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Abstract

It is crucial to reach a sufficiently high carrier concentration in order to optimize the thermoelectric
(TE) material in the development of Mg, X (X = Si, Ge, and Sn)-based TE generators. While
n-type Mg, (S1,5n) has excellent TE properties, p-type shows suboptimal TE performance because
of insufficient carrier concentration, in particular for Mg, Si and Si-rich Mg, (Si,Sn). A systematic
investigation of Li-doped Mg, Si;_,Sn, has been performed as Li, in contrast to other typical
dopants, has a high solubility in the material system and has been shown to yield the highest
reported carrier concentrations. We observe that the carrier concentration increases with Li
content, but the dopant efficiency decreases. With respect to the Si:Sn ratio, we find a clear increase
in maximum achievable carrier concentration and dopant efficiency with increasing Sn content.
The trends can be understood by employing defect formation energies obtained within the
hybrid-density functional theory (DFT) for the binaries. Further, we use a linear interpolation of
the hybrid-DFT results from the binaries to the ternary Mg, (Si,Sn) compositions and a simple
single parabolic band model to predict the maximal achievable carrier concentration for the solid
solutions, providing a simple guideline for experimental work. Finally, we show that the approach
is transferable to other material classes. This work highlights that, besides dopant solubility, the
interplay between intrinsic and extrinsic defects determines the achievable carrier concentration.

1. Introduction

Mg, X (X = Si, Ge, Sn) binaries and their solid solutions are among the most attractive thermoelectric (TE)
materials for TE generators (TEGs) due to the high performance of n-type Mg, (Si, Ge, Sn). This is expressed
by a high figure of merit, zT = 1.3 [1-5], with the TE figure of merit defined as zT = SZT” T, where S is the
Seebeck coefficient, o is the electrical conductivity, & is the thermal conductivity, and T is the absolute
temperature. All TE transport properties are sensitiveto the carrier concentration which needs to be adjusted
to maximize zT. However, p-type Mg, (Si,Sn) shows inferior TE properties to that of the corresponding
n-type materials [6-8], partially due to a less favorable electronic band structure (low valley degeneracy and
no band convergence) and partially due to the limited practically achievable carrier concentration (p), which
is too low to maximize the TE performance. This is definitely true for compositions with Si < 0.5, but might
even be valid for the optimum composition of Mg, Sip4Sng¢ [3, 9]. Thus, it is crucial to reach a sufficiently
high carrier concentration in order to optimize p-type Mg, (Si, Sn) and be able to build high-performing
TEG based on magnesium silicide. This is desirable as employing the same material class for both n- and
p-type could reduce the considerable chemical complexity in the contact development [10] and avoid
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mismatch of the coefficient of thermal expansion between the p- and n-type legs in TEG [11], thus making
p-type Mg, (Si,Sn) a promising candidate for pairing with n-type Mg, (Si,Sn) for TEG application [12].

The maximum carrier concentration (pm,y) is often limited by the solubility of the dopants. In the case of
n-type Mg, X, Bi and Sb are the best known dopants; for these it seems that the dopant solubility and the
dopant efficiency are high enough to reach and exceed the optimum carrier concentration [13—16]. On the
other hand, for p-type Mg, X [6], employing Ag as a dopant has led to the formation of secondary phases
such as MgAg [17-20]; the observed differences in phase constitution highlight that the solubility limit might
interact with coexisting secondary phases. Furthermore, Na and Ga also exhibit low solubilities leading to the
formation of secondary phases [21, 22]. For Li, however, which has led to the highest reported carrier
concentrations [6, 21], the solubility was reported to be high, up to Mg 75Lig 551 [23]. However, it has been
speculated that Li might not only substitute Mg but also go on the interstitial position [24]. This is in
agreement with density functional theory (DFT) calculations on the binaries, indicating a compensation
between Liy, and Lijy, [25, 26].

