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Abstract:

Since the report of high zT in g5esthere has been significant interest in low Ge
alloy compositions for thermoelectric applicationie application of YbP was
explored as a means to lower thermal conductiitgeries of 3 % phosphorus (P)
dopedn-type SpsGes (SiGe) alloy was reacted with YbKD, 1, 2%). YbP was formed
in the SiGe alloy matrix from the reaction betwedoH, and P during the Spark
Plasma Sintering (SPS) process. Thermoelectric eptppmeasurements were
performed on sintered pellets from room temperatard273 K. X-ray diffraction
patterns were collected from the ground powder $asnpnd confirmed the main
phase possessed diamond structuredG8si (space group: d3m) as well as the
presence of YbP (space groupndm). The carrier concentration of the sample was
controlled by the amount of YbHadded, removing some of the phosphorus to form
YbP. n-type SsGes alloy samples with higher YbP amounts showed highectrical
resistivity and lower thermal conductivity attriledtto loss of the P dopant. Another
composite series of-type SisGe; with YbP were synthesized with additional P
compositions (1, 2 %). The thermoelectric propsertiere characterized from room
temperature to 1273 K, and the samples possessricdécresistivity, carrier
concentrations, and thermal conductivity as exmpeétem the additional P dopant.
The presence of YbP lowered lattice thermal condigtwhen the sample was
appropriately doped. The Seebeck coefficients wezasured with both off-axis and
uniaxial axis experimental configurations. Thessulis show that the off-axis
measurements overestimate the Seebeck coeffictdntise SesGe; alloy samples.
This is attributed to a cold finger effect and #fere only the uniaxial data are
combined for zT calculations. Timetype SbsGe; samples with YbP and less than 3 %
P dopant show similar zT compared with thg;&& sample with no YbP inclusions
and 3 % P dopant with a peak zT of 0.6 at 1200 K.




1. Introduction:

Large amounts of heat are generated as a by-préduactthe energy consumption of
gasoline, coal and natural gas combustion. Themot@ materials, defined by the
Seebeck Effect, can enhance the energy efficieaty by the direct conversion of
electricity from waste hedtThe challenge for thermoelectric devices to achieide
applications is to convert waste heat into eleityriefficiently. Thermoelectric
efficiency is related by the figure of merit zT, st is defined by?T/pk. zT will be
maximized along with the thermoelectric conversafficiency for materials with a
high Seebeck coefficienti( uV/K), low electrical resistivity §, mQ-cm) and low
thermal conductivity €, mW/cm-K); however, these parameters are intee@land
to decouple them is challengifg.

There are a variety of energy consumption procegsdsgenerate high temperature
waste heat above 1000 K, for example, power plaantdg vehicle engines.
Thermoelectric materials for high temperature aggpions need to be thermally stable
in the high temperature range and also provide ghedmoelectric performance at
the corresponding operating temperature. So fabe Silloys are one of the most
studied thermoelectric materials for high tempeesfi * SiggGey alloys have been
applied in Radioisotope Thermoelectric GeneratBBZs) which generate electricity
for space system from the heat released by theaudkecay of radioactive isotopes.

n-type bulk SiGe alloys achieved a peak zT of aldoQtin the temperature range of
900 ~ 950C in the 19904.Properly doped SiGe alloys have high powder factdt)
but also high thermal conductivity of around 5 WKmThermoelectric properties of
SiGe alloys can be greatly enhanced if the therowaductivity can be further
reduced. High energy ball milling processes havenbemployed to prepare
nanostructured and doped SiGe alloys. The nanogs&#e boundaries were shown to
decrease lattice thermal conductivity to below IMAK and enhance the zT wtype
SigeGey alloy to 1.84 at 1073 K characterized by off-aSisebeck measurement.
While the reported thermal conductivity decreasecasivincing, the zT value is
suspicious because the work failed to correct thexas Seebeck measurement error
introduced by the cold-finger effect, which will miscussed in this work. This
method also successfully enhanced the zT of boopedip-type SsGe; to 0.95 at
900 °C, 90 % higher than the currently used RTG therguist leg’ SiisGes with
low Ge content, has also been studi€d.ow Ge content makes SiGe alloys more
likely for wide-spread industrial applications, &isis much more earth abundant than
Ge? However, the lattice thermal conductivity of&e; alloy is higher than $iGex
alloy because there is less alloy scattering from gBbstitution. Nanostructured
n-type SisGe; alloy synthesized from high energy ball mill romtas studied and



