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ABSTRACT

The Mg,X (X =Si, Ge, Sn) based alloy is an eco-friendly thermoelectric material for mid-temperature applications. The Mg,Si;_,Sn, and
Mg,Ge;_,Sn, alloys can be phase-separated into Si(Ge)- and Sn-rich phases during material synthesis, leading to a nanocomposite with
locally varying electronic band structures. First-principles calculations reveal that the valence band offset is eight-times larger than the con-
duction band offset at the interface between Si- and Sn-rich phases for x = 0.6, showing type I and asymmetric band alignment (0.092 vs
0.013 eV). Using the Boltzmann transport theory and thermionic emission calculations, we show that the large valence band energy discon-
tinuity could allow for energy filtering effects to take place that can potentially increase the power factor substantially in the p-type material
system if designed appropriately.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0285042

I. INTRODUCTION with increasing temperature due to entropy.”” On the other hand,

Mg;,Si-based thermoelectric alloys (Mg,X, X = Si, Ge, Sn, and single phase materials havg fgpeatedly been synthesized within the
their alloys), consisting of non-toxic and earth-abundant elements, predicted miscibility gap. It has been argued that coherent
have garnered much attention owing to their high n-type Z7T in the interfaces formed during synthesis stabilize the material against
mid-temperature range (600-800 K).'” From thermodynamic cal- unmixing and that breaking this coherence can be an experi-
culations and some of the experimental data, there exists a large mentally feasible path to trigger and influence the alloy nano-
composition range where Mg,Si-Mg,Sn (or Mg,Ge-Mg,Sn) alloys structuring.”'" As a result, by adjusting processing conditions
are immiscible, with the extent of this miscibility gap decreasing (e.g., temperature), these alloys can be transformed into Si-rich
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Mg,Si;_,Sn, and Sn-rich Mg,Si;_,Sn, phases due to the miscibility
gap, forming an interface-rich microstructure, which can be an
effective method to generate a complex nanostructure for phonon
scattering, leading to a reduced thermal conductivity.'”

In general, interfaces also control charge transport depending
on the band offset and charge carrier energy (position of the Fermi
level 7;:),"” which often proves beneficial for improving the perfor-
mance of various electrical and optical devices, and solar cells.*~1¢
Similarly, in thermoelectric materials, although the electrical con-
ductivity can suffer, the interfacial energy barriers at the phase
boundaries could play a critical role in thermoelectric transport via
energy filtering'’~** and bipolar transport suppression.”’ > Despite
the current large interest in the bulk Mg,X alloy systems and some
early experimental work probing for energy filtering,”” there are
only limited reports on the band alignment of the Mg,Si-Mg,Sn
alloy system and how that can prove beneficial to its thermoelectric
properties. Hence, the role of interfaces on the electronic transport
in this system is not well understood at present.

In this paper, we report on the theoretical results for the elec-
tronic band energy alignment between phase-separated Mg,Si; _,Sny
alloys and its potential effect on thermoelectric transport (power
factor) across the phase boundaries. From first-principles calcula-
tions, we find an asymmetric band offset with type I band align-
ment between Si- and Sn-rich Mg,(Si,Sn) phases. Using Boltzmann
transport theory and thermionic emission, we show that the phase-
separated alloy system can provide energy filtering and enhanced
power factors (PFs) for the p-type system due to the large valence
band energy discontinuity.