Hirayama et al [26] reported calculation results on neutral Li defects in Mg, Si using the generalized
gradient approximation (GGA). The result shows that Li goes preferably onto the Mg and interstitial sites as
these have the lowest defect formation energy. As a Li substitutional at a Mg site (Liyg) is an acceptor defect
but Li interstitial (Li;) a donor defect this will generate holes and electrons simultaneously, making it
difficult to achieve high p-type doping in Mg, Si. More recently, Ayachi et al [25] presented defect formation
energies of Li-related defects in Mg,Si and Mg, Sn calculated using hybrid-DFT. Furthermore, Ryu et al
found that the band gap correction is crucial for defect physics and chemistry in these systems [27].
Similarly, previous publications show that Li goes into both sites (Mg and interstitial) even though the
pre-assumptions were different (Hirayama ef al did not consider charged defects) (25, 26].

Here, we summarize experimental results on the dependence of the carrier concentration on the Si:Sn
ratio and Li dopant concentration. All samples have been prepared using the same synthesis method to reach
a high degree of comparability. Charged defect formation energies by hybrid-DFT are used to predict the
maximum achievable carrier concentation for Li-doped Mg,Si and Mg,Sn, and the predictions are compared
with experimental values. We furthermore show that a linear interpolation of the hybrid-DFT results from
the binaries to the ternary Mg,(Si,Sn) compositions, and a relatively simple approach using a single
parabolic band (SPB) model, are well suited to predicting the maximal achievable carrier concentration for
the solid solutions, achieving good agreement with the experimental data. The approach is not restricted to
Mg, (Si,5n); instead, the usefulness of combining defect energy calculations from DFT with a SPB model is
demonstrated also for the PbSe and Mg;Sb; systems.

2. Materials and methods

2.1. Sample preparation and characterization
Li-doped Mg, Si;.,Sn, samples were synthesized using a two-step synthesis method: high energy ball milling
and current-assisted sintering, as described in our previous work [8, 28], without providing Mg excess as is
often done in a melting route. The chosen sintering temperature depends on the composition, varies between
873 K for Mg,Sn and 1073 K for Mg, Si, respectively [8, 28], and is listed together with the measured carrier
concentration in [29]. Note that all samples were found to be single phase and with similar microstructure, as
discussed in 28, 30]. The only exception was Mg, Sn which showed a minor impurity of Sn. For this reason,
a possible influence of the microstructure is largely disregarded in the following. The room temperature Hall
coefficient Ry was determined using an in-house facility with a van der Pauw configuration under a magnetic
field sweep up to a maximum of 0.5 T. The carrier concentration p was estimated using the experimental Ry
assuming a single carrier type; this is a reasonable estimation even for low doped Si-rich samples, as
discussed in [29]. Note that the basic TE transport data of the samples was already published in [8, 28, 29].
The dopant efficiency was calculated from the obtained carrier concentration and the added dopant
concentration under the assumption that each Li atom replaces one Mg atom and provides one free hole
(L= Mw where a is the lattice parameter and 4 is the number of substitution sites for Li in

TR CLi

the conventional cubic unit cell of @®) as given in [28].

2.2. Hybrid-DFT calculations for charged defect formation energies and carrier density
First-principles calculations were conducted to investigate the defect properties of intrinsic and extrinsic
defects in Mg, Si and Mg,Sn based on hybrid-DFT calculations within the HSE hybrid exchange correlation
functional (HSE06) [31], following previous approaches [25, 27].

All the calculations of total energy and charged defect formation energy were performed using a Vienna
Ab Initio Simulation Package code [32, 33]. The hybrid exchange correlation energy function of HSE06 was
used with the exact-exchange mixing parameter of 25% and the screening parameter of 0.208 A~! with the
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GGA parameterized by Perdew, Burke, and Ernzerhof [34]. We have chosen the exact-exchange mixing
parameter of 25% as this has been employed successfully for this and other material systems [31]. We also
note that a different choice influences the defect formation energies only very slightly. Projector-augmented
wave pseudopotentials were used for atomic potentials. The plane-wave energy basis set was employed with
the energy cut-off of 296 eV. Using a higher cut-off energy of 400 eV results in a change of <1 meV for the
defect formation energies (see tables S2 and S4 in SI available online at stacks.iop.org/JPEnergy/
4/035001/mmedia), showing a successful convergence of the calculations.

