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Detailed examination of the nanostructured bulk SipgoGegoo alloy synthesized by mechanical
alloying and hot-press methods revealed that the alloy composition can unintentionally deviate from
its nominal value. The phase deviation is difficult to be detected with x-ray diffraction due to the
continuous solid solution characteristics of the Si-Ge alloy. Differential thermal analysis, in
particular, showed that the synthesized nanostructured bulk SijgoGeg oo alloy was a composition of
two unintentional phases. The dominant phase was SijggGeo 1, with admixture of Siys3Geg4; in a
much lower concentration. The two-phase structure is difficult to be detected in X-ray diffraction
analysis and is often neglected. Thermoelectric properties of Si;_,Ge, significantly depend on the Ge
content in the synthesized alloy. The thermoelectric properties of the synthesized material were
studied experimentally and theoretically. The comparison of the data of the mixed phase
nanostructured alloy with those of the single phase Siy goGeg o alloy showed enhancement in Seebeck
coefficient and reduction in thermal conductivity of the former material. It was found using model
calculations that these differences are due to the existence of the SijggGey 1> phase in the two-phase
structure that results in the reduction of the bipolar diffusion part of the thermal conductivity and the
bipolar effect in the Seebeck coefficient at high temperature. The results can stimulate a new route for
enhancing the thermoelectric properties of silicon germanium alloy based on multicomponent

material design. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4813474]

INTRODUCTION

Thermoelectric properties of silicon germanium alloys
have been studied extensively over the last several decades
for high temperature power generation applications mainly
for Radioisotope Thermoelectric Generators (RTGs).1 Along
with its superior thermoelectric properties, silicon germa-
nium has the desired physical and mechanical properties
such as high melting point, low vapor pressure, and resist-
ance to atmospheric oxidation.

Bulk nanostructuring has been recently applied to several
thermoelectric materials to enhance their thermoelectric con-
version efficiency.? The dominant effect of bulk nanostructur-
ing is the reduction of the lattice thermal conductivity. Bulk
nanostructured materials contain a high concentration of inter-
faces that enhance the phonon scattering and reduce the lattice
thermal conductivity. Nanostructuring has been also recently
applied to silicon germanium which has resulted insignificant
enhancement of the thermoelectric figure-of-merit (ZT).3’10 It
has been shown that bulk nanostructuring does not always
result in the enhancement of the figure-of-merit. For the ZT
enhancement to happen, it is essential that the phonon mean
free path be significantly larger than both the grain size and
the electron mean free path, which is satisfied in
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nanostructured silicon germanium due to the large mean free
path of the dominant phonons.'"'?

The thermal behavior of Si;_,Ge, alloys has been stud-
ied theoretically.'*™'> There are several parameters such as
Ge concentration, doping concentration, and temperature
which affect the thermal properties of this material system.
Due to the strong phonon scattering by point defects resulted
from alloying with Ge, Ge content plays an important role in
lattice thermal conductivity.'®™'® While the increase of the
Ge content up to approximately 50% decreases the lattice
thermal conductivity, it also reduces the band gap that conse-
quently increases the ambipolar diffusion part of the thermal
conductivity. This part becomes comparable or higher than
the lattice part of thermal conductivity at high temperature.’
Previous experimental'”'® and theoretical reports'® have
shown that the lattice thermal conductivity is approximately
at its minimum value at 12% Ge content. Further increase of
Ge concentration does not noticeably reduce the lattice ther-
mal conductivity, but the ambipolar thermal diffusion
increases significantly and dominates at high temperature.
Nevertheless, Sip;Gegs; and SipgGeg, have been the most
common material compositions studied and applied for ther-
moelectric power generation.'

It can be concluded that precise knowledge of the struc-
tural phases of the synthesized Si;_,Ge, alloy would help to
analyze the experimental data and guide the experiments to
adjust the process parameters for achieving the desired Ge

© 2013 AIP Publishing LLC
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concentration in the alloy. Therefore, in order to analyze and
optimize the thermoelectric properties of the Si;_,Ge, alloy,
the Ge content must be precisely measured.