showed increased short range phonon scatteringhanefore achieved a comparable
zT of 0.95 to the $iGey used in RTG but with significantly less Ge.

Mingo et al. proposed an “Nanoparticle-in-Alloy” strategy tohance zT's in
semiconductors; the basic idea is that nanopastietebedded in an alloy matrix can
lead to a lattice thermal conductivity reductiondathereby enhanced Z%.
Calculations showed the coexistence of scatteriyg ifdividual atoms and
nanoparticles can effectively decrease phonon rfreanpath and lead to a potential
5-fold increase in zt° One experimental example of this idea is seen in
Yb-substituted MgSi which showed lower thermal conductivity thanipl&ig,Si**
Yb was alloyed into the crystal structure of #8gto form Mg Yb4Si and excess Yb
introduced YBSis inclusions in MgSi matrix!* Therefore, the samples showed
combined scattering effect at both low and highmamofrequencies from individual
atoms and embedded clusters. Among the 0.2, O%,Yb substituted samples, 1 %
Yb sample showed lowest thermal conductivitesides silicide nanoparticles, other
properly chosen nanoparticles embedded in a SiGexneave been studied as well.
Modulation-doping has also been reported to iner¢asrmoelectric power factof.
13|t was proposed that the good band alignmenteSiGe;P; nanoparticle and the
SiGe matrix can promote the flow of charge carrfesen nanopatrticle to SiGe matrix
and increase mobility as well as electrical coniitgt™® It was proposed that
modulation doping of $iGePs; could increase carrier mobility and decrease the
lattice thermal conductivity of §Ge; matrix. Overall, SlhGesoPs; in SiGe matrix lead
to a zT of 1.3 + 0.1 at 90C." This provides incentive for further research, lesse
data were obtained with the off-axis Seebeck measent and should be validated.

n-type SisGes alloys multi-doped with GaP and P were reporteddssess enhanced
electrical conductivity and lower thermal conduitgithan alloys doped with P onfy.
We present our work of synthesizingype SisGe; alloys with YbP introduced by
the decomposition and chemical reaction of ¥kkth P as well as the thermoelectric
properties from room temperature to 1273 K. Thé imdled metal hydride precursor
allows for homogeneous distribution of the Yb elemim the SiGe alloy matriX:
Metal hydrides decompose and generate hydrogerhvdais be vented during either
annealing or sintering processes in SPS (SparkmlaSintering), and provides a
clean and convenient synthesis methbd@he thermoelectric properties ofystbe;
with YbP composite were characterized to examiedrfiuence of YbP on the alloys’
transport properties.

2. Experiments:

2.1 Synthesis:

Samples were synthesized by arc-melting of Si l{Alfa Aesar, 99.99999+ %) and
Ge pieces (Alfa Aesar, 99.999 %) with the molaioraf 95 : 5 in an argon filled arc
melting apparatus, where a pellet of pure Zr igially melted to get rid of any
oxygen before the sample being arc-melted. Thererited ingot was then ball milled



