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The effects of geometric features of p-type Sii-.Ge. (x = 0.01-0.05) whiskers on their thermoelectric prop-
erties have been studied. Oblique whiskers of various diameters (10-100 um) with boron impurity concentra-
tion ranging from 1017 to 1020 cm -3 have been studied in the temperature range of 290-390 K. The Seebeck co-
efficient and resistivity of SiGe whiskers increased, while thermal conductivity decreased with decreasing di-
ameter of crystals. However, the thermoelectric figure of merit of SiGe whiskers remained low, resembling
that of bulk pure silicon. The influence of dopant impurities and germanium spatial distribution on the elec-
tronic and thermal transport in Sii_.Ge, whiskers was likely dominant, however, little effect of the geometry
was also observed. The engineering of whiskers shape and dimensions (up to 15 % improvement of ther-
mopower in whiskers with certain obliquity), combined with appropriate doping, would likely allow for sub-
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stantial improvement of their thermoelectric performance even in bulk-like scales.

Keywords: SiGe, Whiskers, Thermoelectric properties, Thermal conductivity, Size effect.

DOL: 10.21272/nep.8(2).02030

1. INTRODUCTION

SiGe solid solutions with low germanium content
have maximum ratio of charge carriers mobility to
phonon thermal conductivity, which is prospective for
thermoelectrics [1]. In nanoscale, e.g. in nanowires, the
phonon boundary scattering channel occurs due to low
dimensionality [2] and the thermal conductivity is sub-
stantially reduced [3, 4]. Though bulk SiGe is a high
temperature thermoelectric material, the low values of
thermal conductivity in crystals with high surface-to-
volume ratios allow for gaining high values of thermoe-
lectric properties even at low temperatures. For exam-
ple, significant suppression of thermal conductivity
and, consequently, enhanced figures of merit ZT have
been observed for silicon nanowires with diameters less
than 30 nm and up to 115 nm in [3] and [2, 4] in the
temperature ranges of 20-100 K and up to 300 K, re-
spectively. Authors of [4] have concluded that quantify-
ing of surface roughness is crucial for explaining of
phonon transport mechanisms and designing of ther-
moelectric devices. High ZT values of 2D silicon
nanostructures can be obtained at room temperature
via optimization of the doping level and effective sur-
face passivation [5]. Using facile conversion chemistry
one can enhance the thermoelectric performance of
nanowires [6]. Previously we have reported the studies
of temperature behavior of Seebeck coefficient of SiGe
whiskers in low temperature range from 4.2 K to above
room temperatures [7, 8]. The experimental results
revealed a slight difference of thermoelectric parame-
ters of micron-scale SiGe whiskers from those of their
bulk counterparts. However, we have not considered
the effects of whisker geometry and shape on the ther-
moelectric properties so far, which could be crucial as
mentioned above. We did report certain results for Si,
where it was shown that the features of whisker shape
could be successfully used for determination of various
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thermoelectric values as well as for device applications
[9, 10], but such investigations were not earlier con-
ducted on SiGe whiskers. The aim of this work is to
study a possible influence of SiGe whiskers geometry
on their thermoelectric parameters and performance.

