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Abstract

Large scale deployment of thermoelectric devicgsires that the thermoelectric materials
have stable electrical, thermal and mechanicalgrtms under the conditions of operation. In this
study we examine the high temperature stabilithigher manganese silicide (HMS) materials
prepared by the RGS (ribbon growth on substratdnigue. In particular we characterize the efféct o
element substitution on the structural and eleaittbanges occurring at the hot side of tempersiture
of thermoelectric devices relevant to this matgg@0°C). Only by using suitable substitution (4%
vanadium at the Mn site) can we obtain temperandgependent structural parameters in the range
20°C - 600°C, a condition that results in statdeteical properties. Additionally, we show that 4%
vanadium substitution at the Mn site offers thet besrmoelectric figure of merit among the diffetren
compositions reported here wiffT,=0.52, a value comparable to the state of theoattiMS
materials. Our analysis suggests that ionized iiypsicattering is responsible for the better
performance of this material.



1 Introduction

The higher manganese silicide (HMS, Mp$hases are the most silicon-rich materials of the
Mn-Si alloys. HMS materials are promising candiddte the deployment of large scale, cost-
effective thermoelectric generators operating up°C thanks to their low raw material cost and
good thermoelectric performance. The thermoeletigice of merit ZT) characterizes the
effectiveness of a material to transform a heat flato electrical power. It is defined @3 = SoT/x,
whereSis the Seebeck coefficient, is the electrical conductivity; is the thermal conductivity, arid
is the absolute temperature. Competid\fevalues in the range 0.5-0.7 have been measurddped
HMS materials synthesized by different techniquésch makes them technologically relevant for
integration into thermoelectric devices[1-3], pblsin combination with n-type silicides (SiGe
alloys, Mg(Si,Ge,Sn)[4,5]). Recently, supersaturated HMS ragesynthesized by melt spinning
achieved significantly improved performance wifhvalues of about 1 for p-type Re-doped HMS [6—
8]. Until now most of the work on thermoelectrictenrgals has focused on increasifif However, an
important condition for successful large-scale dgplent of high temperature thermoelectric devices
is the stability of the thermoelectric properti¢shee relevant temperature and atmospheric comditio
The first objective of this work is to systematlgalharacterize the high temperature electrical
stability of HMS materials produced by the Ribboro@th on Substrate (RGS) production process.
We aim at clarifying the relations between elealrgtability, doping type and structural evolution
under high temperature module operation conditibnthis article we also demonstrate a significant
improvement of both electrical stability add for vanadium-doped HMS associated with ionized
impurity scattering of the charge carriers and sgbent superior electrical and thermal properties.

The HMS phases belong to the family of so-calleichaley-ladder structures: a [Mn]
‘chimney’ subsystem and a [Si] ‘ladder’ subsysteaming a commom-axis but different stacking
periods in thes direction, hence different subsysteraxis lengthgy, andcy. Examination of the
crystal structure shows that cy./cs. If y is an irrational number the structure is incomroeate and
cannot be described using a single overall lagigm@meter in the direction: this motivates the
structural characterization of HMS in terms of teaparate subsystems or by the (3+1) dimensional
superspace approach[9]. More recently another apphravas proposed to model the XRD spectrum of
the HMS structure by including significant defeictshe Si sublattice [10]. The valence electronntou
(VEC) concept is useful to describe the thermodynaaigilgy of chimney-ladder phases and to
estimate the charge carrier density of these nadgefriom the structural parameteil1-14]. TheVEC
is the number of valence electrons per transitietairelement (here Mn). For unsubstituted MnSi
VEC = 7 +4y. For the general case of substituted HMS it cawfiigen as:

VEC=71—-x)+Vy.x+(4A—-y)+Vsy)yY )

Herex andVy are the proportion and number of valence electobtise elemenie that
substitutes Mn (e.g\y = 5); y andV; are the proportion and number of valence electobtise
element that substitutes Si (e, = 3; Vee= 4). Furthermore, the charge carrier density can be
estimated by:

(14-VEC)
[p] = 4 14vVEC 2)

In equation (2) is the volume of the Mn subcell. Here we considdy the case wherdEC<14 (p-
type materials). In general, chimney-ladder phasestabilized for ¥EC count of 14 [11,12].
Therefore, according to equation (2) stable chimadger phases should be charge neutral: in fact
thermodynamic stability relates to the opening bhadgap around the chemical potential. For the
HMS phase the stoichiometry iBi; (y = 1.75) should be preferred, however structuralyais has
shown that compounds with lowgrare actually synthesized , conferring to this malt@n intrinsic p-
type character. Kawasuri al. identified MnsSi,g as the stoichiometry of undoped-HMS solidified
by the Bridgman method[15] and also measured e dhensity of about 2 x $0m™ in the room



temperature-to 600 K range [15], as predicted lmatign (2) [p]=1.98 x 18" m®). Early works
identified MnsSios (y = 1.733), Mn;Siyg (y = 1.727), and MiSis; (y = 1.741)) as commensurate
structures[15-17], while more recent studies rejmermediate values, interpreting these as either
incommensurate, incorporating defects at the 8¢ sdr comprising domains of differentalues
[9,10,18-20].

