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ABSTRACT

In this work, we present the influence of Ga doping in Mg,Sn thin epitaxial films on sapphire (0001) substrates. Our results suggest that
epitaxial nature is essential for achieving high mobility. Furthermore, we found that Ga incorporation influences the carrier concentration
and acts as a phonon-scattering center. The optimal power factor and figure of merit values obtained were 1.49 x 10> W-m™ "K' and 0.08
at 300 K for Mg,Sng 97Gag 3. The values are in the same range as the bulk material of Mg-based II-IV semiconductors, suggesting that the
combination of doping and epitaxial nature in thin films can be a promising route for miniaturization of thermoelectric devices based on
Mg-based materials.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0074707

Thermoelectricity is a promising alternative for power generation
because of its ability to convert waste heat into electricity via the
Seebeck effect. ™ The efficiency of the thermoelectric generators
(TEGsS) is determined by the balance between electrical and thermal
properties. This balance is evaluated by the dimensionless figure of
merit, ZT = «°6'T/k, where o, o, T, and k are the Seebeck coefficient,
electrical conductivity, absolute temperature, and thermal conductivity,
respectively. An efficient thermoelectric material should have a high
power factor (PF= o*¢) and low «. There are conventional trade-off
relations between the individual thermoelectric properties, and effective
strategies are needed for enhancement.”” For higher device perfor-
mance, both n-type and p-type legs and high ZT are required.

In the past years, Mg-based II-IV semiconductors with a narrow
bandgap (~0.7 eV in the case of Mg,Si and Mg,Ge and ~0.3 eV for
Mg,Sn) and their solid solutions (Mg,Sn;_,Si,, Mg,Sn; Ge,, and
Mg,Si; _xGey) have been studied as promising low-cost alternatives for
thermoelectric applications.”'” An effective approach to improve the
thermoelectric properties of Mg-based II-IV semiconductors is the
combination of single crystals and doping."''® In polycrystals, there
exist many grain boundaries of large crystallographic angle difference,
which can act not only as scatterers of carriers but also as trapping
sites. Additionally, they can make interface energy levels that can cause

band bending through the pinning effect. On the contrary, single crys-
tals have a large grain size and free from such disturbances, to improve
the mobility and, consequently, the conductivity.

Doping influences all the parameters of the ZT. In the PF, doping
acts to optimize the carrier concentration by improving the conductivity
and shifting the maximum peak of the Seebeck coefficient from the
bipolar effect.”” In thermal conductivity, doping can act as a phonon-
point defect scattering center, reducing the thermal lattice contribution.
However, for all the effects to occur simultaneously, some criteria in the
choice of doping must be considered, such as atomic mass, ionic radii,
position in the periodic table, and formation energy. For instance, in the
case of n-type, the Sb-doped-Mg,Sn single crystal has achieved a ZT of
approximately 1 at 650 K."” The high performance is a consequence of
efficient Sb doping because of the negative formation energy in the Sn
site,'® and the difference in ionic radius between Sn and Sb is small,
which facilitates the incorporation'” and belongs to group 15 in periodic
table that has one more valence electron. Therefore, the choice of doping
is important toward improving the thermoelectric properties. In addi-
tion, it is essential to find good doping for the p-type material in this sys-
tem, whose performance is still low.

For miniaturizing thermoelectric devices and their application to
the Internet of Things (I0T), thin films are attracting attention and are
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expected to be a promising component at room temperatures.

However, Mg-based II-IV semiconductor thin film fabrication is chal-
lenging owing to the difference in the melting point of Mg, Sn, Si, and
Sn.”>* In addition, the high Mg vapor pressure requires fabrication in
an Mg-rich regime to avoid the formation of secondary phases.”**” If
we consider that the epitaxial film has a behavior similar to that of a
single crystal, a promising approach is the combination of doping and
epitaxy. However, reports on doping are limited to polycrystalline thin
films.”*”” Typically, the reported PF is one order lower than that of
bulk materials.

