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ARTICLE INFO ABSTRACT

Keywords: The electron channeling effect, i.e., the dependence of the characteristic x-ray emission on the crystallographic
Electron channeling direction of the incoming beam in an analytical transmission electron microscope was employed to elucidate the
ALCHEMI

crystal site location and distribution of the dopant and host ions in Mg,Si,,Sn, thermoelectric (TE) materials,
doped with low amounts of Bi. Experiments performed both in pure Bi-doped MgZSi and mixed MgZSi1 «Sny
Magnesium silicide thermoelectrics (x = 0.4, 0.6), firmly confirmed that Mg occupies the two tetrahedral T sites, 8c (4, 4 4) and (4, 4, 4), with
doping some vacancies present, too, whereas Si and Sn the 4a (0, 0, 0) and 4b (2, 3 -) octahedral C and N sites,
respectively. Bi ions follow the trend of Si and Sn, occupying 4a sites, but also there is a partial distribution of
them in 4b sites. We moreover observe a certain degree of asymmetry along the {111} directions in Mg,Si, ,Sn,,
predominately for the variable distribution of Bi and Sn in the lattice, which indicates Bi substitution for Sn
in an uneven fashion. The channeling results are in line with TE property measurements, especially in relation
to lower thermal conductivity and negative Seebeck coefficient due to Bi incorporation in the lattice. These
findings demonstrate once more the effectiveness of the channeling technique to provide direct crystallographic
information and refine atom positions in materials, particularly for nanoscale crystal grains.

EDS
Atom site determination

1. Introduction beam direction k;, provide:
Detailed structure studies by electron microscopy methods have
been widely exploited due to the unique capabilities electrons provide. Z / ki i, 2) M)

Precise identification of atom positions is feasible by employing spec-
troscopy techniques in an analytical transmission electron microscope.
In this aspect, methods such as energy dispersive X-ray spectroscopy
(EDS) or electron energy loss spectroscopy are utilised, under strong
channeling conditions, where the yield of element characteristic X-ray
emission can be modified and manipulated, dependent upon crystallo-
graphic directions of the incident beam [1]. These channeling effects are
powerful in determining atomic site locations in crystals and techniques k rp z 2 ‘cf‘ |bf(r)| z )c(l) ’2 2 Cé exp(2rg-r) )
such as ALCHEMI (Atom Location by CHanneling Enhanced MIcroanal- J g

ysis) have been developed and evaluated.

The non-uniformity in the intensity distribution of the incident elec-
tron beam over the projected unit cell of a given structure causes anoma-
lous absorption effects and crystallographic direction-dependent X-ray
emission, i.e., electron channeling phenomena. In addition, channeling
is further enhanced by the localization of X-ray production sources at
the proximity of the atom cores of the structure. Theoretical calculations
[2] of the X-ray production rate N,(k;) by an element in the projected
unit cell at a distance z from the entrance surface and for an incident

where p, is the site occupancy at coordinate r; and I(k;,r,2) is the in-
tensity distribution of the electron beam. For the latter, calculation is
performed using the Bloch waves approximation b/(r), so the intensity
becomes:

with g reciprocal lattice vectors, Cgf Bloch wave coefficients and C,/
the excitation strength of the jth Bloch wave at the entrance surface of
the crystal unit cell. In order to facilitate calculations, the two beam
approximation is used [3] where two Bloch waves are excited. In a pla-
nar case channeling experiment, where all atomic planes are equidis-
tant and identical, one Bloch wave would be concentrated at the atomic
planes, whereas the other Bloch wave midway between them, when the
1st order reflection is in Bragg. For negative excitation error, the atomic
planes Bloch wave is strongly excited, whereas the opposite takes place
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for positive excitation error. In practise, in planar channeling experi-
ments, Bragg scattering from only one family of crystal planes takes
place. Then the projected structure is aligned with respect to the inci-
dent beam so that each plane contains only one kind of element in the
structure.