2. MEASUREMENTS METHODOLOGY

To adequately assess the thermoelectric efficiency of
SiGe whiskers in a certain temperature range one
should know their resistivity p and coefficients of ther-
mal conductivity x and thermopower a (Seebeck coeffi-
cient). These parameters, in particular, the thermal con-
ductivity, are highly dependent on the composition,
degree of solid solution perfection, doping level and di-
mensionality of crystal. We have developed a setting to
measure the electronic and heat transport properties of
SiGe whiskers dependent on temperature, composition,
size and shape of such virtually one-dimensional crystals
(Fig. 1). In this setting oblique Sii-xGex (x=0.01-0.05)
whiskers of various effective cross-sections are suspend-
ed like a bridge between two pedestals made of thermal-
ly conductive paste (TCP) on the electrically insulating
but thermally conductive substrate (e.g. sapphire). With
this configuration the 3w-method [11] was implemented
to measure the temperature dependencies of thermal
conductivity of whiskers, as in details described else-
where [12]. Alternating electric current Iosin(wt) of a
certain frequency o, passed through the whisker (elec-
trodes 1 and 4, Fig. 1), heats the center of the crystal so
that a thermal flow from the center to the ends of whisk-
er occurs. One can neglect the heat flux in air in these
conditions, because it does not exceed 1 % of the heat
accumulated in the dielectric substrate. Adopting certain
boundary conditions imposed by the limited sample sizes
and geometric value of the current flowing through the
sample, the solution of continuity equation can be
written as follows [11, 12]:
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where Io is the current with frequency o, V3, is a volt-
age with frequency 3w (third harmonics), R is whisker
resistance, R’ 1s a change in resistance with
temperature, L is the length of crystal, S is cross-
sectional area. Thus, the third harmonics voltage in a
tested object inversely depends on its thermal conduc-
tivity, and the coefficient k¥ can be easily derived from
the measurements of V3, signal developed between
electrodes 2 and 3 (Fig. 1).

TCP substrate

/)

Fig. 1. — Schematic view of the setting for thermal conductivi-
ty measurements by 3w-method (solid lines) and for meas-
urements of Seebeck coefficient (dashed lines) of SiGe whisk-
ers. In the latter case, the part of whisker is heated by current
I, which is passed between two adjacent electrodes (here, 3
and 4), and the thermo-e.m.f. AV induced due to temperature
difference AT is measured between the hot and cold ends
(here, 3 and 1, respectively)

The above-described setting has been used also for
the measurements of Seebeck coefficient « of oblique p-
type Sii-.Ger whiskers (x=0.01-0.05) with boron con-
centrations ranging from 107 cm-3 to 1020 cm-3. The
hot end has been heated by passing a current between
two neighboring contacts, which induced the Joule heat-
ing of one of the ends, and the temperature was deter-
mined from the known R(7) dependencies for studied
SiGe whiskers, as described in [8]. Since active direct
heating of whisker end was applied and a whisker-to-
substrate thermal contact area was negligible in compar-
ison with dimensions of virtually infinite substrate, the
temperature gradient AT along the crystal could be easi-
ly maintained, even though the substrate was thermally
conductive. To elucidate the effect of obliquity on ther-
mopower of whiskers, the measurements were per-
formed in such a manner that in one case the thickest
part (1-2) was heated and in another — the thinnest one
(3-4), as shown in Fig. 1. Resistance of whiskers was
determined by a two-probe method, in which the read-
ings obtained upon passing a current in two directions
were averaged, and the resistivity was derived account-
ing for an effective cross-sectional area of oblique crys-
tals. For measurements of temperature dependencies of
thermal conductivity, thermopower and resistance the
designed setting was placed inside the resistive furnace,
and the temperature of the inset was determined by a
thermoresistor (TR) attached to the substrate.
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3. RESULTS AND DISCUSSION

3.1 Temperature Dependencies of Transport
Properties of Sii1 - xGex whiskers

Experimental temperature dependencies of thermal
conductivity for SiGe and Si whiskers, measured with
3w-method, are plotted in Fig. 2. For comparison the
model dependencies of lattice component of x on 7T are
presented, which were calculated according to the rela-
tions provided in [13]. The experimental values of ther-
mal conductivity for bulk Si, obtained by Cahill [14], are
also appended.
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Fig. 2. — Thermal conductivity x of pure Si and Sii-.Gex
p-type whiskers of the 50 pm effective diameter with dopant
concentration Na of 6 x 1018 cm -3 (Si, psook = 10 mQ x cm, tri-
angles), 5x 108 cm-3 (x=0.01, pzoox =20 mQ x cm, circles)
and 3 x 108 cm -3 (x = 0.03, psook = 25 mQ x cm, squares). Solid
symbols represent the calculated lattice components (xz) of
thermal conductivity, according to the model provided in [13].
Crossed triangles display the experimental data for pure sili-
con, obtained by Cahill [14]