Several studies have shown that undoped HMS caergadolid-solid phase transitions in
the temperature range useful for thermoelectriepgion. For example a comparative study of
Differential Thermal Analysis (DTA), Differentialcanning Calorimetry (DSC) and High
Temperature powder X-Ray Diffraction (HTXRD) showtedt solid-solid phase transformations
occur upon heating[21]. These transitions are milyndue to a temperature-dependence ofyttegio:
another HTXRD study of undoped HMS showed thaetkgansion rates of the Si and Mn sublattices
in thec direction are different upon heating. As a regiticreases and the structure expels Mn,
resulting in MnSi precipitation in the form of lagel precipitates parallel to tlaeb crystallographic
plane [13]. In this study the authors suggestttimatong-term stability of the material may be
compromised due to cracks occurring at the HMS-Mnt®rface. Cracking issues in taé plane
have been a general concern for HMS solidified ftbeliquid[22], the cause being the lattice
mismatch between the HMS phase and the MnSi phaséijiated during cooling from the melting
point[23,24]. Finally, another HTXRD study showtbdt the addition of alloying elements at the Mn
or Si site can significantly influence the relatesgansion coefficient of the sublattices, i.e.itie
characteristic. For example, in the case of Gerdppis stable between room temperature and 600
°C[19]. This suggests that appropriate doping ntalisze the HMS phase in the temperature range
of interest. Notably, above a critical Ge concerdrathe layered MnSi precipitates disappeared in
crystals grown by the Czochralski technique[22].

Despite several literature reports on the HMS phakew the occurrence of a solid-solid
reactions in the temperature range of interesthiammoelectric applications, very little informatics
available on the stability of the thermoelectriogerties, and on their relations with the synthesis
technique, the concentration of a particular stutgtin element, and the correspondj(ig)
characteristics. Most papers have reported thentelectric properties of as-synthesized materials,
without demonstrating that the materials are thelynamically and/or electrically stable. The
motivation of this work is to bridge the gap betwesability studies and performance studies of the
HMS materials. In this framework, here we examhedffects of doping on the (micro)structural
evolution of HMS and on the changes in thermoeleptioperties at high temperatures. We study the
effect on the thermoelectric properties of maintegrthe materials at a temperature of 600°C in
ambient atmosphere. Based on a review of theflitexrawe expected that synthesis techniques
involving relatively fast cooling such as RGS (ab®UK/sec above 500 °C) may result in metastable
after synthesis. Upon further high temperature syp®in devices this might result in MnSi
precipitation, cracking, and changegip. Therefore, we use HTXRD to charactenfg) in the room
temperature-to 600°C range and to explain chamg#dseimicrostructure, in the charge carrier density
and in the mobility upon aging. This work is regakin section 3.1.

Since the doping type and level are key paramefésting they(T) characteristics, we chose
a set of nominal compositions based on promisinggrizds reported so far. Mn[s3osAl 0.00491.73 Was
chosen because of the good thermoelectric propetieady reported[1]. We selected
Mn[Sio.00:G&n.00d1.73 DECAUSE Of the reported effects of Ge(@hand MnSi precipitation [22,25,26].
Mn substitution by Re was also chosen becauselds/a state of the a£f value [6], but we opted
for a lower doping amount of [MRRe& 0dSi1 73t0 avoid Re silicide formation during synthesishwi
our RGS technique. The substitution of V for Mn&b@% was recently shown to suppress the
formation of MnSi precipitates while highly disordd strained Si domains appeared instead [27,28].
Therefore, we included [MRgV .04 Si1.7zand [Mny ggV .04 Si1 .73 @S Nominal compositions. Throughout
the following discussion the materials will be reéel to by the percentage of substituted elements,
such as ‘4%V-HMS'’ for [MBgeV0.04Si1.72 While characterising these materials we notited V-



doped materials exhibit significantly different eiécal properties compared to the others. A
comparative analysis of the thermoelectric perforoeaof the different materials is the subject of
section 3.2.

2 Materials and methods

2.1 Synthesis

The materials were synthesized by solidificatianfrthe melt using the RGS process. This
solidification technique consists in moving a flabuld band (kept at a temperature several hundred
Celsius lower than the melting point) under theitigmelt, which is contained in a continuously
refilled reservoir. The liquid is solidified at aogvth rate between 0.1 and 1 mrhresulting in a sheet
of typical thickness 0.5 mm grown on the mould. Sbkdified semiconductor sheet detaches upon
cooling, can be transferred out of the process bleamnd the mould can be reused. A detailed
description of the process is given in [29,30]. Bbédification velocity is intermediate betweemth
of large batch growth processes (the Czochralslatihg zone, directional solidification and
Bridgman techniques have a solidification velocitybout 13-10* m.s") and non-equilibrium
processes such as spin casting with a solidifinat&ocity of several m’s Therefore, RGS materials
have unique (micro)structures and electrical prig®rThis process is interesting from a
technological point of view as it allows for HMSetimoelectric legs of controlled dimensions to be
produced in one step and at rates compatible Wlharge-scale deployment of thermoelectric
generators.