Structural analyses employing electron channeling have a recent fo-
cus in systems for renewable technologies and energy harvesting, such
as thermoelectric (TE) materials that convert waste heat into electric-
ity. This energy conversion efficiency of TE devices is expressed by the
dimensionless figure of merit ZT

ZT = S%6T [k 3)

where S is the Seebeck coefficient, o the electrical conductivity,
kK = k] + k. the total thermal conductivity, comprising of its lattice
(x7) and electronic (k,) counterparts and T the absolute temperature.
Strategies towards improvement of ZT values over the last years aim
to enhancing the power factor (S%¢), and/or minimizing the thermal
conductivity, either by band engineering, hierarchical architecturing,
or endotaxial nanostructures [4], among others.

Electron channeling and ALCHEMI have been already proved quite
efficient in providing essential structural refinement information [5,6]
for half-Heusler compounds with basic TEM instrumentation require-
ments, the latter considered among the most promising TE materials
[71,. However, its applicability can be readily extended to a wide range
of TEs, such as ternary tellurides [8], higher Mn silicides [9], or mixed
Biyx3 (X = Te, Se) ones [10]. Taking into account that recent devel-
opments in TEs involve flexible and environmental friendly approaches
[11] or polycrystalline materials [12], the necessity of determination of
the precise structural characteristics and their role in TE performance
becomes crucial. Furthermore, its ease of applicability can render chan-
neling an efficient complementary method for structural analysis, along
with large scale characterization methods, such as synchrotron X-ray
[13] or neutron diffraction.

TE materials based on mixed Mg,Si - Mg,Sn have gained increased
interest, due to inexpensive production costs, abundancy and atoxic na-
ture of raw starting powders, especially for power generation applica-
tions within the intermediate temperature range (500-900 K) [14]. Syn-
thesis of Mg,Si;_,Sn, in nanocrystal morphologies, often coupled by in-
corporation of n-type dopants in their host matrix -Sb [15] or Bi [16]-
is exploited, with a scope to efficiently increase electrical conductivity
o and reduce, at the same time, lattice thermal conductivity «;, particu-
larly for Sn-rich or Bi doped Si-rich counterparts. In this way, the energy
conversion efficiency of TE devices, i.e., the figure of merit ZT, will be
significantly improved.

Previous studies [15] confirmed the multiplicity of phases in this
system, such as Si-, Ge- and/or Sn-rich phases, where the distribution of
the group IV ions in the unit cell may significantly differ [17,18]. Along
with this, the exact location or distribution of dopants is also a con-
troversial issue. In [19], Bi doping resulted in preferential segregation
at grain boundaries, where it acts as a donor. In other works [20], Bi
has shown to homogenously distributed in Mg,Si. All these have signifi-
cant effects in the TE properties. In particular, the thermal conductivity
decreases, as scattering by point defects induced by dopants and/or mis-
placement of host ions decreases the contribution of short-wavelength
phonons [17], thus resulting in improved TE properties. It also affects
the n- or p-type electrical conductivity, as in [21], where ionized im-
purities in Mg, Si-Mg,Sn solid solutions affect carrier scattering at low
temperatures: the same is also addressed in [22], for Sb doping ions.

Application of the electron channeling method is therefore highly
beneficial in order to accurately determine and refine the structural
characteristics of the Mg,Si; Sn, materials. In previous studies [5],
electron channeling and the ALCHEMI technique have been employed
for structure refinement of TE materials. ALCHEMI is capable to cal-
culate the amount of dopants in TEs and may efficiently act as a com-
plementary method to other techniques [22] to determine the level of
doping for Sb dopants, for instance, showing to be up to 2.3 at% inside
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Table 1
Nominal contents of host and dopant atoms at the various
Mg silicide samples.

Sample Chemical formula Mg  Si Sn Bi

Pure Mg,Si 2 0.97 0 0.03
Si-rich Mg, Sig 575N 4 2 0.57 0.40  0.03
Sn-rich  Mg,Sig 35S0y ¢ 2 0.38 0.6 0.02

Mg,Sig 4Sng 6. In other works [23], the Mg vacancies are considered in
Mg, Si; . Sn, materials, as a consequence of increased (>10%) Sb incor-
poration in the lattice, to account for charge balance. The Mg vacancies
and their interplay with Sb doping have been also investigated in [24],
for Mg,Sij 4Sng ¢, Sby with high Sb content (>10%). The Mg intersti-
tials and vacancies are also associated with the n- or p-type conductiv-
ity of Mg,Si in [25] and, although Mg vacancies are less energetically
favoured, they should be present in Mg,Si, based on experimental find-
ings. Mg interstitials were found to occupy 4b (%, %, %) sites in [26].
Zwolenski et al. [27] also deals with Mg and Si ions at 4b interstitial
sites, too; the authors there claim that, although the Si vacancy is more
favoured at Mg,Si, the Mg vacancy is more preferred at Mg, Sn, whereas
Mg,Ge shows somehow intermediate behavior.

