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Unlocking the Full Potential of MgAgSb by Unravelling the
Interrelation of Phase Constitution and Thermoelectric

Properties

Amandine Duparchy,* Frederic Kreps, Eckhard Miiller, and Johannes de Boor*

A thorough understanding and optimization of microstructure are key

for enhancing performance in thermoelectric materials. By combining
high-resolution microstructural analysis with bulk transport charact-

erization and spatially resolved Seebeck microprobe measurements,

the interrelation between phase constitution and thermoelectric properties of
MgAgSb, a promising p-type room temperature material is established. This
study analyzes 35 MgAgSb samples with varying compositions and synthesis
conditions. Scanning transmission electron microscopy with energy-dispersive
X-ray spectroscopy and selected area electron diffraction reveals that remnants
of constituent elements from the initial synthesis step can cause the formation
of detrimental secondary phases, including a previously unnoticed, highly
dispersed Ag;Sb nanophase uniformly distributed throughout the samples.
Analysis of the temperature dependence of the weighted mobility reveals differ-
ences in carrier scattering as the main reason for the different thermoelectric
performance. Furthermore, a statistical analysis of weighted mobility and ma-
terial quality factor versus type and amount of secondary phase reveals the sec-
ondary phases to predominantly affect the electronic (not thermal) transport,
ranks them according to impact and further distinguishes classical mixing from
grain boundary effects. This approach is crucial for understanding how specific
phases affect material performance, identifying Mg,Sb, and (Ag) as the most

1. Introduction

As society becomes increasingly concerned
with sustainability and minimizing envi-
ronmental impact, the demand for sus-
tainable energy systems to decelerate cli-
mate change has become critical. Tradi-
tional energy systems rely heavily on fos-
sil fuels-based technologies!!! which not
only contribute to environmental degrada-
tion but also lose significant amounts of pri-
mary energy as waste heat.?] In this con-
text, thermoelectric materials emerge as a
promising technology, converting (waste)
heat directly into usable electrical energy,
unlocking a potential new source of clean
energy.>*] On the other hand, thermoelec-
tric devices can also employ the Peltier ef-
fect for silent and rapidly adjustable solid-
state thermal management. Thermoelectric
power generation has already found appli-
cations in a variety of fields, from corrosion
protection at pipelines to wearable medi-
cal devices and aerospace industry, while

detrimental, but also providing guidelines for further material improvement.
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Peltier technology is an integral part in
many medical and opto-electronic devices
as well as a promising approach for thermal
management in electrical vehicles.’® The
performance of TE materials is characterized by the figure of
merit zT = S? 6T/k, where S is the Seebeck coefficient, ¢ the
electrical conductivity, T the absolute temperature and « the ther-
mal conductivity.!!

During recent years p-type MgAgSh has attracted a lot of at-
tention due to its high thermoelectric performance between 300
and 573 K131 This material system fills a gap in the p-type
material spectrum, bridging the performance between the low
temperature Bi,Te;-based solid solutions and mid-temperature
materials such as Skutterudites,'*] SnSe, > or PbTe.['! Te-based
TE materials are not suitable for large-scale applications be-
cause tellurium is an extremely rare element (with a fraction of
~0.001 ppm in the Earth’s crust!!’]) and accessible as a byprod-
uct from Cu mining. With increasing amounts of Cu recycled,
Te will be produced less, making its price even more volatile. On
the other hand, MgAgSDb is composed of less scarce and better
available elements making it a viable option for large-scale ap-
plications. Additionally, MgAgSb has demonstrated device ma-
turity, particularly when paired with n-type Mg;Sb, or n-type
Mg, X, (X = Si, Sn, Ge) offering a competitive alternative to fully
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Table 1. Nominal sample compositions, involvement of the cleaning step
and expected secondary phases according to the measured effective com-
position of selected samples. (Ag) stands for Ag-rich solid solution.

Sample name  Nominal composition Cleaning step Expected secondary phases

c-8-7 MgAg0 7Sbg 505 Yes Sb

nc-8-3 MgAgo 975bo.995 No Mg;Sb; + (Ag)
c-8-14 MgAg( 04Sby 03 Yes Mg;Sb, + Sb
c-8-16 MgAgo.915Sbo.g01 Yes Mg;Sb, + (Ag)

Bi, Te;-based thermoelectric modules.[18-21]

The efficiency of thermoelectric materials is not only deter-
mined by their main chemical composition and dopants but
is also influenced by microstructural features. Among these,
secondary phase inclusions and grain boundaries play signif-
icant roles and their effects can be either functionally benefi-
cial or detrimental depending on their nature and distribution.
Within a classical effective medium model, secondary phases
reduce the thermoelectric performance of an optimized mate-
rial, but features like energy-selective carrier scattering!??l or
topologically protected transport can overcome this limit.[2324]
Furthermore, both interfaces linked to secondary phases and
grain boundaries can act as scattering centers for phonons,
thereby reducing the material’s thermal conductivity, improv-
ing the TE figure of merit if not strongly scattering the charge
carriers as well, and thus, significantly reducing the electrical
conductivity.

An effective synthesis route was initially developed by Zhao
et al.'?l and further refined by Rodriguez-Barber et al.?] This
method consists of two steps: ball milling and annealing of the
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Figure 1. Central section of the Mg-Ag-Sb phase diagram at room temper-
ature, four samples are indicated according to their measured global com-
position. These are nc-8-3, c-8-7 with MgAg 97Sbg 995 as nominal compo-
sition, c-8-14 with MgAg, 9,Sb; o3 nominal composition and c-8-16, nom-
inally MgAg 91Sbg g1 The black arrow indicates MgAg 47Sbg 995, the as-
sumed single-phase composition. The colored sectors in the phase dia-
gram are different three-phase areas: MgAgSb plus two coexisting sec-
ondary phases.
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MgAg precursor, followed by a second ball milling step of MgAg
and Sb and a final sintering step to form MgAgSb. However,
MgAgSDh exhibits a phase transition from the high-performance
alpha phase to the metallic beta phase at #300 °C and the semi-
conducting, but inferior gamma phase at ~350 °C. Thus, to avoid
the detrimental phase transition the compaction/annealing tem-
perature of MgAgSb should be kept below 300 °C. However,
this implies limited diffusivities of the involved elements and
hence achieving a fully reacted, homogeneous material distribu-
tion remains a significant challenge. Hence, despite the synthesis
route of MgAgSb being in principle well-established, experimen-
tal results show that MgAgSD is a very sensitive material, highly
susceptible to minimal changes in process parameters. Several
works on MgAgSb report strongly varying average figure of merit
when using the same nominal composition (MgAg o, Sby ¢95) and
a similar synthesis route which consist of two steps of high en-
ergy ball milling (Mg together with Ag first and then MgAg to-
gether with Sb), followed by an annealing under uniaxial pres-
sure. The average zT in the temperature range from room tem-
perature to 573 Kvaries from 2T, = 0.771*] through 0.91"**5* to
1.1,111%7] presumably depending on synthesis control. Some un-
derstanding on this was provided by Rodriguez-Barber et al.,[?’]
who demonstrated that adding an intermediate annealing step
of MgAg as a precursor before adding Sb promotes the reaction
between elemental Mg and Ag, thereby reducing the formation
of Ag-rich secondary phases in the final material, resulting in an
increase of 2T,,, from 0.77 to 0.95. Later on, Duparchy et al.”’]
showed that some of the constituents were adhering preferen-
tially to the wall, thus slightly shifting the gross composition of
the second ball milling step in a non-cleaned vial. To solve this,
an intermediate cleaning step of the ball milling jar was intro-
duced after the first milling step, revealing that removing excess
of Mg and Ag residues from the milling jar improves the repro-
ducibility of the synthesized samples and their performances.[?”]
They also showed experimentally that the single-phase region
is compositionally very narrow, confirming point defect calcula-
tions by Feng et al.,[?®) focusing on the role of lattice point de-
fects (Ag vacancies, Ag on Mg site) and their effects on electronic
and thermal properties. The calculations show that the forma-
tion energies for both defects (Agy, antisite defects or Ag va-
cancies) are relatively similar for the different thermodynamic
limits, which supports the conclusion that MgAgSb has a very
narrow stable compositional range. This narrow window lim-
its the feasible adjustment of charge carrier concentration by
varying intrinsic defect densities and easily leads to the forma-
tion of secondary phase precipitates in the material if the tar-
get stoichiometry is not ideally met. Duparchy et al.[’] found a
correlation between effective composition, content of secondary
phases and resulting TE properties whereas the significance of
the study was limited by the employed analysis methods, in
particular the limited compositional and spatial resolution (mi-
croscale) of scanning electron microscopy combined with energy
dispersive X-ray spectroscopy (SEM-EDS) and X-ray diffraction
(XRD).