2.2 Characterization

The stability of the materials was tested undertiypes of conditions. In a first series of tests
the Seebeck coefficient and the electrical conditigtof as-solidified samples were measured as a
function of time at 600 °C in inert gas (12 to 4futs). Such measurements were done routinely at
University of Groningen and selected samples waerasured at CEA and University of Twente for
confirmation. In a second series of tests the sasnpkre subjected to annealing steps at 600 “Tfor
hours, then for 100 hours in air. These testinglitioms are more relevant to practical applications
since a thermoelectric material that is usablexidative environments opens the door to more cost-
effective module designs compared to, e.g. encaslimodule configurations. The Seebeck
coefficient and electrical conductivity were meashiat room temperature on each sample in the as-
grown state, after 10 hours of annealing and afiet100 hours of annealing. Additional samples were
undergoing the same annealing sequence and wdysethdy Hall measurements, microstructure
analysis, HTXRD and thermoelectric performance @atabn. For all samples where the Seebeck
coefficient and/or electrical conductivity were rageed (including Hall samples), one surface of the
RGS-cast HMS sheet samples was ground to redudendss inhomogeneities.

Note that our analysis plan allowed for cross-chvegkf the measurements performed at three
different laboratories for the room temperaturelfeek coefficient and at four different laboratories
for the electrical conductivity. We verifieaposteriori that the error bars indeed overlap.

2.2.1 Stability: structure and microstructure

Samples on which the microstructure was studie@ warbedded in epoxy resin and polished
(last step using a 1um diamond suspension) foysisaby optical microscopy and Scanning Electron
Microscopy (SEM). In order to reveal the presenfcklaSi precipitates the polished cross-sections
were submitted to a dilute HF etching step (HF:H3OS, typically 10 s). SEM analysis was
performed using a Hitachi SU70 electron microsowjilk an acceleration voltage of 15kV and a
working distance of 15mm. Energy dispersive X-rmagdroscopy (EDX) was carried out on some
samples to identify the different phases presetiteaaluate the composition homogeneity.

High resolution powder or bulk surface X-ray ditftian data were collected using a Bruker
D8 Advance Vario 1 two-circle diffractometdr-20 Bragg-Brentano mode) using Cuw iKadiation



(A=1.540598 A) with a Ge (1 1 1) monochromator (Jskan type) and a Lynx Eye detector. High-
temperature experiments were carried out with ato\Raar furnace HTK1200N; the temperature
was regulated within £3 K. Data were collected aberangular range X020 (°) < 95 under air,
measuring for 1 s at each angular increment ofS¥.0{1.5 h /scan). XRD patterns were recorded
using the following temperature profile: a pattatmoom temperature; one every 100 K from 373 K to
873 K (heating rate of 30 K/min); one every 100r&nf 873 K to 373 K (cooling rate of 30 K/min);
one at room temperature after cooling. The Le Baithod was employed to refine the lattice
parameters and modulation vectors. Refinements panfermed in the (3 + 1)-dimensional
superspace group 141/amd(00g)00ss using the JAN&&6flware package[31].

2.2.2 Stability: thermoelectric properties

The Seebeck coefficient and electrical conductiwigre measured simultaneously using a
Linseis LSR-3 apparatus at the University of Grgeim To measure the Seebeck coefficient a
temperature gradient of 30 K was applied acrossdhgple and the induced voltage was measured at a
constant current. The resistivity was measuredgusifour-point probe configuration where all comtac
points are aligned along a vertical line. To chtmaze the evolution of the electrical resistivéyd
Seebeck coefficient at elevated temperature, tmples were held at 600 °C for 14 hours under a
protective helium atmosphere to prevent oxidation.

For the samples annealed in air at 600 °C the $kealpefficient and electrical conductivity
were measured at room temperature on a custom-tasideench at RGS Development B.V. An HF
dip was performed before the measurement to reiti@vexide layer grown during the annealing step.
The electrical conductivity was measured on a fmint probe system using an electrical current of
0.5 A over the (measured) sample cross-sectiondadr@aproximately 0.4 x 15 nfmThe error of the
electrical conductivity is estimated to be lestB&o, the highest error contribution coming from
thickness variations. The Seebeck coefficient watuated by measuring the voltage drop generated
by a temperature difference of 8 K around room termafure. The temperature difference was applied
using commercially available Peltier elements amdisured using type T thermocouples.

To evaluate the change in charge carrier densiymawbility upon annealing, Hall
measurements were carried out at CRISMAT labs esobdified samples and samples annealed for
10 hours at 600 °C in air. The measurements weferpged in a PPMS system from Quantum
Design, where the electrical contacts were soldevét indium on samples with a shape 5 x5 x 0.4
mm. The carrier density was extracted from Hakefimeasurements from 5 K to 300 K considering
as a first approximation a simple single band madetompare with the results from the literature
[1,28]. Electrical resistivity was measured using van der Pauw geometry. Note that the
measurements were performed in plane, and no ablie@anisotropy was detected during the Van der
Pauw experiments. This is consistent with EBSDyamswhich showed that the out of plane direction
corresponds to the ¢ axis direction. From both aletseasurements, the mobility could be extracted.
For the resistivity the main source of error corines the thickness determination, with a maximal
error of ~ 8% except for the V-doped materials \erée error is ~ 12% due to thinner solidified
samples, and from the contact size and misalignnestitnated to be ~ 5%. The intrinsically high
charge carrier density of HMS materials makes teasurement accuracy particularly sensitive to
errors in the measurement of the slope of the tdalstance curves R(H). All the carrier
concentrations determined here are extracted froead R(H) curves, the uncertainty in the linear
least squares fit being less than 0.5%.