Il. CALCULATION METHOD

We performed first-principles density-functional theory
(DFT)*** calculations for atomic and electronic structures of
Mg,X using projector-augmented wave pseudopotentials’”’' and
generalized-gradient approximation (GGA),” as implemented in the
Vienna Ab initio Simulation Package (VASP) code.’™* We fully
optimized the atomic structure within GGA calculations structures,
while the lattice parameters of the solid-solution supercells were
interpolated using those of the corresponding binary phases. The
mixing energies of Mg,(5i,Sn) solid solutions were calculated com-
pared to ideal binary phases of Mg,Si and Mg,Sn, and the miscibility
gap was predicted with the inclusion of an ideal configuration
entropy. To obtain reliable electronic structures, we also carried out
many-body perturbation theory (MBPT) non-self-consistent GoW,
approximation calculations for bulk Mg,Si, Mg,Ge, and Mg,Sn on
top of the hybrid-DFT.”” For this, we employed the HSE06 func-
tional with the exchange mixing parameter of 35% and screening
parameter of 0.2 A™' (Refs. 35 and 36), hereafter referred to as
HSE-35. The details for band structure calculations can be found in
a previous report.”® Note that spin-orbit interaction (SOI) is
included for all electronic structure calculations.

For the band alignment of Mg,X alloys and related materials,
the reference potential method” ™' was applied on the ideal
16-layer (110) Mg,X surface structures. We extracted the reference
potential of Mg,X surface structures with respect to the vacuum
energy. For simplicity, the strain on bulk and interfaces is
neglected. By aligning the GoW,, corrected bulk band edge energies
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on the DFT surface reference potential,”**' the band edge energies
are aligned with the zero vacuum level. For the ternary alloys,
energies of one valence band and two conduction band minima
were linearly interpolated with composition to predict the
composition-dependent band structure. Around the conduction
band convergence composition, the two conduction bands cross
and then separate again. Considering the character of each band,
we tracked the evolution of each band edge individually and per-
formed interpolations accordingly.

lll. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the atomic structures of the
96-atom supercells for binary Mg,Si and solid-solution
Mg,Sip 50510 4;. The ideal Mg,X compounds have an antifluorite
structure, where the anion X atoms are positioned at the FCC
regular sites and the cation Mg atoms are positioned at the tetrahe-
dral interstitial sites. In this configuration, each X anion atom is
surrounded by eight Mg atoms. We used the optimized lattice
parameters of 6.348, 6.410, and 6.801 A for Mg,Si, Mg,Ge, and
Mg,Sn, as predicted by the previous study.’® We modeled the solid
solution of ternary Mg,(Si;_,Sny) by assuming a random substitu-
tion of Si and Sn atoms at the X sites, with the lattice parameter
linearly interpolated between those of Mg,Si and Mg,Sn. After
structural relaxation, the positions of Mg, Si, and Sn elements were
displaced from the ideal positions.

Figure 1(c) quantifies the structural disorder in solid-solution
models using the root-mean-square (RMS) displacement, defined
as the atomic position displacement from their ideal lattice sites
after relaxation. On average, the RMS displacement was smaller
than 0.06 A. Mg exhibits the largest displacement, followed by Si.
Sn atoms show relatively small displacement for composition
X < 0.6, but is comparable to that of Si when x > 0.6.

Figure 2 shows the DFT-based predictions of the thermody-
namic stability and phase diagram of Mg,(Si,Sn). The Mg,Si and
Mg,Sn alloys are immiscible at 0 K, but their alloy becomes misci-
ble at elevated temperatures. A randomly generated supercell struc-
ture of Mg,(Si,Sn) exhibits a positive mixing energy (Emi),
consistent with the immiscibility reported in the phase diagram
and various literature reports.”>** However, when sufficient
thermal energy is available, a solid solution can form. To quantita-
tively analyze the thermodynamic within the DFT framework, we
incorporate an ideal configuration entropy (Sp), assuming an
ideal solid solution. The temperature-dependent mixing free energy
is calculated as

Emix = E[MgZSil—xsnx] - {(1 - X) : E[Mgzsl] +x- E[MgZSl]}’
(1)

Smix (-x)
kg

=2Z(—p;i In(p)) = —xIn(x) — (1 —x)In (1 — x), 2)

1:mix = Emix - Tsmix- (3)
Figure 2(a) shows the calculated mixing energy E, for

Mg, (Si;_xSny) alloys obtained from DFT calculations with respect
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to two end members, Mg,Si and Mg,Sn. E,;; exceeds 40 meV per
formula unit at intermediate compositions, indicating strong
immiscibility at low temperatures. E,,;, and F;, were fitted to a
fourth-degree degree polynomial. Figure 2(b) shows the
temperature-dependent mixing free energy. As temperature
increases, the entropic contribution lowers the free energy, thereby
stabilizing the solid-solution state.