The X-ray diffraction (XRD) analysis has been the main
characterization method for determining the alloy composi-
tion. However, since Si and Ge make continuous solid solu-
tion, the XRD lines of the different phases overlap. The
XRD data of nanostructured Si;_,Ge, cannot precisely
determine the phases due to the multiple numbers of
unknown parameters such as the grain size, residual stress,
instrumental broadening, and the phase heterogeneity. There
has been little attention devoted to the phase determination
of the nanostructured bulk Si;_,Ge, thermoelectric alloys in
the past. Differential thermal analysis (DTA) is one of the
precise techniques that can show different transformations
such as glass transitions, crystallization, melting, and subli-
mation in materials.?® In DTA, the temperature of the sample
is measured using a reference sample in the furnace while
they are both receiving equal amount of heat. The area under
the DTA peak gives the enthalpy change which is independ-
ent from the heat capacity of the material.>! Therefore, DTA
can be recognized as a reliable and accurate method for
phase structure identification, especially for solid solutions
where the XRD data can be difficult to be interpreted due to
the infinite number of possible phases that can be formed. It
would be of interest to determine the phase structure of the
synthesized nanostructured Si;_,Ge, alloy and study the cor-
responding thermoelectric properties using DTA.

The aim of the present manuscript was to identify the
actual phase structure of the p-type nanostructured Sip gGeg »
alloy synthesized via mechanical alloying and hot press sin-
tering. XRD and DTA characterizations were performed on
the synthesized material. Furthermore, the thermal properties
along with transport properties of the material were analyzed
and compared with those of the single crystalline alloy. The
analysis revealed phase heterogeneity in the sample, which
was not detected in the XRD data. This phase heterogeneity
was responsible for the changes in the thermoelectric proper-
ties of the material.

EXPERIMENTAL PROCEDURE

Stoichiometric ratios of 80 at. % Si (99.9% purity), 20
at. % Ge (99.9% purity), and 1.6 at. % B (99.9% purity) were
weighted and loaded into a tungsten carbide bowl with tung-
sten carbide balls under argon atmosphere. The powder was
milled with Fritsch-P7 planetary ball mill for 10 h at
1000 rpm with ball to powder ratio of three. The powder was
collected and annealed in a quartz crucible at 1100 °C for 3 h
under argon atmosphere. The annealed powder was subse-
quently milled for approximately 60 h with same milling
condition. The powder was then filled into a graphite die
with an internal diameter of 12.7 mm and was hot pressed at
1200°C for approximately 6 min under 108 MPa. The
pressed sample was cut into rods and disks for thermoelectric
properties measurements. The relative density of 93% of the
theoretical density of SiggGe,g (2.93 g/cm3) was achieved.

The sample was characterized by XRD using Brucker
AXS DS8-Discover with Cu Ko radiation and scanning
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FIG. 1. X-ray diffraction pattern of the nanostructured silicon germanium
sample.

electron microscope (SEM, Hitachi S-4800). Seebeck coeffi-
cient and electrical conductivity were measured simultane-
ously with four probe technique by commercially available
equipment (Ulvac ZEM-3) and the thermal conductivity was
measured by a laser flash apparatus (Netzsch LFA 457) from
room temperature to 950 °C. The DTA and thermogravimet-
ric analysis (TG) were accomplished in argon environment
by Netzsch STA 449 F1. The temperature was increased
20 °C per minute from room temperature to 1550 °C.

RESULTS AND DISCUSSION

The XRD analysis of the sample is shown in Figure 1(a).
As Si and Ge make a continuous solid solution alloy, the
Si;_,Ge,alloy XRD peaks are located between Si peaks (with
the main peak at 20 =28.47°) and Ge peaks (with the main
peak at 20 =27.29°). The spectrum shows a single peak
between the corresponding two peaks of Si and Ge indicating
the formation of a homogenous composition alloy. The average
crystallite size was estimated using Sherrer’s equation. In this
equation, the instrument broadening was extracted and the re-
sidual stress of the sample was ignored. The average crystallite
size of the sample was calculated to be 27 nm.