Mg,Si and Mg,Sn crystallize in the antifluorite structure (Space Group No. 225, Fm3 m) as displayed in
[26, 35]. Mg atoms occupy the 8c site while Si/Sn atoms occupy the 4a site. A defective system was modeled
using a (2 X 2 x 2) cubic supercell with the lattice parameters of 12.7 A and 13.5 A for Mg,Si and Mg,Sn,
respectively. In the supercell, there are 96 atoms consisting of 64 Mg and 32 Si/Sn atoms. The dopant atom is
added, removed, or replaced in the host supercell to generate defective supercells for substitutional, vacancy,
and interstitial defects; e.g. the Li atom substitutes at the Mg site (Mgg3Si3;Li; ). We have also assumed that
defects are isolated and do not interact with each other.

The I'— centered (2 x 2 x 2) k— point mesh was sampled for charge density integration over the
Brillouin zone of the supercell. The atomic positions were fully relaxed until the magnitude of the remining
forces was lower than 0.005 eV A~!. We do not include the spin-orbital interaction (SOI) when computing
total energies, to avoid the huge computational cost.

The charged defect formation energy of a defect D in the charge state g (D7) in Mg, X was calculated
using the following equation [25, 27, 36]:

Eform (EF7 D1, MgQX) = Eiot [Dq} —Ep — Z (,UjAnj) + gEr + Ecorr (1)
j

where E [D9] and E; are the total energies with and without defect in the supercell, j is the atomic species in
the supercell, Ap; is the number change of atomic species in the supercell with respect to the pristine
supercell without defects, and q is an integer number (g = 2+, 1+, 0, 1—, 2—). Ef is the electron Fermi
level. E.,; is the correction term for the charged-defect supercell calculations [37] for which we followed the
Freysoldt—Neugebauer—Van de Walle (FNV) correction method [38]. For the ENV correction, we computed
the dielectric constant using the density-functional perturbation theory and obtained the following values:
12.0 for Mg,Si and 18.9 for Mg,Sn. Here, we have calculated E.,, only for Li-related defects.

The following point defects were considered: Mg vacancy (Vg), X vacancy (V,), Mg interstitial (Mgiy),
X interstitial (Xjn;), X on Mg site (Xyg), and Mg on X site (Mgy), Li on Mg site (Liyg) and Li interstitial
(Liin¢, on the 4b site). The atomic chemical potentials and charged defect formation energies were calculated
under Mg, Si(Mg,Sn)-, Si(Sn)-, and LiSi(LiSn)-rich conditions. As in our case, ji5; = E sj(fc) was used from
FCC Si, while for jipg = 0.5 (EMgzsi — Esi(fcc)). Furthermore, the chemical potential of Li (p;) is calculated
from a LiSi-rich condition where i1; = Er;si — psi- Similarly, for the defects in Mg, Sn, pi1; = Episn — f4sn and
ttsn = Eg_sn were used from 3-Sn.

There are several Li,Si phases. We have used the x = 1 phase due to the experimentally observed
formation [39] and because it has the lowest Li atomic chemical potential among Li,Si.

The the band gap size is crucial for defect properties in semiconductors. Therefore we used hybrid-DFT
calculations to obtain the band gaps of Mg,Si and Mg, Sn. Note that non-hybrid DFT calculations severely
underestimate the corresponding band gaps [40].

We have also calculated the Fermi level at finite temperature as the electrons in materials can be thermally
activated, in this case, at the sintering temperature (Tginer). The hole carrier density and electron density (1)
are determined when the Fermi level (Eg) and temperature are given [36]:

n—p= ‘;Fg(E) f(E)dE 2)

where g (E) is the density of states (DOS) and f(E) is the Fermi-Dirac distribution
f(E)y=1/ (exp ( E-Bp ) + 1). The g(E) is calculated using DFT-PBE with SOI while the bandgap is

kg Tinter
corrected using the hybrid-DFT, following previous work [27]. Note that the inclusion of SOI in the Mg, X
system plays a crucial role in the TE transport coefficient and DOS due to its significant effect on band
dispersions [41].
Since the whole system should be charge-neutral, the total charge densities from free carriers and defect
densities should be zero. From this charge-neutrality condition follows:

EForm (Dq)) (3)

n—p= Zq -1 (D7); n(D?) 22 njaybaegexp (_ kg Tsinter
Dyq
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where 11, is the number density of available lattice sites in materials, f4eg is the number of degrees of
internal freedom of defect on lattice site. The Fermi level and defect densities can thus be obtained by solving
equations (2) and (3) iteratively. Here we have corrected the Li-defect density by normalizing the Li doping
density if the defect density exceeds the doping density. This is a reasonable approach because Boltzmann
factor assumes the relative population density between states. Note that we assume for the comparison
between experimental and calculated results that the defect densities are determined by the processing step at
the highest temperature (here Tiiner) but remain temperature independent afterwards, due to the quenching
of the samples. Hence the n — p values are also considered to be temperature independent.