At 700 K, shown in Fig. 2(c), the Fy,;x becomes negative near
the Si-rich (x<0.1) and Sn-rich (x>0.9) ends, suggesting that
phase coexistence of two different compositions is thermodynami-
cally favorable, consistent with a previous work, but with different
compositions.” The double well shape of the free energy curve indi-
cates the possibility of phase separation with intermediate composi-
tions. The binodal points, marked by filled circles, represent the
boundaries of two-phase region and are determined from the
common tangent construction,

OF
0x

_9F
T Ox

X=X1p

(4)

X=X2p

The derivative of the free energy with respect to composition
corresponds to the chemical potential. Thus, the binodal points
represent compositions at which two phases coexist in equilibrium
with equal chemical potentials. The spinodal points, marked by
open stars, correspond to inflection points of the free energy curve,
where the second derivative vanishes,

O0*F

ox2

_OF
w 0%

=0. (5)

X5

When the curvature of the free energy (the second derivative)
is positive, the system is locally stable against small perturbations in |
the composition. However, inside the spinodal region, where the ¢
curvature becomes negative, the system is unstable with respect to
such compositional fluctuations, and spinodal decomposition
occurs. Figure 2(d) summarizes the temperature-dependent phase
diagram with binodal and spinodal boundaries. The binodal gap is
wider than the spinodal gap. For instance, at 1200 K, a two-phase
region exists between Si-rich Mg,SipeSngs and  Sn-rich
Mg,Sip4Snge. As temperature decreases, the miscibility gap widens.
Below 400K, the two binaries are nearly completely immiscible.
Although the spinodal decomposition gap is relatively large, the
second derivative of free energy remains nearly constant over a
wide composition range. This implies that small compositional
fluctuations within the spinodal region do not significantly lower
the free energy, supporting the likelihood of a de-mixed two-phase
state in Mg-Si-Sn alloys.

T T T T T T Table I summarizes the bandgap values for the Mg,Si, Mg,Ge,
00 02 04 06 08 1.0 and Mg,Sn obtained from various calculation methods and experi-
composition x for Mgz(Siy - xSny) mental measurement techniques. Within density-functional
theory-Perdew-Burke-Ernzerhof (DFT-PBE), these binary com-

FIG. 1. Atomic structure and displacement behavior of the Mg,Sis_,Sny pounds have bandgaps smaller than 0.2 eV, indicating a narrow
solid-solution model. Supercell models of (a) MgesSis, representing for binary bandgap semiconductor. When more advanced calculation
Mg,Si and (b) MgesSiigSnss representing for Mg,SioseSng 41 solid solution. methods such as hybrid-DFT or GW many-body approaches are

(c) Calculated root-mean-square displacement of Mg, Si, and Sn atoms vs com- 36,43,44
position x in Mg,Si1_,Sn,, along with the average displacement. employ?d’ .the Calculatedgfgdgaps show much better agree-
ment with experimental values.™
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FIG. 2. DFT-based prediction of the thermodynamic stability and phase diagram of Mg,Sis_,Sn, alloy systems. (a) Ex and (b) temperature-dependent F,x curves with a
fourth-degree polynomial fit. (c) Free energy at 700 K with binodal points from the convex hull and spinodal points from inflection points. (d) Calculated phase diagram

showing binodal and spinodal boundaries over temperature.

