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Thermoelectric properties of skutterudite CoSb; thin films
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The thermoelectric properties of Co-Sb thin films with different Sb content and with a thickness of
30nm were investigated with respect to the composition and the corresponding structural properties
of these films. The films were prepared by molecular beam deposition either by codeposition on
heated substrates or room temperature deposition followed by a post-annealing step. It was found
that the prepared films exhibit bipolar conduction, indicated by a positive Hall constant and a nega-
tive Seebeck coefficient. The obtained results can be well explained by using the bipolar model,
assuming heavy electrons and light holes, which was finally confirmed experimentally by the prep-
aration of p- and n-type doped CoSb; thin films. Furthermore, variable range hopping was identi-
fied by temperature dependent transport measurements as dominant conduction mechanism at low
temperatures. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4963111]

I. INTRODUCTION

The material group of skutterudites, for instance, CoSbs,
are promising candidates for thermoelectric applications.
Slack proposed their good thermoelectric efficiency already
in 1994 within his concept of phonon glass-electron crystal
materials' for which the thermal conductance is compara-
ble to glass, and the electric properties are similar to a metal
or semiconductor. An efficient thermoelectric material has
therefore a low resistivity p, a high Seebeck coefficient S,
and a low thermal conductivity x, resulting in a high figure
of merit Z = S?/px. This is usually the case for materials
with (i) complex unit cells, (ii) large atomic masses, (iii) low
electronegativity differences of the individual atoms, and
(iv) large carrier mobilities.' Slack recognized that all these
requirements are fulfilled for skutterudites. However, their
thermal conductivity, which is mainly based on phonons, is
too large and he suggested filling the voids present in the
skutterudite lattice structure by guest ions such as Yb to scat-
ter the phonons and thus decrease the thermal conductiv-
ity.>® Another way to improve Z is the optimization of the
power factor S?/p by controlled doping, which can be done
by substitutions. In the case of CoSbs, Co can be substituted
by Ni (n-type) or Fe (p-type).*”*

A lot of work has been done for pure and filled skutteru-
dite bulk materials and composites.””'> However, additional
effects, occurring in thin film structures with a thickness in
the nanometer range, could provide further improvement of
the thermoelectric properties.'>~'” But only a few publica-
tions for skutterudite thin films exist, which are mainly deal-
ing with the preparation and structural characterization of
films with larger film thickness.>'1%2

In this work, the thermoelectric properties of 30-nm-
thick Co-Sb films were investigated with respect to the depo-
sition method, composition, and the corresponding structural
properties of these films. Furthermore, the successful doping
by filling with Yb (n-type) and by substitution of Co by Fe
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(p-type) is demonstrated and the influence on the transport
properties is investigated.

Il. EXPERIMENTAL METHODS

Co-Sb thin films with different Sb content and with a
thickness of 30 nm were codeposited in an ultra high vacuum
(UHV) chamber with a base pressure of 1 x 107! mbar by
molecular beam deposition on thermally oxidized silicon
Si0,(100 nm)/Si(100) substrates (4” wafers). Since the SiO,
was amorphous, the films were not grown epitaxially. Two
different approaches were used: (i) codeposition on heated
substrates and (ii) deposition at room temperature followed
by a post-annealing step. For the annealing process, the films
were deposited on wafers and afterwards shortly exposed to
air for breaking them into pieces. Different samples were
mounted together, reintroduced, and post-annealed for 1 h in
UHYV. The used heating rate to reach the final temperature
was 10 K/min. Further details of the deposition process can
be found elsewhere.?

The composition and thickness of the as-deposited and
annealed films were determined by Rutherford backscatter-
ing spectrometry (RBS). The structural phase formation in
the films was investigated by x-ray diffraction (XRD). To
increase the measured intensity, 20 scans with a fixed inci-
dent angle of 10° were performed.