3. Results

Figure 1 shows carrier concentration and dopant efficiency for the samples of Mg, Li,Si;_.Sn, discussed in
[28, 29]. It can be seen that the carrier concentration and dopant efficiency increase with higher Sn content
by more than two orders of magnitude. Furthermore, except for y = 0.005, 0.01 and x = 0.8 and 1, a clear
decrease in dopant efficiency with increasing Li concentration and Si content can be observed. It is plausible
that the trends of dopant concentration with x and y are related to the interplay of the Li-related defects, in

particular CctMg [25].

Figure 2 shows defect formation energy curves for intrinsic and Li-related defects in Mg-poor Mg, Si and
Mg, Sn in the range of —1 to 1 eV [25]. As the formation energies of the intrinsic defects are significantly
higher around the valence band maximum (VBM) and the conduction band minimum (CBM), they can be
neglected in the following. We discuss only the Mg-poor case since the samples were synthesized with no Mg
excess, and Mg losses during the synthesis are likely, note that equation (1) will vary in dependence on
Mg-rich or -depleted conditions. Furthermore, if a significant fraction of the Li does not substitute Mg but
goes onto the interstitial position, this would further increase the effective Mg deficiency. Based on the
hybrid-DFT calculation, the band gaps of Mg,Si and Mg,Sn were estimated to be 0.57 eV and 0.145 eV
[25, 40], respectively. The Fermi level is determined by the charge-neutrality equation balancing charged
defect densities and free charge carriers and determines the transport properties. It is not easily
experimentally accessible, however, due to the exponential energy dependence of defect densities, the Fermi
level is often close to the crossing point of the formation energies of the two lowest lying defects E.oss [27, 35,
37,42, 43]. For Mg,Si and Mg,Sn these are Liyg and Lijy, where Linyg is an acceptor defect and the extrinsic
defect behind highly doped p-type Mg, X: see figures S1 and S2 in the SI. However, Liiy is more stable than
Liyig deep in the valence band (VB) and up to —0.272 eV and —0.241 eV for Mg,Si and Mg,Sn with respect
to the CBM, respectively, overcompensating the acceptor effect of Liyyg in this region and pinning the Fermi
level around the crossing point. For Li-doped Mg, Si under Mg-poor conditions, the crossing point of the
lowest-lying (and thus highest concentrated) defects is quite precisely in the middle of the bandgap,
indicating that obtaining a strong p-type doping effect is impossible. However, for Li-doped Mg, Sn, the
Fermi level can be pinned inside the VB as the crossing point is inside the VB where Liyy, is a neutral defect,
q = 0. Thus, Li doping can induce p-type conduction due to the narrow bandgap for Mg, Sn. As was shown
in a previous work, the main difference between the two materials is that the position of the VBM with
respect to vacuum energy decreases approximately linearly with increasing Sn content from Mg,Si to Mg,Sn
[27, 44], while, the position of the CBM is more or less the same for Mg, Si and Mg, Sn.

Here, we translate the hybrid-DFT data into values comparable with the experimental data. In particular,
we estimate the expected maximum achievable carrier concentration using the SPB model approximating the
Fermi level by E,oss and compare it with the measured carrier concentration. In addition, the Fermi level is
obtained solving the charge-neutrality equation (see equations (2) and (3)) using the full band structure as
obtained by hybrid DFT band gap corrected DFT + SOI band structures.