DTA, derivative of DTA (DDTA), and TG of the sample
are shown in Figure 2. The DTA and DDTA curves show
two endothermic events attributed to liquation of two differ-
ent phases. Considering the Si-Ge phase diagram® and the
endothermic peaks observed in the DTA curve, it can be
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FIG. 2. DTA, DDTA, and TG data of the sample.
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inferred that SigggGeg 12 and SigsgGeg4o alloys have been
formed instead of the expected Sij gGe , alloy.

It was hypothesized that the alloying to the nominal
composition had not been completed after the last ball mill-
ing step. That is, the microstructure included a wide range of
chemical compositions consisting of silicon and germanium.
As a result of annealing at 1100°C, liquation of Ge-rich
alloy regions having solidus temperatures lower than
1100°C produces a Ge-rich liquid and micro-segregated Si-
rich solid regions. Since the initial powder mixture composi-
tion was Si-rich (SipgGeq,), the amount of Ge-rich regions
is not considerable and no typical evidence of liquation like
powder spoiling was observed. According to the phase dia-
gram, all materials formed within the composition range of
Sig.17Geq g3 to SigsGeg 5 provide a solid co-existing with lig-
uid of Sig 7Geq.g3 composition at 1100 °C. This solid-liquid
mixture and the liquids formed due to liquation of alloys
with the Si contents less than 17 at. % form a single-phase
liquid with a content less than 17 at. % at 1100 °C. Clearly,
solidification of the formed liquid leads to regions with a
high Ge concentration with severe micro-segregation and
inhomogeneity, due to the low solidus temperatures com-
pared with the annealing temperature at 1100°C. The Ge
content of these Ge rich regions is expected to reduce toward
the equilibrium ratio of SipgGeg, by subsequent milling.
However, even after a long milling, there may still remain
phases deviated from the equilibrium value. During sintering
at 1200 °C, similar liquation of Ge-rich alloy regions having
solidus temperatures lower than 1200 °C again may occur,
forming another phase separation including a Ge-rich liquid
and a Si-rich solid region. Finally, a typical dual-phase struc-
ture of SigpggGep 12 and Sig s3Geg4r composition is devel-
oped. Such a heterogeneous phase was observed in the DTA
data of many of our other hot pressed Siy sGe(, samples.

Although the TG graph of polycrystalline sample does
not show any significant changes in mass in the whole tem-
perature range, there is a small increase of mass after reach-
ing the melting point. The mass increases approximately
2%-3% in temperatures higher than the melting point which
may be associated to the oxidation of the sample. Due to the
enhanced surface area in nanostructured sample, large
amount of oxygen can be absorbed and react with the mate-
rial increasing the mass at high temperatures.

It is difficult to detect the existence of the two phases of
Sipg3Gep 1» and SipsgGeg 4o from the XRD data as the dif-
fraction peaks of these phases are close to those of
Sip3Gegs. The 20 values for the diffraction lines of
Sipg3Gep 1o are 0.04°-0.08° more than those of SiygGeg.o,
and the 20 values for SiysgGeg4o are 0.13°-0.24° smaller.
Therefore, their existence results in broadening of the
Sip.gGeq lines, which makes it difficult to be distinguished
from other sources of broadening such as residual stress,
grain size, and the instrument. In addition, the phase hetero-
geneity of the alloy cannot be detected by Rietveld refine-
ment either as Si and Ge can form a continuous solid
solution; hence, many various phases can be formed that are
unknown for this analysis. However, the data from the DTA
would reveal the existing phases that can be input to the
Rietveld refinement for further analysis.

J. Appl. Phys. 114, 023705 (2013)

The SEM micrograph of the nanostructured sample is
shown in Figure 3. The image indicates that the grain sizes
in nanostructured sample have different sizes mostly in the
range of 10—100nm. The grain size plays an important role
in charge transport properties affecting the thermal proper-
ties of the sample. The charge carrier mean free paths (MFP)
in Si;_,Ge, is in the range of 1-5 nm while the phonon MFP
is mostly in the range of 1-100nm.*'" It means that the
grains in the nanostructured sample are larger than the
charge MFPs and smaller than the phonon MFP. Therefore,
the grain boundaries (GBs) scatter phonons in a significantly
higher rate than electrons. This effect reduces the thermal
conductivity more than the electrical conductivity.