We have recently reported Mg,Sn; ,Ge, epitaxial thin films by
molecular beam epitaxy (MBE). The optimal PF value was 0.27 x 102
W-m~VK™! at 300 K.” In this Letter, we report the combination of
doping and epitaxy to improve the thermoelectric properties of Mg,Sn
thin films. Herein, Ga was chosen as a dopant based on the following
criteria: (i) in a Mg-rich regime, the formation energy is negative at the
Sn site,"® which facilitates the incorporation of doping into the thin
film, (ii) its position in the periodic table suggests the appropriate dop-
ing type in relation to Sn. In our case, we wanted to form a p-type dop-
ant. We chose the Sn site as the dopant because of the high vapor
pressure of Mg, (iii) the difference in atomic mass between Sn and the
dopant for the formation of a mass-point defect center, and (iv) the
ionic radius must be close to Sn to maintain the epitaxy in our thin
film. The combination of these criteria was responsible for the high PF
in the thin film.

The Mg,Sn; _,Ga, (0 < x<0.1) films were grown on sapphire
(0001) substrates (Shinkosha, ¢ =50.8 0.3 and thicknesses of
0.43 = 0.05 mm) using an MBE system (Eiko, EV-500) under vacuum
conditions of 10 °~10~7 Pa. The substrates were cleaned ultrasonically
in acetone and subsequently heated at 1000°C for 1h in the MBE
chamber before film growth. Elemental magnesium (99.95%, Furuuchi
Chemical), tin (99.999%, Furuuchi Chemical), and gallium (99.999%,
Nilaco) metals were evaporated using a conventional effusion cell at
380-480 °C for Mg, 1120-1180 °C for Sn, and 750-850 °C for Ga in a
crucible of pyrolytic boron nitride (PBN). The relationship between
the evaporation rate and cell temperature was determined using a
retractable quartz crystal microbalance (QCM) thickness monitor (Q-
pod, Inficon), located at the substrate position (Table SI and Fig. S1,
in the supplementary material). The nominal composition was calcu-
lated from the evaporation rate. The uncertainties were obtained from
standard deviation of several measurements. Based on our previous
study, we fixed the substrate temperature at 400 °C.”* The film surface
crystallinity can be observed in situ using reflection high-energy elec-
tron diffraction (RHEED), with a 15-keV electron beam, as shown in
Fig. S2 in the supplementary material. The details of the experimental
conditions and growth conditions process are described in the supple-
mentary material.

Figure 1(a) shows the x-ray diffraction (XRD) pattern evolution
with the Ga concentration in the Mg,Sn thin films. All the samples
exhibit just strong Mg,Sn (hkl) peaks (h =k == 1-3), which can be
indexed to a cubic antifluorite crystal structure with the group space
Fm-3m (ICSD #151368). In addition, the peaks (0006) and (00012)
from the Al,Os substrate were observed, which can be indexed to a
corundum trigonal with the group space R-3¢ (ICSD #93096). The XRD
and RHEED (Fig. S2 in the supplementary material) patterns have
similar behavior of our previous report, suggesting that the epitaxy rela-
tionship s (111)y g, [1(0001) 6, and [112]ygsnll [10T0L4,0,."
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FIG. 1. (a) XRD patterns of the Mg,Sn,_,Ga, thin films recorded at room tempera-
ture. (b) The peaks shift on Mg,Sn (111) and (c) the evolution of lattices parameters
with Ga concentration.

Figure 1(b) shows the peak shift at Mg,Sn;_,Ga, (111), indicating a
reduction in the lattice parameters, suggesting the substitution of Ga in
the Sn site. In addition, no change in the shape was observed, suggesting
a small difference in the d-spacing inside the material; consequently, the
stress was small. These two facts are a consequence of the two criteria:
the negative energy of formation of Ga in the Sn site and the crystal
radius of Ga (61 pm) being smaller than that of Sn (69 pm). 1 We evalu-
ated the lattice parameters evolution with Ga concentration as shown in
Fig. 1(c).