The unit cell site preference for both host and doping elements and
the spatial variations in compositions are essential to understand the
fundamental TE properties, such as electrical conductivity, Seebeck co-
efficient and the lattice contribution in thermal conductivity of Mg sili-
cides [17]. In this study, we determine the host and dopant site pref-
erences and distribution for Bi-doped Mg,Si; ,Sn, compounds (x = O,
0.4, 0.6) employing the electron channeling method. In practice, the AL-
CHEMI technique is also applied to calculate and determine the percent-
age of Bi dopant ions in the pure and mixed Mg,Si; ,Sn, compounds.
The results are compared and assessed in relation to the TE property
measurements of the materials.

2. Materials and methods
2.1. Synthesis of silicides

Bi-doped Mg,Si; 4 Sn, (x = 0, 0.4 and 0.6) materials were prepared
by solid state reaction combined with ball milling and followed by hot
press sintering as described in [15]. Magnesium (Mg), silicon (Si), tin
(Sn) and bismuth (Bi) powders/chunks with purities higher than 99.8%
(Alfa Aesar) were weighted according to the desired composition, as in
Table 1.

2.2. TEM sample preparation and experimental details

Samples suitable for electron channeling analysis at the TEM were
prepared by dissolving finely crushed material in high purity ethanol
and evenly dispersing it on ultrathin lacey C-films supported on 3.05 mm
copper grids. Electron channeling experiments were carried out on a
JEOL 2100 transmission electron microscope (TEM) with a LaBg elec-
tron source, operating at 200 kV and with a point resolution of 0.25 nm.
The TEM is fitted with an EDAX Apollo XLT silicon drift EDS detec-
tor, with an ultra-thin window and an energy resolution of 129 eV (Mn
K). Spectrum acquisition and analysis was performed by the TEAM EDS
Suite software.

2.3. Electron channeling

Mg,Si-based compounds crystallize at the high symmetry Fm3m
space group (#225), comprising of four interpenetrating fcc sublattices.
In principle, at an ideal unit cell, Si, (or Sn or Ge) atoms occupy the
octahedral 4a (0,0,0) sites (C sites), whereas Mg ones occupy the two

tetrahedral 8c sites, (i, i, i) and (i, i, %) (T sites). There is also an
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additional octahedral site at the unit cell, the 4b (%, %, %), i.e., N site
that is, by principle, unoccupied. The crystal structure of Mg,Si, viewed
along the [001] and [110] directions, is shown at Fig. 1. The two octa-
hedral sites (i.e., the C and N ones) cannot be distinguished at the [001]
projection, whereas all three different sites (C, N and T) can be easily
distinguished along [110], across, e.g., the {111} types of crystal planes,
as shown in Fig. 1(b).

Furthermore, Fig. 1 also illustrates that there is an inversion symme-
try across the (111) planes for the Mg,Si compounds, as the sequence is
...-C-T-N-T-C-, i.e., symmetric with respect to N sites. This is also con-
firmed by the expression of structure factor [28]

ngFhkl=Zfiexp(2”g'ri) “)

for all possible types of reflections:
Reflections with h, k, 1 even numbers have two subcategories:

-h+k+1=4n,n > 1, such as 220, 400, 440, etc., where
Fu = 4(fc + fn +2f7) (O]

-h +k+1=4n+2, n > 0, such as 200, 222, 442, etc., where

Fug =4(fc + fnv —2f7) (6)

For reflections with h, k, 1 odd numbers, such as 111, 311, 511, etc.,
the structure factor becomes:

Fu =4(fc = fn) )

i.e., it is interestingly only dependent on the occupancy of the C and N
octahedral sites. This is a mere consequence of the high symmetry of
the Mg,Si structure and the full occupancy of both types of tetrahedral
T sites by Mg ions at the unit cell.