with 3 at % phosphorus (Johnson Matthey Chemic@®9999%) with a SPEX
SamplePrep 8000M Mixer/Mill for 16 hours (15 min/eifi mode to prevent over heat)
inside a 55 mL steel-jacketed tungsten carbidewithl tungsten carbide inserts. Two
8 mm and one 15 mm tungsten carbide balls were fmsetthe ball milling process
and the ball mill container was sealed in air-tiglatstic bag filled with Ar to prevent
any oxidation. A typical sample size was aboutie optal. YbH powder of 0, 1, 2 at %
respectively, was added to thaype SpsGe; alloy and ball milled for 30 min inside a
5 mL polymer ball mill container, sealed in an gt plastic bag. The YbjHoowder
was purchased as Yb powder (American Elements,abid)determined to be phase
pureYbH from powder X-ray diffraction. The sample sizeseve 1 gram each and
the four samples were synthesized from the saneh lzdin-type SisGes (3 at % P),
shown in Figure 1.

Another series of samples were synthesized in dcdepmpensate for the loss of P
from the SiGe matrix from the formation of YbP. Bfjamounts of P and YbH1, 2

at %) were added to thretype SysGe; alloy (3 at % P, prepared as described above)
in the ball mill container in order to investigdtee addition of YbP with an excess
amount of P dopant. In principle, these samplesilsheesult in 3% P dopant with
additional YbP. These samples are labeled withdistinguish from the first series of
samples.

2.2 Spark Plasma Sintering (SPS):

Ball milled powders were sieved with 200 mesh filteside an Ar filled glove box to
prevent oxidation and loaded into a 12.7 mm diamgtaphite die with graphite foil
wrapped around the inner surface in glove box. Jilaphite foil prevents the pellets
from cracking when removing them from the die afsemtering. Samples were
sintered using a Dr Sinter Lab Jr. at 960for 15 mins and 47.4 MPa. All the pellets
were fully sintered and greater than 98 % dense.

2.3 X-ray Diffraction (XRD):

Sintered pellets were polished with 400 grit SiCpgrato remove graphite foll
residues from the surface and ground into powderayXdiffraction patterns were
collected on the ground powder samples utilizi®yaker D8 diffractometer with Cu
Ka radiation § = 1.5418 A). XRD patterns were also collected frgraund powder
samples of the pellets after thermoelectric propenaracterizations.

2.4Electron Microprobe Analysis:

Fragments of the SPSed pellets were polished fearomiobe analysis utilizing a
Cameca SX-100 electron microprobe. The elementaposition and YbP inclusions
were verified by X-ray elemental mapping of a tghi200um x 200um area with an
electron accelerating voltage of 15 keV.

2.5Thermoelectric property characterization:



Temperature dependent Hall coefficient and resigtivere measured with Van der
Pauw 4-point tungsten probe measurement from reonpérature to 1273 Kat 0.8 T
magnetic field. Samples were rapidly annealed1irical 050°C and then quenched to
freeze the high solubility of P dopant in the matfi Pressure was applied on the
tungsten probes to assure good contact with thelsamhe Seebeck coefficient of
sintered 12.7 mm SiGe pellets was measured fromik2#b 1200 K with tungsten—
niobium thermocouples under high vacuum in a custmpparatus’ Thermal
diffusivity was measured utilizing Netzsch LFA 48gstem on the graphite coated
pellets, which sat on SiC 12.7 mm sample holders.

Approximately 12 mm x 1.5 mm x 1.5 mm bars werefouin the center of the pellet
with diamond saw. The sample bars were polishedtlagid electrical resistivity and
Seebeck coefficient were measured with a LSR-3dinSeebeck and Electrical
Resistivity Unit in the temperature range of 3230KL073 K. This measurement is a
four probe off-axis measuremeeriy. the sample is clamped between upper and lower
Pt electrodes and a pair of Pt thermocouples witlis&nce of 8 mm (total distance
with the mid-distance being half the length of tiag) are placed off-axis.

