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a b s t r a c t

Mg-Sn thin films (21� at. % Sn� 42.5) were deposited by magnetron sputtering in the argon atmo-
sphere. The structure and morphology of the films were characterized as a function of the composition.
Mg2Sn structure was changed from stable face-centered cubic to metastable orthorhombic structure
while the content of Sn in the films increased. The influence of this structural modification on ther-
moelectric properties was discussed in a wide range of temperatures (30e200 �C). The film carrier
concentration and mobility were measured to explain the electronic transport behavior as a function of
the film structural modifications. The maximum figure of merit ZTz 0.26 at 200 �C was reached for the
film with 36 at. % Sn while a mixture of cubic and orthorhombic Mg2Sn structures coexisted. An
annealing treatment was performed under vacuum (~10�4 Pa) at different temperatures (up to 600 �C) to
determine the limit of structural and morphological stability of this film.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Thermoelectric materials have attracted global interest accord-
ing to their ability to convert directly thermal to electrical energy,
thus providing a clean and renewable supply of energy [1]. The
efficiency of thermoelectric materials refers to their dimensionless
figure of merit (ZT), defined by equation (1):

ZT ¼ PF
K

T (1)

with PF ¼ a2s (2)

where PF is the thermoelectric power factor (W m�1 K�2), a the
Seebeck coefficient (mV K�1), s the electrical conductivity
(U�1m�1), K the thermal conductivity (W m�1 K�1) and T the ab-
solute temperature (K). As a result, a good thermoelectric power
factor (PF) as defined by equation (2) and a low thermal conduc-
tivity (K) lead to a high ZT value [2]. Nowadays, Mg2X (X¼ Si, Sn,
favi).
Ge) semiconductor compounds and their solid solutions have
drawn more attention due to their thermal stability, low cost, none
toxicity, constituent abundance in the earth's crust, environmen-
tally friendly, low density and providing both n and p-type con-
ductions [3]. Most of the studies about Mg2X compounds are
limited to n-type materials and development of p-type compounds
is still a challenging task. Song et al. [4] have determined a ZT value
of about 0.02 at 147 �C for un-doped Mg2Sn (with cubic structure),
prepared by bulk mechanical alloying and hot-pressing method.
Chen and Savvides [5] have doped Mg2Sn by Ag using a modified
vertical Bridgman method. As a result, the maximum PF value they
have obtained was 4� 10�3 Wm�1K�2 for sample with 2 at. % Ag at
147 �C. Chen et al. [6] have pointed out the maximum ZT of about
0.30 for 0.5 at. % Ag-doped Mg2Sn ingot at 200 �C, which was pre-
pared by using a rocking Bridgman furnace. Le-Quoc et al. [7] have
reported a high PF value of about 5� 10�3 Wm�1K�2 at room
temperature for stoichiometric Mg2Sn thin film doped with 1 at.%
Ag, deposited by co-sputtering assisted bymulti-dipolarmicrowave
plasma. Choi et al. [8] have obtained maximum ZT¼ 0.18 at 327 �C
for a p-type system of Ag-doped Mg2Sn bulk sample by employing
vacuum melting method and spark plasma sintering (SPS) process
which is comparable to the value for an n-type system of Mg2Si. An
et al. [9] have reported a power factor of 1.4� 10�3 Wm�1K�2 for
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1mol.% Ag-doped Mg2Sn (Mg:Sn¼ 67:33), as much as 10 times
bigger than un-doped Mg2Sn, using SPS method. Varma et al. [10]
have employed radio frequency induction casting method under Ar
atmosphere for developing high quality un-doped and silver-doped
Mg2Sn. The ZT value reached about 0.055 at 50 �C for Mg excess
concentration sample doped by Ag (authors named this sample
10.8Mg (0.3Ag)).