Figure 2 shows the surface evolution with doping, as measured
by scanning electron microscopy (SEM) and energy dispersive x-ray
spectroscopy (EDX) mapping (inset). Figure 2(a) shows a flat surface
of undoped Mg,Sn. As Ga was incorporated, the formation of Ga
droplets was observed, as shown in Figs. 2(b) and 2(c). It is likely that
the increase in the rate of Ga promotes the formation of droplets that
precipitate on the surface. Droplet formation has already been
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FIG. 2. SEM images and EDX mapping for Ga K, (inset): (a) Mg,Sn, (b)
Mg2Sn0.95Gao 05, and (c) MgSno.g3Gag o7-

reported in the studied for quantum structures in GaAs and Si.”**” As
the Ga rate increased, the droplets increased. From rough estimation
of the droplets diameter (50-200 nm) and their density for the 7 at. %
doped sample [Fig. 2(c)], the total amount in the droplets is calculated
at less than 0.4 at. %.

Irrespective of Ga contents, thermoelectric properties of
Mg,Sn, ,Ga, thin films are not greatly influenced by Ga droplets
because the total amount volume of Ga droplets is sufficiently
small, and most Ga atoms are located inside of thin films. However,
the Ga droplet could induce the formation of a non-epitaxial
Mg,Sn orientation as was observed in RHEED in Fig. S2 and in log

scitation.org/journal/apl

scale of XRD for highly doped samples in Fig. S3 in the supplemen-
tary material.

Thus far, we have explored the effect of Ga incorporation on the
microstructure of our thin films. We found that Ga incorporation
degrades the epitaxy for our film by the formation of Ga droplets. The
reduction in epitaxy and formation of Ga droplets suggest a reduction
in the mobility and an increase in carrier concentration. Figure 3
shows the dependence of x on the mobility (x) and carrier concentra-
tion (p) measured at 300 and 180 K. The mobility reaches a peak at
around x = 0.03 and shows a reduction, as shown in Fig. 3(a). The first
increase can be understood as a change from the intrinsic regime to
the extrinsic regime with Ga incorporation. Mg,Sn has a narrow
bandgap approximately 0.3 eV.” Therefore, the transition between the
intrinsic and extrinsic regimes typically occurs at around 200 K.” At
room temperature, we are in the intrinsic regime, that is dominated by
the lattice scattering that reduces the mobility with temperature
(1t ~ T—3/?). However, the incorporation of Ga moves in the extrinsic
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FIG. 3. (a) Mobility and (b) carrier concentration as a function of Ga incorporation.
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regime, and the scattering channel is dominated by the dopant, which
increases the mobility in temperature (i ~ T3/2). The reduction after
x=0.03 can be understood by the degradation of crystallinity due to
the formation of Ga droplets, which probably act as scattering centers.
The change from intrinsic to extrinsic regime can also be observed in
the carrier concentration evolution, as shown in Fig. 3(b). The positive
signal and the systematic increase with x suggest that Ga atoms act as
hole dopants. The replacement of Ga in the Sn site acts as an acceptor
in group 13, decreasing the number of electrons per substitution. In
fact, Tani and Kido showed the preference of Ga for Sn sites in the
case of the Mg-rich regime by first principles calculations.'®

The thermoelectric properties of Mg,Sn; _Ga, films are depicted
in Fig. 4. Figure 4(a) exhibits the dependence ¢ on temperature. The elec-
trical conductivity systematically increased with the increase in Ga con-
tent. The ¢ values increase from 0.4 x 10 to 15 x 10> S-cm™ " at room
temperature, as shown inset of Fig. 4(a). These values are comparable
with those reported for the bulk single crystal,'"'*"" suggesting high
quality of our thin films. In the literature, Mg-based II-IV semiconductor
thin films have been reported to have lower values than the bulk mate-
rial."® The temperature dependence shows three different regimes: (i)
For x < 0.02, semiconductor behavior was observed. (ii) In the range of
0.02 < x<0.05, a transition was observed from metallic at room tem-
perature to semiconductor-like at high temperature. (iii) For x > 0.05, it
exhibited metallic behavior in the full temperature range measured.

The similar three regimes were also found for the Seebeck coeffi-
cient (), as shown in Fig. 4(b). The undoped sample has a transition
from p- to n-type at 400 K and a strong dependence with temperature,
which is due to the small difference between the major and minor car-
rier numbers, that is, the bipolar effect. The same behavior has been
reported for single- crystal bulk materials." """ Similarly, x = 0.02 shows
a strong dependence on temperature dependence. In 0.02 < x < 0.05,
strong p-type behavior was observed without temperature dependence.
For x > 0.05, a weak p-type Seebeck coefficient was observed, with a
slight temperature dependence.