Figures 3(a) and 3(b) show the calculated electronic band
alignment for the Mg,Si, Mg,Ge, and Mg,Sn binaries with respect
to the vacuum energy levels. In DFT calculations, the band align-
ment is not reliable due to the well-known bandgap underestima-
tion issue. For Mg,Sn, the DFT bandgap is even negative,
inconsistent with previous observations.***> To overcome this, we
calculated the band alignment using MBPT GyW, calculations,
which provide corrected bandgaps for Mg,X. Finally, a type I band
alignment, where both the conduction and valence band edges of
one component lie within the bandgap of the other, is obtained.

The alignment is also asymmetric due to the different offsets at the
conduction and valence band edges, as shown in Fig. 3(b). The
conduction band offset (CBO) is smaller than the valence band
offset (VBO). In the MBPT G,W,, calculations, the corrected CBM
energy of Mg,Si (Mg,Ge) was calculated to be 0.13 eV (0.10eV),
and the VBM of Mg,Si (Mg,Ge) was calculated to be —0.46 eV
(—0.42 eV) with respect to the CBM (VBM) of Mg,Sn, respectively.

Figure 3(c) shows the electronic band alignment for
Mg,Si;_Sn, ternaries and related materials. For the Si- and
Sn-rich phases of Mg,(Si,Sn), we consider the Mg,SipSng4 and
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TABLE I. Summary of bandgap values for Mg,Si, Mg,Ge, and Mg,Sn compounds obtained from different theoretical approaches (DFT, hybrid functionals, GW) and experi-
mental techniques (optical absorption and transport measurements).

Bandgap (eV)

Method, Reference Mg,Si Mg,Ge Mg,Sn
Theory PBE with SOI (calculated lattice), this work and Ref. 36 0.191 0.090 —0.346
HSE-25 (calculated lattice), this work and Ref. 36 0.568 0.523 0.146
HSE-25 (experimental lattice)*’ 0.570 0.145
HSE-35 with SOI (calculated lattice), this work and Ref. 36 0.715 0.617 —0.030
GyW, on top of HSE-25 with SOI (calculated lattice) ™ 0.763 0.690 0.077
GoWy on top of HSE-30 with SOI (calculated lattice)*® 0.798 0.724 0.177
GoWy on top of HSE-35 with SOC (calculated lattice), this work and Ref. 36 0.835 0.759 0.244
GW +so1* 0.728 0.555 0.142
Experiment Optical, absorption coeff. ** 0.623 0.595
Logarithmic plot of electrical resistivity™® 0.71 0.54
Infrared absorption, T-dep”’ 0.57
Infrared absorption, T-dep*’ 0.22-0.30

Mg,Sij 4Sng ¢ compositions. These compositions correspond to the
binodal points at 1200 K, where phase separation into Si-rich and
Sn-rich domains is thermodynamically favorable according to the
calculated phase diagram. It is worth noting that we interpolated
the conduction band energies of the X; and X; states in binary
Mg,Si and Mg,Sn and obtained the CBM energy of the solid-
solution states by considering the band crossing between X; and X;
in Mg,(Si,Sn) alloys. From the MBPT GyW,, calculations, the CBO
at the interface between Sn-rich Mg,Sip4Sngs and Si-rich
Mg,Sip6Sng4 phases is relatively small (0.013 eV), whereas the
VBO is larger (0.092 eV). We also compare the relative band align-
ment between Mg,X and related elemental materials: Mg,Si, Si-rich
Mg,(Si,Sn), Sn-rich Mg,(Si,Sn), Mg,Sn, metallic Mg, semiconduct-
ing Si and Ge in the diamond structure, and metallic Sn. For the
metallic elements, we used their experimental work functions:
3.68¢eV for Mg and 4.42eV for Sn."' For the semiconducting
element phases, we use the reported band alignment values: 3.7 eV
for n-type Si and 3.5 eV for n-type Ge."” Interestingly, we also find
an asymmetric behavior between Mg,X and X elements. Other
than for Sn, the CBMs and Fermi level of metals are more aligned,
compared to their VBMs.