As shortly described, many works were focused on bulk mate-
rials, while development of thin film materials with optimized ZT
are required to reduce the size of current thermoelectric devices in
order to address them in miniaturized applications like Micro
Electronic and Mechanical Systems (MEMS) [11] and Internet of
Things (IoT) [12]. Different methods were suggested for producing
thermoelectric thin films such as flash evaporation [13], pulsed
laser deposition (PLD) [14,15], electrochemical deposition [16],
metal organic chemical vapor deposition (MOCVD) [17], sputtering
[18e21], molecular beam epitaxy (MBE) [22]. Among these tech-
niques, sputtering has numerous advantages such as good repro-
ducibility, easy way to control the film composition and
homogeneity, environmentally friendly and so on [23,24].

In this study, Mg-Sn thin films (21� at. % Sn� 42.5) were syn-
thesized by co-sputtering of Mg and Sn targets in an argon atmo-
sphere. In a first part, structure and morphology of the films were
characterized as a function of the film composition. By adjusting
the Sn content in the films, it becomes possible to change the
Mg2Sn structure from stable cubic to metastable orthorhombic
structure. In the second part, the influence of this structural
modification on thermoelectric properties of the films was dis-
cussed as a function of temperature and the electronic transport
properties were considered to understand the film electrical re-
sistivity variation.
2. Materials and methods

2.1. Thin film deposition

Mg-Sn coatings were synthesized by co-sputtering of Mg (purity
99.9 at. %, ∅ 50mm� 3mm) and Sn (purity 99.9 at. %, ∅
50mm� 3mm) targets in an argon atmosphere. The reactor was a
90 L cylinder Alcatel 604 SCM (CIT Alcatel, Annecy, France) pumped
down via a turbo molecular pump system that permitted a residual
vacuum below 10�4 Pa. The chamber was equipped with circular
planar and water-cooled magnetron sputtering sources and the
rotating substrate holder was parallel to these sources at about
60mm. The targets of Mg and Sn were located 140mm from each
other. The Mg and Sn targets were supplied with a pulsed DC
(Direct Current) Advanced Energy dual generator authorizing the
control of the discharge power. The latter was fixed at 70W for Mg
target andwas systematically changed on Sn target from 25 to 52W
to tune the coating composition. Argon flow rate was controlled
with a Brooks flowmeter and the working pressure was kept at
0.41 Pa during deposition (working pressuremeasured using aMKS
Baratron gauge). Special chip (second-generation chip) produced
by Linseis (Supplementary data, Fig. S1), as well as fused quartz and
glass microscope slides (76mm� 26mm� 2mm) were used as
substrates. Before each set, glass microscope slides and fused
quartz were cleaned with alcohol, soap and then rinsed with water.
Table 1
Sputtering parameters used during deposition of Mg2Sn coatings.

Target Discharge Power (W) Frequency (kHz) Toff (ms) Ar Flow Rate (sccm

Sn 25e52 50 4 50
Mg 70
The substrates were placed on the substrate holder at 60mm from
the substrate holder axis and all depositions were carried out at
floating temperature (Tsubstrate< 70 �C). The main sputtering pa-
rameters are summarized in Table 1.
2.2. Characterization devices

The structural characterization of coatings was performed by
Bragg-Brentano configuration X-ray diffraction (XRD) using a
BRUKER D8 focus diffractometer with a cobalt X-ray tube (CoKa1þa2
radiations l¼ 0.178897 nm) and equipped with a LynxEye linear
detector. Diffractograms were collected under air during 10min in
the 20e80� 2q angle range at a scan rate of 0.1�s�1. Themorphology
of the coatings on brittle fracture cross-section and on their top
surface were observed by a Jeol JSM 7800F Field Emission Gun
Scanning Electron Microscope (FEG-SEM). The chemical composi-
tion was determined by Energy-Dispersive X-ray Spectroscopy
(EDS). The film's thickness was measured by step method with an
Altysurf Profilometer (Altisurf 500) manufactured by Altimet so-
ciety. Before each measurement, the calibration of the experi-
mental device was realized with a reference sample number
787569 accredited by CETIM organization. DC electrical resistivity,
free carrier concentration and mobility were performed under air
in the temperature range 30e200 �C for the films deposited on
glass slides by means of a homemade system based on the van der
Pauw method. In order to warrant the ohmic behavior of the four
contacts, I-V curves were systematically plotted, and the linear
evolution was checked for all van der Pauw combinations. Two
cycles of measurements were carried out on each sample. The first
cycle started at 30 �C and the sample was heated up to 200 �C with
a ramp of 2 �C min�1 followed by 10min stabilization at 200 �C.
Afterward, the temperature was decreased with the same ramp
down to 30 �C and the second cycle continued with the same
temperature profile as the first cycle. For charge carrier's mobility
and concentration, a magnetic field of 0.8 T was perpendicularly
applied to the sample surface.