The lack of high-resolution microstructural analysis for
MgAgSb material prevents accurate phase identification, limit-
ing our knowledge of phase formation mechanism, their occur-
rence, and their impact on the material’s transport properties.
A key challenge in fabricating high-performance p-type MgAgSb
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Figure 2. a) High-angle annular dark-field (HAADFSTEM image of nc-8-3 and b) the corresponding EDS element mapping; c¢) HAADF-STEM image
of ¢-8-7 and d) the corresponding EDS element mapping; €) HAADF-STEM image of c-8-14 and f) the corresponding EDS element mapping. Electron
diffraction pattern g) from Area 2 of nc-8-3 corresponding to Mg;Sb, phase, h) of a similar area as Area 1 from nc-8-3 corresponding to Ag phase, i) of a
similar area as Area 3 from c-8-7 corresponding to Sb phase and j) of a similar area as Area 1 from c-8-7 corresponding to Ag;Sb phase. HAADF-STEM
images from sample nc-8-3 and c-8-7 can be found in Figures S1and S2 (Supporting Information) respectively.
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Table 2. STEM-EDS composition results of areas 1to 3 from nc-8-3 and c¢-8-7, and area 1 from c-8-14 as shown in Figure 2.

nc-8-3 c-8-7 c-8-14

Area 1 Area 2 Area 3 Area 1 Area 2 Area 3 Area 1
Mg (at.%) 2.7 54.8 75.2 2.3 45.8 7.8 53.8
Ag (at.%) 91.8 2.7 0 76.4 9 3 24
Sb (at.%) 5.5 42.5 24.8 213 45.2 89.1 43.8

Probable phase (Ag) Mg;Sb, Mg;Sb, + Mg Ag;Sb Mg;Sb, Sb Mg;Sb,

material lies in its high sensitivity to minor variations in effec-
tive composition and synthesis parameters. This sensitivity to
small amounts of secondary phases and compositional changes
is particularly critical compared to other material systems, where
secondary phases are observed but have less pronounced effect
on TE properties. For example, de Boor et al.?! observed that
4 wt.% of MgO in Mg, Si reduces 2T, by 10 to 15%, which is
detrimental but not dramatic. Similarly, studies on Mg, (Si,Sn)
solid solutions(®®3! have shown the formation of Si-rich is-
lands in both n- and p-type materials. Sankhla et al.?!l demon-
strated that further milling time can reduce the Si-rich phases
content, though with limited improvement in the material’s
properties.

This work aims at investigating the interrelation of phase
constitution and thermoelectric properties using combined mi-
crostructural measurements. Scanning transmission electron
microscopy (STEM) with energy-dispersive X-ray spectroscopy
(EDS) with higher lateral resolution than standard SEM together
with Selected Area Electron Diffraction (SAED), were used to
accurately identify secondary phases on both the micro- and
nanoscale. P-type samples were synthesized with small differ-
ences in synthesis parameters, resulting in different effective
compositions and varying amount and type of secondary phases.
By detailed microstructural investigations and careful analysis of
STEM images and transport properties, we identify the key rea-
sons for the usually observed high abundance secondary phases
in MgAgSb, limiting the reproducible synthesis of high per-
formance MgAgSb. Indeed, the limited resolution of MgAgSb
microstructural analysis prevented to distinguish between two
possible explanations for the secondary phases’ formation: that
they are a consequence of the overall off-stoichiometry of the
samples, or that they included meta-stable phases indicating
insufficient homogenization. We furthermore quantify the im-
pact of different secondary phases, identifying the most detri-
mental ones and derive suggestions how to improve material
performance. Beyond quantifying phase impacts, this statistical
approach also provides a way to possibly detect concentration-
independent effects, such as complexions or point-defect
structures.

2. Results

Four samples were selected for the in-depth microstructural anal-
ysis. These samples were chosen to represent different synthesis
routes (with / without cleaning step) and varied compositions,
as detailed in Table 1. Duparchy et al.l?’] previously conducted
a comprehensive microstructural analysis using two methods —
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SEM-EDS and XRD, however, these methods did not always lead
to consistent results.?””] Here we enter new territory by focusing
on one sample from each region of the ternary phase diagram
as shown in Figure 1 (containing in principle Mg;Sb, + (Ag),
Ag,Sb + Sb and Mg,Sb, + Sb as secondary phases coexisting
with the MgAgSb homogeneous matrix), employing STEM-EDS
and SAED for an unambiguous phase identification and a charac-
terization of the phase constitution on micrometer and nanome-
ter scale.

Figure 2, in combination with Table 2, shows that the first three
samples contain different secondary phases. The last sample, c-
8-16, was used for consistency check. In this study we will focus
on secondary phases in the material. However, it is important to
note that the majority of the material consists of a uniform phase
— the MgAgSb matrix. In sample nc-8-3, three distinct secondary
phases are observed, exemplarily indicated by circles labeled as
Area 1, 2, and 3 in Figure 2a. Elemental mapping combined with
point identification analysis revealed that Area 1, a relatively large
inclusion of almost 5 um in size, is a silver-rich phase, potentially
allargentum (Ag,,Sb,, 0.08 < x < 0.18) or elemental silver with
dissolved Sb and Mg. Areas 2 and 3 are rich in Mg and Sb, with
different ratios, likely containing the Mg;Sb, phase. Area 3 ex-
hibits a 75:25 ratio of Mg and Sb, considerably higher in Mg con-
tent than the one required to form Mg;,Sb, single phase, while
Area 2 is relatively close to the expected composition (60:40 ra-
tio). Such large deviations in Mg and Sb content in Area 3 from
the Mg, Sb, composition cannot be attributed to a measuring arti-
fact or the overlap of the excitation area with another neighboring
phase and rather indicate that Area 3 comprises more than a sin-
gle phase, possibly a fine scaled composite of Mg, Sb, and Mg oc-
curring in separate domains. Hence, what we see is Mg-Mg, Sb,
nano-composite surrounding the Ag-rich inclusion which itselfis
surrounded (although not completely) by Mg, Sb, phase close to
stoichiometry. Thus we observe the reactants for MgAgSb unre-
acted even though they are situated in close vicinity. It is striking
that the large Ag particle is surrounded by an Ag-free belt whereas
this belt is neighbored by Ag-rich islands also at its outside (in-
dicated by white arrows in Figure 2b). Looking carefully at the
phases in the matrix, one can notice that there is another Ag-rich
phase (yellow circles in Figure 2a) that looks different compared
to Area 1. These Ag-rich islands enclosed in the MgAgSb matrix
visible in Figure 2b doesn’t show any Mg, Sb, margin. Due to the
shape, grain structure and the small size of those phase domains,
another formation genesis is assumed for them, different from
that of Area 1, probably having precipitated from the matrix.

Sample c-8-7 also contains three distinct secondary phases
(Area 1, 2, and 3; Figure 2¢,d). In this case, Area 1 is Ag-rich with
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Table 3. Measured d-spacings (A) of some regions of nc-8-3 and c-8-7 com-
pared to literature d-spacings of cubic Ag, allargentum, trigonal Mg;Sb,,
dyscrasite and trigonal Sb respectively. Composition, crystal system, space
group and the lattice parameters of each phases are given in Table S3 (Sup-
porting Information).

nc-8-3 c-8-7

Area 1 Area 1
Measured Cubic Agl3?] Agq.,Sb, 3% Measured Ag;Sbl33]
2.364 2.359 2.548 2.69 2.61
2.054 2.044 2.370 2.44 2.42
1.453 1.445 2.252 2.38 2.29
1.239 1.231 1.756 1.91 1.71

Phase similar to Area 2 Phase similar to Area 3

Measured Trigonal Measured Trigonal
Mg, Sb,134] Sbl3s]

3.942 3.960 3.58 3.54

3.789 3.614 2.26 2.25

3.458 3.473 1.96 1.93

3.413 3.473 1.88 1.88

/ 2.670

2.369 2.410

some Sb, likely Ag, Sb following the 75:25 ratio. Area 2 is Mg- and
Sb-rich, similar to Area 2 of nc-8-3, and is probably Mg, Sb,. Area
3 is Sb-rich.

Finally, in sample c-8-14, elemental mapping identified two
secondary phases. The composition was measured by EDS of
Area 1 only (red circle; Figure 2e,f) and corresponds to the Mg
and Sb-rich phase which was also found in sample ¢-8-7 and nc-
8-3. The second side phase indicated by purple circles is too small
to be reliably analyzed but can be identified as an Sb-rich phase.
As there is no Sb-rich phase other than Sb, the small dots are
probably Sb. Importantly, this cannot be Ag,Sb as it should be
visible in the Ag signal otherwise.