Figure 4 shows the thermoelectric properties versus tem-
perature for nanostructured sample. The thermoelectric prop-
erties of single crystalline SipgGeg, (Ref. 24) previously
used in RTGs is also plotted for comparison. The room tem-
perature electrical conductivity of the nanostructured sample
is 560 S/cm which is significantly lower than that of RTG
sample. This can be associated with both lower carrier con-
centration and lower charge carrier mobility. However, this
difference reduces at high temperatures due to the domi-
nancy of the acoustic phonon scattering mechanism com-
pared with the GB scattering.® Comparison of the Seebeck
coefficient of the nanostructured sample with that of the
RTG sample confirms that the nanostructured sample has
lower carrier concentration.

Although nanostructuring process can reduce the ther-
mal conductivity via the increase of the interfaces, it can also
reduce the concentration of the active dopants and increase
the thermal instability of the structure. It has been shown
that nanostructuring leads to the precipitation of boron at the
grain boundaries, which reduces the carrier concentration
and consequently the electrical conductivity.®?

The increase of the thermal conductivity at high temper-
ature is due to the ambipolar effect. It is seen that this effect
is weaker in the nanostructured sample compared with that
of the RTG sample. This can be associated with the effect of
the existence of two different phases of Si;_,Ge, in this sam-
ple. The dominant phase of SiyggGeg 1o has a larger band
gap than Siy gGeg,, which results in smaller ambipolar ther-
mal diffusion.

Temperature dependence figure-of-merits of both sam-
ples are shown in Figure 5. The maximum figure-of-merit is
0.7 at 950°C for the nanostructured sample. The benefit of

60nm
»>

B

37nm
»> <

- =
110nm

FIG. 3. SEM micrograph of the nanostructured silicon germanium.
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nanostructuring is obviously seen especially at high tempera-
ture ZT values, which is the operating temperature for this
material system.

Theoretical modeling of the thermoelectric properties for
both the nanostructured and crystalline samples is shown in
Figures 4 and 5 along with the experimental data. The model-
ing process is described in previous works.>®*> Here, the same
procedure with similar material parameters was followed to
calculate the thermoelectric properties. As it is shown, there is
a good agreement between the theoretical and experimental
data. The fitting process of the Seebeck coefficient, electrical,
and thermal conductivities leads to crystallite size and interface
potential parameters. The experimental results were explained
with the theory assuming the average grain size of 27 nm and
grain boundary potential of 170 meV. It is noted that the fitting
to the experimental data was possible when the combination of
the two different phases of SipggGeg 1o and SigssGegqr Was
considered in the calculations. For this purpose, the thermo-
electric properties of the mixed phase system were calculated
from those of the individual phases using the following

0.8

I
(=]
T

\,
A

Figure-of-merit, ZT

200 600 800
Temperature (C)

0 200

1000

FIG. 5. Figure-of-merit as a function of temperature measured for nanostruc-
tured silicon germanium (circles) compared with the single crystalline
Sip gGeg, used in RTG’s. Solid lines show numerical modeling data.

400 600 800 1000

Temperature (C)

equations: ¢ = xo; + (1 —x)az, Kk =xKk; + (1 —x)Kka, S =
xa1/ S| + xa2/06S,, in which a;, k;, and S; are the electrical
conductivity, thermal conductivity, and Seebeck coefficient of
the different phases (i =1, 2), respectively, and x is the volume
fraction of SipggGeg 0. X =0.73, which was calculated know-
ing that the starting materials were weighted according to
SipgGeo 2, i.e., 0.866x 4 0.55(1 — x) =0.779. 0.866, 0.55, and
0.779 are the Si volume fractions in SiggGeg 12, SipssGeg 42,
and SipgGeg,, respectively. Combining the values of the
Seebeck coefficient, electrical and thermal conductivity of
SipgsGep.1» and Sig s53Geg 4, phases according to these equa-
tions could fit the experimental data of the nanostructured
sample.