In Mg,(Si,Sn) alloys, the conduction band convergence of the
X1 and X3 CBM states is known to be the origin of the high power
factor in the n-type system.”*® Furthermore, the significant change
in the valence band edge energies between the Mg,X based binary
and ternary alloys could suggest an additional mechanism for
enhanced thermoelectric performance in the phase-separated
p-type Mg,Si-Mg,Sn alloys. The band offset magnitudes of Si- and
Sn-rich phases are large enough to be able to act as barriers for
carrier energy filtering in the case of p-type transport.””

To provide a first-order upper level estimate of the power
factor improvement that filtering can allow in the phase-separated
Mg, Sij 4Sn4 ¢/Mg,Sip6Sng 4 alloy system compared to the single
phase Mg,Sij4Sng ¢ (the one with the lowest bandgap, which will
act as the base material reference), we performed transport calcula-
tions based on the Boltzmann transport equation (BTE). To

simplify the transport treatment, we assume that it is dominated by
elastic, isotropic scattering mechanisms (like acoustic-phonon scat-
tering' "), which allows the use of simplified expressions for the
scattering rates. In the BTE, the transport coefficients are given by

o =R, ©® _
=
o
kg R g
= %W’ (7) %
BT o [RYP S
Ke = ? R - R(O) > (8) g
where
o o E—E\°
R@ — ZJ dE | — = | G(E , 9
Dy o) O\ Tt ©)

with the energy-dependent transport distribution function defined as

G(E) = 7,(E) v*(E)3(E). (10)

Above 74(E) is the relaxation time, v(E) is the carrier velocity,
and g(E) is the density of states of the material. For simplicity,
we assume parabolic effective mass bands with a global
m* = 0.5my in all instances. We also assumed a constant (in
energy) mean-free-path (MFP), ie., mfp = 7,(E) v(E) = 10 nm,
which infers acoustic-phonon-scattering-limited transport (without
loss in generality here). Here, the used mfp value (10 nm) is com-
parable to those typically observed in phonon-limited transport
regimes of conventional semiconductors. We do not have precise
information on the mfp of the Mg,(Si,Sn) alloys, nor do we explic-
itely account for phonon scattering mechanisms such as ionized
impurity scattering, boundary scattering, or alloy disorder
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FIG. 3. Electronic band alignment for Mg,X (X = Si, Ge, Sn) obtained using (a) the DFT-PBE calculations with SOI and (b) the MBPT GyW calculations on top of HSE35
with SOI calculations. In (c), the band edge positions of Mg,X-related ternary alloys are shown and compared with the related elements. For alignment, the vacuum

energy level is set to zero.

scattering mechanisms. Thus, our results should only provide qual-
itative estimates, rather than quantitative predictions, but still they
will point toward an upper limit PF improvement estimation (at

conductivity and Seebeck coefficient in a two-phase material are
given by

first order). Vet ViV,
In order to cover the different length scales that the two differ- i g 630
ent phases can have and how these will affect the TE performance, ot ! ?
we assume two situations: (i) the individual phase domains are
large regions, much larger compared to the characteristic lengths of St = SiVit SV, (12)
Vi+Vv,

electron momentum and energy relaxation. In this case, the charge
carriers are in equilibrium in each region, and a series resistance
model can be employed. At the first order, the electronic

where the total is given by combinations of the individual phase
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components, weighted by the volume of the different phases 2
(which in this case we assume for them to be equal). ( a)
In the second scenario, we assume that the individual phase
regions are small, to enable non-equilibrium transport and enable ’E‘
an effective energy filtering design mechanism as described in our
previous works.”'”? In this case, we assume that the barrier regions Q
are narrow enough to enable thermionic emission without the coo
carrier energies relaxing on the barriers, while the wells are of the e
order of the energy relaxation length of the carriers such that they 0.5
do not relax their energy in the wells. In this case, high energy ’
(hot), high velocity, and high mobility carriers are injected from