Thin Film Analyzer (TFA) designed by Linseis Co. was used to
measure under vacuum all thermoelectric properties on the same
sample and in one measurement run in order to calculate in-plan
ZT value (Supplementary data, Fig. S2). TFA employed the 3u
technique at quasi-steady state conditions for determining the
thermal conductivity. It is also able to get resistivity by a 4-point
van der Pauw method for measurement of electrical transport
properties. Seebeck coefficient of the films was also measured from
the magnitude of an induced thermoelectric voltage in response to
a temperature difference across the films. In TFA, the Seebeck co-
efficient of the film was obtained using the following equation:

S� SPt ¼
�VTh

DT
¼ ð � VHot � VColdÞ

THot � TCold
(3)

where VTh is the thermovoltage (mV), DT the temperature gradient
between the voltage measurement contacts (K) and SPt the Seebeck
coefficient of the platinum contacts (mVK�1).

By plotting the evolution of measured thermovoltage vs. applied
temperature gradient, the slope can be considered as the Seebeck
coefficient. More details of TFA setup are reported by Linseis et al.
) Working Pressure (Pa) Run Duration (min) Draw Distance (DT-S) (mm)

0.41 20 60
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[25].
In order to get a stabilization of the film's properties, all mea-

surements related to thermoelectric properties were carried out in
three cycles consisting of a heating and cooling run in the tem-
perature range from30 �C to 200 �C under vacuum at about 10�4 Pa.
In each cycle of measurement, the sample was heated with a ramp
of 2 �C min�1 and was remained at a given temperature for 2min
(Supplementary data, Fig. S3). Afterward the temperature
decreased with the same ramp down to 30 �C. The second and third
cycles continued with the same temperature profile as the first
cycle. The films electrical conductivity, thermal conductivity and
Seebeck coefficient were recorded for each 10 �C step. After three-
cycles of measurements (heating and cooling cycles) films were
completely educated (Supplementary data, Table S1). To avoid
Fig. 1. Evolution of the Sn atomic concentration in the films measured by Energy-
Dispersive X-ray Spectroscopy (EDS) vs. sputtering power ratio applied to each
target. The red dotted line is a guide for the eye. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. a) XRD patterns of Mg-Sn coatings deposited on glass substrate as a function of th
some confusing data, in this work, only the results collected for the
third cycle of cooling were reported.
3. Results and discussion

Fig. 1 shows the evolution of the atomic concentration of Sn
measured by EDS analyses for each coating deposited on fused
quartz as a function of the power ratio applied to each target (PSn/
PMg) during the sputtering process. Three different zones of each
coating were selected for EDS measurements and the average
concentration was calculated. It can be noted that EDS analyses
show relatively homogenous composition on the entire surface of
deposited thin films (Supplementary data, Fig. S4). These results
show that as the power ratio applied to each target (PSn/PMg) in-
creases, films become Sn-rich following a linear evolution.

Fig. 2 presents the X-ray diffraction patterns of as-deposited
coatings with different atomic concentrations of Sn. The XRD re-
sults indicate that for coatings containing 21� at. % Sn� 25, face-
centered cubic (fcc) Mg2Sn structure coexists with secondary
phase of Mgwith hexagonal close-packed (hcp) structure related to
(002) diffracted peak at 2qz 41�.