2.2.2 Thermoelectric performance

Samples were measured at DLR to evaluate theimtbedectric performance. The samples
were polished before the measurements to decrieaseitface roughness and improve the electrical
contacts. The electrical conductiviyand the Seebeck coefficigdbf the samples were measured
concurrently using a custom-built setup. Setupildeaad a detailed description of the data analysis
for the Seebeck coefficient measurements can belfupublished works[32,33]. Due to the small
thickness and the sometimes uneven surface, thertamty for the electrical conductivity is estiradt
to be 10%, while the uncertainty for the Seebedifmment is 5%. The measurement data were



acquired both during heating up and during cootiogyn. The thermal diffusivityo) of the samples

was obtained using a Netzsch LFA 467HT apparatos.density was determined using

Archimedes’ method, while the heat capa€ipwas measured using a Netzsch DSC 404. The thermal
conductivity k) was obtained using the relatior apCp and the measurement accuracy is estimated
to be 10 %, the uncertainty stemming mainly fromG@h measurement and the thickness sensitivity of
the LFA measurement. Note that for practical reasidrsample geometry the conductivity (and
Seebeck coefficient) are determined in-plane, wthiggmal conductivity is determined cross-plane.
Therefore the ZT results reported here should ba 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

Figurel shows measurements of the Seebeck coeffaiel electrical conductivity as a
function of time at 600°C for 4%V-HMS, 0.9%Ge-HMB45%AI-HMS, and 3%Re-HMS. The
measurements show that the electrical resistinitygases by between 6% and 20% during the 12 h of
measurement time for the Ge, Al and Re doped samilate that for these samples the electrical
resistivity still continues to increase at the efthe test. In contrast, the electrical resisyivt 4%V-
HMS is found stable over time and does not varyiwithe measurement error. Changes in the
Seebeck coefficient, if any, are at most 2% basedaba analysis after noise filtering, which is
relatively small compared to changes in the regigtiOur data show that the 4%V-HMS has stable
electrical properties at 600°C, a typical hot-gidermoelectric module temperature. We confirmed
this observation by measuring additional samplesfterent laboratories for up to 45 hours. Fig6te
in the supplementary information shows the evolutibthe electrical properties of 4%V-HMS and
0.45%AI-HMS as a function of time. Figure 2 sumresi these results by showing a comparison of
the high temperature power factor of different mate as-solidified and after 10 hours exposure to
600°C.

Since we are interested in the material stabilitgar atmospheric conditions, we also
measured the changes of the room temperatureieéctonductivity and Seebeck coefficient for
samples that had undergone successive annealid@ foand 100 h in air at 600 °C. The effect of the
two annealing steps on the room temperature etatroperties is shown in figure 3. Except for
4%V-HMS where the electrical properties do not derihe electrical conductivity of all materials
(including 2%V-HMS) decreases by 20-25% after 11D® hours of annealing, while the change in
the Seebeck coefficient is relatively smaller. Fegg@ and figure 3 show that the decrease in etettri
conductivity on annealing results in a significeeduction of the power fact&o, with the exception
of 4%V-HMS. Note that the material with the highpetver factor before thermal treatment is the Ge-
doped material but after annealing the V-doped n@sehave the best electrical properties.
Additionally, we conclude that the testing atmosplis likely not the most influential parameter to
explain the changes in electrical properties, aatla 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-HM®&aterials and the absence of
any significant volume fraction of secondary phasese checked by XRD measurements on powder
samples derived from as-solidified materials. THRDXpatterns are shown in figure 4 and demonstrate
the absence of significant amounts of MnSi, Al-rigchV-rich phases. The variation of peak intensity
is due to preferential orientation effects. All gga&ould be indexed as HMS phase with superspace
group 141/amd(0f)00ss according to the composite structural moagyssted by Miyazaki et al.[34].
According to research on the Mn-Si-Al system, exag&isdoping would result in the formation of Al-
rich phases with about 30at% Al (C40 or C54 ph&8e36], which are not observed in our case. This
confirms that the chosen Al doping level is beltw solubility limit as already demonstrated by Chen
et al.[1]. Similarly, we do not observe any sigimam VSk, in 2%V-HMS and 4%V-HMS, which



would be the case if we significantly exceededsthlability limit of V in the HMS phase. However,
Miyazaki et al. suggested that the solubility limity substituting Mn in HMS is 3% [27]. As will be
discussed later, small amounts of the MnSi phas@r@sent in all materials but could not be detkcte
by the XRD measurements because of their low voliraation.

All materials (as-grown and annealed) presentdigjime 3Figure were analysed by optical
microscopy to search for the presence of MnSi. Seeneples were also analysed by SEM-EDX to
characterize the homogeneity of the dopant diginhtn the HMS matrix and to identify secondary
phases, if present. The microstructural changéiseo®.45%AI-HMS material are representative of
that of the unstable materials (Re, Al, and Ge-dppend therefore only the microstructure analgéis
this material is reported here, as compared toahtite stable 4%V-HMS. A comparison of the
optical microscopy features of the as-solidified annealed materials is shown in figure 5. The MnSi
phase is identified by different contrast to thékflue to the effect of the MnSi etching step (iles
confirmed by measuring a ratio [Si]:[Mn] = 1:1 ugiSEM-EDX). For both materials the presence of
a small volume fraction of MnSi dendritic crystalsthe surface contacting the mould is noticed.
Because of the presence of a peritectic transfesmétis expected that solidification starts fibst
MnSi nucleation at the mould surface and furthedegdritic growth, and that later the HMS phase
overgrows the MnSi dendrites in a melt slightlyielmed in Si [37].

