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ARTICLE INFO ABSTRACT

Keywords: A comprehensive understanding of multi-phase materials requires the characterization of transport properties at
Mg,Si1.xSny the micro/nano-scale. Optimized alignments of the conduction bands and valence bands at the interfaces of
Composite

multi-phase materials can enhance the properties of thermoelectric materials by filtering out undesired charge
carriers and is a promising path towards high performance thermoelectric devices. Here, a micro-scale charac-
terization technique using transient Seebeck microprobe analysis, scanning electron microscopy with energy-
dispersive X-ray spectroscopy, and electronic transport modelling based on the Boltzmann transport equation
modeling is introduced to assess the band diagram and estimate the band offset in multi-phase materials. This
characterization technique is applied to a composite of magnesium silicide-based materials. This material class is
prone to form self-assembling nano-structured composites driven by a miscibility gap in the solid solutions series.
Our analysis reveals changes in carrier concentration upon composite formation and considerable band offsets
for both conduction and valence band when synthesizing nominally undoped composites. Employing Bi as
dopant we show that Bi exhibits a preference for the Sn-rich phase, changing the carrier concentration differently
in the Sn-rich matrix phase compared to the Si-rich secondary phase, effectively altering the band alignment of
the composite. This demonstrates that our approach can be utilized to measure and manipulate the band offset
within the composite to achieve optimal thermoelectric performance.

Energy filtering
Band offset
Transient Seebeck microprobe

1. Introduction ture T, zT = (S%6/x)T, where S is the Seebeck coefficient, ¢ represents

the electrical conductivity and « denotes the thermal conductivity. A

The necessity to reduce fossil fuel consumption and greenhouse gas
emissions has fostered multiple research lines, including conversion of
(waste) heat to useful electrical energy through thermoelectric (TE)
generators. Application of thermoelectricity relies mainly on two effects:
the Seebeck effect and the Peltier effect, which involve the generation of
an electric potential when a temperature gradient is applied across a
material and the release/absorption of heat at the interface of two ma-
terials through which a current is driven, respectively. The efficiency of
TE devices depends on the performance of the employed TE materials,
which is quantified by the figure of merit (2T) at an absolute tempera-
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higher zT value generally signifies higher ability of the material to
efficiently convert heat into electricity. Hence maximizing the figure of
merit is essential for advancing thermoelectric technologies and
enabling applications in waste heat recovery, energy harvesting, and
thermal management [1-3].

The TE figure of merit, 2T, is inherently limited by the interdepen-
dence of the three essential TE transport properties S, o, x [4,5]. While
optimizing the carrier concentration can improve zT to a certain extent,
this limitation can be overcome by employing advanced strategies such
as nanostructuring [6-9], isovalent doping for band engineering
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[10-13], phonon engineering [9,14,15], anisotropy design [16-18] and
forming nano-composites [19-21]. Modifying electronic band structures
through doping is a further promising strategy with several potential
benefits, including band degeneracy, band alignment, and the intro-
duction of resonant levels [15,22]. Doping can create resonant impurity
levels that interact with band edges, leading to a narrow density of states
(DOS) peak near the Fermi level, resulting in higher effective carrier
mass and an elevated Seebeck coefficient. Moreover, enhancing band
degeneracy through doping, without altering band effective mass, can
significantly boost the DOS effective mass, decoupling the Seebeck co-
efficient from electrical conductivity. Doping can also induce band
anisotropy, distorting the spherical electron pocket and promoting
transport in the direction of smaller effective mass, ultimately enhancing
carrier mobility while preserving a constant DOS effective mass, thereby
improving the power factor and zT. Among these strategies, composite
materials containing nano-sized precipitates with a tailored electronic
band diagram enable the decoupling of TE properties through a process
known as energy filtering, where the detrimental spectral fractions of
charge carriers are selectively blocked so that they don’t contribute to
the thermoelectric transport [19,20]. Furthermore, by appropriately
sizing the evolving nanostructure, the lattice contribution to the thermal
conductivity can be effectively reduced through enhanced phonon
scattering at highly concentrated grain boundaries [23,24].

To achieve effective charge carrier filtering in composite materials, a
locally varying electronic band structure is essential. In composite ma-
terials, the Fermi levels of two phases tend to equalize due to charge
transfer, creating barriers caused by shifts in the conduction and valence
bands. For an n-type material, optimal energy filtering can be achieved
in such multi-phase materials by adjusting a misalignment of the valence
band edge to block the conduction of minority carriers and controlling
the misalignment of the conduction band edge to balance enhancement
of the Seebeck coefficient due to blocking of low energy charge carriers
against the reduction of electrical conductivity. This requires dopants
for both matrix and secondary phases, ideally selectively doping the
target phases to adjust their band positions while also achieving the
optimized carrier concentration values required for high performance.
Hence, mechanisms to locally adjust or manipulate the band offset are
crucial. However, despite numerous reports on reduced lattice thermal
conductivity in composite materials [23,25], the successful demonstra-
tion of viable thermoelectric materials with decoupled electronic prop-
erties and improved power factor through energy filtering strategies
remained limited in practical applications [25-27]. Lin et al. recently
shed new light on the energy filtering concept by employing a two-phase
model [28]. They found that incorporating graphene nanoplatelets into
Mg3 2Sby.99Teg o1 increased the Kapitza thermal resistance at the grain
boundaries, leading to a heightened temperature drop across the grain
boundary region and enhanced interfacial Seebeck coefficient. The
challenges faced by previous studies can be attributed to the discon-
nection between theoretical and experimental approaches. Therefore, to
advance this field, a more integrated and comprehensive approach be-
tween theory, modelling and experimentation is necessary.