To accurately identify the phases in each sample, SAED diffrac-
tion was performed on samples nc-8-3 and c-8-7. The d-spacings
are given in Table 3 while the Scherrer (ring) and single crys-
tal SAED diffraction patterns of some regions of nc-8-3 and c-
8-7 are shown in Figure 2g—j and can be found in more detail
in Figures S2 and S3 (Supporting Information). SAED diffrac-
tion analysis of a spot like Area 1 in sample nc-8-3 revealed that
the d-spacings of this phase match those of cubic silver, ruling
out the allargentum phase (Table 3). This silver particle is rela-
tively large (=5 um) meaning that it probably is unreacted silver,
remaining from the uncleaned jar walls. This is an indication
that the cleaning step is very important to synthesize a material
as phase-pure as possible. SAED diffraction was also performed
on a similar area as Area 2 from sample nc-8-3 confirming that
this phase is trigonal Mg,Sb,. When analyzing the d-spacings
of Mg, Sb,, one specific d-spacing appears twice in the literature
(3.473 A). This duplication arises from the material’s crystallo-
graphic symmetry, as certain orientations can yield equivalent d-
spacings. Our measured data aligns with the literature data: we
observe two similar, though not identical values. Additionally, one
d-spacing (2.67 A) is absent in our measurements. This can be
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attributed to the nature of SAED, where not all orientations are
probed during tilting. However, all other d-spacings match the
expected values, confirming the reliability of our results. In sam-
ple c-8-7, Area 1 was identified as dyscrasite (Ag;Sb), while Area
3 was determined to be trigonal Sb, a phase also found in sample
c-8-14.

In Figure 3, the XRD patterns of the four samples analyzed
by STEM and SAED are given, together with the identified sec-
ondary phases and Rietveld refinement data in Table 4. The
phases identified by XRD are the same as those identified by
STEM and SAED, confirming the characterization. The obtained
R-factors are acceptable values for a standard XRD and a multi-
phase sample. Also, the Rwp is somewhat similar for all sam-
ples changes smaller than 15%. The Goodness of fit varies a
bit more but is still acceptable for all samples. The obtained
R-factors are acceptable for a standard XRD and multiphase
samples. The Rietveld refinement weighted fractions and R-
factors of all other samples can be found in the Supporting
Information.

Further analysis was conducted on nc-8-3 and c-8-7 samples,
both with a nominal composition of MgAg o,Sby 495, to exam-
ine the phase constitution and morphology at the nanoscale.
Figure 4 shows STEM-EDS elemental mapping from MgAgSb
matrix regions of both samples at high magnification, allowing
comparison of their micro- and nanostructure (low magnification
images can be found in Figure 2). The only processing difference
between the two samples is the addition of an intermediate clean-
ing step of the jar before adding Sb powder to the pre-reacted
MgAg precursor. At the microscale, i.e., imaged at low magnifica-
tion, both samples appear similar, with the main phase, MgAgSb,
apparently homogeneous. However, at the nanoscale, c-8-7 ap-
pears homogeneous, while the nc-8-3 matrix is clearly inhomo-
geneous, displaying a negative correlation between Mg and Ag
(and a relatively homogeneous Sb content). Thus, one could con-
clude that the nanophase uniformly forms in the samples syn-
thesized without intermediate cleaning step. Another EDS map-
ping was performed on sample nc-20-12 (Figure S3, Supporting
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Figure 3. X-ray diffraction patterns of MgAgSb single phase (ICSD) as well
as samples c-8-14, c-8-16, c-8-7 and nc-8-3.
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Table 4. Phase fractions determined by Rietveld refinement in weight percent, as well as the R-factors (Rg,4, Ry and goodness of fit GOF).

Sample Phase amount (Wt.9) [Ryge] Rwp GOF
Name

MgAgSb Mg;Sb, Ag;Sb Ag Sb Ag;Mg
c-8-7 97.8[6.5] - 131[2.7] - 0.9[5.5] - 14.79 5.60
nc-8-3 97.0[6.2] 1.1[5.0] - 1.4[3.2] - 0.5 [2.6] 12.66 4.84
c-8-14 97.3[3.3] 05[3.3] - 0.2[2.5] 22[3.6] - 12.20 2.12
c8-16 89.1[2.9] 3.113.2] - 2.0[2.9] - 5.8 [2.6] 13.33 1.87

Information) which is compared with sample nc-8-3 and con-
firms the formation of Ag, Sb nanophase when the sample is syn-
thesized without cleaning step.

Sample c-8-7, synthesized with cleaning step, is located in the
upper left sector of the ternary diagram (Ag;Sb + Sb region), see
Figure 1, while nc-8-3 appears in the lower sector of the ternary
diagram (Mg;Sb, + (Ag) region). Besides the cleaning step, an
essential difference between the two compared samples is their
position in the phase diagram, which might also be the reason
for the occurrence of the Ag-rich nanophase. To test the hypoth-
esis that the nanophase forms only in samples synthesized with-
out cleaning step, a new sample (c-8-16) with a different nom-
inal composition (MgAg 4;5SDyo01) Was synthesized with clean-
ing step. This composition was chosen to ensure that it falls in
the lower part of the ternary diagram (Mg;Sb, + (Ag) region) as
for nc-8-3, allowing for an evaluation whether the nanophase for-
mation is linked to the absence of the cleaning step or mainly to
a composition in the lower three-phase-sector of the phase dia-
gram. As shown in Figure 1, the sample appears in the intended
region but is slightly shifted toward Mg-rich composition, com-
pared to nc-8-3. As shown in Figure S4 (Supporting Information),

the c-8-16 sample is homogeneous with no visible Ag-rich phase
at the nanoscale.

To accurately identify the Ag-rich nanophase, SAED was per-
formed. Since the phase domains are relatively small, Scherrer
diffraction was used over the matrix. The ring diffraction pattern
(Figure 5e) was used to calculate the d-spacings, which are given
in Table 5. The main intensities correspond to a-MgAgSb. How-
ever, weaker reflexes are detectable apart from the main rings.
The d-spacings of some of these (red circles in Figure 5e) match
with the literature values for d-spacings of orthorhombic Ag,Sb,
identifying the nanophase is dyscrasite. Note that the observation
of Ag,Sb secondary phases is not in contradiction to the Mg and
Ag rich global composition of the sample as we also observed
Mg, Sb, and (Ag) for that sample; the finding rather points out
an incomplete homogenization of the sample.

Figure 6a displays the Seebeck coefficient mapping of sample
c-8-16 obtained using the Potential Seebeck Microprobe (PSM),
along with a zoomed-in section (delimited by the black rect-
angle in Figure 6a), measured by the Transient Seebeck Mi-
croprobe (TPSM), as shown in Figure 6b. The Seebeck coeffi-
cient map reveals that the material exhibits p-type conductivity. A

Sample without cleaning step

0.5 pm

Figure 4. HAADF-STEM-EDS mapping of nc-8-3 a to ¢) and c-8-7 d to f) at high magnification.
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Figure 5. a) HAADF-STEM image of the MgAgSb matrix containing the nanophase and b-d) EDS elemental mapping of the nc-8-3 sample. €) shows
the ring diffraction pattern of nc-8-3 with the corresponding d-spacings of MgAgSb (yellow) and the nanophase (red).

comparison between the PSM and TPSM measurements, which
differ in local resolution (20-501°) and 3-5 um,3’! respectively),
clearly shows that at a large scale, the Seebeck coefficient appears
more homogeneous, with an average matrix value of 178 uv K1,
In contrast, the TPSM data (Figure 6b) show stronger small-scale
inhomogeneities in the Seebeck coefficient, which range in mag-
nitude from 140 to 230 uV K~', with a matrix value of 210 uv K.
Comparing PSM and TPSM (matrix) data for the indicated black
rectangle we observe differences in the average values of the See-
beck coefficient: 200 pV K~! for TPSM (estimated from Figure 6d)
and 180 uV K~! for PSM (estimated from Figure S5d, Supporting
Information), where the matrix in Figure 6d has a larger Seebeck
value than the mean of Figure S5d (Supporting Information).
These differences could indicate a different extent of the cold fin-
ger effect®®! due to a different tip design. On the other hand, it
could also be due to an averaging of regions with large Seebeck
coefficient (MgAgSb matrix) and more metallic secondary phases
in the PSM due to the lower resolution, visualizing the detrimen-
tal impact of secondary phases on the bulk Seebeck coefficient of
MgAgSb samples.

