
lable at ScienceDirect

Journal of Alloys and Compounds 832 (2020) 154602
Contents lists avai
Journal of Alloys and Compounds

journal homepage: http: / /www.elsevier .com/locate/ ja lcom
Stability and thermoelectric performance of doped higher manganese
silicide materials solidified by RGS (ribbon growth on substrate)
synthesis

Pierre-Yves Pichon a, *, Pierre Berneron a, Joshua Levinsky b, Arjan Burema b,
Graeme Blake b, David Berthebaud c, St�ephanie Gascoin c, Franck Gascoin c,
Sylvie Hebert c, Jonas Amtsfeld d, Tijmen Hommels d, Mark Huijben d, Johannes de Boor e,
Eckhard Müller e, g, Christelle Navone f, Axel Sch€onecker a

a RGS Development B.V., Bijlestaal 54a, 1721 PW, Broek op Langedijk, Netherlands
b Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747 AG, Groningen, Netherlands
c Normandie Univ, ENSICAEN, UNICAEN, CNRS, CRISMAT, UMR6508, 14000, Caen, France
d MESAþ Institute for Nanotechnology, University of Twente, 7500 AE, Enschede, Netherlands
e German Aerospace Center, Institute of Materials Research, Linder H€ohe, 51147, K€oln, Germany
f CEA, LITEN, 17 rue des Martyrs, BP166, 38042, Grenoble, France
g Justus Liebig University Gießen, Institute of Inorganic and Analytical Chemistry, 35392, Gießen, Germany
a r t i c l e i n f o

Article history:
Received 29 November 2019
Received in revised form
20 January 2020
Accepted 29 February 2020
Available online 3 March 2020

Keywords:
Thermoelectric materials
Crystal growth
Microstructure
Crystal structure
Electrical transport
* Corresponding author.
E-mail addresses: pichon@rgsdevelopment.nl

rgsdevelopment.nl (P. Berneron), j.levinsky@rug.nl (J
nl (A. Burema), g.r.blake@rug.nl (G. Blake),
(D. Berthebaud), stephanie.gascoin@ensicaen.fr (S
ensicaen.fr (F. Gascoin), sylvie.hebert@ensicaen.fr (
gmail.com (J. Amtsfeld), tijmenhommels@hotmail.com
utwente.nl (M. Huijben), johannes.deboor@dlr.de (J.
dlr.de (E. Müller), christelle.navone@cea.fr (C
rgsdevelopment.nl (A. Sch€onecker).

https://doi.org/10.1016/j.jallcom.2020.154602
0925-8388/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t

Large scale deployment of thermoelectric devices requires that the thermoelectric materials have stable
electrical, thermal and mechanical properties under the conditions of operation. In this study we
examine the high temperature stability of higher manganese silicide (HMS) materials prepared by the
RGS (ribbon growth on substrate) technique. In particular we characterize the effect of element sub-
stitution on the structural and electrical changes occurring at the hot side of temperatures of thermo-
electric devices relevant to this material (600 �C). Only by using suitable substitution (4% vanadium at the
Mn site) can we obtain temperature-independent structural parameters in the range 20 �Ce600 �C, a
condition that results in stable electrical properties. Additionally, we show that 4% vanadium substitution
at the Mn site offers the best thermoelectric figure of merit among the different compositions reported
here with ZTmax¼ 0.52, a value comparable to the state of the art for HMS materials. Our analysis suggests
that ionized impurity scattering is responsible for the better performance of this material.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The higher manganese silicide (HMS, MnSig) phases are the
most silicon-rich materials of the MneSi alloys. Among the
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different classes of thermoelectric materials relevant to thermo-
electric power generation applications (e.g. PbTe-based alloys
[1e3], half-Heusler [4]), HMS materials are promising candidates
for the deployment of large scale, cost-effective thermoelectric
generators operating up to 600 �C thanks to their low raw material
cost and good thermoelectric performance. The thermoelectric
figure of merit (ZT) characterizes the effectiveness of a material to
transform a heat flow into electrical power. It is defined as
ZT¼ S2sT/k, where S is the Seebeck coefficient, s is the electrical
conductivity, k is the thermal conductivity, and T is the absolute
temperature. Competitive ZT values in the range 0.5e0.7 have been
measured on doped HMS materials synthesized by different tech-
niques, which makes them technologically relevant for integration
into thermoelectric devices [5e8], possibly in combination with n-
type silicides (SiGe alloys, Mg2(Si,Ge,Sn) [9,10]). Recently,
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supersaturated HMS materials synthesized by melt spinning ach-
ieved significantly improved performance with ZT values of about 1
for p-type Re-doped HMS [11e13]. Until now most of the work on
thermoelectric materials has focused on increasing ZT. However, an
important condition for successful large-scale deployment of high
temperature thermoelectric devices is the stability of the thermo-
electric properties at the relevant temperature and atmospheric
conditions. The first objective of this work is to systematically
characterize the high temperature electrical stability of HMS ma-
terials produced by the Ribbon Growth on Substrate (RGS) pro-
duction process. We aim at clarifying the relations between
electrical stability, doping type and structural evolution under high
temperature module operation conditions. In this article we also
demonstrate a significant improvement of both electrical stability
and ZT for vanadium-doped HMS associated with ionized impurity
scattering of the charge carriers and subsequent superior electrical
and thermal properties.

The HMS phases belong to the family of so-called chimney-
ladder structures: a [Mn] ‘chimney’ subsystem and a [Si] ‘ladder’
subsystem having a common a-axis but different stacking periods
in the c direction, hence different subsystem c-axis lengths cMn and
cSi. Examination of the crystal structure shows that g¼ cMn/cSi. If
[fx] is an irrational number the structure is incommensurate and
cannot be described using a single overall lattice parameter in the c
direction: this motivates the structural characterization of HMS in
terms of two separate subsystems or by the (3 þ 1) dimensional
superspace approach [14]. More recently another approach was
proposed to model the XRD spectrum of the HMS structure by
including significant defects in the Si sublattice [15]. The valence
electron count ([fx]) concept is useful to describe the thermody-
namic stability of chimney-ladder phases and to estimate the
charge carrier density of these materials from the structural
parameter g [16e19]. The VEC is the number of valence electrons
per transition metal element (here Mn). For unsubstituted MnSig,
VEC ¼ 7 þ 4g. For the general case of substituted HMS it can be
written as:

VEC¼7ð1� xÞþ vMexþ ð4ð1� yÞþVsyÞg (1)

Here x and VMe are the proportion and number of valence
electrons of the elementMe that substitutes Mn (e.g., VV¼ 5); y and
Vs are the proportion and number of valence electrons of the
element that substitutes Si (e.g., VAl¼ 3; VGe¼ 4). Furthermore, the
charge carrier density can be estimated by:

½p� ¼4ð14� VECÞ
v

(2)

In equation (2) v is the volume of the Mn subcell. Here we
consider only the case where VEC<14 (p-typematerials). In general,
chimney-ladder phases are stabilized for a VEC count of 14 [16,17].
Therefore, according to equation (2) stable chimney ladder phases
should be charge neutral: in fact thermodynamic stability relates to
the opening of a bandgap around the chemical potential. For the
HMS phase the stoichiometry Mn4Si7 (g¼ 1.75) should be
preferred, however structural analysis has shown that compounds
with lower g are actually synthesized, conferring to this material an
intrinsic p-type character. Kawasumi et al. identified Mn15Si26 as
the stoichiometry of undoped-HMS solidified by the Bridgman
method [20] and also measured a hole density of about
2� 1027m�3 in the room temperature-to 600 K range [20], as
predicted by equation (2) ([p]¼ 1.98� 1027m�3). Early works
identified Mn15Si26 (g¼ 1.733), Mn11Si19 (g¼ 1.727), and Mn27Si47
(g¼ 1.741)) as commensurate structures [20e22], while more
recent studies report intermediate g values, interpreting these as
either incommensurate, incorporating defects at the Si sites, or
comprising domains of different g values [14,15,23e25].
Several studies have shown that undoped HMS can undergo

solid-solid phase transitions in the temperature range useful for
thermoelectric generation. For example a comparative study of
Differential Thermal Analysis (DTA), Differential Scanning Calo-
rimetry (DSC) and High Temperature powder X-Ray Diffraction
(HTXRD) showed that solid-solid phase transformations occur
upon heating [26]. These transitions are primarily due to a
temperature-dependence of the g ratio: another HTXRD study of
undoped HMS showed that the expansion rates of the Si and Mn
sublattices in the c direction are different upon heating. As a result
g increases and the structure expels Mn, resulting in MnSi pre-
cipitation in the form of layered precipitates parallel to the a-b
crystallographic plane [18]. In this study the authors suggest that
the long-term stability of the material may be compromised due to
cracks occurring at the HMS-MnSi interface. Cracking issues in the
a-b plane have been a general concern for HMS solidified from the
liquid [27], the cause being the lattice mismatch between the HMS
phase and the MnSi phase precipitated during cooling from the
melting point [28,29]. Another group synthetized undoped MnSi-
free single crystals by a chemical vapor transport and showed
that MnSi precipitates appeared upon heating at about 900 �C,
resulting from the thermodynamically stable g being temperature-
dependent [30]. Finally, another HTXRD study showed that the
addition of alloying elements at the Mn or Si site can significantly
influence the relative expansion coefficient of the sublattices, i.e.
the g(T) characteristic. For example, in the case of Ge doping g is
stable between room temperature and 600 �C [24]. This suggests
that appropriate doping may stabilize the HMS phase in the tem-
perature range of interest. Notably, above a critical Ge concentra-
tion the layered MnSi precipitates disappeared in crystals grown by
the Czochralski technique [27].Despite several literature reports on
the HMS phases show the occurrence of a solid-solid reactions in
the temperature range of interest for thermoelectric applications,
very little information is available on the stability of the thermo-
electric properties, and on their relations with the synthesis tech-
nique, the concentration of a particular substitution element, and
the corresponding g(T) characteristics. Most papers have reported
the thermoelectric properties of as-synthesized materials, without
demonstrating that the materials are thermodynamically and/or
electrically stable. The motivation of this work is to bridge the gap
between stability studies and performance studies of the HMS
materials. In this framework, herewe examine the effects of doping
on the (micro)structural evolution of HMS and on the changes in
thermoelectric properties at high temperatures.We study the effect
on the thermoelectric properties of maintaining the materials at a
temperature of 600 �C in ambient atmosphere. Based on a review of
the literature, we expected that synthesis techniques involving
relatively fast cooling such as RGS (about 2 K/s above 500 �C) may
result in metastable g after synthesis. Upon further high tempera-
ture exposure in devices this might result in MnSi precipitation,
cracking, and changes in [p]. Therefore, we use HTXRD to charac-
terize g(T) in the room temperature-to 600 �C range and to explain
changes in the microstructure, in the charge carrier density and in
the mobility upon aging. This work is reported in section 3.1.

At this point it is necessary to clarify how we define ‘stability’
throughout this paper. We choose a practical definition from the
point of view of the application (use of HMS as an active material in
thermoelectric generators) and focus on achieving stable thermo-
electric properties. The material has to serve for a designed oper-
ation time at specified temperature and atmosphere conditions
(here 600 �C in air) and shall not decay more than a few percent in
performance over this time. With the relatively high crystallization
velocities achieved in the RGS process we cannot synthetize ther-
modynamically stabilized crystals (i.e. electrically and chemically
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homogeneous and monocrystalline) and as such we do not aim at
studying the properties of a thermodynamically stabilized HMS
crystal. Strictly speaking thermodynamic stability implies that the
material is in thermal equilibrium with its environment, and this
will never be the case in a thermoelectric device where a thermal
gradient is applied. Additionally under such a thermal gradient if g
is temperature-dependent the material structure will be different
at the hot and the cold side. Besdies some level of inhomogeneity is
very often reported in HMS, whether it is present at the structural
level [15,22], or at the scale of the microstructure (segregation
during growth, precipitates, grain boundaries) [23]. In fact many
good thermoelectric materials could be described as thermody-
namically unstable as it is common to purposely introduce disorder,
some complexity in the microstructures or precipitates of second
phases to optimize their thermoelectric properties. A major chal-
lenge in developing such material for practical application is
therefore to stabilize the defects at temperatures and timescales of
the application environment.