Magnesium silicide-based materials [29-31] (Mg»X with X = Si, Sn,
Ge) are highly promising for energy filtering applications. These mate-
rials are cost-effective, and environmentally friendly candidates for
thermoelectric ~ generator  fabrication, particularly in the
mid-temperature range of 500-800 K. These materials exhibit excellent
thermoelectric properties, and it is predicted that already single phase
Mg, (Si,Sn,Ge)-based thermoelectric generators could achieve conver-
sion efficiencies greater than 10% [32,33]. On the other hand, the band
diagram of a MgyX-based solid solutions is expected to vary with
changes in the Si to Sn ratio, as the band gap continuously shifts with
changing this ratio. Furthermore, there is a reported miscibility gap in
this solid solution, with contradictory reports in the literature regarding
the compositional boundaries of the miscibility gap of Mg,Si-Mg2Sn,
suggesting a dependence on processing conditions and magnesium
content [34-39]. As a consequence, the solid solutions suffer from phase
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separation at high temperatures if uncontrolled magnesium loss occurs,
such as through evaporation. However, if this is controlled, the misci-
bility gap can be advantageous by enabling the formation of in situ
nanostructures through stimulated unmixing. Consequently, composites
can be formed in two ways in these materials: by mixing different
compositions of solid solutions or by self-assembled formation of in-situ
nanostructures through unmixing. Selective doping of each phase will
then help to optimize the band alignment for effective energy filtering in
these materials. Notably, Li and Ag dopants have shown promise for
selective doping in p-type MgsSn compared to Mg,Si [29,40,41]. The
doping efficiency of Li was observed to increase with Sn content in
Mg2(Si,Sn), indicating its preferential compositions with higher Sn
content. Moreover, experimental evidence supported the preferential
doping of Sb in Mg»(Si,Sn) [42], that aligns with expectations based on
different formation energies of dopant-induced defects as indicated by
first principle calculations [43].

A comprehensive understanding of multi-phase materials and their
integral properties requires the characterization of transport properties
at the micro/nano-scale to measure and exploit energy filtering for TE
performance optimization. Therefore, the objective of this research is to
establish a characterization technique that can accurately quantify the
band alignment in both the conduction and valence bands at the in-
terfaces of multi-phase materials, as these alignments are essential for
energy filtering. This represents a crucial initial step towards optimizing
composite materials through effective energy filtering. The next
important step is identifying suitable dopants to precisely adjust the
band alignment, thereby further enhancing TE performance. In this
study, binary compounds of Mg,Si and MgsSn were synthesized through
mechanical alloying, followed by brief mixing and a combined
compaction of the mix to create a composite material. The composite
comprises a Sn-rich solid solution matrix with embedded secondary
phases, where Si-rich solid solution domains enclose Mg,Si particles. To
estimate the potential barrier at the interfaces, a combination of tran-
sient Seebeck microprobe, scanning electron microscopy (SEM) with
energy-dispersive X-ray spectroscopy (EDX), and electronic transport
modelling based on the Boltzmann transport equation modeling was
employed. The transient Seebeck microprobe enables the measurement
of the Seebeck coefficient distribution with pm resolution. This tech-
nique is particularly useful for characterizing heterogeneous materials
or composite structures where the thermoelectric properties may vary
across different phases [44-46]. A compositional map can be obtained
by establishing a simple correlation between the grey value in back-
scattered electron (BSE) images and the chemical composition acquired
through calibration by EDX point analysis [47]. Combining the Seebeck
coefficient map and the compositional map allows for establishing a
local correlation between the Seebeck coefficient and the phase
composition in multiphase materials. Moreover, employing two para-
bolic band (2 PB) modeling with one valence band (VB) and one con-
duction band (CB) provides insights into the local distribution of the
reduced Fermi level and the alignment of valence and conduction bands
and allows for the creation of a carrier concentration map. Furthermore,
the study demonstrates the potential of selective doping, with Bi iden-
tified as a suitable dopant for optimizing band alignment of the different
phases. Bi is a popular dopant in various thermoelectric material sys-
tems, primarily for optimizing carrier concentration and, to some extent,
for engineering the band structure [48,49]. In Mg,X, its impact on the
electronic band structure is relatively limited, but it is employed due to
its high dopant efficiency and its favorable effect on reducing lattice
thermal conductivity [50-54]. We assumed a rigid band structure with
respect to Bi and Mg content, based on existing theoretical and experi-
mental findings and the small variations (<1 at%) for the samples of this
study [52,55-58]. This study endeavors to address the existing research
gap in composites, where the decoupling of all thermoelectric properties
was not yet accomplished.
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2. Experimental section

Binary MgsSi and Mg,Sn were synthesized by ball milling of high
purity starting elements (>99.5%) using a SPEX 8000D Shaker high
energy ball mill. To account for potential Mg loss during synthesis, an
excess of 2 at.% of Mg was added, i.e. the nominal compositions were
Mg2.06Si and Mg 06Sn. The binary powders of Mg,Si and Mg,Sn were
sintered using a direct current sintering press, DSP 510 SE model man-
ufactured by Dr. Fritsch GmbH in Fellbach, Germany. For Mg,Si, a
temperature of 1073 K and a pressure of 66 MPa were applied for a
duration of 10 min, while for Mg»Sn, the temperature was set at 873 K
with the same pressure and duration [59]. A composite of (0.5)
Mg,Sn/(0.5)Mg»Si was prepared by a brief combined milling/mixing of
Mg2Si and MgaSn powder in a 50:50 atomic ratio. Additionally, two
other composites of (0.5)MgoSn/(0.5)MgsSig9gBigo2 and (0.5)
Mg2Sng 99Big.01/(0.5)Mg,Si were also prepared. The resulting powder
samples were then compacted under a vacuum pressure of 10> bar,
applying a pressure of 66 MPa for a duration of 10 min at a temperature
of 873 K. The relative densities of the samples were found to be >95% of
the theoretical value using Archimedes’ method.