The main feature that distinguishes the as-sadidifi%V-HMS from the 0.45%AI-HMS
material is the presence of MnSi layered preciggat the latter, while these so-called striatiares
absent from 4%V-HMS. This observation confirms ge@eral trend observed by other authors[27] on
melt-grown V-doped HMS materials, although in castrto them we did observe a minor amount of
striations also in the 2%V-HMS. For the Al-dopedtenel the striation defects are concentrated én th
centres of the grains and often absent close tgrdia boundaries. Local analysis of the compasitio
by EDX showed that the concentration of Al dopamtesponds to about 0.2% substitution of Si in
the striated regions and up to more than 1% sukistit closer to the grain boundaries, while the
nominal substitution amount is 0.45%. Similarly, @lEserve that for the Ge-doped materials, higher
[Ge] closer to grain boundaries is correlated thih absence of striations there, as also repoyted b
other authors for Ge-doped arc-melted samplesfis8pbserved by Vives[18], above a critical Ge or
Al concentration MnSi striations do not precipitdtging cooling after solidification. As will be
discussed later, this is likely due to the stadtlan effect of the substituted element on;ifig
characteristic above a critical concentration.un case the concentration gradients originate from
dopant segregation during RGS solidification. Nibt the presence of gradients in the concentration
of substitution elements imply that our materiats electrically inhomogeneous in the as-solidified
state.

The effect of annealing the samples in air at 8D@ot 10 hours is also shown in figure 5. We
do not observe significant microstructural charfgeshe 4%V-HMS, whereas for all the other
materials (including the 2%V-HMS), we observe alagf MnSi at the grain boundaries, as revealed
by the dark contrast in the optical microscopy iegd ocal SEM-EDX analysis confirmed that the
stoichiometry of the grain boundary (GB) preci@tats approximately [Si]:[Mn] = 1:1. The
morphology of the striation defects is also diffarafter annealing: striations disappeared comiglete
in some regions or broke down into discontinuousedidines. For the as-grown and annealed Al-
doped materials, microcracks are often observeyatwe striations and for the annealed materials
voids are present at the MnSi-rich grain boundddesoted as ‘GB voids’ in figure 5). Whether or
not these voids are induced by the sample preparptbcedure, in both cases we conclude that the
interface between HMS and the MnSi phase is mechliyiweak due to the significant lattice
mismatch [23-25]. Finally it is worth mentioningatithe striation defects have an orientation
corresponding to a tilt of at most about 30° with tvafer plane. EBSD measurements confirmed a
preferential orientation with the c-axis pointingt of wafer plane. This implies that any anisotrapy
the thermoelectric properties, if present, shoa&lilt in properties in plane different from crotp.
The 4%V-HMS material is the only one that doessimw MnSi precipitation as striations or at grain
boundaries in as-grown and annealed samples. §hiso the only electrically stable material. Wi ca
thus correlate electrical stability with the absen€MnSi in this material. We are thus able topose
the following two hypotheses:



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

2 The formation of MnSi is the result of structuthhnges (e.qg, theratio) in the HMS lattice, which
also influences the charge carrier density via ggusi[1] and [2].

3.1.3 High temperature structural characterizationand Hall measurements

To clarify hypotheses 1 and 2 we first investigdteds the structural parameters of as-
solidified 0.45%AI-HMS, 2%V-HMS and 4%V-HMS evolmtween room temperature and 600 °C
using HT- powder XRD on as-solidified materialseTdamples are the same as for the measurements
shown in figure 4. We chose the timescale of th&XRD measurements and the exposure time at high
temperature (total cycle time: 17 hours, time al®@ °C: 4.5 hours) to be a similar order of
magnitude to the timescale over which changesdretectrical properties were measured (see figure
1). The complete set of unit cell parameters aoéed in the supplementary information (Figure S2).
Figure 6 shows the evolution pas a function of temperature and measurement seguim essence,
plotting »(T) is equivalent to characterizing the position & HMS phase in the temperature-
composition phase diagram. Figure 6 demonstrasgggtie HMS phase composition for 0.45%Al-

HMS and 2%V-HMS changes during the measurementiM8 phase is enriched with Si upon
heating above about 300 °C, primarily due to a tieg@xpansion coefficient of the silicon sub-leti
in thec-direction during heating, i.e. the Si sub-celltraats in thec-direction while the Mn subcell
expands (see Figure S2, supplementary informatigmyn cooling the expansion coefficient of both
sub-lattices in the-direction is similary is stable and the HMS phase composition remains
unchanged.

Kikuchi et al.[13] showed that the expansion caétft of the Si sublattice in the c-direction
is higher than that of the Mn sublattice in the penature range 500-900 °C. This results in the HMS
phase becoming more Si-rich upon cooling (see Eigyand is in fact the driving force for the
formation of MnSi striation precipitates during tt@oling of melt-grown HMS crystals as observed
by several authors[15,18,38]. We observe MnSitstrigorecipitates in our as-solidified 0.45%Al-
HMS and 2%V-HMS materials, therefore we expect thap(T) for these materials is similar in shape
to that of Kikuchi et al.[13] above 600 °C. Howeverour case these materials are likely not
stabilized due to the fast cooling rate betweerstiiification temperature and room temperature in
the RGS process (of the order of 2 °K/s). Thusindusynthesis the HMS phase relaxes only partially
upon cooling angl is kinetically ‘locked’ to values lower than theetimodynamically stable value.
During the XRD measurement and the annealing téstdIMS phase stabilizes to higheralues.