Electron channeling experiments have been performed with a con-
vergent beam of electrons focused on a thin area of interest [5], with a
scope to avoid overlap between the diffraction disks at convergent beam
electron diffraction (CBED) mode. Thus the probe size during analysis
was set at ~40 nm and the beam semi-convergence angle was around
1.5 mrad. In the planar channeling experiment configurations employed
in this study the {100} and {111} reciprocal lattice rows of reflections
have been chosen. A typical set of CBED patterns for the {111} series
is shown at Fig. 2, where the excitation of all reflections spanning the
range from 444 to 444 are shown in successive order. Their correspond-
ing Kikuchi lines help as a guide for the specific diffraction conditions
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Fig. 1. The crystal structure of magnesium sili-
cides, as viewed along the (a) [001] and (b)
[110] projections. The different sites are de-
noted with the letters T (tetrahedral), C and
N (both octahedral); vacancies are also des-
ignated by open squares. Along the [111] di-
rection, all sites are clearly distinguished, as
shown by their ...-C-T-N-T-... succession.

Fig. 2. Series of CBED patterns acquired during a typical {111}-series channel-
ing experiment. Typical diffraction conditions are denoted at the patterns.

for each tilting angle. The optimum thickness of the areas being ana-
lyzed should, in principle, be less than 50% of the extinction distance
for a specific reflection, i.e., usually in the range of 50-100 nm. Post-
experimental fitting of all data was achieved by employing the curve_fit()
function provided by the Python SciPy library.

3. Results and discussion
3.1. Pure Mg,Si sample, doped with Bi
Fig. 3 shows a bright field (BF) TEM image of a typical area for chan-

neling analysis in the pure Mg,Si sample, doped with 3 at% Bi, along
with its corresponding Selected Area Diffraction (SAD) pattern oriented
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Fig. 3. BF image of a typical region for the channeling experiments at Mg,Si,
along with its SAD pattern inset, revealing the [110] projection.

1 Mg
1:2
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Fig. 4. Typical EDS spectrum from the pure Mg,Si sample. The peaks at ~8 keV
are the Cu K, and K;; ones, stemming from the Cu grid used for the TEM sample
preparation.

nearly along its [110] zone axis. The Mg,Si particle is crystalline and
quite thin, thus highly suitable for the channeling experiments. Typical
sizes of particles are up to 500 nm for this material. The SAD pattern
further confirms that the particles in this study crystallize in the anti-
fluorite Mg,Si structure. It should be emphasized that the specific [110]
particle orientation was merely used for phase and crystalline quality
confirmation and not as a starting point for orienting the particle dur-
ing the channeling experiments.

A characteristic Energy Dispersive X-ray Spectrum (EDS) from the
pure Mg,Si is also shown in Fig. 4. The spectrum shows the Mg K and
Si K peaks, along with the Bi L. and M ones. EDS point analysis acquired
from several areas of the same Mg,Si particle confirmed the compo-
sitional uniformity, with the Mg, Si and Bi contents to be consistent,
in general. For reasons of accuracy, we mainly relied on point analy-
sis instead of elemental mapping options. EDS spectra did not reveal
any other impurity peaks, apart from a small amount of O, attributed
to some residual MgO phase formation that is commonly encountered
in magnesium silicide compounds [15]. In certain cases, this additional
MgO phase resulted in slight deviations from the nominal stoichiometry
between Mg and Si, especially towards a deficiency in Mg trend, equal
to 5-8%, in agreement with previous studies [15,25]. In addition, the
Bi doping level varied slightly from its theoretical value among various
particles, being about 2-2.5 at% on average. As no distinct Bi phases
were detected, its slightly lower concentration in the Mg,Si particles
may well imply some segregation at grain boundaries, in accordance
with previous reports [19].