Since the doping type and level are key parameters affecting the
g(T) characteristics, we chose a set of nominal compositions based
on promising materials reported so far. Mn[Si0.9955Al0.0045]1.73 was
chosen because of the good thermoelectric properties already re-
ported [5]. We selected Mn[Si0.991Ge0.009]1.73 because of the re-
ported effects of Ge on g(T) and MnSi precipitation [27,31,32]. Mn
substitution by Re was also chosen because it yields a state of the
art ZT value [11], but we opted for a lower doping amount of
[Mn0.97Re0.03]Si1.73 to avoid Re silicide formation during synthesis
with our RGS technique. The substitution of V for Mn above 2% was
recently shown to suppress the formation of MnSi precipitates
while highly disordered strained Si domains appeared instead
[33,34]. Therefore, we included [Mn0.98V0.02]Si1.73 and [Mn0.96V0.04]
Si1.73 as nominal compositions. Throughout the following discus-
sion the materials will be referred to by the percentage of
substituted elements, such as ‘4%V-HMS’ for [Mn0.96V0.04]Si1.73.
While characterising these materials we noticed that V-doped
materials exhibit significantly different electrical properties
compared to the others. A comparative analysis of the thermo-
electric performance of the different materials is the subject of
section 3.2.
2. Materials and methods

2.1. Synthesis

The materials were synthesized by solidification from the melt
using the RGS process. This solidification technique consists in
moving a flat mould band (kept at a temperature several hundred
Celsius lower than the melting point) under the liquid melt, which
is contained in a continuously refilled reservoir. The liquid is so-
lidified at a growth rate between 0.1 and 1mm s�1 resulting in a
sheet of typical thickness 0.5mm grown on the mould. The solid-
ified semiconductor sheet detaches upon cooling, can be trans-
ferred out of the process chamber and the mould can be reused. A
detailed description of the process is given in Ref. [35,36]. The so-
lidification velocity is intermediate between that of large batch
growth processes (the Czochralski, floating zone, directional so-
lidification and Bridgman techniques have a solidification velocity
of about 10�5-10�4m s�1) and non-equilibrium processes such as
spin casting with a solidification velocity of several m.s�1. There-
fore, RGS materials have unique (micro)structures and electrical
properties. This process is interesting from a technological point of
view as it allows for HMS thermoelectric legs of controlled di-
mensions to be produced in one step and at rates compatible with
the large-scale deployment of thermoelectric generators.
2.2. Characterization

The stability of the materials was tested under two types of
conditions. In a first series of tests the Seebeck coefficient and the
electrical conductivity of as-solidified samples were measured as a
function of time at 600 �C in inert gas (12e45 h). Such measure-
ments were done routinely at University of Groningen and selected
samples were measured at CEA and University of Twente for
confirmation. In a second series of tests the samples were subjected
to annealing steps at 600 �C for 10 h, then for 100 h in air. These
testing conditions are more relevant to practical applications since
a thermoelectric material that is useable in oxidative environments
opens the door to more cost-effective module designs compared to,
e.g. encapsulated module configurations. The Seebeck coefficient
and electrical conductivity were measured at room temperature on
each sample in the as-grown state, after 10 h of annealing and after
10 þ 100 h of annealing. Additional samples were undergoing the
same annealing sequence and were analysed by Hall measure-
ments, microstructure analysis, HTXRD and thermoelectric per-
formance evaluation. For all samples where the Seebeck coefficient
and/or electrical conductivity were measured (including Hall
samples), one surface of the RGS-cast HMS sheet samples was
ground to reduce thickness inhomogeneities.

Note that our analysis plan allowed for cross-checking of the
measurements performed at three different laboratories for the
room temperature Seebeck coefficient and at four different labo-
ratories for the electrical conductivity. We verified a posteriori that
the error bars indeed overlap.

2.2.1. Stability: structure and microstructure
Samples on which the microstructure was studied were

embedded in epoxy resin and polished (last step using a 1 mm
diamond suspension) for analysis by optical microscopy and
Scanning Electron Microscopy (SEM). In order to reveal the pres-
ence of MnSi precipitates the polished cross-sections were sub-
mitted to a dilute HF etching step (HF:H2O¼ 5:95, typically 10 s).
SEM analysis was performed using a Hitachi SU70 electron micro-
scope with an acceleration voltage of 15 kV and a working distance
of 15mm. Energy dispersive X-ray spectroscopy (EDX) was carried
out on some samples to identify the different phases present and
evaluate the composition homogeneity.

High resolution powder or bulk surface X-ray diffraction data
were collected using a Bruker D8 Advance Vario 1 two-circle
diffractometer (q-2q Bragg-Brentano mode) using Cu Ka radiation
(l¼ 1.540598 Å) with a Ge (111) monochromator (Johansson type)
and a Lynx Eye detector. High-temperature experiments were
carried out with an Anton Paar furnace HTK1200 N; the tempera-
ture was regulated within ±3 K. Data were collected over the
angular range 10 � 2q (�) � 95 under air, measuring for 1 s at each
angular increment of 0.0157� (1.5 h/scan). XRD patterns were
recorded using the following temperature profile: a pattern at room
temperature; one every 100 K from 373 K to 873 K (heating rate of
30 K/min); one every 100 K from 873 K to 373 K (cooling rate of
30 K/min); one at room temperature after cooling. The Le Bail
method was employed to refine the lattice parameters and mod-
ulation vectors. Refinements were performed in the (3 þ 1)-
dimensional superspace group I41/amd(00g)00ss using the
JANA2006 software package [37].

2.2.2. Stability: thermoelectric properties
The Seebeck coefficient and electrical conductivity were

measured simultaneously using a Linseis LSR-3 apparatus at the
University of Groningen. To measure the Seebeck coefficient a
temperature gradient of 30 Kwas applied across the sample and the
induced voltage was measured at a constant current. The resistivity



Fig. 1. Seebeck coefficient and electrical resistivity as a function of time at high tem-
perature (600 �C) in inert gas (measurements Uni Groningen). The samples were as-
solidified prior to the measurement.
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was measured using a four-point probe configuration where all
contact points are aligned along a vertical line. To characterize the
evolution of the electrical resistivity and Seebeck coefficient at
elevated temperature, the samples were held at 600 �C for 14 h
under a protective helium atmosphere to prevent oxidation.