3. Resultsand discussions:
3.1 Synthesis and sintering:

The X-ray diffraction (XRD) pattern collected frothe 3 at % P doped &5Ge;
powder after 16 hours ball milling is presentedFigure 1. All the peaks can be
indexed with Si diamond structured®m). XRD peaks are significantly broadened.
Based on the pattern’s peak FWHM, sample particle is calculated to be 141 nm
according to Williamson-Hall plot method, indicagithe presence of nanocrystallites
from 16 hours’ ball milling process. After sintegithe pellets were polished and their
density was measured in toluene according to tlehiAredes principle and listed in
Table 1.
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Figure 1. Powder XRD pattern oftype SisGe; (with 3 at % P) powder after 16
hours ball milling, used as starting material flhisamples.

Table 1. Measured density (g/&nof sintered SikGes pellets at room temperature.

Bdi[p(?dp No 1% 2% *1 % * 2%
Sie:Ges YbH, YbH, YbH, YbH, YbH,
Sample 1.D. No 1% 2% *1% *2 %
YbP YbP YbP YbP YbP
Measured
Density 2.48 (1) 256 (1) 2.62(1) 259(1) 2.67(1)
(g/cn?)
Theoretical
Density 2.50 2.55 2.60 2.55 2.60
(g/cnT)

LAll samples were prepared with 3 at % P dopantu(feidl). The samples indicated with * had
additional P added in an equivalent at % as the,YbH

The powder XRD patterns are collected from theghad pellets of the first series of
SigsGe; samples and results are shown in Figure 2. The lssmth additional P
added give similar XRD patterns. After the samplessintered, the peak broadening
iIs not seen in the XRD pattern, indicating that ¢inain size is significantly larger.
Besides the %iGes main phase, the XRD pattern from YbP phase arseptg
indexed with the drop line in Figure 2. No Yb&ir any other Yb-Si phases are
apparent in the sintered pellets. Yb reacts withpghosphorus dopant instead of SiGe
alloy matrix during the SPS process, presumablytduke high mobility of P and the
large formation energy of the rock salt structtriee relative diffraction intensity of



YbP increases with increasing amount of ¥blFherefore, Table 1 provides the YbH
starting percentages with their sample identifaafjl.D.) according to the following
compositions: 35Ge; with 3 at % P (No YbP) 1 at % YbP and 2 at % PoX¥bP), 2
at % YbP and 1 at % P (2 % YDbP), 1 at % YbP ant% & (*1 % YbP) and 2 at %
YbP and 3 at % P (*2 % YDbP).

T T T T T
_ 2 % YbP
= ' ,
c Y 6 A A
=
g 1% YbP
Y B I
b A - *h .
‘» No YbP
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= J Jo I\ L
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Figure 2. XRD pattern of sinteradtype SysGe; pellets with the calculated pattern
for the YbP phase indicated by the drop lines (POF#624). The diffraction peaks
for YbP are indicated with *.

3.2 Electron microprobe analysis:

To understand the YbP phase distribution, electromroprobe analysis was
performed on the polished sample surface. Yb eléem@pping images are shown in
Figure 3. YbP particles are characterized by the sydgmal and are uniformly

distributed throughout the samples.

Sample

. 1% YbP 2% YbP
composition




YbLa

* 0,
100um 1% YbP

Figure 3. Yb elemental mapping of thes&ie; samples with YbP and P doping with
15 keV electron accelerating voltage. The coloresponds to the relative elemental
composition level according to the color bar shawthe right.