The sintered pellets were characterized by performing X-ray
diffraction (XRD) using a Bruker D8 with a Co-K, radiation (1.78897 Z\).
The measurement utilized a step size of 0.01° in the 26 range of 20-80°.
Backscattered electron (BSE) images were captured using a Zeiss Ultra
55 Secondary Electron Microscope (SEM) equipped with energy
Dispersive X-ray (EDX) spectroscopy (PentaFETx3). The compositional
map was generated by analyzing the grey values of the pixels in the BSE
images with BSE coefficient (), as described in the methodology dis-
cussed in Ref. [47]. This method involved extracting the grey values of
each pixel in the BSE images using the software Fiji. n quantifies the
relationship between the grey values of BSE images and the chemical
composition of the samples. For heavier elements (Z > 10), n can be
expressed as a function of atomic number (Z) using the equation:

zZ 1

n=f - @

To calculate the weighted mean BSE coefficient (7)) for a compound
consisting of n elements, the following equation was employed:

7=, @
i=0

where C; represents the weight fraction of element i, and #; represents
the BSE coefficient of element i. By combining equations (1) and (2) with
energy-dispersive X-ray (EDX) point analysis, the BSE coefficient of a
compound can be estimated. It has been observed that n exhibits a linear
relationship with the grey values. Therefore, if the composition of two
points in the BSE images is known, the BSE coefficient of any arbitrary
point within the image can be determined using BSE vs. grey value
calibration. It should be noted that this calibration is specific to each
individual image or each series of images, as long as the settings remain
unchanged. The grey value was observed to change with angle of inci-
dence, this can be avoided by using a small area of analysis or high
magnification. This method allowed for rapid determination of the local
composition (Si to Sn ratio) of a specific sample area with high spatial
resolution solely from the EDS analysis of two points.

To obtain a spatial Seebeck coefficient map at room temperature, an
in-house developed transient Seebeck microprobe with a spatial resolu-
tion of 3-5 pm was used at DLR [44-46]. It involves placing a fine
microprobe on the surface of the material of interest, and then creating a
local temperature gradient across the probe. This temperature gradient
induces a voltage difference between the two ends of the probe, from
which the Seebeck coefficient can be determined. The bulk
temperature-dependent Seebeck coefficient and electrical conductivity
were measured using a four-probe technique under a helium atmosphere
using an in-house developed facility [60,61]. The temperature-dependent
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thermal conductivity was determined using the relation: x = pc,D, where
p represents the mass density, ¢, denotes the specific heat at constant
pressure, and D is the thermal diffusivity. The thermal diffusivity (D) was
measured using a Netzsch LFA 427 apparatus. The specific heat at con-
stant volume (c,) was estimated using the Dulong-Petit limit, and then c,
was calculated using the equation: ¢, = ¢, + 9a2T/frp, where a repre-
sents the linear thermal expansion coefficient and f; is the isothermal
compressibility [62-64].

3. Results

BSE images of the composite are presented in Fig. 1a and b. The main
contrast in BSE images arises from the differences in atomic number
between the constituent materials. It is observed that binary MgsSi and
Mg,Sn mixed diffusively and formed solid solutions of varying compo-
sitions. SEM and EDX analysis confirmed the presence of Sn-rich matrix
phase and Si-rich secondary phase within the composite. The interface
between the Si-rich and Sn-rich phases showed a sharp border. Similarly,
no continuous transition was observed between black (Mg,Si) to dark
grey phase (Si-rich phase), consistent with the second miscibility gap
reported by Yasseri et al. [36]. Alternatively, these sharp domain
boundaries can potentially be explained by a significantly higher
diffusivity of Sn in Si-rich MgsX compared to pure Mg,Si. The presence
of Mg-Sn melt at 600 °C might also have contributed to Sn diffusion in
the Mg-Si phase.

The XRD pattern of the composite displayed peaks corresponding to
these phases, as shown in Fig. S1. The XRD pattern reveals broad peaks
corresponding to a Sn-rich matrix phase and a Si-rich secondary phase,
alongside sharp peak of the Mg,Si secondary phase. These broad peaks
suggest that both the Sn-rich and Si-rich phases do not possess a sharp
composition; rather, they exhibit slightly varying compositions. The
matrix phase, indicated by a light grey color, exhibited a composition of
~ MgSip.13Sng g7. Within the island region, two phases were identified:
a dark grey phase, rich in Si with an average composition of ~ MgsSi go

10.0551N0.20+0.05 (as observed from the line scan in Fig. 1c), which

enclosed black particles of Mg,Si.