For the samples annealed in air at 600 �C the Seebeck coefficient
and electrical conductivity were measured at room temperature on
a custom-made test bench at RGS Development B.V. An HF dip was
performed before the measurement to remove the oxide layer
grown during the annealing step. The electrical conductivity was
measured on a four-point probe system using an electrical current
of 0.5 A over the (measured) sample cross-section area of approx-
imately 0.4� 15mm2. The error of the electrical conductivity is
estimated to be less than 8%, the highest error contribution coming
from thickness variations. The Seebeck coefficient was evaluated by
measuring the voltage drop generated by a temperature difference
of 8 K around room temperature. The temperature difference was
applied using commercially available Peltier elements and
measured using type T thermocouples.

To evaluate the change in charge carrier density and mobility
upon annealing, Hall measurements were carried out at CRISMAT
labs on as-solidified samples and samples annealed for 10 h at
600 �C in air. The measurements were performed in a PPMS system
from Quantum Design, where the electrical contacts were soldered
with indium on samples with a shape 5� 5� 0.4mm. The carrier
density was extracted from Hall effect measurements from 5 K to
300 K considering as a first approximation a simple single band
model, to compare with the results from the literature [5,34].
Electrical resistivity was measured using the van der Pauw geom-
etry. Note that the measurements were performed in plane, and no
noticeable anisotropy was detected during the Van der Pauw ex-
periments. This is consistent with EBSD analysis which showed that
the out of plane direction corresponds to the c axis direction. From
both sets of measurements, the mobility could be extracted. For the
resistivity the main source of error comes from the thickness
determination, with a maximal error of ~8% except for the V-doped
materials where the error is ~12% due to thinner solidified samples,
and from the contact size and misalignment, estimated to be ~5%.
The intrinsically high charge carrier density of HMS materials
makes the measurement accuracy particularly sensitive to errors in
the measurement of the slope of the Hall resistance curves R(H). All
the carrier concentrations determined here are extracted from
linear R(H) curves, the uncertainty in the linear least squares fit
being less than 0.5%.

2.2.3. Thermoelectric performance
Samples were measured at DLR to evaluate their thermoelectric

performance. The samples were polished before the measurements
to decrease the surface roughness and improve the electrical con-
tacts. The electrical conductivity s and the Seebeck coefficient S of
the samples were measured concurrently using a custom-built
setup. Setup details and a detailed description of the data anal-
ysis for the Seebeck coefficient measurements can be found in
published works [38,39]. Due to the small thickness and the
sometimes uneven surface, the uncertainty for the electrical con-
ductivity is estimated to be 10%, while the uncertainty for the
Seebeck coefficient is 5%. The measurement data were acquired
both during heating up and during cooling down. The thermal
diffusivity (a) of the samples was obtained using a Netzsch LFA
467HT apparatus. The density rwas determined using Archimedes’
method, while the heat capacity CP was measured using a Netzsch
DSC 404. The thermal conductivity (k) was obtained using the
relation k¼ arCP and the measurement accuracy is estimated to be
10%, the uncertainty stemming mainly from the CP measurement
and the thickness sensitivity of the LFA measurement. Note that for
practical reasons of sample geometry the conductivity (and See-
beck coefficient) are determined in-plane, while thermal conduc-
tivity is determined cross-plane. Therefore the ZT results reported
here should be seen as best estimates, since one cannot exclude
possible anisotropic effects.
3. Results and discussion

3.1. Stability

3.1.1. Stability of the electrical properties
Fig. 1 shows measurements of the Seebeck coefficient and

electrical conductivity as a function of time at 600 �C for 4%V-HMS,
0.9%Ge-HMS, 0.45%Al-HMS, and 3%Re-HMS. The measurements
show that the electrical resistivity increases by between 6% and 20%
during the 12 h of measurement time for the Ge, Al and Re doped
samples. Note that for these samples the electrical resistivity still
continues to increase at the end of the test. In contrast, the elec-
trical resistivity of 4%V-HMS is found stable over time and does not
vary within the measurement error. Changes in the Seebeck coef-
ficient, if any, are at most 2% based on data analysis after noise
filtering, which is relatively small compared to changes in the re-
sistivity. Our data show that the 4%V-HMS has stable electrical
properties at 600 �C, a typical hot-side thermoelectric module
temperature. We confirmed this observation by measuring addi-
tional samples at different laboratories for up to 45 h. Fig. S1 in the
supplementary information shows the evolution of the electrical
properties of 4%V-HMS and 0.45%Al-HMS as a function of time.
Fig. 2 summarizes these results by showing a comparison of the
high temperature power factor of different materials as-solidified
and after 10 h exposure to 600 �C.



Fig. 2. Seebeck coefficient and electrical conductivity of as-grown materials (points at
start of arrows) and materials after 10 h annealing at 600 �C (points at end of arrows).
The curved lines are power factor isolines. Uni Groningen data are taken from Fig. 1,
CEA and Uni Twente data are taken from Supplementary information e Fig. S1. DLR
data (after 10 h) are taken from Fig. 8 (average between temperature ramp up and
ramp down).

Fig. 3. Seebeck coefficient and electrical conductivity of as-grown materials (points at
start of arrows) and materials annealed for 10 h (second points along arrows) and
100 h (points at ends of arrows) in air at 600 �C. The curved lines are power factor
isolines. Each data point corresponds to the average of 3e5 replicated measurements.
The 3 measurement points for 4%V-HMS overlap within the measurement error.

Fig. 4. Room temperature XRD measurements of as-solidified (a) 2%V-HMS, (b) 0.45%
Al-HMS, and (c) 4%V-HMS.
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Since we are interested in the material stability under atmo-
spheric conditions, we also measured the changes of the room
temperature electrical conductivity and Seebeck coefficient for
samples that had undergone successive annealing for 10 h and
100 h in air at 600 �C. The effect of the two annealing steps on the
room temperature electrical properties is shown in Fig. 3. Except for
4%V-HMS where the electrical properties do not change, the elec-
trical conductivity of all materials (including 2%V-HMS) decreases
by 20e25% after 10 þ 100 h of annealing, while the change in the
Seebeck coefficient is relatively smaller. Figs. 2 and 3 show that the
decrease in electrical conductivity on annealing results in a sig-
nificant reduction of the power factor S2s, with the exception of 4%
V-HMS. Note that the material with the highest power factor before
thermal treatment is the Ge-doped material but after annealing the
V-doped materials have the best electrical properties. Additionally,
we conclude that the testing atmosphere is likely not the most
influential parameter to explain the changes in electrical proper-
ties, and that a minimum vanadium concentration is required to
stabilize the electrical conductivity.