For coatings containing 30 at. % up to 33.5 at. % Sn, the hcp Mg
phase vanishes and well-crystallized stable fcc Mg2Sn structure is
obtained. For coatings with 35� at. % Sn� 37.4, measurements of
(211) diffracted signal at 2qz 28.05� confirms the presence of a
metastable orthorhombic Mg2Sn structure in addition to the fcc
Mg2Sn structure. In this range of compositions and because of
orthorhombic and cubic structures coexistence, the Full Width at
Half Maximum (FWHM) of the peaks increases, which corresponds
to films with a poor crystallized state. Samples containing 37.6� at.
% Sn� 38, are crystallized in metastable orthorhombic structure
(jcpds 00-031-0812) with no diffraction peaks related to the fcc
structure. Finally, for coatings with 39.5� at. % Sn� 42.5
e atomic concentration of Sn. Magnification at b) 2q¼ 34�e38� and c) 2q¼ 35�e50� .
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metastable orthorhombic Mg2Sn co-exists with the body centered
tetragonal (bct) Sn phase as shown from the (200) diffracted signal
at 2qz 35.7�.

Since the sample with 36 at. % of Sn presents a mixture of cubic
and orthorhombic structures, this sample was selected and
annealed under vacuum of about 10�4 Pa at different temperatures
for 2 h. Such treatments were performed to understand until which
temperature the coexistence of orthorhombic and cubic structures
could be maintained stable and to determine the limit of Mg2Sn
structure decomposition under vacuum. Fig. 3 shows the XRD
patterns of this film annealed up to 600 �C. Until 300 �C, the cubic
Mg2Sn structure coexists with the (211) diffracted peak related to
the metastable orthorhombic Mg2Sn phase. For temperatures in-
between 350-500 �C, the metastable orthorhombic phase disap-
pears and the well-crystallized stable cubic Mg2Sn structure is
obtained. As this sample has a non-stoichiometric composition (Sn-
rich content) in the temperature above 350 �C, the excess of Sn
begins to release with the appearance of Sn secondary phase ((200)
diffracted signal related to Sn phase is detected at 2qz 37�). For
temperatures higher than 500 �C, the cubic Mg2Sn structure van-
ishes (decomposition of Mg2Sn phase leading to Mg and Sn for-
mation). The (200) diffracted signal related to Sn phase (jcpds 03-
065-0296) coexists with (100) and (110) diffracted peaks of Mg
related to hcp and bcc phases, respectively.

Top surface morphology observations by SEM of thin films
deposited on glass substrate are shown in Fig. 4. As-deposited Mg-
Sn coatingswith Sn content of 21 at. % up to 42.5 at. % were selected.
It is evident that all as-deposited films perfectly cover the surface of
the substrate and no cracks and delaminationwere detected on top
surface of the films. The films with 21 at. % Sn up to 33.5 at. % Sn
Fig. 3. X-ray diffraction patterns of the film with 36 at. % Sn deposited on glass substr
reveal a granular morphology with a lateral grain size ranging from
130 nm (film with 21 at. % Sn) to about 70 nm (film with 33.5 at. %
Sn). It can be observed in Fig. 4 that the separated granular
morphology becomes more compact with a lower porosity while
Sn content increases. Films obtained with a higher concentration of
Sn (35� at. % Sn� 38) present a cone-like shape microstructure.
Looking at the morphology of the films with 38 at. % Sn, smooth
surface with cone-like shape microstructures co-exist, especially
for this sample. Finally, the film morphology returns to granular
form with rising of Sn content to about 42.5 at. %. As a result,
increasing Sn content in the film as the structure changes from
cubic to orthorhombic, the granular morphology becomes more
and more compact. For the films with a mixture of cubic and
orthorhombic structures (35e36 at. % Sn), cone-like morphologies
are observed while in the case of the film with Sn� 38 at.% (well-
crystallized in orthorhombic structure), the morphology becomes
completely compact.