Planar electron channeling experiments took place in typical Mg, Si
particles along the {100} and {111} rows of reflections and the results
are presented in Figs. 5 and 6, respectively. There, the variation of the
normalized X-ray emission as a function of angle between the incident
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Fig. 5. (a) Normalized X-ray intensities for Mg, Si and Bi along the {100} row.
The corresponding CBED pattern is also depicted on top of the graph. (b) Ratios
between Mg, Si and Bi for the {100} row.

electron beam and the {100} and {111} crystal planes is shown in 5(a)
and 6(a), respectively. On top of each graph, the corresponding CBED
patterns of the {100} and {111} rows of reflections, in symmetrical con-
ditions, are also presented. In both cases, a profound channeling effect
is readily observed. This is further illustrated by the ratios between Mg
(tetrahedral sites) and Si or Bi (octahedral sites), in Figs. 5(b) and 6(b)
for {100} and {111}, respectively.

For the case of {100} row, Fig. 5, the variation of the normalized
X-ray intensities for Mg, Si and Bi is symmetrical, in general, in accor-
dance with the Mg,Si structure symmetry. Furthermore, the Si and Bi
curves follow the same trend and are always complementary to the Mg
curve, which confirms the distinct site location for the three ions, i.e.,
octahedral for Si and Bi and tetrahedral for Mg [6].

The channeling results for the {111} row provide additional infor-
mation. The Si and Bi curves are again complementary to Mg one, but
all three become now asymmetrical as the electron beam varies along
the {111} series of planes. The trend of the Mg curve confirms, on one
hand, its location predominately in T (8c) sites; however, the asymme-
try observed, in particular around the {222} reflections, implies some
variable Mg content in its atomic positions. Vacancies generated by the
Mg deficiency, generally observed by EDS point analysis, may well pro-
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Fig. 6. (a) Normalized X-ray intensities for Mg, Si and Bi along the {111} row,
along with its corresponding CBED pattern, on top of the graph. (b) Ratios be-
tween Mg, Si and Bi for the {111} row.

vide an explanation for these observations. Mg incorporation in other
locations, too, such as interstitials in N (4b) sites, as in [26] can also be
considered.

Furthermore, there are certain deviations from symmetry and com-
plementarity for Bi, which may imply its location in different positions
in the lattice, i.e., uneven Bi distribution. This is more pronounced in
Fig. 6, along {111}, where the C and N sites are entirely distinguished,
and the effect of uneven Bi distribution is stronger, especially around the
{222} reflections. However, effects such as diffuse scattering from the
incident and diffracted beams. i.e., absorption, or thickness variations
due to imperfect shape of the areas analyzed may also cause variations
in the shape of the channeling experimental curves [2,29]. Attempts,
therefore, to minimize these effects took place, whenever feasible, such
as choosing thin regions at the edge of Mg,Si particles, as Fig. 3 illus-
trates, appropriately aligned with respect to the EDS detector. Moreover,
contributions by additional reflections present during a series of chan-
neling experiment, apart from the excited ones, may also induce inaccu-
racies in the results. A careful choice of the area analyzed, as well as the
tilting conditions would be the remedy to overcome the latter obstacle.

By application of the ALCHEMI technique [28] the Bi content at each
one of the Mg and Si sites can be calculated. The methodology is to
choose two EDS spectra, one under strong channeling conditions (i.e.,
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Table 2

Calculations of the Bi site preference for the pure Mg,Si sample
doped with Bi. In all cases, element 1/A is Mg, element 2/B is
Si and element X is Bi.

Reciprocal tow ¢y (%)  R(X/B)*"  R(X/A)*"  R(B/A)*Y
{100} 1.4 1.011 0.555 0.549
{111} -7.8 1.023 1.453 1.422

symmetric position) and one under uniform conditions, when the chan-
neling effect is worn out (i.e., far away from all reflections in a reciprocal
lattice row). The methodology assumes that there are three elements A,
B and X, where element A occupies site 1, element B site 2 and element
X is distributed between site 1 and 2. If the concentrations, as derived
by the integration of their X-ray intensity peaks at the EDS spectra, of
elements A (site 1) element B (site 2) and X are N, ¢, Np¢ and Nx© un-
der channeling and N,“, Ng" and Nx" under uniform conditions, the
fraction cyx of the element X at site 1 (element A) would be