3.1.2. Structure and microstructure analysis
The purity of the 2%V-HMS, 4%V-HMS, and 0.45%Al-HMS ma-

terials and the absence of any significant volume fraction of sec-
ondary phases were checked by XRD measurements on powder
samples derived from as-solidified materials. The XRD patterns are
shown in Fig. 4 and demonstrate the absence of significant amounts
of MnSi, Al-rich or V-rich phases. The variation of peak intensity is
due to preferential orientation effects. All peaks could be indexed as
HMS phase with superspace group I41/amd(00g)00ss according to
the composite structural model suggested by Miyazaki et al. [40].
According to research on the MneSieAl system, excess Al-doping
would result in the formation of Al-rich phases with about 30 at%
Al (C40 or C54 phase) [41,42], which are not observed in our case.
This confirms that the chosen Al doping level is below the solubility
limit as already demonstrated by Chen et al. [5]. Similarly, we do
not observe any signal from VSi2 in 2%V-HMS and 4%V-HMS, which
would be the case if we significantly exceeded the solubility limit of
V in the HMS phase. However, Miyazaki et al. suggested that the
solubility limit of V substituting Mn in HMS is 3% [33]. As will be
discussed later, small amounts of the MnSi phase are present in all
materials but could not be detected by the XRD measurements
because of their low volume fraction. However with such a low
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fraction of unintended secondary phases remaining, the observed
properties will be, although weakly shifted by the secondary pha-
ses, dominated by the main HMS phase and the trends observed
can be clearly discussed as mainly originating from the HMS phase.

All materials (as-grown and annealed) presented in Fig. 3 were
analysed by optical microscopy to search for the presence of MnSi.
Some samples were also analysed by SEM-EDX to characterize the
homogeneity of the dopant distribution in the HMS matrix and to
identify secondary phases, if present. The microstructural changes
of the 0.45%Al-HMS material are representative of that of the un-
stable materials (Re, Al, and Ge-doped), and therefore only the
microstructure analysis of this material is reported here, as
compared to that of the stable 4%V-HMS. A comparison of the op-
tical microscopy features of the as-solidified and annealed mate-
rials is shown in Fig. 5. The MnSi phase is identified by different
contrast to the bulk due to the effect of the MnSi etching step (this
was confirmed by measuring a ratio [Si]:[Mn]¼ 1:1 using SEM-
EDX). For both materials the presence of a small volume fraction
Fig. 5. Optical microscopy images of polished cross sections of 0.45%Al-HMS (upper set) and
Pictures are taken under polarized light at low magnification (top) and high magnification (b
are shown on the left and annealed samples (10 h at 600 �C in air) on the right. All cross s
of MnSi dendritic crystals at the surface contacting the mould is
noticed. Because of the presence of a peritectic transformation it is
expected that solidification starts first by MnSi nucleation at the
mould surface and further by dendritic growth, and that later the
HMS phase overgrows the MnSi dendrites in a melt slightly
enriched in Si [43].

The main feature that distinguishes the as-solidified 4%V-HMS
from the 0.45%Al-HMS material is the presence of MnSi layered
precipitates in the latter, while these so-called striations are absent
from 4%V-HMS. This observation confirms the general trend
observed by other authors [33] on melt-grown V-doped HMS ma-
terials, although in contrast to them we did observe a minor
amount of striations also in the 2%V-HMS. For the Al-doped ma-
terial the striation defects are concentrated in the centres of the
grains and often absent close to the grain boundaries. Local analysis
of the composition by EDX showed that the concentration of Al
dopant corresponds to about 0.2% substitution of Si in the striated
regions and up to more than 1% substitution closer to the grain
4%V-HMS (lower set). The solidification direction is from bottom to top on all images.
ottom e regions corresponding to the black inset frames above). As-solidified samples

ections were submitted to a MnSi etch to reveal the presence of the MnSi phase.



Fig. 6. g(T) structural parameter for as-solidified HMS materials measured by HTXRD.
The arrows show the evolution of g upon heating ([) and cooling(Y). The data of
Kikuchi et al. [18] for undoped HMS prepared by arc melting is shown for comparison
and discussion purposes.
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boundaries, while the nominal substitution amount is 0.45%.
Similarly, we observe that for the Ge-doped materials, higher [Ge]
closer to grain boundaries is correlated with the absence of stria-
tions there, as also reported by other authors for Ge-doped arc-
melted samples [23]. As observed by Vives [23], above a critical Ge
or Al concentration MnSi striations do not precipitate during
cooling after solidification. As will be discussed later, this is likely
due to the stabilization effect of the substituted element on the g(T)
characteristic above a critical concentration. In our case the con-
centration gradients originate from dopant segregation during RGS
solidification. Note that the presence of gradients in the concen-
tration of substitution elements imply that our materials are elec-
trically inhomogeneous in the as-solidified state. These
inhomogeneities appear at a scale smaller than that of the grain size
(in the order of several hundred mm), thus they are much smaller
than the sample size used for the measurement of the thermo-
electric properties (or the size of thermoelectric element in de-
vices). During the characterization of the thermoelectric stability
the properties are therefore ‘averaged out’, no significant sample-
to-sample variation can be noticed, and the measured properties
are reliable with respect to the considered application.