Fig. 5 reveals brittle fracture cross section observations of the
films as a function of the Sn atomic concentration. It can be seen
that coatings containing 21� at. % Sn� 25 present a porous gran-
ular aspect compared to other samples. By increasing the atomic
concentration of Sn until 30e35 at. %, the morphology changes to
slight columnar and becomes denser. The coating with 36 at. % Sn
exhibits a relatively dense columnar morphology with submicron
in-plan featured sizes. The coatings containing 38� at. % Sn� 42.5
show a completely dense and compact morphology. No cracks are
detected and a good adhesion between coating and substrate is
observed. It is well known that, regarding to high energy of sput-
tered atoms, adhesion of the films deposited by sputtering is much
better than those obtained with other deposition methods, e.g. by
ate and post annealed under vacuum (10�4 Pa) for 2 h at different temperatures.



Fig. 4. SEM micrographs of as-deposited Mg-Sn films on glass substrate: Top surface images vs. composition.

Fig. 5. SEM cross section micrographs vs. composition of Mg-Sn thin films deposited on glass substrate.
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thermal evaporation [7]. The thickness of the films measured by
SEM is relatively homogeneous with an average of about 1 mm. This
value is in good agreement with those measured by profilometry.

Fig. 6 shows the top surface observation (a) and X-ray mapping
(b) of the film with 36 at. % Sn deposited on a glass substrate after
2 h annealing at 600 �C under vacuum (10�4 Pa). It is noticeable that
the film morphology completely changed. Sn atoms segregated
fromMg2Sn layer and an entirely film decomposition happened. As
confirmed by X-raymapping image heterogeneous Sn andMg areas
are formed. This result is in good agreement with XRD patterns of
this sample after an annealing at the temperature above 500 �C
(Fig. 3).

Fig. 7 shows the electronic transport properties of Mg-Sn thin
films vs. temperature measured under air. Fig. 7a illustrates the
dependency of DC electrical resistivity of the films with Sn content
of 33.5 at. % up to 42.5 at. % as a function of the temperature. As
shown for the filmswith 33.5 at. % Sn, which arewell-crystallized in
fcc Mg2Sn structure, the electrical resistivity decreases as the
temperature rises. It is well known that the electrical resistivity of
semiconductor materials decreases with increasing temperature
[26]. For the films with 35� at. % Sn� 37.6, where the crystal
structure changes from cubic to orthorhombic structure, the vari-
ation of electrical resistivity becomes quite constant as a function of
the temperature. For the coatings containing 39.5� at. % Sn� 42.5
with the orthorhombic structure and presence of Sn secondary
phase, the electrical resistivity is enhanced by the temperature, that
is associated to a metallic-like behavior. It is related to the excess of
Sn atoms. It is important to note that, especially for the sample with
36 at. % Sn, the electrical resistivity remains relatively constant vs.
temperature (between 30 �C and 200 �C) with a value of about
2.31� 10�5Um.

The variation of carrier concentration vs. temperature for the
film with different Sn concentrations is shown in Fig. 7b. It is
important to highlight that the film carrier concentration increases
with Sn content in the films. Liu et al. [27] reported the influence of
intrinsic point defects on electronic transport properties of Mg2X
(X¼ Si, Ge, Sn) systems. They showed that Mg vacancies and
interstitial Mg are assumed to be the main defects in Mg2X com-
pounds according to their relatively low formation energies. Mg
vacancies and interstitial Mg behave as acceptor and donor sites,
respectively. We suppose that the increase of carrier concentration
in Mg2Sn films, while Sn content rises, can be explained by the
formation of Mg vacancies. The carrier concentration for all coat-
ings is enhanced by increasing the temperature and reaches the
highest values (more than 1027m�3) for the films containing
42.5 at. % Sn (order of magnitude of carrier concentrations in
metals).

