a,b,c) cubic type and (d,e,f) orthorhombic type structures of Mg, Sn.

an electronic bandgap collapse [54], [55]. This significant
change in the band structure is due to the induced pressure
which results in a structural phase transition in the Mgy Sn
lattice because of significant atomic and electronic structure
modification [56]. The relatively large shift in the valence
band is common feature in semiconductors undergoing phase
transitions [39]. A multi-valley type character is observed in
the orthorhombic type band structure, showing several bands
crossing the Fermi level which result in complex fermi sur-
face [57]. Different temperature dependence of multi-valleys
might lead to valley convergence, which results in increasing
valley degeneracy and enhanced PF [58]. Figures 6(c) and (f)
present the DOS of the cubic and orthorhombic structures
of Mg>Sn as a function of energy. Fermi level at 0 eV is
represented by the horizontal dashed line. For the orthorhom-
bic type, the intrusion of a conduction band is observed
toward the valence band. The band gap has disappeared and
a relatively large DOS value is seen at Fermi level. Since
the Er of the orthorhombic structure falls on a sharp peak,
a small shift in the EF will give a large variation in the carrier
density at the Fermi level. As a result, this configuration can
be expected to be unstable [59], [60], [54].

To investigate the instability of the orthorhombic structure
discussed above, after sputtering deposition, an Mg- poor
orthorhombic sample with an Mg/Sn ratio of 1.87 was
selected and subjected to an RTA process at 373, 473, 573
and 673 K for 1 hour under a N, gas atmosphere. Fig.7 shows
the XRD analysis of the as-eposited and annealed Mg-Sn
films. It is noticeable that the film structure starts changing
at the annealing temperature of 473 K and a small diffrac-
tion peak starts to appear at 26 =22.7° which is indexed to
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473, 573, and 673 K.

the (111) plane of cubic Mg>Sn. At annealing temperatures
of 573 and 673 K, the most intense peak of orthorhombic
structure at 26 = 23.10°, which is indexed to the (400) plane
of the orthorhombic Mg>Sn phase, starts to decrease; and the
cubic Mg>Sn phase is confirmed by the four major peaks at
260 = 22.8°, 26.2°, 37.7° and 44.3°. It is clear that at high
temperatures, orthorhombic Mg,Sn phase is decomposed to
cubic Mg>Sn and Sn phases as shown in Fig. 7.

The electrical resistivity and Seebeck coefficient of the
Mg-Sn films were simultaneously measured as functions of
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the temperature over the range 300-700 K. The electrical
conductivity, o, of the Mg-Sn films exhibits an increasing
trend with an increase in temperature, as plotted in Fig. 8(a),
indicating that the Mg-Sn films exhibit a semiconducting
behavior. The electrical conductivity of the Mg-Sn film with
the Sn sputtering power of 83 W (i.e., Mg/Sn atomic ratio
of 1.79) increases with temperature from 300 to 600 K and
then decreases abruptly at 700 K. As observed from Fig. 7,
Mg-poor films go through phase transition and this sharp drop
in the electrical conductivity is attributed to the film that has
gone through a complete transition. The electrical character-
istics of the film will stabilize as the temperature increases
further [61]. This transition is usually a gradual process that
takes longer time than required to measure the Seebeck coef-
ficient. Fig. 8(b) shows the temperature dependence of the
Seebeck coefficient of the various Mg-Sn films. Both Mg-rich
Mg-Sn films with the Sn sputtering powers of 73 and 75 W
exhibit positive Seebeck coefficients corresponding to p-type
conductivity in the temperature range of 300-700 K. The
Seebeck coefficient is larger and positive for temperatures
up to 400 K (Region I), signifying extrinsic conductivity,
and then decreases as the temperature is further increased to
500 K, when the p-type carriers are gradually compensated
by thermally activated n-type carriers. The slight increase in
the Seebeck coefficient at 600 K is believed to be due to the
annealing-like effect as the temperature increases during the
measurement. The Seebeck coefficient of the stoichiometric
Mg-Sn film with the Sn sputtering power of 78 W, which
shows the highest carrier concentration at room temperature
in Fig. 5, is almost temperature independent, confirming the
dominance of extrinsic conductivity over intrinsic behavior.
The Mg-poor Mg-Sn films with the Sn sputtering powers
of 80 and 83 W show positive Seebeck coefficients for
temperatures up to 400 K, and then a transition to intrin-
sic n-type conductivity occurs at temperatures higher than
500 K. In summary, as shown in Fig. 8(b), the Seebeck
coefficient decreases with the compensation of extrinsic car-
riers by intrinsic carriers at increasing temperatures; with
a further increase in temperature, its sign changes to that
of an intrinsic behavior. Region II indicates the onset of
intrinsic conductivity in the Mg-poor film. In this region, the
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number of thermally activated carriers exceeds the number
of ionized impurity carriers. The transition from p- to n-type
conductivity can also be attributed to the Sn segregation as
the orthorhombic structure is decomposed to cubic Mg, Sn
and Sn phases in high temperature. The Sn-filled compounds
exhibit n-type semiconducting behavior showing that Sn acts
as an electron donor [62].