The effect of annealing the samples in air at 600 �C for 10 h is
also shown in Fig. 5. We do not observe significant microstructural
changes for the 4%V-HMS, whereas for all the other materials
(including the 2%V-HMS), we observe a layer of MnSi at the grain
boundaries, as revealed by the dark contrast in the optical micro-
scopy images. Local SEM-EDX analysis confirmed that the stoichi-
ometry of the grain boundary (GB) precipitates is approximately
[Si]:[Mn]¼ 1:1. The morphology of the striation defects is also
different after annealing: striations disappeared completely in
some regions or broke down into discontinuous dotted lines. For
the as-grown and annealed Al-doped materials, microcracks are
often observed along the striations and for the annealed materials
voids are present at theMnSi-rich grain boundaries (denoted as ‘GB
voids’ in Fig. 5). Whether or not these voids are induced by the
sample preparation procedure, in both cases we conclude that the
interface between HMS and the MnSi phase is mechanically weak
due to the significant lattice mismatch [28,29,31]. Finally it is worth
mentioning that the striation defects have an orientation corre-
sponding to a tilt of at most about 30� with the wafer plane. EBSD
measurements confirmed a preferential orientation with the c-axis
pointing out of wafer plane. This implies that any anisotropy in the
thermoelectric properties, if present, should result in properties in
plane different from cross plane. The 4%V-HMS material is the only
one that does not show MnSi precipitation as striations or at grain
boundaries in as-grown and annealed samples. This is also the only
electrically stable material. We can thus correlate electrical stability
with the absence of MnSi in this material. We are thus able to
propose the following two hypotheses:

1 The formation of MnSi results in microcracks and lowers the
charge carrier mobility.

2 The formation of MnSi is the result of structural changes (e.g,
the g ratio) in the HMS lattice, which also influences the charge
carrier density via equations [1,2].

3.1.3. High temperature structural characterization and Hall
measurements

To clarify hypotheses 1 and 2 we first investigated how the
structural parameters of as-solidified 0.45%Al-HMS, 2%V-HMS and
4%V-HMS evolve between room temperature and 600 �C using HT-
powder XRD on as-solidified materials. The samples are the same
as for the measurements shown in Fig. 4. We chose the timescale of
the HTXRD measurements and the exposure time at high
temperature (total cycle time: 17 h, time above 500 �C: 4.5 h) to be a
similar order of magnitude to the timescale over which changes in
the electrical properties were measured (see Fig. 1). The complete
set of unit cell parameters are plotted in the supplementary infor-
mation (Fig. S2). Fig. 6 shows the evolution of g as a function of
temperature and measurement sequence. In essence, plotting g(T)
is equivalent to characterizing the position of the HMS phase in the
temperature-composition phase diagram. Fig. 6 demonstrates that
the HMS phase composition and structural parameters for 0.45%Al-
HMS and 2%V-HMS change during the measurement: the HMS
phase is enriched with Si upon heating above about 300 �C, pri-
marily due to a negative expansion coefficient of the silicon sub-
lattice in the c-direction during heating, i.e. the Si sub-cell con-
tracts in the c-direction while the Mn subcell expands (see Fig. S2,
supplementary information). Upon cooling the expansion coeffi-
cient of both sub-lattices in the c-direction is similar, g is stable and
the HMS phase composition remains unchanged.

Kikuchi et al. [18] showed that the expansion coefficient of the Si
sublattice in the c-direction is higher than that of the Mn sublattice
in the temperature range 500e900 �C. This results in the HMS
phase becoming more Si-rich upon cooling (see Fig. 6) and is in fact
the driving force for the formation of MnSi striation precipitates
during the cooling of melt-grown HMS crystals as observed by
several authors [20,23,44]. We observe MnSi striation precipitates
in our as-solidified 0.45%Al-HMS and 2%V-HMSmaterials, therefore
we expect that the g(T) for thesematerials is similar in shape to that
of Kikuchi et al. [18] above 600 �C. However, in our case these
materials are likely not stabilized due to the fast cooling rate be-
tween the solidification temperature and room temperature in the
RGS process (of the order of 2 K/s). Thus, during synthesis the HMS
phase relaxes only partially upon cooling and g is kinetically
‘locked’ to values lower than the thermodynamically stable value.
During the XRD measurement and the annealing tests, the HMS
phase stabilizes to higher g values. This explains the changes in
MnSi striation morphology and the appearance of MnSi at grain
boundaries (Fig. 5) for the samples that had a similar exposure time
at high temperature. In the 4%V-HMSmaterial, the absence of MnSi
striation precipitates suggests that the composition of the HMS
phase solidified at high temperature is stable down to room
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temperature. This is supported by the temperature-independent
g(T) characteristic. These measurements clearly show that stable
HMS thermoelectric materials can be obtained by avoiding struc-
tural changes between the synthesis temperature and the tem-
perature range of operation in a module. In other words the two
sub-lattices should have the same expansion coefficient along the
c axis and g should be independent of temperature. The manipu-
lation of g(T) can be achieved by adding optimized amounts of
substitution elements [24,25], and we have shown that this
approach can be used to stabilize the HMS phase over the room
temperature-to-600 �C range using a sufficiently high amount of
vanadium (hence the 2%V-HMS is unstable). One may further
generalise to state that the use of substitution elements that shifts g
to sufficiently (lower) values close to that at the synthesis tem-
perature helps to prevent the precipitation of MnSi striations. Thus
2%V-HMS is unstable because its g value is too high (see g(T) during
cooling in Fig. 6).Substitution of Si by Ge above a certain concen-
tration was shown by several researchers to result in the same
behaviour as observed here for V substitution (g shifted to lower
values and suppressed MnSi precipitates above a certain [Ge])
supporting this general statement. However in our case large [Ge]
gradients most likely prevent sufficiently high substitution in the
intra-grain regions such that MnSi still precipitates [23,24,31,32].