Figure 6¢ shows the BSE-SEM image of the TPSM scan area,
corresponding to the area indicated by the pink rectangle in 5b,
while Figure 6d presents an overlap of the TPSM scan and the
BSE-SEM image. Looking at the overlay of TPSM with SEM, one
recognizes a correlation between secondary phases, identified as
Ag-rich phase, and low Seebeck coefficient. In particular all sec-
ondary phase domains except one are located in areas where S is
<210 uV K71, and areas where the Seebeck coefficient is below

Table 5. Measured d-spacing of nc-8-3 compared to MgAgSb and dyscra-
site (Ag3Sb) d-spacing from literature.

d-spacing main phase [A]  a-MgAgSbl'*I [A]  d-spacing reflexes [A] Ag;Sbl*] [A]

6.431 6.488 5.24 5.240
4.406 4.537 3.94 3.943
3.736 3.718 3.70 3.769
3.241 3.244 3.55 3.559
2.869 2.888 3.059
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185 uV K~! consistently feature at least one bright particle, i.e., a
secondary phase. Exception from that rule of correlation of phase
domains visible by SEM to the TPSM data can be related to dif-
ferent information depth of the two methods: TPSM 5 pm com-
pared to 1 um for the SEM. When interpreting the TPSM mea-
surement values near the secondary phase regions one needs to
take into account that those are usually smaller than the spatial
resolution of the TPSM, hence the measurement result mostly
corresponds to a weighted average of the Seebeck coefficient of
secondary phase and surrounding matrix, not only laterally but
also in depth. Given the significant contrast and the small size of
the phase domains, it is possible that the low magnitude regions
in the TPSM map represent areas where the Seebeck coefficient
approaches low values or becomes negative, the former an indica-
tion of a metallic phase, the latter expected for a semiconducting
n-type phase, e.g. Mg, Sb,. This observation aligns with the SEM-
EDS measurement of the large white phases which correspond to
regions enriched with silver (see Figures S6 and S7, Supporting
Information). This suggests that while the PSM provides more
uniform data across a large area, the inhomogeneities detected
by the TPSM are not due to local variations in charge carrier con-
centration but rather to the morphology of the local distribution
of secondary phases within the material, indicating a composite
structure.

3. Discussion

This study thoroughly analyzes one sample from each out of the
three main three-phase regions adjacent to the homogeneous
“MgAgSb” phase of the Mg-Ag-Sb phase diagram regarding sec-
ondary phase constitution using STEM-EDS and SAED diffrac-
tion enabling reliable phase identification for the very first time.
In fact, the already published studies only used STEM to study the
structural details of grains!'>*! or SEM-EDS and XRD for phase
identification.?>-274041] Such microstructural analysis is not ac-
curate enough to be able to differentiate secondary phases. Look-
ing at the literature, all kind of secondary phases were identified:
Ag,[77] Mg, Sb, 2627 Ag,Sb 25274244 Allargentum,”’) Ag;Mg,!*®!
MgAgl?627] and Sb.[22742-5] Mg, Sb,, Ag,Mg, Sb and Ag,Sb are
easily identified by SEM-EDS and XRD (when occurring in large
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Figure 6. Seebeck coefficient map of the c-8-16 sample a) measured by PSM, b) TPSM measurement from the black frame in (a), c) backscattered
electron (BSE)-SEM image of the zoom-in section and d) overlay of SEM and zoomed TPSM data (both taken from the pink rectangle in (b)).

amounts) and where confirmed by our STEM-EDS combined
with SAED analysis. However, regarding Allargentum, Ag and
MgAg phases, SEM-EDS combined with XRD is not sensitive
enough.

First of all, Ag-rich phases can be identified as allargentum or
(Ag) due to the low amount of Sb detected with EDS. In fact, ac-
cording to the phase diagram developed by Okamoto et al.,[*®]
up to 5% antimony can be dissolved in cubic Ag, leading to a
composition that SEM-EDS might misidentify as allargentum, as
done in!?. To clarify this, STEM-EDS and SAED diffraction was
performed on nc-8-3 sample which contains this Ag-rich-Sb-poor
phase, as shown in Tables 3 and 4. STEM-EDS revealed an Ag-
rich phase with a low amount of Sb, and SAED diffraction con-
firmed that this phase is actually cubic Ag with some dissolved
Sb, not allargentum. Furthermore, Duparchy et al.[?’] detected
MgAg phase by XRD while it was not confirmed by their SEM-
EDS analysis, raising concerns about the reliability of the mea-
surement. On the contrary, Camut et al.?® did not identify MgAg
by XRD but detected it by SEM-EDS. This discrepancy highlights
inconsistencies in phase identification. According to the ternary
phase diagram, MgAgSb and MgAg do not coexist, suggesting
that MgAg may persist as a remnant from the second milling
step of the synthesis process, reflecting a non-equilibrium state.
Camut et al.[?°! used a synthesis route differing slightly from that
of Duparchy et al.,[?’] involving the ball milling of MgAg followed
by the addition of Sb without intermediate annealing under axial
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pressure of MgAg. This process plausibly leaves residual MgAg
from the initial ball milling step, as confirmed by their SEM-EDS
results. However, in Duparchy et al.’s!?’] case, MgAg was neither
expected nor identified by SEM-ESD. To investigate this further,
we employed STEM-EDS to examine samples from various re-
gions of the phase diagram at both micro- and nanoscale, includ-
ing the grain boundaries. No MgAg was detected in any region.
A detailed analysis of the XRD patterns revealed that the MgAg
peaks overlap with those of cubic Ag (Figure S8, Supporting In-
formation). This is supported by STEM and SAED characteriza-
tion, which identified only cubic Ag in sample nc-8-3 for exam-
ple. These findings emphasize the importance of advanced mi-
crostructural analysis to reliably determine phase composition
and resolve ambiguities from using conventional characteriza-
tion techniques.

The STEM-EDS analyses conducted on nc-8-3, ¢-8-7, ¢-8-14,
and c-8-16 samples demonstrates that there is a non-equilibrium
combination of secondary phases. For nc-8-3, specific secondary
phases such as Ag;Sb nanophase were found which is not ex-
pected in the region of the phase diagram corresponding to the
global composition of the sample, further confirming the non-
equilibrium state of the samples. In the upper right 3-phase-
region of the phase diagram, the expected secondary phases
are Mg;Sb, and Sb which are the two only phases beside
MgAgSb that have been detected for sample c-8-14. This sample
is also a relatively good sample, therefore an indication that the
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homogenized samples are the better ones. Finally, regarding the
upper left region of the phase diagram, sample c-8-7 located al-
most ideally at the MgAgSb — Sb line showed the presence of
Mg, Sb, + Sb and Ag,Sb phase. As the sample is close to the bor-
der of the different regions, finding either Mg,;Sb, or Ag,Sb is
expected; having both again confirms incomplete homogeniza-
tion. Hence, depending of the phase diagram region and cleaning
step, some samples (the worst ones) are in non-equilibrium ther-
modynamically. The Ag;Sb nanophase is found in all samples
synthesized without cleaning step and probably influences the
material properties. Such very fine-scaled phase mixture could be
the consequence of a precipitation process during cooling down
after annealing under axial pressure if the homogeneity range of
the “parent” phase is larger at higher temperature. To explain the
observed Ag,;Sb nanophase, the initial MgAg would need to be
Ag-rich, indicating that Mg would have needed to remain pref-
erentially on the wall and we should see a shift toward Ag for
the samples synthesized without cleaning step which is not ob-
served (see Figure S9, Supporting Information). Furthermore,
the MgAg would need to be 3 to 5% Ag rich according to the Mg-
Ag phase diagram!*’] to expect precipitation upon cooling. How-
ever, the nominal composition for the initial ball milling step is
MgAg, o, and thus Mg-rich, requiring an implausible and not ob-
served large shift in stoichiometry of the final MgAgSbh sample.
We therefore conclude that the formation of the Ag,Sb
nanophase is not due a precipitation mechanism, but rather due
to the reaction of (unreacted) Ag from the first ball milling step
with the Sb powder introduced in the second ball milling step. We
also showed that even with the cleaning step, secondary phases
form abundantly. Of course, if the global composition does not
coincide with that of the MgAgSb phase, secondary phases are
expected, this can in principle be addressed by fine-tuning of the
global composition. The bigger and MgAgSb-specific challenge is
the incomplete inhomogenization and with this the occurrence
of different and larger amounts of secondary phases than ex-
pected according to the global composition. With the following
analysis, we try to understand why these form in the material,
which is crucial to improve and upscale the material synthesis.
The formation of MgAgSD and the secondary phases is related
to the availability and diffusivity of the respective reactants, as
well as the thermodynamic driving force for possibly compet-
ing reactions. For this we compare the reaction enthalpies for
the intended reactions: 3MgAg + 3Sb — 3MgAgSb with AH =
— 0.9 eV and the reaction of the observed secondary phases
Mg, Sb, + Ag;Sb — 3MgAgSb with AH = —0.3 eV, which are ob-
tained from the tabulated formation energies of the involved
phases: AH;(MgAg) = — 0.5eV, AH,;(MgAgSb) = — 0.8¢eV,
AH; (Mg;Sb,) = — 2.1 eV and AH{Ag;Sb) ~ 0 eV; **l for Ag;Sb,
calculated and experimental values differ, but all sources agree
on AH{Ag;Sb) < 0.1 ¢V.[**I The numbers indicate two impor-
tant points: the formation energies for MgAgSb and Mg, Sb, are
both highly negative and the reactions will therefore occur spon-
taneously if the reactants are available. On the other hand, once
Mg, Sb, instead of MgAgSh has formed, e.g. due to a local de-
ficiency of Ag, it is very stable and a reaction between Mg,Sb,
and Ag;Sb is not very favorable and thus a homogenization to
MgAgSb plausibly proceeds very slowly.
While MgAgSDb is the most stable compound, kinetics give
preference to the formation of secondary phases if intermixing