Fig. 7c shows the variation of carrier mobility of the films vs.
temperature. The carrier mobility of all films decreases while the
temperature rises. The carrier mobility is relatively low for the films
adopting theMg2Sn cubic structure (33.5 at. % Sn). As the formation
of metastable orthorhombic Mg2Sn begins, carrier mobility in-
creases (35� at. % Sn� 37.6) and the highest carrier mobility is
obtained for the single phase orthorhombic Mg2Sn with 37.6 at. %
Sn. Finally, a further increase of the Sn content (�39.5 at. %) leads to
a drastic decrease of the film carrier mobility. It is assigned to the



Fig. 7. Electronic transport properties of MgSn thin films measured by Hall Effect under air. a) DC electrical resistivity, b) carrier concentration, c) and carrier mobility vs. tem-
perature, d) carrier mobility vs. carrier concentration.

Fig. 6. (a) Top surface observation and (b) X-ray mapping of the film with 36 at. % Sn deposited on glass substrate after 2 h annealing at 600 �C under vacuum (10�4 Pa).
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presence of secondary Sn phase in these samples as detected by
XRD patterns (Fig. 2).

Fig. 7d reveals the variation of carrier mobility as a function of
the carrier concentration. For all films, this ratio decreases by
increasing the temperature. It is clear that the highest ratios of
carrier mobility to carrier concentration are obtained for the films
exhibiting the orthorhombic structure. With the presence of Sn
secondary phase in the films with at. % Sn� 39.5, this ratio starts to
decrease and the films tend to behave like a metallic compound.

The thermoelectric properties were measured under vacuum
(about 10�4 Pa) at different temperatures using TFA device on
Linseis chips covered byMg-Sn thin films (Fig. 8). The film electrical
conductivity decreases by increasing the atomic concentration of
Sn from 21 to 33.5 at. % (Mg2Sn fcc structure). Then, the films
conductivity enhances while the concentration of Sn increases up
to 42.5 at. % and the crystal structure changes to orthorhombic
Mg2Sn structure (Fig. 8a). Both samples with an excess of Mg or Sn
show the highest values of electrical conductivity (films with
Sn¼ 21 at. % and Sn¼ 42.5 at. %, respectively). An et al. [6] reported
an electrical conductivity close to 104 Sm�1 for bulk Mg2Sn (67:33)
at 50 �C. At the same temperature, the electrical conductivity of
about 2� 104 Sm�1 was obtained in the present work for the film
with 36 at.% Sn.

Fig. 8b shows the variations of Seebeck coefficient vs. temper-
ature. For all coatings, Seebeck coefficient is positive throughout
the measured temperature range. All films are p-type semi-
conductors [28]. The Seebeck coefficient and carrier concentration
are inversely proportional. Therefore, as the carrier concentration
rises, the Seebeck coefficient decreases [9]. With respect to Le-Quoc
et al. [29], the films with lower atomic concentration of Sn, exhibits
lower Seebeck coefficient and higher electrical conductivity. At
room temperature, the Seebeck coefficient varies from 2.1 mVK�1 to
174 mVK�1 for films with different contents of Sn. The value re-
ported for the Seebeck coefficient in bulk Mg2Sn (while the Mg to
Sn atomic ratio is 2:1) is about 120 mVK�1 at 30 �C [5]. The best
Seebeck coefficient obtained in the present work is about
120 mVK�1 at 30 �C for the filmwith 36 at. % Sn. The films containing
secondary phases of Mg or Sn show relatively low Seebeck values



Fig. 8. Thermoelectric properties of the films deposited on Linseis chips and measured by TFA system under vacuum (10�4 Pa) vs. temperature. (a) Electrical conductivity, (b)
Seebeck coefficient, (c) thermal conductivity and (d) figure of merit ZT vs. temperature.
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compared to single phase Mg2Sn films. The coating with 35� at. %
Sn� 36 and containing a mixture of cubic and orthorhombic
structures exhibits the highest Seebeck coefficient (152 mV K�1) at
high temperature. The samplewith cubic structure (at. % Snz 33.5)
present the highest value of Seebeck coefficient (174 mV K�1) at low
temperature and while temperature rises, the coefficient decreases.