N ow Y- (NG
(i)~ (i)
X =
NS N _ (NS,
(Mg ) = (i)
The criteria that the above calculations of cy is accurate depend on
the ratios R(X/B)%", R(X/A)%" and R(B/A)%Y (R factors), defined as fol-
lows:

o NVX/ne
R() " -
B

N¢
cu XINe
X _ A
R(¥4) N (10)
A

i VB/Ne
R(B/4) =NZ/N: an
A

When R(X/B)%Y = 1 and, simultaneously, R(X/A)“" # 1 and
R(B/A)S" # 1, element X resides on site 2 (element B). The opposite
takes place when R(X/A)%!" = 1 and, simultaneously, R(X/B)%" # 1 and
R(B/A)S" # 1, i.e., element X resides on site 1 (element A). Any dif-
ferences in results due to delocalization of the effective interaction for
inner shell ionization have not been considered here, as, among others,
the study involves atoms with relatively higher atomic numbers [28,29].

In the current case, Mg, Si and Bi are elements A (site 1), B (site 2)
and X, respectively. Application of Egs. (8) to (11) for the {100} and
{111} reciprocal rows yielded the results summarized in Table 2.

Regardless of the low concentration of Bi dopant in the sample, the
results in Table 2 clearly confirm that the vast majority of Bi ions oc-
cupy Si octahedral sites. As deduced by the {100} row results, there is
only 1.4% chance that Bi is located at Mg tetrahedral positions (T sites);
furthermore, the outcome from the {111} row experiment leaves little
doubt, as the amount of Bi occupying Si octahedral positions is 107.8%,
i.e., due to the negative result in Table 2. In addition, these findings
are in very good agreement with X-ray diffraction (XRD) analysis and
TE properties measurements [16], where Bi incorporation brought upon
both an increase of the host lattice constant and the n-type carrier con-
centration. Furthermore, there is a very good consistency of the val-
ues for the three criteria -Egs. (9) to (11)- as in both {100} and {111}
cases the R(X/B)%" value is almost unity and both the R(X/A)%" and
R(B/A)%" deviate strongly from 1. It is also noticeable that the devia-
tions are towards the opposite sides of 1, i.e., much lower for {100} and
much higher than 1 for the {111} series of channeling experiments, in
line with the trend of the Mg, Si and Bi curves at Figs. 5(a) and 6(a),
respectively.
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Fig. 7. (a) BF image from the edge of a typical particle for channeling at the Si-rich mixed Mg,Si,_,Sn, sample, (b) EDS spectrum from the sample.

3.2. Mixed Mg,Si;.,Sn, samples, doped with Bi

A characteristic BF image from a region analyzed in the Si-rich
mixed Mg,Si; ,Sn, material is depicted at Fig. 7(a). In the case of mixed
Mg,Si;_.Sn,, phase separation is known to occur [15], so mixed Mg sili-
cides often contain Si-, Sn-, Ge-rich particles and the so called ‘matrix’
phase, where the Si and Sn are almost at the same percentage (50 at%).
Fig. 7(a) comes from a Si-rich particle. TEM/HRTEM observations did
not show any extensive concentration of line or planar structural defects,
a trend that was observed in the pure Mg,Si, too.

An EDS spectrum from the Si-rich mixed Mg,Si; ,Sn, is shown in
Fig. 7(b), where the peaks of Mg, Si, Sn and Bi are all shown, along with
the O one (MgO phase). By obtaining several EDS spectra from distinct
areas in the particle of 7(a), the consistency in the Mg, Si, Sn and Bi
contents at the same particle is once more confirmed. However, there
are often deviations from stoichiometry among different particles, due
to the phase separation, as well as a small deficiency of Mg, towards an
MgO formation [15,16], as in pure Mg,Si.

Electron channeling experiments have been performed both along
the {100} and {111} series of reflections. Due to the phase multiplicity
in Mg,Si; ,Sny, we aimed to check the host and dopant ion distribution
in both Si-rich and Sn-rich phases, therefore the channeling experiments
along {100} and {111} were performed on several Si-rich and Sn-rich
distinct particles, respectively.

The variation of the normalized X-ray emission versus the tilting
angle for the {100} series for a Si-rich particle at the Si-rich mixed
Mg,Si; .Sn, sample is presented in Fig. 8.