3.3 Transport properties:

Electrical resistivity of theé-type SisGe; samples were measured from 275 K to 1273
K and plotted in Figure 4. The electrical resig}ivof sintered S5Ge; samples show a
similar trend in general as the electrical resigtivincreases with increasing
temperature and bends over when temperatures e2088K. In the samples of YbP
with lesser amounts of P (1 % YbP and 2 % YbP), Xeldcted with electron donor
P during sintering process and as a result, sampits higher amounts of YbP
possess higher electrical resistivity, which is rmsneficial for thermoelectric
conversion efficiency. 2 % YbP sample has a shaapsition, which may be
attributed to YbP pinning the grain boundary athhigmperature. In the case of the
samples indicated with * (*1 % YbP, *2 % YbP), thibH, content was equivalent to
the additional P amount of 1 % and 2 %, therebyihgathe P dopant amount at 3 %.
These samples show lower electrical resistivityexsected. Unlike the multi-doped
SiGe alloy with GaP and P, the presence of YbP does not reduce the electrica
resistivity significantly and it is the P contehat determines the measured resistivity.
The electrical resistivity of the * samples alsorgases with temperature below 750
K but show an unusual sharp increase in the temyeraange of 750 ~ 800 K and
fluctuating in the temperature range of 800 ~ 1KOO hese temperature effects are
also seen in the plaingge;s sample doped with 3 % P, but not the samples le#th
than 3 % P (1 % and 2 % YbP labeled samples). Tingtugtion in electrical
resistivity is attributed to P dopant precipitatitinetics at high temperatut@.
Electrical resistivity decreases at temperaturesesing 1100 K.
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Figure 4. Electrical resistivity ofi-type SisGes samples measured from 275 K to
1273 K. Electrical resistivity of $iGes samples are labeled according to YbP and P
content with 3 at % P (No YbP), 1 at % YbP and %o (1 % YbP), 2 at % YbP and
lat% P (2 % YbP), 1 at % YbP and 3 at % P (*1 BP)and 2 at % YbP and 3 at %
P (*2 % YDbP).

Hall measurements were performed on thgG#; samples to determine their carrier
concentrations as well as mobility from 275 K t&2X (Figure 5). The values of the
carrier concentration confirmed that the samples &eavily doped n-type
semiconductors with electron carrier concentrativthe range of 2 — 5 x ¥dcm? at
room temperature. The sample with no YbPRys&8 with 3 % P) has an electron
carrier concentration of about 5 x?2@m* from room temperature to about 700 K,
above that temperature the carrier concentratieanedses slightly and then increases
above 900 K. The sample with 1 % YbP (with 2 % &3 h carrier concentration of 4
x 107° (cm®). The sample with 2 % YbP (1 % P) is below 3 ¥°1@m?®). These
results are consistent with the amount of P dopém. samples with YbP and 3 % P
(*1 % YbP and *2 % YbP) show carrier concentratafi.5 x 13° ~ 5 x 16° cm®,
similar to the 3 % P dopedd8be; (No YbP) sample. The samples’ mobility are in the
same range, about 30 @Ms at room temperature, and all the samples pssses
linearly decreasing mobility with increasing temgtere.
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Figure 5. Charge carrier concentrations and mgUitadm Hall measurements in the
temperature range of 275 K to 1275 KgsGles samples are labeled according to YbP
and P content with 3 at % P (No YbP), 1 at % Yb& 2rat % P (1 % YbP), 2 at %
YbP and 1 at % P (2 % YbP), 1 at % YbP and 3 at ¥dP6 YbP) and 2 at % YbP
and 3 at % P (*2 % YbP).

3.4 Seebeck coefficient measurement:

Sintered samples were measured twice with a customxial set up and a
commercial four probe off-axis set up. In the urabset up, absolute Seebeck
coefficient was measure from 275 K to 1200 K ungeruum.

Figure 6 shows the Seebeck coefficient for the seoies of samples with both
experimental set-ups with the off-axis data indidatSamples showed large negative
Seebeck coefficients from about — GU/K at 275 K and their absolute Seebeck
coefficients increased with temperature until acb@®00 K above which the values
decreased which is attributed to the dopant pretipn kinetics. The Seebeck
coefficients of the two series of samples are shawthe upper and lower figures
separately. The &Ge sample with 2 % YbP content (1 % P dopant) fromn filst
series of samples showed a maximum absolute Seatwetkcient value of over

| -200| uV/K at about 1000 K, while no YbP (3 % P dopantl dr® YbP content (2 %
P dopant) samples’ Seebeck coefficient are in amiange and stay below