Fig. 2a—c illustrates the thermoelectric properties of binary MgsSi,
Mg,Sn and the composite. Both Mg,Si and Mg,Sn demonstrate a nega-
tive Seebeck coefficient. The Seebeck coefficient of Mg,Si initially in-
creases and then decreases with temperature. This sample is moderately
doped, exhibiting an electron concentration of approximately 2.0 x
10%* m™2 (estimated using 2 PB modeling) at room temperature. At
elevated temperatures, the material enters a mixed conduction region,
wherein minority charge carriers become activated, leading to a
reduction in the Seebeck coefficient value. On the other hand, for
Mg,Sn, the Seebeck coefficient decreases consistently across the
measured temperature range, indicating that the sample remains in a
mixed conduction state throughout. The electron concentration of
Mg5Sn, estimated using 2 PB modeling, is approximately 2.1 x 10?3 m~3
at room temperature. The Seebeck coefficient of the composite is also
negative, and it appears to be in a mixed conduction state. In this case,
no electronic transport modeling as applies to a single homogeneous
phase is applicable as the material is a mixed-phase composite.
Furthermore, the electrical conductivity of MgsSi first decreases and
then increases, in agreement with the trend of the Seebeck coefficient.
The electrical conductivity of Mg,Sn increases with temperature. The
difference in electrical conductivity between Mg,Si and Mg,Sn is mainly
due to their different band gap values, which influence their respective
carrier concentrations in particular at high temperature. The Seebeck
coefficient and electrical conductivity of the composite follow mostly
the classical two-phase composite model, displaying values between
those of Mg,Si and MgsSn phases. At room temperature, the lower
electrical conductivity of the composite can be attributed to the ex-
pected reduced mobility of charge carriers arising from grain boundary
and alloy scattering. The thermal conductivity of Mg»Si was found to be
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Fig. 1. BSE micrographs of the polished surface of the (0.5)Mg,Si/(0.5)Mg2Sn composite, with (a) low, (b) high magnification, and (c¢) EDS line scan.

higher than the reported thermal conductivity values (8-10 Wm™K™1)
[65-67]. For Mg,Sn, the measured thermal conductivity displayed
values 5-7.5 Wm 'K, consistent with the values previously reported
in the literature [68,69]. The composite showed a lower total thermal
conductivity than the binary Mg,Si and Mg,Sn, primarily due to the
reduced lattice part of thermal conductivity. This reduction is a result of
the formation of Si-rich and Sn-rich solid solutions in the composite,
leading to Si/Sn alloying and enhanced phonon scattering. The value
obtained for the composite in our work is higher than that of the
Mg»Sip.5Sng 5 solid solution [69-72], likely due to the fact that both the
matrix phase and the secondary phase on their own have higher thermal
conductivities than the Mg2Sio.5Sng s solid solution. Mg,Si and MgsSn
demonstrated zT values comparable with previously reported data [66,
68,69]. As expected, the figures of merit for all three samples are low as
they are undoped, furthermore the figure of merit of the composite is
approximately an average of the figure of merit values of Mg,Si and
MgaoSn.

Fig. 3a shows a BSE image of the composite, while Fig. 3b represents
the corresponding compositional map. In Fig. 3c, the Seebeck coefficient
map of the same region is presented. This map illustrates the local
variation of the Seebeck coefficient in a multi-phase composite material
at room temperature. It was found that in the Sn-rich matrix, the See-
beck coefficient changed to a positive value though it was negative in
binary Mg,Sn (Fig. 2a). This transition suggests a change of the domi-
nant charge carrier type, potentially influenced by alterations of point

defect types, charges and concentrations. Among the known native point
defects in Mg,Si and Mg»Sn, it is established that Mg vacancies act as an
acceptor [73,74]. Consequently, the positive Seebeck coefficient
observed in the Sn-rich matrix may be attributed to a deficiency in
magnesium, resulting from the diffusion of Mg atoms from the Sn-rich
region to the Si-rich region.

The carrier concentration map can be derived from the Seebeck co-
efficient map using electronic transport modeling, provided the effective
mass of the region is known. In the composite, we observe regions of
small negative and positive values of the Seebeck coefficient, possibly
indicating mixed conduction behavior. In such cases, consideration of
electrons and holes in a two-parabolic band (2 PB) model is necessary.

The charge neutrality equation is employed, wherein the net
extrinsic carrier concentration (Nex), is represented as the difference
between the concentrations of the two types of carriers [75]:

Nexir = Nmaj — Nmin (3)

For a system with two parabolic bands, the properties are described
by the following equations:

_ Scpocp + Sveovs

Ocp + Ovg

4

0=0cp + Ovp )

where S is the Seebeck coefficients and ¢ is the electrical conductivity.
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Fig. 2. Temperature dependence of (a) Seebeck coefficient, (b) electrical conductivity, (c) total thermal conductivity, and (d) figure of merit of binary Mg»Si, Mg.Sn

and the (0.5)Mg»Si/(0.5)Mg,Sn composite.

The Seebeck coefficient of each band (S;), is given by the equation:

b (2

Here, e is the electronic charge, ; the reduced Fermi level with respect to

il

the considered band, F; is the Fermi integral: F;(n) = [;° %
and ¢ is the reduced energy.

It is essential to emphasize that the position of the reduced Fermi
level is considered relative to the band edge associated with the trans-
port property being calculated. When the conduction band edge is
selected as the reference, the reduced Fermi level with respect to the
valence band is expressed as # = — w— &,. Here, y represent the
reduced Fermi level of the valence and conduction bands, and ¢, denotes

the reduced band gap ( = é—T), where kg is Boltzmann’s constant.

The carrier concentration of each band (n) is related to the density of
states effective mass (my ;) and the reduced Fermi level 5 through the
equation:

k23

ni=4r (ZmEfBT> F%(n) @

The conductivity is related to mobility parameter, y, by [76]:
2 F
0 =nieflys —— ®
/403 Fip

The mobility parameter caused by acoustic phonon scattering is
expressed by:

78k epv)?
Hoap = 7#1% )
4Em* (kyT)

Here, p represents the material density, v; denotes the longitudinal
sound velocity, m; = mj, /NVZ/ 3 is the single valley effective mass, used to
calculate carrier mobility and electrical conductivity, 7 is the reduced
Planck’s constant and Eges is the deformation potential constant. N, is
the valley degeneracy.