To examine the relations between changes in the structure and
the electrical resistivity, considering as a first approximation a
simple single band model, we compared the room temperature
charge carrier density estimated by equations [1,2] with that
measured by the Hall technique, before and after annealing. The
results are summarized in Fig. 7, which compares the Hall carrier
density measured at room temperature on as-solidified materials
and on samples annealed for 10 h at 600 �C in air with the carrier
density estimated from the VEC model using the compositions
determined from room temperature powder XRD data at the
beginning and end of the measurement cycle (data from the sam-
ples in Fig. 6). In equation (1) we use the nominal substitution
levels x and y[fx]with the assumption that the solubility limit is not
exceeded, as confirmed by the absence of aluminium or vanadium
silicides (XRD data, Fig. 4). Our Hall concentration data fits verywell
with that recently published byMiyazaki et al. for V-doped samples
[25] and with that of Chen et al. for the Al-doped samples [5]. Fig. 7
shows a good correlation between the measured change in carrier
density and that predicted by the VEC model. This implies that the
structural changes occurring during annealing result in a reduction
of the charge carrier density by 20e30%, which is of the same order
Fig. 7. Effect of annealing on the charge carrier density of 0.45%Al-HMS, 2%V-HMS, and
4%V-HMS. Hall measurements (vertical axis) are compared to the carrier density
estimated from the VEC model (horizontal axis). The straight line corresponds to y¼ x.
of magnitude as the decrease in electrical conductivity shown in
Fig. 3. This means that the changes in structural parameters after
high temperature exposure shown in Fig. 6 for 2%V-HMS and 0.45%
Al-HMS directly correlate with a reduction of the charge carrier
density. The charge carrier mobility was not significantly influ-
enced by the annealing step, and microcrack formation and/or
development are likely not responsible for the change in the elec-
trical properties (hypothesis 1). The presence ofMnSi precipitates is
therefore not the root cause for the changes of electrical properties,
instead the structural evolution at high temperature is the cause for
both the formation of MnSi precipitates and changes of the elec-
trical properties. Additionally if cracks would appear or develop
during annealing one would not expect quantitatively reproducible
measurements of the resistivity change. Instead, ourmeasurements
support hypothesis 2, i.e. the reduction of the electrical resistivity is
the result of loss of charge carriers due to structural changes.
Compared to the 4%V-HMS, the 2%V-HMS is not sufficiently
substituted with V, its structural parameters are temperature-
dependent and the carrier concentration is reduced accordingly
following equation (1) upon high temperature exposure.

As a final remark we note that in a rigid band picture the
reduction in charge carrier density upon annealing will shift the
electrochemical potential towards the gap and with that also the
Seebeck coefficient is expected to significantly increase (see
Appendix). However this is not the case in our measurements. This
observation is consistent with the measurements of Chen et al.,
where Al doping increased the charge carrier density by up to 20%
but the Seebeck coefficient was only weakly affected [5]. We take
this as a clear hint on a change of the band structure close to the gap
with changing carrier density.With increased V contentwe observe
a better accordance of the transport properties to a model with
higher effective mass which points to flatter bands and, with that a
weaker change of the electrochemical potential with carrier den-
sity. Clearly, more research is needed to study the effects of the
carrier concentration and of the crystal structure (g value) on the
band structure and occupancy close to the chemical potential and
understand how these parameters influence the Seebeck coeffi-
cient of HMS materials.

3.2. Thermoelectric performance

We now focus on the thermoelectric performance of the HMS
materials. Based on the results discussed in the previous sectionwe
chose to compare the thermoelectric properties of the materials
after annealing for 10 h at 600 �C in air in order to reduce the effect
of high temperature instabilities and compare the materials on a
fairer basis. The low temperature Hall measurements and the high
temperature thermoelectric properties are reported in Fig. 8. Note
that the Hall data, the high temperature resistivity and Seebeck
coefficient data reported in Fig. 8, and the electrical properties re-
ported in Figs. 1 and 3 agree within measurement error even
though different measurement setups were used. Despite our ef-
forts to reduce the instabilities by pre-annealing, the electrical re-
sistivity data between room temperature and 700 �C clearly show
that the electrical properties are not stabilized for all materials: the
resistivity still increases during the measurement for Ge and Al-
doped HMS. This is consistent with our observation that the re-
sistivity still increases after 10 h at 600 �C (Figs. 1 and 3) for these
materials. However, the 3%Re-HMS show a resistivity decrease
during the measurement: this contradicts our data in Figs. 1 and 3.
The hysteresis behaviour of the resistivity of this material could be
related to a slow kinetics of g change following the temperature-
time profile of the measurement with a delay. If for 2%V-HMS
g(T) behaves qualitatively as the undoped sample of Kikuchi et al.
[18] above 600 �C (Fig. 6), delayed g changes would result in a



Fig. 8. Low temperature (left) and high temperature (right) thermoelectric properties of HMS materials produced by the RGS process containing different substitution elements. All
materials were annealed for 10 h at 600 �C in air prior to the measurements. Materials doped with Ge, Al and Re have not reached a stable state after this thermal treatment. The
coloured arrows in the high temperature resistivity plots show the data acquisition sequence during heating and cooling. Dashed black lines are model results for different effective
masses m* and scattering parameters a at 300 K.
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hysteresis in the carrier density (hence in the resistivity) consistent
with the measurement. The 4%V-HMS is stable during the high
temperature measurements, which is consistent with the stability
study.

Fig. 8 shows that the V-doped HMS samples have significantly
different electrical properties to the Al, Ge and Re-doped materials.
The higher hole concentration of 2%V and 4%V HMS compared to
the other materials is the result of the stability of V in the structure,
while the other materials seem to stabilize at a carrier concentra-
tion of about 1.64� 1027m�3 at 300 K (Fig. 8). Perhaps unexpected
is the observation that the carrier concentration of the V-doped
HMS materials increases with increasing temperature: unless very
close to 0 K p-type thermoelectric materials typically possess a
filled valence band and one does not expect this behaviour. This
may be the result of impurity levels in the band gap. The Hall
measurements also show a significantly lower charge carrier
mobility for the V-doped materials, and a different temperature
dependence. The Al, Ge and Re-doped materials all have the typical
temperature dependence mLf T�1.5 demonstrating that lattice-
phonon scattering is the dominant limiting factor for carrier
transport, as also concluded from measurements on undoped or
lightly doped HMSmaterials by other authors [5,6]. The mobility of
the V-doped materials is nearly an order of magnitude lower and
varies with temperature as mf T�0.5. Contrary to the Al, Ge and Re-
doped materials for which the resistivity vanishes when the tem-
perature tends to 0 K (confirming the phonon-limiting behaviour of
the electrical transport), the resistivity of the V-doped materials
remains significant at temperatures close to 0 K. Overall the tem-
perature dependence of the Seebeck coefficient and of the electrical
resistivity is significantly less strong for the V-dopedmaterials. This
is precisely the nearly temperature-independent resistivity that
confers the superior figure of merit for the 4%V-HMS material.
Finally we note that the charge carrier concentration and mobility
of the Ge and V-doped samples have comparable value as that of
arc-melted samples with similar substitution levels recently
published by Miyazaki et al. [25]. The lower mobility of V-doped
HMSmaterials, their different temperature dependence and higher
charge carrier density suggests that ionized impurity scattering is
an additional limitation to the transport properties of these mate-
rials compared to the Al, Ge, and Re-dopedmaterials. In general, the
scattering time dominates the temperature dependence of the
mobility (m(T)f (e/m) t(T) where e and m are the electron charge
and mass, respectively). The scattering time for ionized impurities
scales as tif T1.5, and that of phonons as tLf T�1.5. When both
effects occur simultaneously the total scattering time t will follow
Matthiessen's rule as:

1
t
¼ 1
tL

þ 1
ti

(3)

Equation (3) implies that in the case of mixed scattering the
temperature exponent of t varies between �1.5 and 1.5, which is
the case for the V-doped samples. Based on these observations we
choose to use the mixed scattering single parabolic band model of
Fistul to describe the behaviour of the V-doped materials [45]. The
mobility depends on both the scattering time for acoustic vibra-
tions tL¼ t0L ε

�1/2 and the scattering time for ionized impurities
ti¼ t0i ε

3/2where ε is the reduced carrier energy. Using equation (3)
the total scattering time can be written as t¼ toL ε

3/2/(ε2 þ a2),
where the scattering index a¼√ toL/toi is ameasure of the strength
of ionized impurity scattering relative to acoustic phonon scat-
tering. In this framework the electrical properties can be written as
follows:

sðh; aÞ¼8p m*12e
2

3h3
ð2kBTÞ

3
2t0;LF3ðh; aÞ (4)
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e

�
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�h

�
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Here F1/2 (h) is the Fermi integral of order ½. h, m*, kB, h are the
reduced Fermi energy, the density of states effective mass, Boltz-
mann coefficient and Planck constant respectively. It is assumed
that the density of states effective mass is equal to the mobility
effective mass. This model is an extension of the more commonly
used single parabolic band model where only acoustic phonon
scattering is considered [46] (limiting case a¼ 0). This mixed
scattering model has also been used by several authors to describe
the superior properties of highly substituted skutterudites [47,48].
We solved the set of equations [4e7] numerically for two sets of {
m*; a }to illustrate the differences between the 4%V-HMS and the
Re, Ge and Al substituted materials. We assumed that [p] is
temperature-independent and chose the value measured at room
temperature to estimate h(T) (equation (6)). First, we fit the model
to the data of the Re, Ge and Al-doped samples using a¼ 0 (ti /∞
negligible ionized impurity scattering) and [p]¼ 1.64� 1027m�3

(as measured at room temperature). Using the Seebeck coefficient
data and equation [5] we obtain m* ¼ 7.5 m0 from equation (6), a
value similar to that previously published [5]. toL is estimated by
fitting the mobility data, resulting in t¼ toL¼ 19.2 fs at room tem-
perature. The same value of toL is used for V-doped samples since
there is a priori no reason that phonon scattering affects the elec-
trical transport properties differently for V-doped samples and Al,
Ge and Re-doped materials. However, to reproduce the specific
features of the data of V-doped HMS it is necessary to introduce
ionized impurity scattering (i.e. a>0). Using m* ¼ 10.5 m0 and a
(300K)¼ 4.3 (ti (300K)¼ 1 fs ), the model reproduces the room
temperature data of 4%V-HMS well. Fig. 8 shows that the essential
differences between the V-doped samples and the Al, Ge and Re-
doped samples are well described by introducing ionized impu-
rity scattering. Especially the significant differences in the tem-
perature dependence of the mobility, the low temperature
resistivity data and the high temperature Seebeck coefficient data
(at temperatures below about 450 �C) are well reproduced: the
mobility scales as mf T�0.5, the resistivity does not vanish towards
0 K, and the temperature dependence of S(T) is less pronounced.
However, while the model qualitatively predicts that the resistivity
of V-dopedmaterials becomes lower than that of the other samples
at high temperature, there is a significant discrepancy between the
values predicted by the model and the measurements.

The thermal conductivity of 4%V-HMS is significantly lower than
that of the other samples. Since this material also has a lower
electrical resistivity, the electrical contribution to the thermal
conductivity should be higher: this means that the lattice contri-
bution to the thermal conductivity overcompensates the higher
electrical contribution. Although this effect should be studied in
more detail, we hypothesize that this may be the result of an alloy
scattering effect. Overall, the significantly higher ZT of 4%V-HMS is
the result of the improved power factor and lower thermal con-
ductivity. ZTmax¼ 0.52 is estimated for this material. Most impor-
tantly, this material is also stable at high temperature, in contrast to
the Al, Ge, Re-doped samples and the 2%V-HMS material.
4. Conclusions

On the basis that the performance of thermoelectric materials
should remain stable under relevant device temperature condi-
tions, we have used several procedures to measure the structural
and thermoelectric stability of HMS materials substituted with
different elements. We demonstrate that most HMS materials
prepared by the RGS technique have a temperature-dependent g
factor and are structurally and electrically unstable at 600 �C.
Specifically, structural changes result in the formation of MnSi
precipitates and reduction of the charge carrier concentration of a
magnitude comparable with the electrical conductivity decrease.
Therefore we conclude that the structural changes are responsible
for the instability. By substituting 4% of Mn by V the g factor then
becomes temperature independent in the range of interest,
resulting in the prevention ofMnSi precipitate formation and stable
electrical properties when exposed to 600 �C for up to 45 h. As a
topic for future research, it would be interesting to confirm the
structural stability of this material up to the melting point.

The 4%V-HMS material also exhibits the highest ZT. This is in
part due to its thermal stability, but also because ionized impurity
scattering effects mitigate the reduction of the Seebeck coefficient
due to the higher charge carrier concentration. In combinationwith
a lowered thermal conductivity, the estimated ZT of this material
reaches state-of-the-art values.
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Appendix

For example, taking the Hall carrier concentration data for 0.45%
Al-HMS (Fig. 7) and using the single parabolic band model at 300K
(equations (4)e(8) with a¼ 0, m*¼ 7.5 m0), one finds that the
carrier concentration change during the 10 h annealing step cor-
responds to a decrease in electrical conductivity from 90£ 104 S/m
to 70£ 104 S/m (�22% - note that the absolute values fit the data of
Fig. 3 fairly well) and to an increase of the Seebeck coefficient from
83 mV/K to 101 mV/K (þ22%, whereas measurements show a change
from 110 mV/K to 100 mV/K, i.e. �9%).
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