In this case, the channeling effect is clearly observed, too, as further
illustrated by the ratios between Mg (nominally tetrahedral) and Si, Sn
or Bi (nominally octahedral), in Fig. 8(b). The curves in the mixed sili-
cide, though, show significant deviations from symmetry, contrary to
their respective symmetrical curves of Fig. 5, for pure Mg,Si. In Fig. 8(a),
the Si curve is always complementary to Mg one, whereas the Sn and Bi
curves usually follow the Si curve trend, but not exclusively, especially
around the {400} reflections. This trend shows that Bi dopant is mainly
associated with Sn sites. Furthermore, the variation of X-ray emission
for Bi (and Sn) is considerably asymmetric compared to the pure Mg,Si
case, Fig. 5(a).

The {111} row channeling experiments further confirmed the above
findings. Following this, the X-ray intensity variation as a function of the
angle between the incident electron beam and the {111} crystal planes is
presented at Fig. 9. The EDS spectra now come from a Sn-rich particle at
the Sn-rich mixed Mg,Si;_,Sn, sample, for reasons of comparison at the
mixed Mg,Si;_.Sn, system. Here, the curves for Sn and Si are consistent
and complementary to the Mg one, whereas Bi shows a more complex
behavior. For Sn-rich particles, random Mg vacancies are more favoured
than in Si-rich ones [27]; this has been also reflected in the Mg curve,
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Fig. 8. (a) Normalized X-ray intensities for Mg, Si, Sn and Bi along the {100}
row from a Si-rich particle at the Si-rich sample. (b) Mg/Si, Mg/Sn and Mg/Bi
ratios for the same row of reflections.

which exhibits a certain level of asymmetry. As a consequence of the
{111} planes effectively distinguishing the two octahedral sites (C and
N), the asymmetry observed for Si, Sn and Bi shows that these elements
do not exclusively occupy a specific octahedral site (C or N) but are ran-
domly distributed in these two sites. Furthermore, this deviation from
symmetry is more significant for Bi, which confirms its variable occu-
pancy at the Mg, Si;_,Sn, crystal. The deviation is much larger compared
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Fig. 9. (a) Normalized X-ray intensities for Mg, Si, Sn and Bi along the {111}
systematic row of reflections from a Sn-rich particle at the Sn-rich mixed sample.
(b) Mg/Si, Mg/Sn and Mg/Bi ratios for the same row of reflections.

Table 3

Calculations of the Bi site preference for the Si-rich mixed
Mg,Si, Sn, sample doped with Bi. In all cases, element 1/A is
Mg, element 2/B is either Si or Sn and element X is Bi.

Reciprocal row {100}
Bi(Si) Bi(Sn)
Si-rich cx (%) -7.6 -25.4
R(X/B)*" 0.986 0.962
R(X/A)S" 0.836 0.836
R(B/A)" 0.849 0.870

to the Mg,Si case -Fig. 6(a), as anticipated due to the mixed compound
and unequal nominal Si and Sn contents.

The ratios between Mg (tetrahedral sites) and Si, Sn or Bi (octahe-
dral sites) are also depicted in Fig. 9(b) for the {111} series, where we
observe a strong channeling effect, too. The Bi curve profile, however,
is again asymmetrical, due to its random distribution in the structure.

Application of ALCHEMI [28], Egs. (8) to (11), has been performed
for both the Si-rich and Sn-rich mixed samples, too and the results are
presented in Tables 3 and 4, respectively.

In the mixed case samples, the Egs. (8) to (11) may apply for all
possible combinations of elements in positions 1/A and 2/B, i.e., Mg,
Si or Sn. We chose to keep element 1/A as Mg and element 2/B as Si
or Sn, whereas Bi is always element X. The Bi(Si) or Bi(Sn) columns in
Table 3 and Table 4 refer to the case where element 2/B has been either
Si or Sn, respectively.
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Table 4

Calculations of the Bi site preference for the Sn-rich mixed
Mg, Si; ., Sn, sample doped with Bi. In all cases, element 1/A is Mg,
element 2/B is either Si or Sn and element X is Bi.