Adv. Funct. Mater. 2025, 10200 €10200 (9 Of16)

www.afm-journal.de

of the reactants is incomplete. MgAg + Sb gives MgAgSb from
the first moment on but a local over-stoichiometry of Mg will
immediately cause the formation of Mg;Sb,. With this we can
understand the formation of the different layers around the Ag
particle in Figure 2a: when Sb is added in the second ball milling
step, from the Mg—Ag leftover mixture from the jar, some Mg will
preferentially react with Sb but the formed Mg, Sb, will, due to
its non-solubility, expel Ag, leading to the small Ag particles ob-
served in Figure 2a. In general, this suggests that, under certain
conditions, when mixed Mg—Ag has not fully reacted to MgAg,
the elemental Ag, Mg, and Sb preferentially react to Mg, Sb, and
Ag rather than to MgAgSb. Indeed Rodriguez-Barber et al.?’!
demonstrated that Ag remains in the MgAg precursor material
during ball milling, indicating slow Ag diffusion in MgAg during
annealing, probably caused by different mechanical properties of
Agand Mg, which limits the effectiveness of the ball milling. This
slow incorporation of Ag can cause local Mg—Ag excess in the
second ball milling step for syntheses with and without cleaning
step. Additionally, MgAg is not a line phase but has a consider-
able width, thus also compositional fluctuations within the MgAg
phase can cause local Mg/Ag excess in the second ball milling
step.

With this we have a second reaction chain that explains the
observed Mg,Sb, and Ag-rich secondary phases: whenever Sb
meets a non-ideal Mg:Ag concentration (due to an incomplete
reaction to MgAg or due to compositional fluctuation within the
considerable width of the MgAg phase) in the second ball milling
step, the reaction to Mg, Sb, is preferred but leads to segregation
of Ag on a size scale of the initial concentration inhomogeneity
of even coarser. Such mechanism is summarized in Figure 7.

The combined effects of slow Ag incorporation, incomplete
intermixing, Mg—Ag wide homogeneity range and high reactiv-
ity of Mg and Sb lead to the formation of Mg- and Ag-rich sec-
ondary phases in the final material. Duparchy et al.l”’] empha-
sized the importance of a cleaning step to improve reproducibility
and transport properties; however, even with such measures, sec-
ondary phases persist to occur. To mitigate these issues, complete
diminution of the Ag particles during Mg—Ag milling and com-
plete MgAg homogenization while keeping ideal 1:1 stoichiom-
etry is essential. This is of particular relevance as the MgAgSh
annealing is limited to 300 °C to prevent the formation of - and
y-MgAgSb. Eliminating residual elemental species (Mg or Ag)
that preferentially react with Sb helps to suppress the formation
of competing secondary phases. This can be done also by increas-
ing the MgAg annealing time to enhance Ag incorporation. De-
termining the MgAg stoichiometry after the first ball milling, to
account, e.g., for the loss of volatile Mg, will also help to predict
accurately how much Sb should be added to the material.

Such changes in material phase constitution and microstruc-
ture morphology directly influence the material transport prop-
erties. The microprobe measurement of the Seebeck coefficient
(Figure 6) visualizes that certain secondary phases influence the
bulk properties in a very pronounced way. The Seebeck coeffi-
cient map was obtained on sample ¢-8-16, which contains sec-
ondary phases in large amounts (11 wt.% in total). The micro-
probe measurement shows a strongly reduced local Seebeck co-
efficient for the secondary phases (Mg,Sb,, Ag, and Ag;Mg in
that case), rationalizing the observed suppression of the bulk See-
beck coefficient (S = 210 uV K™! at room temperature for c-8-16,
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Figure 7. Synthesis and reaction scheme highlighting the mechanism of formation of secondary phases even if the global composition corresponds to
single phase MgAgSb. The schematic represents four synthesis steps being: ball milling of a stoichiometric mixture of Mg with Ag, annealing under
uniaxial pressure of MgAg to complete alloying, ball milling of MgAg with Sb and annealing under uniaxial pressure of MgAgSb. Three cases are shown:
1- is the ideal case when MgAg + Sb react to MgAgSb without secondary phase formation. 2- is the non-stoichiometric case with local compositional
inhomogeneities in MgAg. This case covers local Ag excess at a global optimum composition. 3- is the case when there are Mg and Ag residuals from

the first ball milling step in the jar.

much lower than the corresponding value S = 250 pV K! of,
e.g., sample ¢-8-7). As shown in Figure 8a, the weighted mobil-
ity (u,,) is reduced by 35% at room temperature for nc-8-3 com-
pared to c-8-7. The main difference between those samples lies in
the synthesis route. nc-8-3 undergoes a synthesis process with-
out any cleaning of the milling jar whereas as synthesis of c-8-
7 does include the cleaning. We have shown that omitting the
cleaning step leads to the formation of a homogeneously dis-
tributed Ag-rich nanophase, modifying the material microstruc-
ture. This nanophase could affect the effective weighted mo-
bility since nanostructuring often introduces a high density of
grain boundaries which can scatter the charge carriers. How-
ever, comparing sample nc-8-3 and nc-20-12, both with the Ag,Sb
nanophase, we find the weighted mobilities to be different. This
is attributed to the other secondary phases of the samples namely
Ag;Sb and Sb and indicates that the effect of the nanophase
on the transport properties is not dominant. The prompt vari-
ation in weighted mobility for small deviations in composition
(Figure 8b) is in line with the reported small variation in charge
carrier densityl?’] and hence supports the hypothesis of a very
small single-phase region for MgAgSh.

We furthermore observe differences of i, (T) between the sam-
ples. For ¢-8-7 the weighted mobility follows a T-1* law, while for
nc-8-3, the mobility decreases with temperature following T-.
For acoustic phonon scattering, a temperature exponent between
—1and —1.5 is expected, the exact value depending on the carrier
concentration, which is similar here for both samples. Hence,
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acoustic phonon scattering is plausibly relevant for c-8-7 and nc-
8-3, but the change in the temperature dependence and the re-
duction for nc-8-3 suggests the influence of a further scattering
mechanism. Grain boundary scattering would be a suitable can-
didate as it usually leads to an apparent reduction of the negative
scattering exponent or even to a positive one, as, e.g., observed in
Mg, Sil*% or Mg, Sb, 1]

With respect to the interpretation of the weighted mobility
we need to take into account that it is introduced assuming a
single-phase material, while here we are looking at composites
with more or less uniformly distributed secondary phases, mak-
ing the measured value an effective weighted mobility. There-
fore, its variation cannot directly be ascribed to changes in the
electronic band structure or carrier mobility due to, e.g., grain
boundary scattering in the matrix but does also reflect the effect
of secondary phases, their size, shape and local distribution. As
changes in electronic band structure of the MgAgSb matrix phase
are not plausible as band structure is mainly bound to composi-
tion, the observed reduction in weighted mobility and change in
its temperature dependence should be interpreted as mixing of
MgAgSb with dispersed secondary phases (composite effect) or
further effects like those due to grain boundary decorations or
formation of grain boundary phases.