10



| -200| uV/K. In the second series of samples with the sameunt of P dopant
(3 %), the samples with 1 % and 2 % YbP contentsggs similar Seebeck
coefficients. The Seebeck coefficient measuremestiewed that the off-axis
measurement gave overestimated Seebeck coeffafienqt to 25 % higher at 1000 K
compared with the uniaxially measured Seebeck ioteit. This over-estimation has
been described in the literatdfeOne of the main differences between the two
measurements is the position of thermocouples winigasure temperature and
voltage simultaneously. The Seebeck coefficiertlitained fromAV/AT, therefore,
the accurate reading of temperature from thermdesups critical for Seebeck
coefficient measurements.
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Figure 6. Comparisons of Seebeck coefficients nreasents results from off-axis
instrument set up and uniaxial set up on sampldsna YbP and x % YbP (x =1, 2)
(a) with changing P dopant amounts and (b) 3 % Paxb S§sGe; samples are
labeled according to YbP and P content with 3 & #lo YbP), 1 at % YbP and 2 at %
P (1% YbP), 2 at % YbP and 1 at % P (2 % YbP) %a’bP and 3 at % P (*1 %
YbP) and 2 at % YbP and 3 at % P (*2 % YbP); (@)stration of off axis and
uniaxial instrument setup.

In the off-axis set up, the sample bars are clampdubtween the Pt electrodes, and
two Pt thermocouples are pressed against the sasffgdgis. The measurement was
performed under helium and graphite foils were usebetween the sample and Pt
electrodes to prevent a reaction at high tempezafline thermocouples can act as
cold fingers (since they extend out of the furnaae}he contact position with the
sample and underestimate the temperature gradiading and therefore the Seebeck
coefficients are overestimatét.?® In the uniaxial set up, the thermocouples are
embedded through the heater and cold finger effact be resolved, but as the
thermocouples are in contact with the samples bgtemt pressure independently, the
strength of the two thermocouples towards the saroah still affect the temperature
reading®® This disagreement of Seebeck coefficient measuremesults from
different instrumental set up and increases witlasueement temperatut@ompare
these two thermoelectric studies, Y¥nShy; with a large complex unit cell, possess
thermal conductivity about ten times smaller th#BeSalloys?" It is possible that the
cold finger effect is more prominent on compoundgwigh thermal conductivity
than the compounds with low thermal conductivitg. the off-axis set up of Seebeck
coefficient measurements are common in commerastruments (ZEM, Linseis,
etc.), researchers should be aware of this temperetacing deviation in the Seebeck
coefficient measurements of the SiGe allty/&’

3.5 Thermal transport properties:
The thermal conductivity of the 866 samples were characterized from 275 K to
1275 K and plotted in Figure 7. The samples possesferate thermal conductivity

in the range of about 60 ~ 70 mW/cmK. This valugeharmal conductivity is lower
than what is reported for bulk 8665, but higher than giGey alloys used in RTG

12



(below 50mW/cmKY: ? Samples with YbP inclusions and less than 3 %pudp(1%
YbP and 2% YbP) show lower total thermal conduttitaut the two * samples with 3%
P possess higher thermal conductivity, likely cidmtted from the over doping and P
at the grain boundaries.

To examine the influence of YbP composites on #teck thermal conductivity, the
electrical thermal conductivity were calculatedhwiihe Wiedemann-Franz equatian,

= LT/p, in which the measured electrical resistivitylat same temperature range was
used and L was 2.22xT0N Q K2 The lattice thermal conductivity was shown in
Figure 7, estimated by subtracting electrical trermonductivity from the total
thermal conductivity.
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Figure 7. Thermal conductivity vs. temperature friaser flash measurements and
calculated lattice thermal conductivity.gstse;s samples are labeled according to YbP
and P content with 3 at % P (No YbP), 1 at % Yb& 2rat % P (1 % YbP), 2 at %
YbP and 1 at % P (2 % YbP), 1 at % YbP and 3 at ¥dP6 YbP) and 2 at % YbP
and 3 at % P (*2 % YbP).