The Seebeck coefficient of the Mg-Sn films with the Sn
sputtering powers of 80 and 83 W at 600 and 700 K, respec-
tively, showed very unusual and surprisingly large values
at about 10 times those of the previously reported values
(Tables Al and A2). The reproducibility of the colossal
values of the Seebeck coefficient was verified several times
through repeated analyses with different samples: Similar
results were obtained as listed in the supplementary material
(Tables A3 and A4). Clues to this phenomenon can be found
in other TE materials. Kumar et al. correlated this strange
Seebeck value to the phonon-drag phenomenon, in which a
thermally induced flow of phonons pulls electrons along its
way, leading to a large amplification of the Seebeck coeffi-
cient [63]. Battiato ef al. identified the giant Seebeck coeffi-
cient mechanism in FeSb, as phonon-drag effect associated
with an in-gap density of states [64]. Byeon et al. discovered
colossal Seebeck in metallic CuySe at the phase transition
from low to high temperature phase and they showed that
this phenomenon is because of the presence of a two-phase
region where the low and high temperature phases coexist
together in a stable condition [61]. As demonstrated in sev-
eral nanocomposites based on PbTe [65], the formation of
decomposed metallic Sn is also convinced to play a vital role
in improving the Seebeck coefficient by enabling the energy
barrier scattering. This unusually large Seebeck coefficient
can be observed in semiconducting materials undergoing a
structural transition. The first discovered colossal Seebeck
coefficient of Mg,Sn in this study was demonstrated to be
related to the instability of the orthorhombic structure and
its consecutive decomposition and transformation in high
temperature; however, the source of this large Seebeck coef-
ficient is not entirely understood, so more thorough research
is required to understand the origin of this behavior. It can
be observed that this large value of the Seebeck coefficient in
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Mg, Sn is stable over a long period of time, which means that
it can be utilized for TE applications. It is believed that the
Seebeck coefficient will decrease after the crystal structure
transition is completed; however, further research is needed.
Furthermore, the temperature dependence of orthorhombic
Mg, Sn is typical of degenerate semiconductors. Complex or
multiband systems show greater band degeneracy than single-
band systems [66]. The larger Seebeck coefficient obtained
in the orthorhombic structure is also attributed to the larger
DOS effective mass due to the anisotropic band structure and
degenerate band valley in the conduction band. The large vari-
ation in the Seebeck coefficient is attributed to the variation
of DOS during decomposition of the orthorhombic structure
to cubic and Sn phase.

The p-type power factor of Mg, Sn is found to be smaller
than that of the n-type power factor owing to smaller band
degeneracy and lower p-doping efficiency compared to the
n-type doping efficiency. On the other hand, the Mg-rich
Mg-Sn films show a stronger temperature dependence of
the Seebeck coefficient than the Mg-poor films. The weak
temperature dependence of the Mg-poor films can be related
to the critical value of the energy band gap and the com-
plexity of the band structure, as discussed above. Using the
results for the electrical resistivity and Seebeck coefficient,
the power factor (PF) of all the Mg-Sn films can be calculated
using Eq. (2).

PF = S2o, ()

where PF is the TE power factor, S is the Seebeck coefficient,
o is the electrical conductivity, and T is the absolute temper-
ature. While the cubic phase Mg-Sn films with the Sn sputter-
ing power of 75 W showed a maximum PF of 0.260 mW/K”m
at 600 K, both orthorhombic Mg-poor Mg-Sn films exhibited
colossal values of the power factor at 600 and 700 K because
of the large Seebeck coefficient and high conductivity values
discussed earlier.

IV. CONCLUSION

Cubic and orthorhombic near-stoichiometric Mg, Sn films
for TE applications with intentionally varied Mg/Sn atomic
ratios were fabricated using RF magnetron co-sputtering by
adjusting the sputtering power of the Sn and Mg targets.
While the cubic Mg;Sn films exhibited p-type conductivity
regardless of the temperature, the orthorhombic Mg, Sn films
underwent a transition from p-type to n-type conductivity at
500 K. The orthorhombic Mg,Sn films exhibited colossal
values of the Seebeck coefficient and power factor, which
can be utilized in TE applications in view of their long-
term stability. This unusual behavior of Mg-poor films was
attributed to the crystal instability of the orthorhombic Mg, Sn
films as observed by experiments and calculations. While the
orthorhombic Mg>Sn film outperformed the cubic Mgy Sn
film, the latter showed stronger stability across all the exper-
imental temperature ranges. More detailed investigations are
needed on the relationship and behaviors of the colossal
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Seebeck coefficient of Mg, Sn with the crystal transition in
subsequent studies.
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