the barriers over the wells, while the low energy, cold carriers are 0
blocked. The latter increases the Seebeck coefficient, which is 2
retained high in both the barriers and wells, as carriers do not relax b
their energy in the wells. The former allows for retained conductiv- ( )
ity (despite the presence of the barriers), because the thermionically 1

emitted carriers are of high velocity and mobility. In the presence —
of a potential barrier, as is the case at the interfaces between dis- ¥
similar materials, in which case potential barriers of height Vy are E 0
formed for carriers, it is customary to impose thermionic emission —
above the barriers, under which the conductivity is given by (7p)

-1
o(E) =0for E < Vj, (13)
-2
o(E) = 0oT,(E) for E > Vp, (14) 15
where o(E) and o0y(E) are the carrier band energy-dependent (C) _;lngle phascle . R
L . . . . . — -phase resistive o
conductivity with and without potential barriers, respectively, and N —2-phase filterin g
T,(E) is the transmission of the charge energy state E (here for x 10 9 3
simplicity, we assume T,(E) = 1). In this case, transport over the § 2
barriers provides energy filtering, which increases the Seebeck coef- = 5
ficient composite. e 38
Thus, we examine two cases: (i) the relative performance of the N'_' 5 g
two-phase system if the phases are large enough such that transport 7p}
in each phase is resistive and (ii) the relative performance of the ©
p-type system in the presence of energy filtering. This is done in a
single way by shifting the Fermi level from the conduction band to 0
the valence band and computing the transport properties. Here, the -0.5 0 0.5
transport properties of the electron and hole carriers are computed i [eV]
separately and then combined as described in Ref. 26. F
Figure 4 shows the TE coefficients (conductivity o, Seebeck
coefficient S, and power factor 6S?) vs the position of the Fermi ::t:;sSe :t;elrecrg]ecgcl:?grﬁicangoﬁgde:ﬁer fa;cto::)o\(/)sKt.he (az) sihE)lr?C:)r;C?rLe gg?il:clt:\l/g
level 7 for 'three fhfferent cases: (i) the single phas'e Mg2819:48n0,6 Three different cases are shown: in) the single phase IEJ/IQZSiOASno_e system (black
system, which will act as a reference (black lines), (if) the jnes) which acts as a reference, (i) the two-phase Mg;SipsSioe/ Mg:SiosSnos
Mg,Sio.45n0,6-Mg;Si0.65n0.4 two-phase system under resistive trans- system (blue lines) but under resistive transport conditions (where we assume
port conditions, assuming that the individual phases are large equal size phases), and (iii) the two-phase MgySio 4Sng 6/Mg2SigeSno4 System with
enough such that charge carriers relax their energies in the bands the Mg,SiosSno4 acting as the filtering barrier (red lines). The midgap energy of
of the phase and are in near-equilibrium conditions (blue lines), Mg2Sip4Snge is set to zero.. Elastic agoustic—phonqn-limited conditions are consid-
and (iii) the Mg,Sio4Snos—MgsSioSnos two-phase system, the ?hred only. Thus, the results intend to illustrate relative performance changes rather
. : . . an absolute performance levels.
larger-gap phase Mg,Sip¢Sng4 acting as the filtering barrier for
holes—a 0.092 eV barrier is formed in the VB and 0.013 eV in the
CB (red lines)—in this case, we assume that the phases are short semiconductors. All simulations here are performed at a room tem-
enough such that charge carriers do not fully relax in the wells or perature of T=300K. We then observed whether the phase-
the barriers, having non-equilibrium transport features, such that separated alloy system has the ability to improve the PF, in addition
the band discontinuities can act effectively as filtering barriers. This to the expected reduction in its thermal conductivity (not examined
can be typically between 30nm up to 100nm in common here).
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The conductivity of the three material cases examined has a
very similar trend, with the only difference being the onset of the
conductivity in the valence band, as modified by the band edge dis-
continuity [see Fig. 4(a)]. The small differences in the conduction
band make the systems behave identically. In the valence band, a
sharper slope is acquired by the filtering system (red line), a typical
feature of thermionic emission.””” In Fig. 4(b), the Seebeck coeffi-
cients of the two-phase systems are shifted toward the left in the
valence band, a signature of increased resistance for the resistive
system, and energy filtering for the filtering system. The increase in
the Seebeck coefficient in regions of steep conductivity slope (red
line) provides a large power factor increase as observed in Fig. 4(c).
In this case, the PF can double, but this is an upper limit of what
can be achieved. In practice, the well/barrier geometry needs to be
properly designed in order to retain this value,””** but in this
work, we do not go into those details; we only want to demonstrate
that the system at hand (Mg,Sn/Mg,Si-based phase-separated alloy
system) could have potential for higher p-type PFs once designed
appropriately to take advantage of energy filtering. Also note that
the absolute values for the conductivity and the PF would be over-
estimated, since we have not included the effect of ionized impurity
scattering when we shift the Fermi level into degenerate conditions,
and we omit other scattering mechanisms such as optical and polar
phonon scattering. Nevertheless, these will be common for all
systems, such as the relative performance increase would still be a
valid indication of the system behavior.