For example, a similar effect is given by Villoro et al., who
developed a better understanding on how grain boundaries
can influence electronic properties through their study on half-
Heusler compounds.®>>3] They demonstrated that increasing the
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Figure 8. a) Weighted mobility of nc-8-3, nc-20-12, c-8-7 and c-8-15. Sym-
bols represent the measured temperature dependence of samples with
and without cleaning step and dashed lines represent the fitted exponen-
tial functions. b) Overlay of the central part of the ternary phase diagram
and a weighted mobility map as a function of the measured global com-
position and c) Overlay of the central part of the ternary phase diagram
and the lattice thermal conductivity as a function of the measured global
composition. The colored sectors in the phase diagram are 3-phase areas:
MgAgSb plus the coexisting secondary phases. Data from all 35 samples
for which the statistical analysis was performed are plotted.

quantity of a grain boundary phase — also referred as grain
boundary complexions, distinct 2D phases that form exclusively
at grain boundaries but are not thermodynamically stable as a
stand-alone 3D bulk phase — can either enhance or hinder trans-
port properties depending on the composition and structure of
these complexions. For example, Villoro et al. observed in TiCoSb
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half-Heusler compounds that Fe dopant segregates at the grain
boundaries.[>2! This segregation suppresses the electrical resis-
tivity by reducing electron scattering.

The effect of potential complexions in off-stoichiometric
MgAgShb is expected to scale with the concentration of grain
boundaries and might depend on the respective three-phase-
region of the phase diagram where the sample is located. As the
MgAgSDh grain size is 500 nm for all samples studied (Figure
S10, Supporting Information) a strong variation of grain bound-
ary density is not expected and can thus not explain differences
between the samples. Importantly, a complexion effect is largely
independent of how large the off-stoichiometry is (i.e., how far
the effective composition of the sample deviated from single-
phase MgAgSb) and can thus be differentiated from the com-
posite effect of secondary phases, whose impact on the effective
TE properties scales approximately linearly with the secondary
phase amount. This is because complexions are extremely thin
— merely a few atomic layers — and will consume only very little
material to form and cover all available grain boundaries. Essen-
tially, a complexion effect should materialize in an abrupt change
in mobility when going from one region of the phase diagram to
another, while a secondary phase composite effect should lead to
an approximately linear decrease when going farther away from
the single-phase region.

The variation of the lattice thermal conductivity (x),) of the
samples is not large, with the exception of three samples all val-
ues are within 0.65 W/(mK) +- 0.06. This clearly shows that the
effect of the secondary phases is way more relevant for the elec-
tronic transport properties than for the thermal transport prop-
erties. Furthermore, given an experimental measurement uncer-
tainty of 8% for the total thermal conductivity () (and a similar
one for k},,[>#) a discussion of the observed changes might lead to
overinterpretation. We will therefore restrict the statistical analy-
sis to the weighted mobility as well as the quality factor (B) and
the temperature averaged figure of merit.

To further investigate the effect of the type and amount of
secondary phases on the weighted mobility the material qual-
ity factor and the temperature averaged figure of merit a statis-
tical approach is adequate due to the complexity of the influenc-
ing factors. By using a statistical analysis, we can quantify the
relative importance of each secondary phase, allowing us to sys-
tematically rank their impact on the weighted mobility. To do so,
the weighted mobility, quality factor and temperature averaged
figure of merit of all samples was (least-square) fitted to Equa-
tion (1). All samples from this study (Table S1, Supporting Infor-
mation) where included and the previously!?’! erroneously identi-
fied MgAg and allargentum phases were considered as cubic Ag
in this analysis, as was clarified by our study here. This means
that the weight percentages of allargentum and MgAg calculated
through Rietveld refinement earlier were counted as Ag content
here.

The predicted mobility, quality factor and temperature aver-
aged figure of merit according to Equation (1) shows a good
agreement with the measured value plotted in Figure 9a—c, with
R?=10.91; 0.92, and 0.89 respectively, suggesting that the method
used to determine the sensitivity parameter is adequate. As the
figure of merit depends on the carrier concentration while quality
factor and weighted mobiltiy are the more fundamental optimiza-
tion parameters, we will focus the rest of the analysis on those two
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Figure 9. Measured versus least-squares fitted a) weighted mobility (u,), b) quality factor (B) and c) average figure of merit (zT,,,) on the temperature
range from 25 to 290 °C; d) Normalized sensitivity (f) and lump shift (f) of the weighted mobility and quality factor with respect to phase content and
type and e) sensitivity and lump shift of the weighted mobility versus temperature.

properties. Normalized sensitivity (f) and lump (f) coefficients of
the weighted mobility, the quality factor and figure of merit with
respect to phase content and type are given in the Figure S11
(Supporting Information).

The analysis results in large negative sensitivity parameter
for Mg,Sb,, and, to a lesser extend Ag;Sb and (Ag) phases re-
spectively, for both the quality factor and the weighted mobility
(Figure 9d,e), indicating (large amounts of) Mg, Sb, and Ag,Sb
to be most detrimental. We observe relatively large lump shifts
for Mg, Sh, (negative) and Sb (positive), which is an interesting
finding. These are physically motivated by possible complexion
effects on the weighted mobility assuming that Mg, Sb, excess
leads to grain boundaries that reduce carrier mobility whereas as-
sumingly Sb-enriched boundaries lead to a substantial enhance-
ment of conductivity and weighted mobility, due to formation
of different grain boundary decorations in dependence of the
off-stoichiometry that is indicated by secondary phase constitu-
tion. Mathematically this is evidenced, e.g., by a clearly observ-
able trend of the mobility residuals if the lump shift coefficients
are omitted (f; = 0, see Figure S12d, Supporting Information)
but show only random noise when the lump shift f; are included
in the model (Figure S13d, Supporting Information)— consistent
with a well-fitted model. Our analysis hence suggests occurrence
of a substantial concentration-independent effect of Mg, Sb, and
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Sb on the mobility. Alternatively, this could be due to differences
in the intrinsic defect concentrations in MgAgSb when in (local)
equilibrium with different secondary phases (e.g., less Ag vacan-
cies in the Ag-rich, Sb-poor state compared to the Ag-poor, Sb-
rich statel’%5) which influences the scattering of the charge car-
riers. The analysis of the weighted mobility was extended from
room temperature to higher temperatures to extract the temper-
ature dependence of the sensitivity and lump parameters, pro-
viding insights into how grain boundaries influence transport.
Figure e, shows that the reduction due to secondary phases de-
creases at high temperatures. This can be rationalized as scatter-
ing mechanisms other than those related to the secondary phases
gain importance, most likely scattering with acoustic phonons,
thereby reducing the absolute impact of secondary phases. Ad-
ditionally, the temperature dependence analysis confirms that
Sb has a positive effect on the mobility for all temperatures.
As for samples with high Sb content no increase in the See-
beck coefficient is observed in Figure S14 (Supporting Informa-
tion), the effect of Sb is presumably rather a suppression of grain
scattering than energy filtering. As substantial changes in point
defect configuration could otherwise explain mobility differ-
ences independent of phase concentration, the observed mobility
shifts—particularly those linked to the occurrence of antimony—
are more plausibly attributed to complexion effects at grain
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boundaries, driven by local compositional excess. The positive
lump shift for Sb indicates a positive effect of small amounts of
Sb as secondary phase in MgAgSb on the thermoelectric perfor-
mance but we note that further interface characterization is re-
quired to prove this finding as well as the involvement of further
samples to confirm the surprisingly large ratio of fg, and fg,.

Furthermore, with large negative mobility shift and sensitiv-
ity coefficients Mg,Sb, is the secondary phase that causes the
highest absolute change in weighted mobility suggesting thatitis
a thermoelectrically very detrimental secondary phase. This em-
phasizes that some secondary phases (Mg, Sb, in our case) have
a more pronounced negative effect on y, than others. Mg, Sb,
is a well-known thermoelectric material that exhibits n-type be-
havior when being Sb-deficient and p-type behavior when Mg-
deficient. If we assume that Mg, Sb, secondary phase as observed
in MgAgSb follows the behavior expected from the global sample
composition, this would indicate that samples from the green re-
gion in Figure 8b are expected to contain p-type Mg,;Sb, while
samples from the blue region should contain n-type Mg,Sb,,
where the latter should have the more detrimental effect on the
effective Seebeck of the p-type MgAgSh sample. Indeed, analyz-
ing the weighted mobility data in Figure S15c (Supporting In-
formation), we find that the only sample appearing in the p-
type Mg, Sb, region of the phase diagram (c-8-14 surrounded
by green) has the highest weighted mobility out of all sam-
ples. On the other hand, all the other samples appearing in the
n-type Mg,Sb, region (surrounded by the blue circle) show a
lower weighted mobility, decreasing with an increasing amount
of Mg, Sb,.