The predicted carrier concentration (pspg) can be determined using a SPB model, given by
pspp = 4T (MZ#
F; (n) is the Fermi integral of order i and the reduced chemical potential (n) is given by = % my is
obtained from the experimental data. T is taken as the sintering temperature of the samples. The crossing
point for holes (Ecross, n) is at ~ —0.30 eV for Mg, Si (inside the band gap) and at ~ +0.095 eV for Mg, Sn;
note that we have taken the value of E s n With respect to the VBM and that the energy direction is opposite
to that of figure 2 (Ecrossh = EvBMm — Ecross,e )> Where Ecross e 15 the energy of the crossing point as displayed in
figure 2), as we are considering a p-type material here. The parameters and the results are listed in table 1.

The energy of the crossing point (Ecross,h = —0.30 eV) is slightly different from the Fermi level calculated
using the CN equation (Ep , = —0.33 V) for Mg, Si. In the case of Mg, Sn, the values are different by
0.065 eV and closer to the VBM. Overall, the agreement between E ;o5 n and Ep 1, is not too bad. The crossing

1.5
) Fy.5(n), where mj; is the density of states effective mass, kg is the Boltzmann constant,
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Figure 1. (a) Carrier concentration and (b) dopant efficiency (f) for the whole series of solid solutions of p-type
Mg;-,Li,Sil-,Sn, with 0 < x < 1 and y = 0.05,0.01,0.02, and 0.03 at room temperature. Carrier concentration increases with
higher Li concentration and Sn content while the dopant efficiency increases with Sn content but decreases with increasing Li

concentration.
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Figure 2. Charged defect formation energy curves for (a) Li-related defects in Mg-poor Mg, Si and (b) Mg-poor Mg,Sn at 0 K.
White regions indicate the bandgap. The figure was composed using the defect formation energies as those published in [25, 27],
except for the Li-related defects for which a correction term for the charged-defect supercell calculations was considered here.

Table 1. Input parameters for the SPB model to calculate carrier concentrations of Mg-poor Li-doped Mg, Si and Mg, Sn. In addition,
the hybrid-DFT results of the predicted Fermi level and carrier concentration for Mg, Si at 1073 K and Mg,Sn at 873 K, respectively.
Note that (reduced) energies are given by Ecross,s = Evem — Ecross,e for a p-type material.

Parameters Mg,Si Mg>Sn
Ecross,e [eV] ~ —0.27 ~ —0.24
Eeroen [€V] ~ —0.30 ~ 40.095
mp [mo] 2.2 1.1

pspp [cm ™3] 2.13 x 10" 2.67 x10%
n -3.24 1.26

Prmax, exp [cm ] 1.52 x 10'8 2.7 x10%°
T [K] 1073 873

Ep 1, (from equation (2)) [eV] —0.33 +0.03
p—nlecm™] —3.3 x10" (n-type) 6.1 x10"

point Eos, Which is directly available from the defect formation energy plots, might therefore be used as a
rough guess to estimate carrier concentrations.

For Mg, Si, the predicted carrier concentration using the SPB model (pspp) is overestimated compared to
the measured carrier concentration (Pmay,exp)> 7 ::"‘zp /2 14 , while (p — n) = pcn is negative (n-type) in
disagreement with our experimental result (p-typé). Note that while solving equations (2) and (3) gives
actually p — n, this is essentially p at room temperature. On the other hand, Mg,Sn shows good agreement

between ppay,exp and psp ( ;ﬁ ~ 1), while the difference is larger for ppax,exp and pen (% ~4.4).
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Table 2. The predicted carrier concentration and dopant efficiency from solving the charge-neutrality equation for Mg.,Li,Sn with
¥y =0.005,0.01 and 0.03 at 873 K, using first-principles results.

Mg, Li,Sn pen (em™?) Li dopant efficiency £
y= 0.005 3.4 x10" 0.53
y= 0.01 4.5x 10" 0.35
y= 0.03 6.1 x 10" 0.16

Pspp

1E20 | p max,exp

1E19

lElg 1 L 1 " 1 i 1 i 1 i 1
00 02 04 06 08 1.0

Sn content x

carrier concentration p 10%° [cm™]

Figure 3. Comparison of maximal and predicted carrier concentrations as function of Sn content.

Table 2 shows the predicted carrier concentration and dopant efficiency for Mg, Sn with different Li
concentrations from solving the CN equation using the first-principles results. pcy increases while the
dopant efficiency decreases with higher Li concentrations. This is in agreement with the experimental data in
figure 1.