The mobility parameter due to alloy scattering is given by [77]:

64eh* N,
Hoas = 0 7 10)

9(27) *x(1 — x)EZm,25 (k)

where Ny is the number of atoms per unit volume, x represents the Sn
fraction at the X position in Mgy(Si,Sn) and Epg is the alloy scattering
parameter.

When both alloy scattering and acoustic phonon scattering are pre-
sent, the mobility is determined by Matthiessen’s rule [41,78]:
1 1 1

—=—+ (11
Ho  Hoap  Hoas

The parameters used for 2 PB calculations are listed in Table 1.

By using the above equations, the carrier concentration can be esti-
mated from the Seebeck coefficient values. However, to perform these
calculations, knowledge of the effective mass is necessary. In the case of
composites comprising both p-type and n-type materials, it is essential to
develop a model for the density of states (DOS) effective mass that
considers the conduction band (CB) and valence band (VB) masses as a
function of composition. To obtain an effective mass map for the n-type
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Fig. 3. (a) The backscattered electron (BSE) image, (b) its corresponding chemical compositional map, (c) Seebeck coefficient map measured by the transient
Seebeck microprobe (TSM), and (d) carrier concentration map of the (0.5)Mg,Si/(0.5)Mg,Sn composite.

Table 1
Material parameters used for 2 PB transport calculations of Mg5Sij.,Sn,.
Parameter Value
E, (eV) (0.78 —4.0 x10* xT) x (1 —x) + (0.28 —2.0 x10™* xT) x x
[75,79]
Eger for 9.0 — 1.5x2 [79]
conduction
band (eV)
Egqes for valence 9 [41]
band (eV)
Eas v 0.5 [41]
v (m/s) 7680 — 2880 x [41]
p (kg/m®) 1990(1 —x)+ 3590 x [79]
Ny for VB 2 [75]
Ny for CB 3[75]
No (m™) 12 % 10%°/(6.37 + 0.45 x)>

ternaries, an interpolation method was employed using existing exper-
imental data from literature [42,80-82] (Table S1). These previous re-
ports also assumed acoustic phonon scattering and alloy scattering as the
predominant scattering mechanisms, aligning with the model employed
in our study.

For the p-type MgsSii.xSny, the effective mass map as a function of
composition was derived using the approximate equation:

»=(22— L1x)m, (13)

This linear relation is backed up by experimental data for Sn-rich
compositions [41] and by the predictions from first principles calcula-
tions [83]. Consequently, through the consideration of respective com-
positions, two distinct effective mass maps were obtained: one for the
n-type composition and another for the p-type composition. These maps
were then utilized to generate the carrier concentration map, consid-
ering the effective mass based on the composition. Figs. S2a and S2b
represent effective mass maps for electrons and holes, respectively.

Fig. 3d presents the carrier concentration map of the composite
material which was obtained using the 2 PB model. Two possible carrier
concentration values were derived for each Seebeck coefficient, and the
lower values (corresponding to mixed conduction) were selected to
create the effective mass map (Fig. S3 and Fig. S4). The carrier con-
centration map reveals that the Si-rich region exhibits a p-type carrier
concentration, despite having a negative Seebeck coefficient value,
while the Sn-rich region exhibits an n-type carrier concentration and a
positive Seebeck coefficient value. To provide a clearer visualization, a
line scan along y = 0.5 of the map for the Si content, Seebeck coefficient,
and carrier concentration are plotted in Fig. 4. In the plot, the blue-
colored region represents the Si-rich phase, while the red-colored re-
gion represents the Sn-rich phase. Within the blue-colored region, the Si
content is close to 1, and the Seebeck coefficient ranges from —200 to —
250 pV/K. Remarkably, even though the majority charge carriers are
holes (p > n), the Seebeck coefficient remains negative. This behavior
can be attributed to the higher mobility of electrons in Mg5Si, which is
approximately ten times higher than that of holes, a factor we
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Fig. 4. (a) Si content, (b) Seebeck coefficient, and (c) carrier concentration
profiles along a line scan at y = 0.5 of the maps shown in Fig. 3¢ and d.

considered in our 2 PB modeling [30,84]. Therefore, although the
number of holes is higher, the contribution from the electrons dominates
in the Seebeck coefficient. Conversely, in the red-colored region, the Si
content is around 0.2, and the Seebeck coefficient displays a small
positive value. Interestingly, the electron concentration now surpasses
the hole concentration (n > p). This phenomenon arises as a result of
considering the higher hole mobility of Mg,Sn compared to electrons in
the 2 PB calculation [41].

The band structure diagram of the composite material, consisting of a
Sn-rich matrix and Si-rich secondary phases, is displayed in Fig. 5. In this
analysis, a typical equilibrium scenario over the main miscibility gap of
the Mg»X solid solution series is considered but binary Mg-Si that was also
found in the microstructure of our samples is omitted. The reduced Fermi
level of the matrix phase and secondary phases was estimated from the
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Fig. 5. A schematic representation of the band diagram of the composite
containing the Sn-rich matrix and the Si-rich secondary phase. The reduced
Fermi level was estimated from the Seebeck coefficient values using 2 PB
transport modeling.

averaged Seebeck coefficient values over space (Fig. 3c) using 2 PB
transport modeling. This provided the relative positions of the Fermi level
with respect to the conduction band minima for the matrix (Eg — E. = —
0.14 eV) and secondary phase (Er — E. = — 0.30 eV), respectively. For
the specific composition Mg2Sio.13Sn0 87, the band gap of the matrix phase
(denoted by subscript “m") was estimated to be (E., —E,m) = 0.29 eV
(Table 1) (at room temperature). Similarly, the band positions were esti-
mated for the Si-rich secondary phase. For the composition
Mg,Sip.g5Sng 15, the band gap of the secondary phase (denoted by
subscript “s") was found to be (E.; —E,) =0.59 eV. The potential barrier
height at the conduction band, as depicted in Fig. 5, can be calculated as
follows: Eparrier.cB := (Ec;s —Eem) = (Ecs —Ep) — (Ecm —Ep) = 0.16 eV and
at the valence band: Eparrierve = (Evm — Evs) = (Ecs — Evs) — (Ecs —
Eem) — (Eem — Eym) = 0.14 €V.