The thermal conductivity components for the nanostruc-
tured and RTG samples are shown in Figure 6. As it is shown
in Figure 6(a), the lattice part of the thermal conductivity is
larger in Sij ggGeq 1. The effect of alloy scattering reduces
the thermal conduction; hence, with more Ge content, the
lattice thermal conductivity decreases. The bipolar part of
thermal conductivity of SipsgGeg4, is higher than that of
Sip ggGeg - indicated by the higher slope of the thermal con-
ductivity increase at high temperatures in this phase.
Overall, it can be concluded that the presence of the domi-
nant phase of SipggGeg 1> alloy reduces the bipolar thermal
conductivity, which is also observed in the thermal conduc-
tivity comparison of Figure 4(d).

Figure 7 shows the comparison of the figure-of-merit,
ZT, of the three different phases of Sig s3Geq 4o, Sig.gsGeo.12,
and the Si;_,Ge, composed of SiygsGeg 12 (73 vol. %) and
Sips53Gegqr (27 vol.%). The three compositions have
approximately similar ZT at low temperatures (T < 700 °C).
At higher temperature, the ZT variation is strongly affected
by the bipolar thermal conductivity and the bipolar effect on
Seebeck coefficient. The SiyggGeg 1> phase has larger ZT,
which is mainly due to smaller bipolar effect resulted from
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its larger bandgap. The ZT of the composite phase is
between the ZT of the two constituent phases. This is in
agreement with the previous theoretical predictions of the
composite materials that the highest ZT of a composite mate-
rial cannot reach to higher than the maximum ZT of the con-
stituent components.>® It should be noted that this prediction
is based on classical theory and neglects the nanoscale
effects in deriving this conclusion.

CONCLUSION

Nanostructured thermoelectric SipgGeg, alloys were
synthesized via high energy ball milling and hot-press sinter-
ing. The thermal and transport properties of the prepared
sample were studied and compared with the conventional
SipgGeg, alloy used in RTGs. The theoretical modeling
based on Boltzmann transport equations in relaxation time
approximation framework was fitted to the experimental
data. It was found that the Ge content has an essential role in
thermoelectric properties of Si;_,Ge, especially at high tem-
peratures. In order to evaluate the actual phases developed in
the SipgGeg, structure, differential thermal analysis and
thermogravimetery data of the synthesized sample were
investigated in detail and compared with the X-ray diffrac-
tion data. We found that although x-ray diffraction results
did not evidently show the presence of the different phases
in the nanostructured sample, the DTA data taken over the
temperature range of room temperature to 1500 °C indicated
the presence of two different phases, none of which being

200 600 800 1000
Temperature (C)

the anticipated SijgGe(, phase. Even though the amount of
Ge was 20 at. % in the starting material, the dominant phase
was SigggGeg 12 along with a small amount of Sij s53Geg 4.
The effect of the smaller Ge content in the former phase
appeared in reducing the Seebeck coefficient and the thermal
conductivity at high temperatures.

The DTA results were further studied by theoretical
modeling. In order to fit the experimental data, a two compo-
nent Si;_,Ge, structure with x=0.12 and x=0.42 was
assumed in the theoretical modeling. The agreement between
the theory and experiment confirmed the presence of the two
phases and signified the effect of the variation in Ge content.
In Si3Geq, alloy, at high temperature, the bipolar effect in
the thermal conductivity and the Seebeck coefficient is sig-
nificant. The bipolar effect decreases with the reduction of
the Ge content due to its smaller band gap. However, the lat-
tice thermal conductivity is also a function of the Ge content
and is smaller for the phase with higher Ge content (up to
approximately 50 at.% Ge (Ref. 15)). Nevertheless, the
reduction of the bipolar effect at high temperature is signifi-
cantly more than the increase of the lattice part of the ther-
mal conductivity when x increases above 0.12. Also, since
different phases of Si;_,Ge, have a similar crystal lattice
structure with small deviation of the lattice constant, it is
possible to make multicomponent Si;_,Gey structures with
coherent grain boundary interfaces”’ that can improve pho-
non scattering while having minimal effect on the charge
transport. Therefore, a multicomponent phase of the
Si;_,Ge, may provide a route for further improving the ther-
moelectric properties of this material system, which can be a
subject for the future studies.
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