The Ga incorporation systematically shifts from intrinsic to
extrinsic regime behavior by increasing the carrier concentration. In
conductivity, the improvement is a combination of high mobility and
an increase in the carrier concentration. From the XRD data, the
change in the lattice parameters was not strong, suggesting that the Ga
incorporation is insufficient for deformation of the electronic band
structure, but it is enough to form doping states. As the carrier concen-
tration increases, the doping states probably increase too and act as
scattering center close to a valence band. For undoped and x < 0.03,
the density of doping states is small, a small amount of energy could
ionize the impurities states and thermally excite holes and electrons
across the bandgap by the bipolar effect. However, for x > 0.03, the
number of impurity states is large; consequently, the impurity states
become dominant before activation the bipolar effect. Probably, this
bipolar onset shift to higher temperature causes the temperature shift
for the maximum Seebeck coefficient.

A similar behavior was reported by Chen and Savvides in Ag-
doped polycrystalline Mg,Sn.”"** Shi and Kioupakis predicted the
Seebeck coefficient behaviors of Mg,Si, Mg,Ge, and Mg,Sn as a func-
tion of carrier concentration and temperature by a theoretical study
based on the GW-method that includes with spin-orbit coupling,™
Comparing our experimental data with their calculation, our results
were in a good agreement with the calculation, as shown in Fig. S4 in
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FIG. 4. (a) Electrical conductivity, (b) Seebeck coefficient, and (c) power factor as
the function of the temperature of Mg,Sn,_,Ga, (x=0, 0.02, 0.03, 0.05, 0.07,
0.08, and 0.1).

the supplementary material. This suggests that the incorporation of
Ga changes the hole carrier concentration and induces the shift of a
Fermi level and the formation of a dopant level. The doping level will
compete with the bipolar effect and increase the bipolar temperature
onset to a higher temperature.
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Figure 4(c) shows the temperature dependences of PF (¢’0) of
the Mg,Sn; ,Ga, films. The undoped and lightly doped samples
showed a reduction as temperature increase in PF. For 0.03 < x < 0.05,
the PF is almost constant at 1.0 x 10> W-m™"-K ™ ? in all temperature
ranges. For highly doped samples, an increase with temperature was
observed. The PF value was improved by approximately 100 times
with the incorporation of Ga. The maximum value reaches
149 x 10 °W-m K 2 at 300K for Mg>Sny.97Gag s as shown in
inset of Fig. 4(c). This value is comparable to that of the best p-type
Mg-based bulk II-IV semiconductors at room temperature. This is the
highest value reported in the case of Mg,Sn thin films.

Figure 5(a) shows the thermal conductivities of the Mg,Sn; _,Ga,
films, which were measured by a modified picosecond thermoreflec-
tance apparatus.”*” The thermal conductivity values are comparable
with those reported for bulk Mg,Sn.""*'****° The high values can be
attributed to the epitaxial nature of the thin films, which act as single
crystals. The thermal conductivity behaviors can be divided into two
regimes: For x < 0.05 of Mg,Sn;_Gay solid solutions, thermal con-
ductivity slightly decreases with an increase in Ga concentration, sug-
gesting that Ga acts as an effective phonon scatter. For x > 0.05, of a
mixed phase, composed of Ga dropets and Ga-doped Mg,Sn, the
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FIG. 5. (a) Total thermal conductivity at room temperature, (b) ZT as the function of
Ga incorporation.
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thermal conductivity is a mixture of contributions that is difficult to
distinguish.

The total thermal conductivity (k) is sum of electronic (), bipo-
lar (xp), and lattice (o) contributions. The electronic contribution
is Lo'T, where L is the Lorenz number and ¢ is the measured electrical
conductivity as shown in Fig. 4(a). The Lorenz number can be esti-
mated from the Seebeck coefficient (L=1.5 + exp[—|S|/116], S in
uV-K ' and L in 107® Q-W-K ?).”” The accuracy of the estimation
will depend on the band structure of the material and scattering mech-
anism. Kim et al. suggested that the deviation is approximately 20%
for non-single band regimes.3 7 The inset of Fig. 5(a) shows the evolu-
tion of K with x. Although the electronic contribution increases with
Ga incorporation, the total thermal conductivity decreases, indicating
that the bipolar and lattice contributions are dominant.