This explains the changes in MnSi striation morpggland the appearance of MnSi at grain
boundaries (Figure 5) for the samples that hadhdasi exposure time at high temperature. In the
4%V-HMS material, the absence of MnSi striationcppitates suggests that the composition of the
HMS phase solidified at high temperature is stdoMn to room temperature. This is supported by
the temperature-independefit) characteristic. These measurements clearly shaistable HMS
thermoelectric materials can be obtained by avgidinuctural changes between the synthesis
temperature and the temperature range of operat@module. In other words the two sub-lattices
should have the same expansion coefficient aloag #xis ands should be independent of
temperature. The manipulation)gT) can be achieved by adding substitution elemen@]9and we
have shown that this approach can be used toiggatiie HMS phase over the room temperature-to-
600 °C range. One may further generalise to stattethe use of substitution elements that shifts
(lower) values close to that at the synthesis teatpee helps to prevent the precipitation of MnSi
striations. We believe that this also explainsdihecess of using Ge as a substitution elementtezpor
by several researchers, although in our case [@eglegradients most likely prevent sufficiently hig
substitution in the intra-grain regions such thatS¥still precipitates[18,19,25,26].

To examine the relations between changes in tbetate and the electrical resistivity,
considering as a first approximation a simple grgind model, we compared the room temperature
charge carrier density estimated by equationsrd][2] with that measured by the Hall technique,
before and after annealing. The results are suraethin Figure 7, which compares the Hall carrier
density measured at room temperature on as-selidifiaterials and on samples annealed for 10 hours
at 600 °C in air with the carrier density estimaftenn the VEC model using the compositions



determined from room temperature powder XRD datheabeginning and end of the measurement
cycle (data from the samples in Figure 6). In eignatl) we use the nominal substitution lewelnd

y with the assumption that the solubility limit istrexceeded, as confirmed by the absence of
aluminium or vanadium silicides (XRD data, Figuje@ur Hall concentration data fits very well with
that recently published by Miyazaki et al. for Vol samples[20] and with that of Chen et al. fer th
Al-doped samples[1]. Figure 7 shows a good colimidtetween the measured change in carrier
density and that predicted by the VEC model. Timglies that the structural changes occurring during
annealing result in a reduction of the charge eadeénsity by 20-30%, which is of the same order of
magnitude as the decrease in electrical condugtWiown in Figure 3. Thus, the charge carrier
mobility was not significantly influenced by thersealing step, and microcrack formation and/or
development are likely not responsible for the gfeain the electrical properties (hypothesis 1).
Additional if cracks would appear or develop duramhealing one would not expect quantitatively
reproducible measurements of the resistivity chalmgtead, our measurements support hypothesis 2,
i.e. the reduction of the electrical resistivitythe result of loss of charge carriers due to strat
changes.

As a final remark we note that in a rigid band yietthe reduction in charge carrier density
upon annealing will shift the electrochemical poirtowards the gap and with that also the Seebeck
coefficient is expected to significantly increased Appendix). However this is not the case in our
measurements. This observation is consistent wimteasurements of Chen et al., where Al doping
increased the charge carrier density by up to 208tHe Seebeck coefficient was only weakly
affected [1]. We take this as a clear hint on angeaof the band structure close to the gap
withchanging carrier density. With increased V enitwe observe a better accordance of the transport
properties to a model with higher effective masgtvipoints to flatter bands and, with that a weaker
change of the electrochemical potential with camdiensity. Clearly, more research is needed toystud
the effects of the carrier concentration and ofdtystal structurey value) on the band structure and
occupancy close to the chemical potential and wtaled how these parameters influence the Seebeck
coefficient of HMS materials.

3.2 Thermoelectric performance

We now focus on the thermoelectric performancdefHMS materials. Based on the results
discussed in the previous section we chose to cantpa thermoelectric properties of the materials
after annealing for 10 hours at 600°C in air inesrtb reduce the effect of high temperature
instabilities and compare the materials on a fdiesis. The low temperature Hall measurements and
the high temperature thermoelectric propertiesegperted in figure 8. Note that the Hall data, the
high temperature resistivity and Seebeck coefftaietia reported in figure 8, and the electrical
properties reported in figure 1 and figure 3 agviéhin measurement error even though different
measurement setups were used. Despite our effortsitice the instabilities by pre-annealing, the
electrical resistivity data between room tempetaumd 700°C clearly show that the electrical
properties are not stabilized for all material& tasistivity still increases during the measuraran
Ge and Al-doped HMS. This is consistent with ousatation that the resistivity still increases mafte
10 hours at 600 °C (figure 1 and figure 3) for thegterials. However, the 3%Re-HMS show a
resistivity decrease during the measurement: this contradicts our aefigure 1 and figure 3. The
hysteresis behavior of the resistivity of this miatlecould be related to a slow kineticsyathange
following the temperature-time profile of the messnent with a delay. If for 2%V-HMZT)
behaves qualitatively as the undoped sample oludfiket al.[13] above 600 °C (figure 6), delayed
changes would result in a hysteresis in the cadeesity (hence in the resistivity) consistent with
measurement. The 4%V-HMS is stable during the teghperature measurements, which is consistent
with the stability study.