Regarding the impact of the highly dispersed Ag,Sb
nanophase, we have compared the two samples c-8-15 and
nc-20-12. Both contain the same secondary phases and in similar
quantities but one contains the nanophase and the other not
(nc-20-12: Ag,Sb (0.43 wt.%) and Sb (1.13 wt.%) versus c¢-8-15:
Ag,Sh (0.38 wt.%) and Sb (1.29 wt.%), respectively). According to
the established model (Equation (1)) and the given coefficients,
the predicted mobilities for ¢-8-15 and nc-20-12 are very similar
(230 and 229.3 cm? Vs, respectively), while the experimental
result is above the prediction for the sample without nanophase
(249 cm? Vs7') but below for the sample with nanophase (219.3
cm? Vs1). Hence, for this specific example, we can estimate the
impact of the Ag,Sb nanophase to be ~#29 cm? Vs~!, more than
10% of the total value and hence quite significant.

Overall, through this statistical analysis, we deduce that n-type
Mg, Sb, is the most detrimental secondary phase type, followed
by Ag,;Sb and Ag, which aligns with the assumption of Duparchy
et al.l?”] The latter is potentially due to the more metallic be-
havior combined with the tendency to form compact inclusions
of Ag. The statistical analysis also indicates that excess Sb may
not be critical, but a small over-stoichiometry might improve re-
producibility of the fabrication process toward high performance
material. The amount and type of secondary phases is thus criti-
cal for MgAgSb material.

The material's narrow phase width implies that forming a
single-phase material is almost impossible. However, we can still
achieve good thermoelectric properties with a low amount of sec-
ondary phases, suggesting that a narrow phase width does not
necessarily hinder control over the thermoelectric material per-
formance. In fact, a wider phase width might actually be worse,
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because even though this allows for single-phase formation more
easily, it introduces considerable variability in the matrix’s ther-
moelectric properties due to a variable number of charged de-
fects. When compared to the Mg, (Si,Sn) material system,>°]
MgAgSb’s sensitivity is not due to its narrow phase width but
rather the effect of the secondary phases, which is determined
by their type and distribution with respect to the main phase.
A significant difference, in that regard, between Mg, (Si,Sn) and
MgAgSDh is that Mg, (Si,Sn) likely undergoes a faster homoge-
nization, with the remaining secondary phases either being in-
significant (Si-rich phases) or are removed in the annealing pro-
cess (Mg, Sn). In contrast, the low annealing temperature of
MgAgSb, kept to avoid phase transition, might be one reason
why it is technologically so challenging to get rid of the secondary
phases, as it slows down diffusion. Furthermore, a small enthalpy
gain by reaction of Mg,Sb, with Ag,Sb to MgAgSb means a low
driving force for homogenization. From the angle of the three
regions of the phase diagram, we can draw an explanation for
the strong tendency to form large amounts of secondary phases.
Whereas in case of Sb or Ag excess, just elemental Sb or (Ag)
phase would occur (due to their low reactivity), there is, because
of high reactivity of Mg, no option for the formation of a really
Mg-rich secondary phase. A Mg-rich sample would, following a
vectoral rule, need considerable amounts or coexisting Mg, Sb,
and Ag-rich phase to cover even a small Mg excess. Local fluctua-
tions in composition which occur during synthesis would cause
such a situation of Mg enrichment locally (non-reacted elemental
Mg in the material residues of the non-cleaned vial). Hence, lo-
cal Mg over-stoichiometry is more detrimental than that of other
elements, leading to a larger fraction of secondary phases which
explains why MgAgSb is such a challenging material to synthe-
size without secondary phases. A last point making MgAgSb dif-
ficultis that the material system has no functionally harmless sec-
ondary phases. Either we have n-type high performance TE mate-
rial (Mg, Sb,) or metallic phases (Ag) which are both strongly re-
ducing the Seebeck coeflicient, whereas an (almost) insulting or
p-type TE inclusion would be much better tolerable. A key point
toward phase-pure MgAgSb seems to carefully avoid that elemen-
tal Mg meets Sb in the synthesis as this would cause segregation
effects due to a strong thermodynamic preference of Mg, Sb, for-
mation leading to locally separated secondary phases in global
non-equilibrium. Another crucial point is to avoid residual ele-
mental Ag as it will also react with Sb and form Ag,Sb phases,
whether micro or nanophase which in both cases reduces the See-
beck coefficient.

4, Conclusion

In this work, we investigate the effect of microstructure in
MgAgSb samples made by a combined ball milling and anneal-
ing route, in particular its phase constitution, on its effective
electronic transport properties, highlighting the challenges in
achieving phase pure MgAgSb of high performance. Accurate
phase identification of various samples was established, reveal-
ing that the synthesized materials are not in thermodynamic
equilibrium, exhibiting significant amounts of secondary phases.
Our findings show that a fine-scaled composite (Mg,Sb, with
Mg) forms in separate domains, alongside the presence of an
Ag,Sb nanophase in some samples. This observation suggests
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incomplete reaction to the target MgAgSb phase, caused by in-
complete homogenization of MgAg due to a limited diffusivity
of Ag in the material, further complicated by the extended ho-
mogeneity range of MgAg and requisite of low annealing tem-
peratures. We further gave evidence that such variation in phase
constitution impacts drastically the material’'s weighted mobility,
altering both its magnitude and temperature dependence. High
resolution Seebeck measurement combined with the tempera-
ture dependent behavior of the weighted mobility, suggests that
these changes are driven by composite and complexion effects
respectively. Finally, statistical analysis of the secondary phases’
impact on the weighted mobility and material quality factor first
show that the secondary phases predominantly affect the elec-
tronic transport, not the thermal, in the material and secondly
that their impact can be rationalized as a classical composite ef-
fect combined with complexion effects. The study concludes that
the secondary phases, particularly Mg, Sb,, are detrimental to the
material performance, and attributes their formation to the low
diffusivity of Ag and high reactivity between Mg and Sb. The sta-
tistical analysis also indicates that excess Sb may not be critical,
but a small over-stoichiometry might improve reproducibility of
the fabrication process toward high performance material. Over-
all, this work highlights the critical need for controlled synthesis
strategies to optimize the material properties for advanced device
applications.

5. Experimental Section

Material Synthesis: Some p-type MgAgSb samples used in this study
are the same as reported by Duparchy et al.[?’] and further microstructural
analysis has been performed on those. Nine more samples were synthe-
sized for confirmation of results and statistical analysis. Those samples
were synthesized with different nominal compositions detailed in Table
S1 (Supporting Information). The synthesis route consists of a two-step
high energy ball milling process with an intermediate cleaning of the vial,
after the first milling step (Mg + Ag) but before the second one (MgAg +
Sb), and two annealing treatments under uniaxial pressure. Cleaning the
jar is critical to control the material stoichiometry and avoid secondary
phases formation due to contamination. Residual mass analysis was not
performed right after ball milling to quantify the contamination before and
after annealing. Instead the mass of the MgAg material after each sinter-
ing and polishing was tracked, showing a loss of 7% of MgAg powder.
The stoichiometric amounts of Mg (turnings, Merck KGaA, >99% of pu-
rity) and Ag (powder, <45 um, Sigma Aldrich, >99.99%) are weighted ac-
cording to the composition Mg,Ag, and loaded together into a stainless-
steel jar under argon atmosphere. The mixture of the elements is then ball-
milled for 8 h (by a SPEX SamplePrep 8000D). Breaks after 1 h, further 2,
2,2,and 1h are taken during the milling process to loosen and reintegrate
the powder/flakes that stick to the jar walls. The material redistribution en-
sures that the milling process continues effectively and an intimate inter-
mixing between Ag and Mg takes place. Before adding Sb to the MgAg pre-
cursor, an intermediate step consisting of an annealing under axial pres-
sure of MgAg is carried out as Mg + Ag milling for 8 h does not result
in complete mechanical alloying. Without annealing under axial pressure,
secondary antimonide phases would form preferentially to MgAgSb. As
shown by Rodriguez-Barber et al.,[2°] 30 h of milling is needed to achieve
single phase MgAg, which is time- and energy-consuming. Combining
milling with an annealing under axial pressure step ensures complete re-
action of the material. For that, the MgAg powder is filled into a 15 mm
diameter graphite die and uniaxially hot pressed (in a Dr. Fritsch DSP510
direct sinter press) for 8 min at 673 Kunder 85 MPa. The obtained Mg,Ag,
pellet is crushed in the high energy ball mill for 18 min before adding the
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Sb (crushed granules, 3-15 mm, Sindlhauser Materials GmbH, 99.999%)
according to the stoichiometry Mg,Ag, Sb,. The powder mixture is then
ball-milled for 5 h in the high energy ball mill and finally uniaxially hot
pressed for 8 min at 573 K under 85 MPa in a 12.7 mm graphite die.[?’]
The annealing temperature was chosen such that it remains far below the
phase transition temperature to the detrimental and quite stable y phase.