The situation shown in Fig. 5 is not optimized for thermoelectric
performance: the overall carrier concentration is too low and a handle to
modify the band positions of the matrix phase with respect to the sec-
ondary phase is missing. For this reason, doping using Bi was investi-
gated, as Bi has been proven as an efficient and stable n-type dopant for
magnesium-silicide based materials [50,51,54,81,85]. Therefore, in this
study, we prepared two composites, (0.5)MgsSn/(0.5)MgsSig.9gBig 02
and (0.5)Mg,Sng g9Big.01/(0.5)Mg5Si to investigate the effect and a po-
tential preference of Bi to the Si-rich phase or Sn-rich phase.

Fig. 6a displays the BSE images of the (0.5)Mg2Sn/(0.5)
Mg2Sio.08Bio.02 composite, while Fig. 6b shows the elemental map of Bi
from the same region. The composite structure consists of a Sn-rich
matrix phase along with a Si-rich secondary phase exhibiting varying
Si-content and an encapsulated Mg,Si phase. At the core of the island
phase, a cloud-like structure emerges as a result of the higher Si content
at the center and lower Sn content. The Bi content is highest in the
matrix phase, which is uniformly distributed throughout the matrix and
lowest in the MgoSi islands within the Si-rich phase, revealing Bi
redistribution during composite sintering. The small visible increase in
Bi content towards the center of the large Si-rich island can be inter-
preted as result of Bi diffusion into the Sn-rich matrix. Fig. S5 depicts the
BSE image and elemental map of Bi acquired from the (0.5)
Mg2Sng.99Big.01/(0.5)Mg,Si composite. Also, in this case, the elemental
map clearly reveals that the Si-rich island phase contains a lower Bi
concentration compared to the Sn-rich matrix. To support this obser-
vation, EDX point analysis was conducted for each phase in these two
composites, and the results are provided in the supplementary infor-
mation (Tables S2 and S3). Combining the elemental mapping data with
the EDX point analysis, it can be concluded that Bi has a clear preference
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Fig. 6. (a) BSE image and (b) corresponding elemental mapping image of Bi
obtained through EDX mapping of a (0.5)Mg>Sn/(0.5)MgsSig 9gBig 02 composite.

for Sn-rich compositions. The amount of Bi systematically decreases
with decreasing Sn content, and no Bi is detected in the Mg,Si phase.
Consequently, the Si-rich secondary phase, which contains a signifi-
cantly lower amount of Sn, exhibits a minimal presence of Bi.

Fig. 7 displays the BSE image and corresponding Seebeck coefficient
map of (0.5)MgsSn/(0.5)MgsSip9gBig o2 composite. The Seebeck
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Fig. 8. A schematic representation of the band structure of (0.5)Mg»Sn/(0.5)
Mg2Sip.08Big.02 composite containing both the Sn-rich matrix and the Si-rich
secondary phase.

coefficient map and BSE image clearly reveal two distinct regions: the
Sn-rich matrix and the Si-rich secondary phase, each having different
Seebeck coefficient values. In this case, the Seebeck coefficient of the Sn-
rich matrix was observed to be negative and —150 pV/K. This is a typical
value for a highly doped sample and in agreement with Bi known to be a
good n-type dopant. The average Seebeck coefficient values obtained
from the plateau region of each domain (—75 pV/K for Si-rich secondary
phase and —150 pV/K for Sn-rich matrix) were used to estimate the
potential barrier at the interface of this composite.

The schematic in Fig. 8 illustrates the band structure of the (0.5)
Mg2Sn/(0.5)MgsSig.9gBip.o2 composite. The introduction of Bi dopant
significantly altered the position of the Fermi level in the Sn-rich matrix.
It also changed the Fermi level position of the Si-rich secondary phase
slightly, possibly because a small amount of Bi was present in the Si-rich
secondary phase. Considering that the matrix was doped with Bi, the
higher carrier concentration/reduced Fermi level corresponding to the
measured Seebeck coefficient was employed for the matrix phase, cor-
responding to electron-dominated transport. This assumption was
motivated by the observed increase in the Seebeck coefficient of Bi-
doped Mg,Sn with temperature, which strongly indicates its doped na-
ture (Figs. S6 and S7). The reduced Fermi level of the Sn-rich matrix was
found to be (Ef —E. = 0.03 eV), and for the Si-rich secondary phase, it
was (Ef — E. = — 0.27 eV). As a result, barrier heights of 0.30 eV at the
conduction band was obtained. This change in reduced Fermi level in-
dicates that selective doping of each phase can change the height of the
potential barrier.