Figure 8 shows that the V-doped HMS samples hayéfiiantly different electrical
properties to the Al, Ge and Re-doped materials. Aigher hole concentration of 2%V and 4%V
HMS compared to the other materials is the reguhestability of V in the structure, while thehet
materials seem to stabilize at a carrier conceatraif about 1.64 x FOm* at 300 K (figure 8).
Perhaps unexpected is the observation that thizicaoncentration of the V-doped HMS materials
increases with increasing temperature: unlessalese to 0 K p-type thermoelectric materials
typically possess a filled valence band and one do¢ expect this behaviour. This may be the result



of impurity levels in the band gap. The Hall measuents also show a significantly lower charge
carrier mobility for the V-doped materials, andiffiedent temperature dependence. The Al, Ge and
Re-doped materials all have the typical temperatependence, < T° demonstrating that lattice-
phonon scattering is the dominant limiting factar ¢arrier transport, as also concluded from
measurements on undoped or lightly doped HMS nads$eoly other authors[1,2]. The mobility of the
V-doped materials is nearly an order of magnitwafeer and varies with temperature.as T°°.
Contrary to the Al, Ge and Re-doped materials floictv the resistivity vanishes when the temperature
tends to 0 K (confirming the phonon-limiting behawi of the electrical transport), the resistivify o
the V-doped materials remains significant at tempees close to 0 K. Overall the temperature
dependence of the Seebeck coefficient and of #wtradal resistivity is significantly less strongy f
the V-doped materials. This is precisely the netgperature-independent resistivity that confiees t
superior figure of merit for the 4%V-HMS materiglnally we note that the charge carrier
concentration and mobility of the Ge and V-doped@as have comparable value as that of arc-
melted samples with similar substitution levelsergty published by Miyazaki et al. [20]. The lower
mobility of V-doped HMS materials, their differetémperature dependence and higher charge carrier
density suggests that ionized impurity scatteringri additional limitation to the transport projsesrt
of these materials compared to the Al, Ge, and &ped materials. In general, the scattering time
dominates the temperature dependence of the nyoi{if) « (e/m) 1(T) wheree andm are the
electron charge and mass, respectively). The sicaftéme for ionized impurities scales asc T,
and that of phonons asx T*°. When both effects occur simultaneously the tetattering time
will follow Matthiessen’s rule as:

11,1

Tty )

Equation (3) implies that in the case of mixedteratg the temperature exponentafaries
between -1.5 and 1.5, which is the case for th@ped samples. Based on these observations we
choose to use the mixed scattering single parabahd model of Fistul to describe the behaviour of
the V-doped materials[39]. The mobility dependoth the scattering time for acoustic vibratiens
=10 62 and the scattering time for ionized impurittes zo; ¥ wheres is the reduced carrier
energy. Using equation (3) the total scatteringetian be written as= 7o, ¢*?/ (&2+ &) , where the
scattering indexa =\ 7,/ 7 is @ measure of the strength of ionized impurittering relative to
acoustic phonon scattering. In this framework tleetecal properties can be written as follows:

o(n,a) = 8";1%92 (2ksT)? 70, @3(n, @) (@)

S(n, @) = "2 [3422 (5)

[p] = 4n (2'",’;2‘”)% Fi(n) (6)

n= 32,:* 0,L %1;?) (7)
2

Ouln @) = f} e de ®

Here R, (n) is the Fermi integral of order 4, m*, kg, h are the reduced Fermi energy, the density of
states effective mass, Boltzmann coefficient armth&® constant respectively. It is assumed that the
density of states effective mass is equal to thkileffective mass. This model is an extensién o
the more commonly used single parabolic band matiele only acoustic phonon scattering is
considered[40] (limiting case= 0). This mixed scattering model has also beed by several
authors to describe the superior properties oflhighbstituted skutterudites[41,42]. We solvedgbae
of equations [4]-[7] numerically for two sets ofiff ; a }to illustrate the differences between the
4%V-HMS and the Re, Ge and Al substituted materiéls assumed thap][is temperature-
independent and chose the value measured at roopetature to estimatg 7) (equation (6)). First,
we fit the model to the data of the Re, Ge and dgatl samples usirgg= 0 (; — o negligible

ionized impurity scattering) ang][= 1.64 x 168" m* (as measured at room temperature). Using the
Seebeck coefficient data and equation [5] we obtéir 7.5 my from equation (6), a value similar to



that previously published[11. is estimated by fitting the mobility data, resudfint =z, = 19.2 fs

at room temperature. The same value,ofs used for V-doped samples since theepsori no
reason that phonon scattering affects the elettreasport properties differently for V-doped sdesp
and Al, Ge and Re-doped materials. However, toodymre the specific features of the data of V-
doped HMS it is necessary to introduce ionized intpscattering (i.ea > 0). Using m* = 10.5 my
anda (300K) = 4.3 (; (300K) = 1 fs ), the model reproduces the room temperatata of 4%V-HMS
well. Figure 8 shows that the essential differeriisieen the V-doped samples and the Al, Ge and
Re-doped samples are well described by introducimged impurity scattering. Especially the
significant differences in the temperature dependeri the mobility, the low temperature resistivity
data and the high temperature Seebeck coefficagat (@t temperatures below about 450°C) are well
reproduced: the mobility scales;as T°°, the resistivity does not vanish towards 0 K, tre
temperature dependenceS{T) is less pronounced. However, while the modelitptalely predicts
that the resistivity of V-doped materials beconwgdr than that of the other samples at high
temperature, there is a significant discrepancyéen the values predicted by the model and the
measurements.