Thermoelectric Properties Characterization: Temperature-dependent
Seebeck coefficient and electrical conductivity were measured using an in-
house developed facility with a four-probe technique.[>-°%] The measure-
ment uncertainties for the Seebeck coefficient and the electrical conduc-
tivity are estimated at + 5%. The weighted mobility, which is proportional
to the thermoelectric quality factor B was calculated with the equation by

ISL_, 3 sl
59 _ 330 exp[kg/b’ ] 2 kg/e

Snyder et altl 4, = 8re(2mekgT)>/2 M lexp[—5 (L2 —1)) 1+ex”[5( 15] 71)]]
ekp P ks /e P kg/e

using our measured temperature dependent Seebeck coefficient and
electrical conductivity. The thermal diffusivity (a) measurement was
performed using a laser flash method (Netzsch LFA 427 apparatus) in
argon atmosphere. From this, the thermal conductivity (k) was calculated
using k = apC,, where p and C, are the sample density and heat ca-
pacity dependent on the composition at constant pressure, respectively.
C, was calculated using the Dulong-Petit limit estimating the specific

heat at constant volume (cep) and a thermal expansion correction

9E2T . .
C, = cBP + = where E, and fi; are the linear coefficient of thermal
P v Pro

expansion and isothermal compressibility of MgAgSb respectively. The
electronic thermal conductivity was estimated using the Wiedemann-
Franz law by k, = LoT where L is the Lorenz number, calculated within a
single parabolic band (SPB) model from the Fermi integrals F;(y) using
_(ﬁy3%mam4ﬁm
e Fo(n)?
approximately only valid up to slightly above room temperature.l'"l There
the lattice contribution was then determined by subtracting k. from
the total thermal conductivity k|, = x — k.. Spatially resolved Seebeck
coefficient maps at room temperature were obtained using an in-house
developed transient Seebeck microprobe (TPSM) with a resolution of 3 to
5 uml37:6%] and a Potential & Seebeck Microprobe (PSM) with a resolution
of 20 to 50 um.13®] The technique involves positioning a sharp metallic
microprobe on a sample’s surface and applying a local temperature gra-
dient across a small region of the sample. This gradient induces a voltage
difference between the probe and the non-heated region of the sample,
allowing for the determination of the Seebeck coefficient. A difference
in temperature between the thermocouple junction and the point of
thermovoltage measurement at the contact point of the probe can distort
the temperature (difference) measurement, resulting in underestimated
Seebeck coefficient values. This phenomenon is recognized as the cold
finger effect and typically leads to reduction of 10 to 15% in the measured
Seebeck value.[5]

Microstructural Characterization: Thin lamellae with a thickness of
~100 nm were prepared by focused ion beam (FIB) using the FEI He-
lios NanoLab 600i Dualbeam microscope for some sintered pellets to fur-
ther characterize their nanostructure performing STEM coupled with en-
ergy dispersive X-ray spectroscopy. A Philips Tecnai F30 equipped with a
Super-Twin objective lens was used at an acceleration voltage of 300 keV.
SAED patterns were captured using the Philips Tecnai F30 to identify the
phases. The improved spatial resolution of STEM-EDS (lateral resolution
of 10 nm) is ~#100 higher than that of SEM-EDS. STEM images where done
using a HAADF detector. The background signal was calculated and re-
moved. Finally, no deconvolution of the EDS spectra was done since no
important overlapping of element peaks was observed. EDS point identi-
fication was also performed on the samples to identify the corresponding
phases.

The overall effective composition of each sample was determined us-
ing the method described by Duparchy et al.[?’] Essentially, SEM and EDS
were utilized using a Hitachi High Tech’s SU39000 SEM instrument. Nu-
merous areas of ~1 mm?, each, were measured on each sample to obtain
an average atomic composition. All measurements were calibrated using
avirtually single-phase reference sample as outlined by Duparchy et al.[?’]

. Due to the small band gap of MgAgSb, SPB is
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Statistical Analysis: A statistical sensitivity analysis was conducted to
provide insights into how the weighted mobility p,, (as an output param-
eter), responds to changes in secondary phase content (input parame-
ters). The goal is to quantify the impact of each phase on the mobility,
using a statistical model, where phase effects are captured through both
concentration-dependent and concentration-independent terms. The rela-
tionship between the mobility and the occurrence of secondary phases is
discussed here inspired by classical composite models according to which
effective transport quantities change linearly with small fractions of sec-
ondary phases!?2-24] but also allows to capture further effects which are
related to the bare fact of occurrence of a certain secondary phase, in-
dependently on its concentration, e.g. due to grain boundary decoration,
grain boundary phases (complexions),[3233:61 or by an interaction of the
secondary phase with the point defect structure of the matrix phase. The
analytical relation (ansatz) is given by

n n
MWJ:#W,0+Zﬂi'Xi,j+Zﬁ'pi,j (1
= i=1

where the x;(j) represents the amount of the i-th phase in the jth sam-
ple, B; is the proportional sensitivity parameter for the i-th phase, p;(j)
is the presence indicator for the phase i in sample j (1 if present, 0 oth-
erwise), f; is the mobility increment (lump shift) in case of presence of
phase i and o is the ideal weighted mobility in absence of any sec-
ondary phases. The equation will be employed analogously for the quality

2m. kg )3/

factor (B = (k?B)2 Bmef T ”—WT) and the temperature averaged figure

ThZT(T)dT with T, = 300 Kand T, = 573 K)),

where the average ﬁgure of merit zT,,, that an optimally doped material
can achieve is proportional to the thermoelectric quality factor which itself
is proportional to the material’s weighted mobility divided by the thermal
lattice conductivity = Bu [62-64]

of merit (z T, =

The objective is to determme W, o, #; and f; by minimizing the squared
sum of the residuals: 3 (1)* = X Mexpj — Healcjr Where ey, ; is the ex-
perimentally determined weighted mobility and p, ; the calculated value
of the assumed model of linear superposition of the effects of individual
secondary phases. A two-step iterative least squares fitting approach was
employed to rapidly approach the multi-parameter solution: first, y,, g and
the ; values were fitted assuming f; = 0 for all phases, and then the f; were
set free one by one while observing minimization of the sum of squared
residuals in each iteration. During each iteration, outliers were identified
and excluded based on a threshold of 2 - ¢, where ¢ is the standard devi-
ation of the residuals. This process ensures a balance between sensitivity
and specificity, avoiding excessive exclusion of normal data while effec-
tively identifying outliers. The iterative fitting continues until no further
outliers were detected, leading to robust parameter estimates.

To evaluate the goodness of fit, the coefficient of determination (R?)
and the root-mean-square error (RMSE) were calculated. R? quantifies how
well the experimental data is captured by the function and the parame-

ters of the predicted mobility, explained by R? = 1 — (g'es where ). =

res

2 rjz is the sum of squared residuals, and 3, = 37 (Hexp; — Top)? is
the total variability in the experimental (weighted) mobility. The RMSE pro-
r2
vides the average magnitude of the residuals and is given by R, = % ,
n

with n the total number of samples. These metrics, alongside visual anal-
ysis of residuals and their distribution, confirmed the model’s accuracy
and reliability in describing the relationship between the secondary phases
and the weighted mobility. The sensitivity study was conducted for n =
35 samples, to evaluate the effect of the secondary phases Mg;Sb,,
Ag;Sb, the silver-rich solid solution labelled (Ag), and Sb on the (effec-
tive) weighted mobility, quality factor and avergaed figure of merit of the
MgAgSb samples.

Phase quantification has phase identification as requirement, which is
not always feasible by easily available SEM-EDS and XRD. Therefore, in
this work we have used STEM-EDS and SAED to determine the compo-

Adv. Funct. Mater. 2025, e10200 €10200 (15 of 16)

www.afm-journal.de

sition and the phase of the nm to pm-sized secondary phases, avoiding
and clarifying ambiguities present in earlier works. Then, where possible,
the content quantification of those phases by Rietveld refinement of the
XRD diffractograms, which can be done with higher reliability if the phases
are known. The XRD patterns were obtained using a Bruker D8 device
with secondary monochromator, Co-Ka radiation (1.78897 A) and a step
size 0.01° in the 20 range of 20-80°. Rietveld refinement was then con-
ducted on each sample, fitting the peak patterns of the identified phases
to obtain the weight percentage of each phase. The obtained data are dis-
played in Tables S1and S2 (Supporting Information). The main difference
between samples synthesized with and without cleaning step is that an
Ag;Sb nanophase forms when the jar is not cleaned. Such phase cannot
be identified by XRD due to its low weight fraction (less than 5 wt.%) and
the small particle size, hence it can’t be quantified by Rietveld refinement.
For a sensitivity analysis, a quantification of the nanophase content is re-
quired but was not possible here. Thus, the amount of nanophase cannot
be used as an input parameter in the sensitivity analysis.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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