While the hybrid-DFT predicts the trends in carrier concentration and dopant efficiency for the binaries
in agreement with experimental results, agreement in absolute numbers might not be expected and is not
observed. To predict the maximal achievable carrier concentration for the solid solutions we therefore do not
only rely on hybrid-DFT calculations, which are feasible but require substantial effort. Instead, we have used
the SPB model to predict the maximal carrier concentration in p-Mg,(Si, Sn) based on an interpolation of
the hybrid-DFT results as follows: first, we have adjusted E 055, n Such that the predicted p, by using the SPB
model, equals the experimental result for x = 0 and 1. As discussed above, this is in good agreement with the
result of the hybrid-DFT calculation for Mg,Sn, but not for Mg, Si, as minority carriers cannot be neglected.
Second, we have assumed that E ;o5 1, varies linearly for the solid solutions (Ecrossh = —0.5453 4+ 0.6415x). A
linear interpolation of the sintering temperature (Tginer = 873 — 1073 K) was employed to calculate the
reduced chemical potential and the respective carrier concentration. We have assumed that Li distributes
similarly in the binaries as well as in the solid solution; in particular, that it does not show preferential
accumulation around either Si or Sn. This assumption is justified by the very similar electronegativities of Si
and Sn (Si = 1.90, Sn = 1.96) [45] and provides some base for a linear interpolation from the binaries to the
ternaries.

Despite the massive simplifications (linear interpolation, assumption of SPB model for Mg,Si), the
predicted carrier concentrations agree with the experimental maxima quite well as shown in figure 3; the
maximum deviation is a factor of ~2.7. Thus, all in all, we have a rough model to estimate the maximum
carrier concentrations for the whole Mg, (Si, Sn) solid solution range.

4. Discussions

The observed experimental carrier concentration and dopant efficiencies are comparable with the previous
results in [24, 46-48] for the Sn-rich compositions; the carrier concentration increased with increasing Li
and Sn content. There is significant scatter within the experimental data in literature as synthesis routes and
synthesis parameters (times, sintering temperatures) differ. In particular, for Li-doped Mg, Sij 4Sng s, Tang
et al reported higher carrier concentration in comparison to us and previous literature [24, 46-48].
Nevertheless, even there, a dopant efficiency <0.5 is observed. A change in Mg chemical potential can
explain partially the scatter in carrier concentrations.
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The trend of increasing carrier concentration with higher Sn content can be understood from the
interplay between Fermi level and density of states or effective mass. Similar DOS shape and values for the
VB have been reported [29, 45, 49, 50], our results using hybrid-DFT, and with an exact-exchange mixing
parameter of 25%, are shown in figures S1 and S2 of the SI. However, the VB-DOS close to the band edge
differs between the two binaries, which determines the transport properties via the density of states effective
mass (m7y). Thus, in this case, alloying elements change the band edge of VB gradually and the density of
states effective mass decreases towards Mg,Sn. On the other hand, with respect to the dopant, a negligible
effect of Li on the DOS of the VB for Mg,Si and the Mg, Sig 2551 75, and hence on the effective mass, has
been reported [29, 47], also in agreement with our findings (figures S1 and S2). Thus, for a fixed crossing
point or Fermi level, the VB curvature influences the resulting carrier concentration and this is captured by
the employed effective mass. However, even though the mj, for Mg, Sn is smaller than Mg, Si with
%‘il ~ %, the carrier concentration is higher for Mg,Sn than for Mg, Si because the crossing point (and
hence the Fermi level) for Mg,Sn is at a much higher value (on the hole energy axis).