-120.0
-145.0
-170.0
-195.0

-220.0

0.4
X-position (mm)

Fig. 7. (a) The backscattered electron (BSE) image, and (b) Seebeck coefficient map measured by the transient Seebeck microprobe (TSM) of the (0.5)Mg>Sn/(0.5)

Mg,Sip.0gBin.o2 composite.
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4. Discussion

X-ray (Fig. S1) and SEM investigation (Fig. 1) showed that in the
composite made from Mg,Si and MgsSn involving some high tempera-
ture steps, the two components do not persist in their binary composi-
tion but instead, driven by solid state diffusion, form solid solutions with
varying compositions. Within the composite, a Sn-rich solid solution was
identified as the matrix phase, enclosing domains of a Si-rich solid so-
lution that contains inclusions of pure Mg»Si as a residual phase. This
observation can be attributed to the relative softness of MgoSn compared
to MgoSi, which can be attributed to the atomic size and bonding
characteristics of Sn and Si with Mg. Due to its larger atomic size, Sn
exhibits weaker atomic bonding, resulting in lower hardness and
contributing to a softer material. Additionally, the band gap of Mg,Sn is
smaller, resulting in weaker bonding overall. Previous studies [86-88]
have also demonstrated that Mg,Sn exhibits a higher degree of softening
at elevated temperatures compared to the samples containing Si
(including solid solutions and binary MgSi). Conversely, MgsSi pos-
sesses a relatively high Young’s modulus and stiffness due to the strong
covalent bonds between silicon and magnesium atoms. During the sin-
tering process at 873 K, when phase formation occurs, the softer nature
of Sn-rich solid solution allows it to fill the gaps, while Si-rich compo-
sition behaves as the residual phase, likely due to its higher stiffness and
more stable bonding characteristics.

There was no binary Mg,Sn left in the composite after the high
temperature compaction step. However, smaller grains of the binary
Mg,Si compound were observed, surrounded by the Si-rich solid solu-
tion. This phenomenon can be attributed to the diffusion of Sn (the
largest atom) in MgsSi (with the smallest lattice constant), which ap-
pears to be impeded, leading to the prolonged presence of MgsSi parti-
cles which rather slowly dissolve from the surface. The sharp domain
interface of the Mg,Si grains clearly indicate incomplete solubility of
Mg2Si/MgaSn for certain compositions so that only when a certain level
of Sn concentration is reached near the MgsSi grain surface, Si and Sn
interdiffusion can occur. Due to the short sintering time of 10 min,
complete diffusion of Si and Sn did not occur, and the system did not
reach equilibrium. The interdiffusion between Si and Sn can also be
influenced by the surrounding Mg content and diffusion of Mg. The grain
boundaries also have a significant influence on the diffusion process.
The morphology observed in the micrographs (Fig. 1) clearly indicates
that the migration of Sn into Si-rich domains tends to occur preferen-
tially along grain boundaries, while the reverse is also evident, where Si
migrates into Sn-rich domains.

The compositions of each phase in the composite material are
controlled by the limited solubility of Si in Mg»Sn and Sn in MgsSi. Even
though the composites are not in thermodynamic equilibrium the rela-
tively large and homogeneous regions make a comparison with previous
reports reasonable. We find that the Sn-rich Mg,Sig 13Sng g7 fits rela-
tively well to the thermodynamic prediction from Viennois et al. [37],
while the Si-rich MgSig.80.£0.055M0.20+0.05 i in very good agreement
with the experimental results from Yasseri et al. [36] who found a
miscibility gap for 0.35 <x < 0.95 at T = 600 °C within which an
extended region with miscibility for 0.75 < x < 0.85 was found; thus the
Si-rich phase observed here fits very well with the left ear of the
“miscibility cat”. The limits of the miscibility gap are disputed, but it was
argued that coherency of the grain interfaces plays an important role,
partially explaining conflicting results [34,35,89]. We clearly find here
that mixing of binary Mg,Si and Mg,Sn leads to the formation of a
composite with predetermined compositions for each phase, in accor-
dance with the miscibility gap.

The Seebeck coefficient map of the composite without external
dopant in Fig. 3c indicates Mg diffusion from Sn-rich matrix to Si-rich
matrix. In the binary MgsSn phase, the calculated carrier concentra-
tion was 2x 10?2 m~3, with a Seebeck coefficient of approximately —
250 pV/K. However, in the composite, the Seebeck coefficient of the Sn-
rich matrix changed to a positive value despite the majority of charge
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carriers remaining as electrons. The transition from a negative to a
positive Seebeck coefficient suggests a decrease in electron concentra-
tion, potentially due to Mg vacancy formation. As depicted in Fig. 4, the
absence of any gradual transition in carrier concentration within both
the Si-rich and Sn-rich regions indicates that Mg diffusion reached
equilibrium, even within the short sintering time. Consequently, we can
infer that Mg diffusion occurs at a faster rate compared to Si and Sn
diffusion. This is in accordance with previous studies which showed that
Mg appears to interact more rapidly with the surrounding atmosphere,
influencing its concentration within the material [62,90,91]. We note
that we find indications for Mg re-distribution on a pm scale, but that
this is not caused by (selective) Mg loss as the same is
macro-homogeneous with respect to the carrier concentration as visible
from the large-scale scan shown in Fig. S8. Typically, defect densities
increase when transiting from MgsSi to MgsSn [73]. We can qualita-
tively conclude from the observed change to p-type for the Sn-rich
matrix that vacancy formation is favored in Sn-rich compared to
Si-rich, in agreement with point defect formation energy calculations for
the binaries [73,74].

Fig. 5 provides a visual representation of the band structure of the
matrix and secondary phases when they are connected in the composite
phase. Understanding and quantifying this potential barrier is crucial for
optimizing the thermoelectric performance of the composite material.
Bahk et al. [79] conducted theoretical estimations by considering a
parabolic band model and an energy-dependent electron scattering time
and proposed an optimized potential barrier of 0.4 eV at the conduction
band. Their calculations showed that such optimization could elevate
the figure of merit from 1.2 (for the bulk material) to 3 (for the com-
posite) at a temperature of 700 K, with a doping density of 1 x 102 m 3,
It is also important to experimentally quantify the potential barrier to
establish an optimized scenario for magnesium-silicide-based materials.
This understanding will facilitate the exploration of different dopants to
adjust the band positions, thereby tuning the potential barrier and
doping density values in this material. By effectively manipulating these
parameters, the thermoelectric properties of the material can be further
enhanced.