Reciprocal row {111}
Bi(Si) Bi(Sn)
Sn-rich cx (%) -23.8 -1.84
RX/B)*" 1.095 1.008
R(X/A)" 1.823 1.823
R(B/A)"" 1.665 1.808

In this case, the results are a little bit more complicated and are heav-
ily dependent on the accuracy of the channeling experiments. Because
of this, the results for the {111} series bear a greater significance, as
their R values are more accurate. There is a general trend that Bi occu-
pies sites of the majority element (Si in Si-rich, Sn in Sn-rich); however,
Bi ions have a tendency to occupy sites related to Sn, as the R factors for
the Sn-rich particle Table 4) are more accurate. This is complemented if
we also choose, in addition, a further set of element positions: element
1/A is Sn, element 2/B is Si and element X is, again, Bi. In that case,
Egs. (8) to ((11) give:

cx (%) = 110.34
R(X/B)°Y = 1.095
R(X/A)%" = 1.008
R(B/A)SY = 0.921

These results indicate that even more than 100% Bi ions are located
at Sn sites, compared to Si ones, irrespective of the similar values of the
R-factors; consequently, Bi ions show a preference to substitute for Sn
sites in mixed Mg,Si;Sn, TE compounds. This aligns very well with
previous electron microscopy and XRD findings [15,16], where Bi dop-
ing brought upon both an increase in the lattice constant and an en-
hancement of the phase separation, i.e., more Bi-doped Sn-rich particles.

Furthermore, the electron channeling findings and the ALCHEMI cal-
culations confirmed the random distribution of Bi among the Si and
Sn sites, as well as their own random order in the Mg,Si;_,Sn, crystal-
lites. This is in very good agreement with the TE property measurements
[16]. Among them, the electron carrier concentration and the electrical
conductivity showed more than two orders of magnitude increase with
2-2.5 at% Bi doping, reaching ~3 10%° cm~3 and ~1750 Scm™!, respec-
tively. The Seebeck coefficient is also negative and decreases remarkably
by more than 75% for 2-2.5 at% Bi [16]. These may well be explained
by the Bi®~ substitution for Si*~/Sn*- sites.

A reduction in the lattice thermal conductivity component has been
also observed [16], due to scattering of short-wavelength phonons by
the point defects in the lattice created by the random distribution of both
Bi dopants and, predominately, by the random distribution of host ions -
Sn and Si, as this study showed. Thus, Si, Sn and Bi are all associated with
both C and N sites. Furthermore, it has to be emphasized that, among the
materials analyzed in this study, a compositional uniformity has been
observed at all scale levels, from nano- (TEM) to micro- and macro-scale
(EDS analysis in a Scanning Electron Microscope -SEM [15]), therefore
there is a direct comparison between the electron channeling results and
the TE properties.

4. Conclusions

Electron channeling and the ALCHEMI method has been employed to
determine the location and distribution of both the host and dopant ions
in magnesium silicide TE materials, doped with Bi. The study revealed
that Mg ions occupy both tetrahedral T (8c) sites, (i, i, i) and (i, i,
3), with some vacancies present, too, whereas Si, Sn and Bi occupy both
4a (C) and 4b (N) octahedral sites. In pure Mg,Si, Si and Bi are inter-
mixed between the pre-occupied 4a (0, 0, 0) C sites and the vacant, in



A. Delimitis, T. Kyratsi and V. Hansen

principle, 4b (%, %, 1y N site. A random distribution in Bi ions has been
observed. For the mixed Mg,Si; ,Sn, materials, the distinction between
the tetrahedral 8c and octahedral 4a and 4b sites is still preserved, in
relation to ion occupancy. However, although there is still an intermix-
ing of Si, Sn and Bi ions in both 4a and 4b octahedral sites, there is a
larger asymmetry of Bi in this case, which imply more random distri-
bution in the mixed compounds. A tendency for Bi to substitute for Sn
has been also detected. These findings are in very good agreement with
the TE properties of the magnesium silicide materials, in terms of carrier
concentration and electrical conductivity increase, negative Seebeck co-
efficient absolute decrease and lattice thermal conductivity reduction,
due to random distribution of Si/Sn, as well as Bi incorporation in the
host lattice instead of exclusive segregation at grain boundaries.
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