We have observed that the SPB-predicted carrier concentration of p-type Mg, Si is overestimated
compared to the observed carrier concentration. In this case, the use of the SPB model is far from ideal as the
crossing point is deep inside the band gap. Therefore, employing a two-band model is expected to yield
closer agreement for p-type Mg, Si. For Mg,Sn, on the other hand, the agreement between carrier
concentration from DFT and SPB is much better, partially because the crossing point is inside the VB
indicating that Li-doped Mg,Sn is a degenerate semiconductor. The quantitative disagreement between
experimental data and DFT predictions is partially due to inaccuracies of the DFT calculations in band edge
positions, DOS effective masses, and computed defect formation energies. While, if employed correctly, DFT
can be used to predict trends with good reliability the absolute inaccuracy in e.g. band maxima position can
easily be in the range of 0.01 — 0.1 eV, translating in significant errors for defect and carrier concentrations
due to the exponential dependencies. Further inaccuracies may arise from supercell approximation: as in our
case, we have a supercell with 96 atoms, which might be considered to be a small supercell [51]. Also we
assume that all defects are non-interacting point defects, which would be inexact in the high-defect density
regime. The vibrational entropy and temperature dependent lattice and band gap also would affect the
charged defect formation energies and DOSs [37] which will shift the Fermi level and change the doping
efficiency. In addition to that, the choice of exchange-correlation energy functional would affect the band gap
correction and the defect total energy, hence resulting in the slight change in the defect formation energies
[35]. Note also that, in this stage, our DFT-based carrier concentration prediction does not consider the
experimentally observed reduction of the band gap with temperature [4, 52]. We also assumed
thermodynamic equilibrium for the defect generation, and have assumed them to be quenched in the
following, not considering further evolution of these meta stable states. In essence, a combination of the DFT
results for the defect formation energies and a simple SPB model can serve as a rough guide for
experimentalists in predicting the maximum achievable carrier concentration for the solid solutions.

It is worth considering whether the conclusions for Li can be transferred to other dopants as a low dopant
efficiency is observed universally in p-type Mg,Si;_,Sn, [6]. We note that e.g. for Ag the situation with
respect to the extrinsic defects is comparable to that of Li: the two relevant and compensating defects Agyg
and Agin also have their crossing point in the gap for Mg, Si. For Mg,Sn the same trend is expected as the
Agyg defect is predicted to become neutral for E < —0.228 eV. Thus a similar trend with Si:Sn and dopant
amount can be expected, albeit on a lower level of carrier concentration. In addition a limited and possibly
Si:Sn-dependent solubility of Ag might impose further restrictions [6, 17, 18, 20], different to Li, were a high
solubility has been observed [23].

We have furthermore transferred our approach of using the crossing point from the charged defect
formation energies diagram in combination with an SPB model to other material systems. The materials Na-,
K-, Ag-doped PbSe [53] and Te doped Mg;Sb, [54] were chosen based on the availability of defect formation
energy diagrams. The input parameters (Eqos and myj) are taken from the cited literature and the highest
synthesis T and sintering T are considered for the calculation of PbSe and Mg;Sb,, respectively [53—55]; for
Mgs;Sb,, the Fermi level is at the reported Te solubility limit which is inside the CB and not at the crossing
point. The results revealed that our approach is transferable to these material systems with a factor of three
being the maximal difference between experimental and predicted carrier concentration (see figure 4). This
somewhat large discrepancy in Ag,Pb,.,Se is possibly because of the variation in the density of states effective
masses [56]. In this case, the m}, is dependent on the carrier concentration, which is not covered by the
employed SPB model.
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Figure 4. Comparison of maximal and predicted carrier concentrations in Mg,Sn (our work), NayPb;.xSe [53], KyPb;<Se [53],
AgyPbiSe [53], and Mg3Sb, [54]. Experimental parameters are taken from [53—55], while the calculated results were obtained
using a procedure analog to that presented here for Mg,Sn.

5. Conclusion

In this work, we analyze the experimental data for Li-doped Mg, Si-Mg,Sn solid solutions; the carrier
concentration increases with higher Li content, but the dopant efficiency decreases. With increasing Sn
content, the carrier concentration and the dopant efficiency increase. The crossing point of the lowest-lying
defect formation energies from hybrid DFT, which corresponds approximately to the Fermi level, can explain
the observed trend. Further, we show that a linear interpolation of the Fermi level from the crossing point
between Mg,Si and Mg,Sn and a simple SPB model can be used to predict the maximal achievable carrier
concentration for the solid solutions, in good agreement with the experimental data. This work thus shows
that consideration of intrinsic and extrinsic defects is crucial for the optimization of TE materials and that
DFT-based defect formation energies can be used to understand experimentally-observed trends.
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