Kosonowski et al. [92] conducted a similar analysis to quantify the
potential barrier in a CoSb3-PbTe composite. In their study, they esti-
mated the reduced Fermi level positions of each phase by separately
measuring the Seebeck coefficient of bulk CoSb; and PbTe materials.
However, it is important to note that the behavior of these phases can
differ when they are in the composite form due to element redistribution
or reactions between them. Microstructural analysis can provide some
insights into the phase composition of each component in the composite.
However, subtle changes in composition may not be easily detectable in
micrographs, despite their significant impact on the Seebeck coefficient
and overall thermoelectric performance. For instance, in our in-
vestigations of the Mg,Si-Mg,Sn composite, we observed changes in
phase composition through microstructural analysis. However, the
deficiency of magnesium could not be identified through this method.
Instead, it was successfully detected by mapping the Seebeck coefficient
using a transient Seebeck microprobe. Therefore, to accurately estimate
the potential barrier at the interfaces, obtaining a local map of the
Seebeck coefficient within the composite is necessary. On one hand, our
microstructure of the composite is not fine enough to cause the desired
functional effects of energy filtering with a large impact in integral level.
On the other hand, a suitably fine nanostructure would not allow us to
resolve Seebeck values locally. Hence, our micro-grained composites
serve as a necessary pre-stage in our methodology for the development
of optimized target systems. This approach provides a more compre-
hensive understanding of the thermoelectric behavior and allows for the
characterization of subtle variations in composition that might not be
apparent through traditional microstructural analysis.

In this work, the preference of Bi dopant and its effect on the band
offset in the target composite has been investigated. Through the
elemental mapping in Fig. 6 and Fig. S5, along with EDX point analysis
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(Tables S2 and S3), it was observed that Bi predominantly resides in the
Sn-rich phase. The Seebeck coefficient of the Sn-rich matrix was
observed to be negative. The presence of Bi was also evident in the Si-
rich secondary phase, as indicated by the Seebeck coefficient map. In
the Si-rich secondary phase, the Seebeck coefficient was measured to be
around —75 pV/K (Fig. 7), whereas it was approximately — 250 pV/K in
the case of the non-doped sample (Fig. 3). Comparing the barrier heights
in Figs. 5 and 8 shows that Bi can be used to adjust the Fermi levels in the
two phases differently, enabling tuning of the barrier height between the
phases of the composite. Bi also effectively serves as a dopant for both
the binaries and as well as the composite materials (see Fig. S6 and
Fig. S7 for the temperature dependent bulk properties of the doped
composites). This observation is in line with the discussed band struc-
ture, where a significant shift of the Fermi level toward the conduction
band was evident. Interplay of doping by Bi with self-doping by Mg or
use of a further dopant with different preference between Si-rich and Sn-
rich solid solutions can then allow to tune the barrier height for opti-
mized energy filtering and thermoelectric properties of the material.

In order to obtain the band schematics, the reduced Fermi energy
was calculated using 2 PB modeling. While the obtained carrier con-
centration values are model-dependent and may not always be perfectly
accurate, they do offer valuable qualitative insights into the change in
carrier concentration with composition, aiding in our understanding of
Mg diffusion in the material. Future work should involve consideration
of a further conduction band for the description of MgyX, as this is
known to influence the transport for some compositions, especially
those around Mg5Sip 3Sng.7 [30,82].

Our method involves characterizing the material at the micro-scale
using transient Seebeck microprobe analysis. However, in suitable
composites for efficient energy filtering, the size of the intermittent
phase domains falls within the lower nanometer range, preventing to
resolve plateau values of the Seebeck coefficient over single domains by
the transient Seebeck microprobe. To address this limitation, nano-scale
characterization techniques are required. One such technique is Kelvin
Probe Force Microscopy (KPFM) [92-96], which offers a spatial reso-
lution of around 20 nm and can provide the value of the Fermi level
position with respect to the vacuum level. By combining KPFM with
SEM/EDS and first principle calculations, we may effectively resolve the
local band structure variation and properties of materials at the
nano-scale.

5. Conclusions

In conclusion, this study aimed to explore methodologies to estimate
the potential barriers at the conduction and valence bands and to locally
resolve the carrier concentration in a magnesium silicide-based micro-
composite. The composite, synthesized by mixing binary Mg,Si and
Mg,Sn pre-milled powders, exhibited the formation of solid solutions
with varying compositions, facilitated by solid-state diffusion. The
composite exhibited a Sn-rich solid solution as the matrix phase,
enclosing domains of a Si-rich solid solution with inclusions of pure
Mg,Si as a residual phase. Utilizing the transient Seebeck microprobe,
we obtained a Seebeck coefficient map that provided valuable insights
into Mg diffusion from the Sn-rich phase to the Si-rich phase. Using this
data, a carrier concentration map was generated by incorporating
effective mass values from literature. Transport modeling, employing a
two-band model, allowed us to determine the reduced Fermi level,
which facilitated the estimation of the band alignment at the interface of
the composite. Furthermore, the study aimed to adjust the band offset
through selective doping. Our findings prove that Bi has an affinity to
the Sn-rich phase and can be effectively utilized to fine-tune the band
positions of the Sn-rich matrix phase. This confirms the possibility of
adjusting the band offset through the interplay of Bi doping or the use of
other dopants. Local characterization of these multi-phase materials and
precise manipulation of the band offset at the micro scale are crucial
initial stages in the optimization process of composites, facilitating
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effective energy filtering strategies.
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