On the other hand, the resistive system (blue line) has lower
PF performance for holes due to the reduction in the conductivity
of the higher bandgap phase, and the fact that the regions are
assumed large enough such that thermionic emission is absent, and
the material reduced to a series resistance system. Here, we are
mostly interested in the p-type system; however, the large band dis-
continuity in the VB and its reduced transport under resistive con-
ditions could also lead to reduced electronic thermal conductivity
and bipolar transport at high operating temperatures when the
n-type polarity is considered, beyond the reduction in the lattice
thermal conductivity, both of which are beneficial for larger ZT
(although our calculations for this particular system indicate that
the benefits are only marginal due to the relatively large bandgap of
0.61¢€V).

Since electronic conduction in the p-type system is degraded
by the Mg,Si barrier, for such phase-separated samples, this asym-
metric band alignment can be responsible for the experimentally
observed low mobility, in addition to the larger valence band mass
in p-type alloys.”*” In that case, it is suggested that the material is
doped to highly degenerate p-type conditions such that the Fermi
level is pushed into the valence bands closer to the barrier heights
formed at the interfaces, and in that case, power factor improve-
ments are possible by taking advantage of filtering effects and high
carrier velocities, a design strategy described in detail in Refs. 53
and 56. At the same time, our results also suggest that the asym-
metric transport behavior plays a crucial role in metallic or semi-
metallic thermoelectrics, consistent with earlier reports. If the
system is heavily degenerately doped (deep Fermi level inside a
conduction or valence band), the system will be highly metallic, but
will still show a high power factor, an unconventional feature com-
pared semiconducting thermoelectrics. As explained in Ref. 57

ARTICLE pubs.aip.org/aip/jap

transport asymmetry is what dictates larger Seebeck coefficients,
and these can be achieved even under metallic conditions.””
Meanwhile, p-type doping is challenging for this alloy.”
Nevertheless, if such p-doping strategies can be successfully imple-
mented such as using Li impurity doping,””*” they may enable an
enhanced power factor through energy filtering and high carrier
velocities.

IV. CONCLUSION

In summary, we report on the asymmetric electronic band
alignments in Mg,X (X =Si, Ge, Sn) and their alloys. Owing to the
immiscible nature, the Mg,(Si,Sn) based alloys can be decomposed
into Si- and Sn-rich phases at lower temperature range:
Mg,Sip SN 4—Mg,Sip 4Sng 6. In p-type alloys, the large valence band
offset, which can act as a barrier, could be designed to provide
energy filtering capabilities that could ideally provide large power
factor improvements.
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