The bipolar contribution is given by the Peltier heat flows that
occur by the recombination of two types of carriers: K, = [0 0p/(0,
+ ap)] (o, — o,)°T, where o, Ops 0, and o, are the electron and hole
electrical conductivities and Seebeck coefficient.”® In Mg,Sn, the
bandgap reduces with the temperature (Eg=0.30 + BT, f=—3.2
x 10~ *eV/K),” which affect the thermal excitation carrier and the
temperature onset of bipolar transport. In bulk material, the bipolar
effect is avoided by atomic substitution, which increases the
bandgap.”” The behaviors of Seebeck coefficient indicate the strong
bipolar effect in undoped and lightly doped samples, but weak in
heavily doped ones, suggesting that the bipolar contribution could
decrease with an increase in doping concentration.

The lattice contribution can be described by three scattering pro-
cesses: dislocation (t4), Umklapp processes (ty), and point defects
(Tpa). From Matthiessen’s rules, the inverse of the total relaxation time
can be expressed as the sum of the inverse individual contributions
(Troal " =74 "+ 10" + rpdfl). From the Debye model, the total
relaxation time is proportional to the lattice contribution.”" Between
the three scattering processes, the point defect scattering has a clear
relationship with the Ga incorporation. According to the Callaway-
Klemens model,"" which was recently reviewed by Gurunathan
et al,* the mass difference, chemical bonding, and atomic radius are
proportional to the point defect scattering parameter (I'), which
reduces the point defect relaxation time. Consequently, the lattice
combination decreases. Our results of XRD data and Hall effect mea-
surements imply that Ga atoms locate at Sn site. Therefore, Ga will act
as a phonon-defect scattering center and reduces the lattice thermal
conductivity because of the differences of the atomic mass, chemical
bonding, and the modulation effects of chemical bonding induced by
the partial substitution of Ga for Sn site. In addition, a possible
vacancy in the Mg site (Vg) may act as a scattering center. In fact, the
reduction in thermal conductivity induced by point defects in single
crystals of Mg,Sn was reported by Saito et al.'® For a deeper under-
standing, further investigations are required.

The values of ZT at room temperature in Mg,Sn; _,Ga, thin films
are exhibited in Fig. 5(b). The maximum ZT value of 0.08 at room tem-
perature was obtained for Mg,Sng;Gaggs. The result is of the same
order as that in the bulk materials: 0.06 for Na doped-MgZSn,43 0.08 for
Li doped-Mg,Sn,"” and 0.14 for Ag-Mg,Sn,”"” suggesting that doped
epitaxial thin films in Mg-based materials could be a promising way to
achieve high efficiency in small thermoelectric devices.

In conclusion, we fabricated Mg,Sn; _,Ga, epitaxial thin films on
sapphire (0001) substrates by MBE and investigated the influence of
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Ga doping on the structural and thermoelectric properties of the films.
An epitaxially grown thin film is vital to achieve high carrier mobility,
which improves conductivity. The positive carrier concentration
increased with x, suggesting that Ga atoms act as acceptors effectively
doping the Sn sites of the films. Seebeck coefficient behaviors in our
experimental study are in good agreement with theoretical calculations
in the literature. The onset temperature of bipolar behavior was shifted
to higher temperatures in the Seebeck coefficient and electrical con-
ductivity. The combination of both effects resulted in improved PF
values, which were close to those of the best bulk materials. The opti-
mal PF value was o’6=149 x 107> W-m "“K > at 300K for
Mg,Sng.97Gag 3. In the thermal conductivity, Ga doping reduced the
lattice contribution likely from the mass contrast effect. The thermal
conductivity values were higher than those expected for a thin film;
however, they could be further improved by atomic substitution or
point defect engineering.

See the supplementary material for the experimental section
methods; RHEED pattern, log scale XRD, and comparison of theoreti-
cal curves from the literature and our experimental data from Seebeck
coefficient (Fig. S4).
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