The thermal conductivity of 4%V-HMS is significaptbwer than that of the other samples.
Since this material also has a lower electricdbtiedty, the electrical contribution to the therina
conductivity should be higher: this means thati#itice contribution to the thermal conductivity
overcompensates the higher electrical contribuéidiiough this effect should be studied in more
detail, we hypothesize that this may be the raefudin alloy scattering effect. Overall, the sigrtfitly
higherZT of 4%V-HMS is the result of the improved powertéacand lower thermal conductivity.
ZTx=0.52 is estimated for this material. Most impotiigrthis material is also stable at high
temperature, in contrast to the Al, Ge, Re-dopeapses and the 2%V-HMS material.

4 Conclusions

On the basis that the performance of thermoelegtaterials should remain stable under
relevant device temperature conditions, we havd seeeral procedures to measure the structural and
thermoelectric stability of HMS materials substiitvith different elements. We demonstrate that
most HMS materials prepared by the RGS technique haemperature-dependerfactor and are
structurally and electrically unstable at 600°Ce@fically, structural changes result in the forimat
of MnSi precipitates and reduction of the chargeieaconcentration of a magnitude comparable with
the electrical conductivity decrease. Thereforecasgclude that the structural changes are respensibl
for the unstability. By substituting 4% of Mn bytiey factor then becomes temperature independent
in the range of interest, resulting in the prevamtyf MnSi precipitate formation and stable eleetri
properties when exposed to 600°C for up to 45 ha &xpic for future research, it would be intemgti
to confirm the structural stability of this matenigp to the melting point.

The 4%V-HMS material also exhibits the highZst This is in part due to its thermal
stability, but also because ionized impurity scatteeffects mitigate the reduction of the Seebeck
coefficient due to the higher charge carrier cotregion. In combination with a lowered thermal
conductivity, the estimatedT of this material reaches state-of-the-art values.

Appendix

For example, taking the Hall carrier concentratiata for 0.45%Al-HMS (figure 7) and using the
single parabolic band model at 300K (equationg@}witha = 0,m* = 7.5my ), one finds that the
carrier concentration change during the 10 h ammgatep corresponds to a decrease in electrical
conductivity from 90x 10* S/m to 70x 10* S/m (-22% - note that the absolute values fitdéia of
figure 3 fairly well) and to an increase of the Baek coefficient from 838v/K to 101uV/K (+22%,
whereas measurements show a change fromu\YAQ0to 10QuV/K, i.e. -9%).
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Figure 1. (Color Online) Seebeck coefficient aretwlcal resistivity as a function of time at high
temperature (600 °C) in inert gas (measurementdomingen). The samples were as-solidified prior
to the measurement.
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Figure 2. (Color Online) Seebeck coefficient aretiical conductivity of as-grown materials (points
at start of arrows) and materials after 10 h anngalt 600°C (points at end of arrows). The curved
lines are power factor isolines. Uni Groningen datataken from Figure 1, CEA and Uni Twente
data are taken from Supplementary information -uféd1. DLR data (after 10 h) are taken from
figure 8 (average between temperature ramp upang down).
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Figure 3. (Color Online) Seebeck coefficient areteical conductivity of as-grown materials (points
at start of arrows) and materials annealed for (€&bond points along arrows) and 100 h (points at
ends of arrows) in air at 600°C. The curved linespower factor isolines. Each data point
corresponds to the average of 3 to 5 replicatecsuremnents. The 3 measurement points for 4%V-
HMS overlap within the measurement error.
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Figure 4. Room temperature XRD measurements obledifeed (a) 2%V-HMS, (b) 0.45%AI-HMS,
and (c) 4%V-HMS.
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Figure 5. (Color OnlinePptical microscopy images of polished cross sestifr0.45%AI-HMS

(upper set) and 4%V-HMS (lower set). The solidifica direction is from bottom to top on all

images. Pictures are taken under polarized ligldvamagnification (top) and high magnification
(bottom — regions corresponding to the black ifreghes above). As-solidified samples are shown on
the left and annealed samples (10 h at 600 °Q)roaithe right. All cross sections were submitied

a MnSi etch to reveal the presence of the MnSig@has
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Figure 6. (Color Online)(T) structural parameter for as-solidified HMS matkrimeasured by
HTXRD. The arrows show the evolutionjofipon heatingf) and cooling(). The data of Kikuchi et
al.[13] for undoped HMS prepared by arc meltinghswn for comparison and discussion purposes.
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Figure 8. (Color Online) Low temperature (left) dndh temperature (right) thermoelectric properties
of HMS materials produced by the RGS process aonidifferent substitution elements. All
materials were annealed for 10 hours at 600 °Qripreor to the measurements. Materials doped with
Ge, Al and Re have not reached a stable statethisethermal treatment. The coloured arrows in the
high temperature resistivity plots show the datuéesition sequence during heating and cooling.
Dashed black lines are model results for diffesdfective masses* and scattering parameterat

300 K.



Thermoelectric alloys MnSi-., ;4 were solidified by a new synthesis technique
Long-term high temperature stability is characterized

Al, Ge and Re doped materials are neither structurally nor electrically stable
4% V substitution stabilizes the (micro)structure and electrical properties
Vanadium-doped higher manganese silicide reaches state-of-the art Z7=0.52
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