Noteworthy, the several tens micrometer scale
whiskers should rather be considered as bulk materials
with properties resembling those of massive objects: one
should expect the occurrence of size effects at scales be-
low 1 pm. As seen in Fig. 2, the measured values of total
thermal conductivity x:w: for Si whisker fit well with both
modeled and experimental data for bulk material from
the literature. Likewise, the total thermal conductivity
of SiGe whiskers decreases with increasing of germani-
um content and the initial (room temperature) values as
well as temperature dependencies agree with those ex-
pected from the model. As the charge carriers’ concentra-
tion was relatively low, the contribution of their
transport in total thermal conductivity can be neglected,
and the experimental curves could be fairly compared
with only phonon theoretical component of the latter. A
little bit higher values of xit for x=0.01 samples might
indicate that the actual content of germanium was
slightly lower. Meanwhile, a substantial difference has
been observed for Sio97Geoos whiskers, the total x of
which was significantly lower even than the expected
lattice component and the character of its dependence on
temperature deviated from the model. Despite the obvi-
ous effect of Ge content, one can assume also the influ-
ence of dimensions and shape of the crystal on the be-
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havior of its thermal conductivity. On the other hand,
the observed difference may be a consequence of irregu-
lar distribution of either Ge atoms or doping impurities.

The measured values of Seebeck coefficient changed
from 80 to 750 pV/K at room temperature depending on
the impurity concentration in whiskers. The maximum
values of « were inherent for whiskers with least carrier
concentration of the order of 1017 cm—3
(300K = 60 mQ x cm). For SiGe whiskers doped to con-
centration of ~ 10 cm -3 the Seebeck coefficient rised
from 430-440 to 580-600 uV/K in the temperature range
of 300-390 K (Fig. 3). Due to still high values of thermal
conductivity the thermoelectric figure-of-merit Z7T of
these samples remained quite low, i.e. comparable with
that of bulk silicon. At higher doping levels, i.e.
~10¥ em~3 (pz00k = 6-9 mQ x cm), the Seebeck -coeffi-
cient of SiGe whiskers weakly depended on temperature,
and the minimum values of « (80-90 pV/K at room tem-
perature) were observed for whiskers with up to
(0.5-1) x 1020 ¢m -~ 3 impurities (p300k = 2 mQ x cm).
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Fig. 3. — Temperature dependencies of thermopower (a, cir-
cles), resistivity (o, squares) and figure-of-merit (Z7, triangles)
for Siog7Geoos whiskers (effective diameter of 50 um) with
acceptor concentrations of 3 x 1018 cm-3 (ps00k = 25 mQ x cm,
open symbols) and 2.5 x 109 cm -3 (p300k = 6 mQ x cm, solid
symbols). Experimental data for thermal conductivity from
Fig. 2 were used to calculate ZT'

Comparing the temperature dependencies for ZT of
samples with different acceptor concentrations, one can
infer about much stronger impact of the charge carriers
on the figure-of-merit of SiGe than of the thermal conduc-
tivity for whiskers with lower doping levels. Such boron
doped whisker display temperature rise of Seebeck coeffi-
cient in the range of 300-400 K, with a slope and magni-
tude of «(T) dependent on impurity concentration. Atoms
of boron are known to create the shallow acceptor levels in
the band gap of SiGe with ionization energy of 42 meV. At
room temperature these levels for heavily doped whiskers
are completely ionized. That is why the character of a(7)
dependencies in the measured temperature range corre-
sponds to a weak change of Fermi level position in the
band structure of whiskers at temperature rise.

3.2 Geometry Effects on Thermoelectric Proper-
ties of Sii1-xGex Whiskers

Let us now consider the effects of Sii-.Gex whisk-
ers’ geometry on their thermoelectric properties. For
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this purpose we have studied the Seebeck coefficient
and resistivity dependencies on size and obliquity of
whiskers. In order to evaluate the dependence of fig-
ure-of-merit for our micron-scale SiGe whiskers on
their dimensions, we estimated the size dependencies
of thermal conductivity basing on the calculated results
for Sio.8Geo.2 nanowires reported in [15].