Fig. 8c represents the evolution of thermal conductivity of thin
films vs. temperature. It is clear that while eliminating the sec-
ondary phase of Mg and rising Sn concentration, the thermal
conductivity significantly reduces. The highest thermal conductiv-
ity is related to the coating containing 21 at. % Sn (7.9Wm�1 K�1).
The thermal conductivity for coating with 42.5 at. % Sn is more
affected by the variation of temperature. As previously noted, lower
thermal conductivity value can be expected for deposited thin films
with polycrystalline structure compared to the same materials in
bulk form. Chen and Savvides [30] reported a thermal conductivity
of about 5e15Wm�1K�1 for bulk Mg2Sn. The obtained thermal
conductivity of the present work is 1.4Wm�1K�1 for the film with
36 at. % Sn, which is at least 3 times less than bulk Mg2Sn. With
respect to results of SEM morphological observations (Figs. 4 and
5), as the content of Sn in the films increases, a denser
morphology is obtained and it is well known that a denser
morphology leads to a lower thermal conductivity due to phonon
scattering phenomenon [7,18].

Fig. 8 d indicates the variation of figure of merit (ZT) as a
function of the temperature for Mg-Sn thin films.

The samples containing 21 at. % Sn up to 25 at. % Sn show low ZT
values as they behave like metal compounds due to the presence of
Mg secondary phase. By increasing the content of Sn from 30 at. %
to 33.5 at. %, (samples with fcc structure and without secondary
phase of Sn), ZT values slightly enhance but remain relatively stable
vs. temperature. As the crystal structure changes from cubic to
orthorhombic, (35� at. % Sn� 38), the ZT values notably enhance
and as shown in Fig. 8d, ZT increases with temperature. The
maximum ZT value is obtained for thin films containing 36 at. % Sn
with Mg2Sn cubic and orthorhombic mixed crystal structures
(ZTz 0.26 at 200 �C). Choi et al. [8] reported ZT value< 0.025 for
bulk Mg2Sn (67:33) at the same temperature. The ZT slightly de-
creases for the film with 38 at. % Sn (with only the orthorhombic
Mg2Sn structure) and drops in the case of the filmwith 42.5 at. % Sn
(orthorhombic Mg2Sn structure þ Sn secondary phase).
4. Conclusion

Mg-Sn thin films (21� at. % Sn� 42.5) were deposited by
magnetron co-sputtering. The film structure is affected by the Sn
atomic concentration. Thin films containing 21� at. % Sn� 25 have
fcc Mg2Sn structure with a secondary phase of Mg. The latter
vanishes and fcc Mg2Sn structure remains stable in the range of
30� at. % Sn< 33.5. Thin films with 35� at. % Sn� 37.4 exhibit a
mixture of cubic and orthorhombic Mg2Sn phases. Films with 37.6
up to 38 at. % Sn adopt the orthorhombic Mg2Sn structure. For the
coatings containing 39.5� at. % Sn� 42.5, orthorhombic Mg2Sn
structure with secondary phase of Sn co-exist. Thermal stability of
the sample with cubic and orthorhombic mixed phases (thin film
with 36 at. % Sn), was studied under vacuum. Until 300 �C, the
mixed structure remains stable. The orthorhombic phase trans-
forms to cubic while annealing temperature increases from 350 �C
to 500 �C and the secondary phase of Sn begins to form. At tem-
peratures higher than 500 �C, Mg2Sn thin film completely de-
composes into Mg and Sn. With formation of orthorhombic Mg2Sn
structure, ZT value is enhanced compared to that of the film with
cubic Mg2Sn structure. ZT values increase with temperature for
orthorhombic Mg2Sn coatings. The highest values of ZT¼ 0.26 is
obtained at 200 �C while cubic and orthorhombic Mg2Sn phases
(36 at. % Sn) coexist in the films.
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