After estimating the electron and phonon contriimgi to the total thermal
conductivity, the YbP composites with less than 3%vere found to influence the
thermal conductivity by decreasing the lattice mha&r conductivity. The 3% P doped
samples (indicated with *) with YbP showed highatite thermal conductivity than
the no YbP phase reference sample (no YbP and 3&piAg), which is likely to be

attributed to the P precipitation behavior withtrég P level at high temperatufe.
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Figure 8. The figure of merit of-type SpsGes composite samples with YbP.o$be;
samples are labeled according to YbP and P contiéimt3 at % P (No YbP), 1 at %
YbP and 2 at % P (1 % YbP), 2 at % YbP and 1 at@® YbP), 1 at % YbP and 3
at % P (*1 % YbP) and 2 at % YbP and 3 at % P (*215@).

The figure of merit ofn-type SysGes composite samples with YbP is provided in
Figure 8 and were calculated from the polynomias fof measured electrical
resistivity, Seebeck coefficient (from the uniaxiabtrumental set up) and thermal
conductivity. As discussed above, more excitingdatuld be presented by applying
off-axis Seebeck data, but this type of measuremevides high Seebeck values due
to a cold-finger effect. The &§Ge; sample with 3 % P (No YbP), 1 % YbP with 2 % P
(1% YbP) and 2 % YbP with 1 % P (2% YbP) show samilalues of zT increasing
with temperature. As the thermoelectric properte® interrelated by carrier
concentration, the similarity of results of the Yédhtaining samples to the (No YbP)
sample is attributed to the improved absolute Seebeefficient and lower thermal
conductivity, mainly from decreased carrier concaiin. Compared tan-type
SiggGey alloys which have a reported peak zT of 1 in #ragerature range of 900 to
950°C, the low Ge content of §Ge; samples studied herein possess lower figures of
merit. The YbP inclusions in the matrix provideraatler effect than the amount of
dopant on the experimental transport propertiege 4h of the * samples containing
both YbP and 3 % P bend over at temperatures exge&d00 K and show lower zT
due to higher thermal conductivity.

4, Conclusion:
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n-type SisGes alloy with 3% P dopant was synthesized though @Gr$ of ball
milling with P. YbP was introduced to the alloy matduring SPS sintering process
with YbH; as a starting material. The reaction of ¥ith P to form YbP tunes the
carrier concentration of the composite ofsGi; as YbH reacts with the P, which is
the electron donor. The sintered composite samples dense pellets with the
diameter of 12.7 mm. To understand the influenceYoP on the samples’
thermoelectric properties, two series of samplegwgnthesized in the same manner:
one with decreasing P content (P removed by addiioYbH, to form YbP), the
second one with constant 3 % P (P added stoichrarally with YbH, to compensate
the amount of YbP formed in situ). The samplesirieelectric properties were fully
characterized. The deviation of up to 25 % betwesiaxial and off-axis configured
instruments that measure Seebeck coefficients@endented, consistent with a cold
finger effect observed in off-axis measurementaBse of the combined effect of
increased electrical resistivity and decreasedcéatthermal conductivity, the YbP
with less than 3 % P samples remain consistent twélmodest zT observed in 3% P
doped SisGe;. The efforts to compensate P loss by additionah®@unt during ball
milling process failed to lead to zT enhancemeatabse the excess P dopant in the
matrix leads to higher thermal conductivity.
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Highlights
* A new composite phase of YbP with phosphorus (P) doped SigsGes (SiGe) alloy
* YbPlowers|lattice thermal conductivity when the sampleis appropriately doped
» Off-axis measurements overestimate the Seebeck coefficients of SigsGes alloys