The resistivity rapidly scaled up with diminishing
of effective diameter of whiskers below 50 pum (Fig. 4).
For the Seebeck coefficient the rapid scaling down was
inherent for straight whiskers with diameters above
50 um. Further we have studied the effect of obliquity
on the Seebeck coefficient of Sio.97Geo.os whiskers with
various acceptor concentrations (various resistivities).
The results of these studies are combined in Table 1,
where the obliquity factor & = Ad/2Al, i.e. the change of
whisker diameter along its length, is introduced. We
measured the Seebeck coefficient of whiskers with dif-
ferent diameters of their ends. Interestingly, upon
heating of thicker end of whiskers the measured value
of Seebeck coefficient was substantially greater when
compared to that obtained upon heating of thinner end.
These relative changes of Seebeck coefficient at con-
stant temperature gradient of AT'=80 °C and at room
temperature of the cold end are presented in Table 1.
For such oblique whiskers the Seebeck -coefficient
almost linearly increased with increasing resistivity
and diminishing thickness (Fig. 4).

Table 1 — Relative change of Seebeck coefficient (at tempera-
ture gradient AT = 80 °C) versus resistivity and obliquity of
Sii-+Gex (x = 0.03) whiskers

Ne | p Al Ad | k=AdI2Al | AUIU.
m{Xxcm mm um | x10-3 %

1 |60 13,4 40 1.50 14.1

2 |30 14,5 40 1.39 11.3

3 |30 6,5 22 1.74 9.6

4 |2 5,6 31 2.81 5.1

5 |2 4,85 29 2.98 4.6

6 |8 12,2 45 1.85 4.6

In general, we observed that obliquity impact (posi-
tive sign of AU/U. parameter) was weak but more sig-
nificant when thicker end of whisker was heated. The
dependence of thermopower on the obliquity value & for
different whisker sets, however, was not clear. Appar-
ently, the doping level of whiskers played a decisive
role: from Table 1 it is obvious that greater impact on
the relative change of thermopower was likely caused
not by the relative size of crystals but their resistivity.

In fact the biggest changes of thermopower (up to
15 %) were found in crystals with the highest resistivi-
ty of 60 mQ2 x cm, while their characteristic obliqueness
was the lowest (1.50 x 10-3). Instead, the sample with
the greatest obliquity of 2.98 x 10-3 but with the low-
est resistivity of 2 mQ x cm had rather small relative
change in thermopower — only 5 %. Nevertheless, com-
paring the samples with same resistivities (2 and
30 mQ2 x cm), one can still infer a little effect of whisker
shape on the change of Seebeck coefficient as more
prominent as lower is the carriers’ concentration. Simi-
larly to the case of temperature dependence of Seebeck
coefficient (Fig. 3), for heavily doped samples the shape
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effect seems to be negligible. For lightly doped samples
with concentration of about 108 cm—2 the amount of
thermally generated charge carriers rapidly increases
upon heating, but constrained in crystals of smaller
dimensions they are subjected to increased boundary
scattering (rapid increase of resistivity in crystals be-
low 50 pm), and the saturation of Seebeck effect occurs
in thinner whiskers (Fig. 4, top). The onset of boundary
scattering with diminishing diameter of a crystal is
confirmed by the dimensional dependence of thermal
conductivity of Sio.97Geo.os whiskers. As it can be seen
from Fig. 4 (bottom), x is almost independent on the
whisker thickness above 40 um, and the thermal con-
ductivity starts to decrease for thinner whiskers. How-
ever, contrary to the expected improvement, the figure-
of-merit ZT decreased with whisker diameter, which is
a consequence of drastic increase in resistivity. For the
thickest studied samples the ZT at room temperature
still remained very low — only 6.4 x 10-3.
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Fig. 4. — Changes of Seebeck coefficient « and resistivity p
(top) and of thermal conductivity x and ZT (bottom) with effec-
tive diameter of oblique Siong7Geoos (Na=3x 108 cm-3) at
300 K. Diameter dependence of thermal conductivity has been
estimated basing on the data from [15]. Solid circles represent
the diameter dependence of Seebeck coefficient for straight
(non-oblique) whiskers

On the other hand, the observed peculiarities may
be related with the spatial inhomogeneity of dopant
impurity distribution or germanium content along the
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whisker, which is a typical consequence of unstable
conditions of whiskers’ growth via the vapor-liquid-
solid mechanism upon chemical vapor deposition [16].
At the initial stages the velocity of crystal growth is
maximum, the growth is tempestuous and non-
equilibrium, so that big amounts of impurity atoms are
captured, while their spatial distribution is highly non-
uniform. As the growth proceeds, its velocity decreases
and the conditions approach equilibrium, the amount of
incorporated impurity decreases, so that the resistivity
of crystal increases. Finally, with increasing diameter
of the crystal’s “foot” and exhausting of gold (growth
initiator) content in Si-Au eutectic droplet at the tip of
the growing whisker, the growth velocity turns to zero
and the process stops. As a result, needle-like oblique
whiskers with gradient of impurity concentration are
obtained. Obviously, in thinner crystals the statistical
(or in other words, effective; also the compensation by
Au impurities must be accounted) charge carriers con-
centration would be lower, and the Seebeck coefficient
and resistivity would increase. Thus, in bulk-like mi-
cron-scale SiGe whiskers the changes of thermoelectric
parameters are likely not immediately connected with
size or shape effects, and the latter indirectly influence
the peculiarities of charge and heat transport due to
imposed growth and doping conditions upon whiskers’
synthesis process, although thermal conductivity tends
to rapidly decrease with the effective diameter of
whisker. Unfortunately, we were unable to clearly state
the obliquity effect on the thermal transport in SiGe
whiskers; however, the deviation of temperature de-
pendence of thermal conductivity from the model (Fig.
2) may testify, in particular, the morphology contribu-
tion in the suppression of total thermal conductivity of
Si1 - xGex whiskers.

Taking into account the results of the above-
described studies of temperature, dimension and shape
dependent thermoelectric parameters of SiGe whiskers,
upon engineering of high-performance thermoelectric
converters on their basis, one should reach an appro-
priate compromise between the proper energy band
structure and geometric features of crystals. In particu-
lar, scaling down of whisker thickness beyond microm-
eter, development of proper length-to-diameter configu-
ration and adjustment of Ge content for minimization
of thermal conductivity of whisker, while maintaining
considerably high mobility of charge carriers, would be
required for enhancement of thermoelectric perfor-
mance of such one-dimensional crystals.

4. CONCLUSIONS

We have performed the study of the effect of dimen-
sions and obliquity of Sii-xGex (x = 0.01-0.05) whiskers
on their thermoelectric properties. As expected from
the model, the thermal conductivity of SiGe whiskers
decreased with increasing germanium content. The
dimensional effect on thermal conductivity was not
evident for crystals thicker than 40-50 um, below this
diameter the lattice thermal conductivity significantly
decreased and the obliquity likely caused not only the
suppression of the value but also the change of the
character of x«(7) dependence. In contrast, obliquity had
little effect on the charge transport properties of SiGe
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whiskers, though resistivity and Seebeck coefficient
increased with diminishing of their diameters. Appar-
ently, the doping level and impurity and Ge spatial
distribution rather than crystals’ dimensionality and
shape played a dominant role in altering of electrical
conductivity and Seebeck coefficient of whiskers, which
was especially prominent for lower boron concentra-
tions (~ 108 cm —3). As a result, the thermoelectric fig-
ure-of-merit of heavily doped samples saturated with
increasing temperature, while for samples with concen-
trations of the order of 1018 cm~2 it constantly rised,
reaching ZT ~ 0.015 at 400 K. However, the obtained
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