The thermoelectric measurements were performed with
home-built setups. The room temperature resistivity and the
Hall constant were measured in van der Pauw geometry using
spring loaded contacts. The Seebeck coefficient was deter-
mined by using a setup based on the work of Compans,**
where the sample is placed over the slit of two heatable metal
blocks. Each side of the sample is in contact with a single
metal block. By heating one block, a gradient can be estab-
lished in the sample, and by measuring the thermovoltage
and the temperature gradient during the relaxation process by
thermocouples, the Seebeck coefficient can be determined.
The obtained values were corrected by the absolute Seebeck
coefficients of the thermocouples.*
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The low temperature resistivity measurements were car-
ried out with a cryostat using spring loaded contacts.

lll. RESULTS AND DISCUSSION

A. Electric transport coefficients of Co-Sb thin films
deposited at elevated temperatures

To investigate the influence of the composition of
Co-Sb thin films on the thermoelectric properties, a series of
films with an Sb content between 70 at. % and 80 at. % was
codeposited on SiO,(100 nm)/Si(100) substrates at three dif-
ferent substrate temperatures, 175°C, 200°C, and 230°C.
From previous studies, it is known that the range, where
single phase skutterudite films are formed, is very narrow
and becomes even more narrow with higher substrate tem-
perature.”® Exemplarily, an XRD (26) scan of a single phase
CoSb; film with an Sb content of 76at.% deposited at
230 °C is shown in Fig. 1 (top), where only peaks of the skut-
terudite phase can be found. Additionally, it was found that
the grain size decreases with the substrate temperature from
550nm (175 °C) to 20 nm (230 °C).*?

The thermoelectric properties measured at room temper-
ature are summarized in Figs. 2(a)-2(e) as a function of the
Sb content for the different substrate temperatures during
deposition. The single phase composition ranges are marked
in Fig. 2(e) for the different deposition temperatures in
dependence of the Sb content. Since the sample series depos-
ited at 200 °C and 230 °C show basically the same behavior,
these series will be discussed first.

In Fig. 2(a), the dependence of the resistivity p on the
composition of the deposited Co-Sb films is shown. For
deposition temperatures of 200 °C and 230°C, a maximum
in resistivity is observed close to an Sb content of 75 at. %.
This value corresponds to the exact stoichiometry of the
CoSbs skutterudite phase, and therefore, films with a low
number of crystal defects are expected. Since the CoSbs;
phase is semiconducting, the largest resistivity is observed
for these films. If the composition differs from this value,
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FIG. 1. XRD (20) scans of 30nm thick Co-Sb films on SiO,(100 nm)/
Si(100) substrate with an initial Sb content of 76 at. %: (top) film deposited
at a substrate temperature of 230 °C; (bottom) film deposited at room tem-
perature and post-annealed at 500°C. Only peaks corresponding to the
CoSb; skutterudite phase can be detected, which are marked by the corre-
sponding indices. Substrate peaks are labeled with s.
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vacancies or additional atoms on interstitial lattice sites act
as n-type dopants and increase the charge carrier density n
(lower Hall constant R),'®!%2° resulting also in a lower
resistivity. Savchuk er al.'® described n-type doping in Sb
deficient films due to Co atoms on interstitial sites or the
presence of Sb vacancies. Co substituting the Sb sites is not
expected, since the formation energy is relatively large.
Smalley e al.'® reported for annealed Sb deficient CoSbs
films also n-type doping due to defects. For Sb rich samples,
they found an incorporation of Sb into the voids yielding
n-type, which overcompensates the p-type doping due to Co
vacancies.'® For larger deviations from the ideal composition
of 75 at. %, the concentration of such defects increases fur-
ther, thus degeneration should occur and metallic-like behav-
ior should be observed. If additional phases are formed for
even larger deviations of the Sb content from the compen-
sated semiconducting state, these phases could provide
additional electronic current paths that short-circuit the semi-
conducting phase. In this regard, it was reported that the
charge carrier density and the Seebeck coefficient decrease
due to the formation of such impurity phases.*

The Hall constant Ry was determined to confirm the
doping effect due to vacancies or interstitials. It is positive
for all films deposited at 200 °C and 230 °C, indicating domi-
nant p-type conduction (Fig. 2(c)). This is in agreement with
the literature, where CoSbs is mainly described as p-type
semiconductor.' ! As expected, a maximum of Ry was
found for almost stoichiometric films with an Sb content of
around 75 at. %, where the maximum of p was also observed
(Fig. 2(a)). In summary, the decrease of both Ry and p for
non-stoichiometric films can be related to self-doping by
defects given by vacancies or additional atoms on interstitial
lattice sites.

Samples with a high resistivity and a large Hall constant
usually show a large absolute value of the Seebeck coeffi-
cient. Indeed, the measurements also reveal a maximum of
|S| for an Sb content of about 75 at. % as shown in Fig. 2(b).
However, the obtained Seebeck coefficients have negative
sign and reach low absolute values (~—20 uV/K) at room
temperature compared to typical values of 150 uV/K for
p-type and —300 uV/K for n-type CoSbs reported in the lit-
erature.'"'? The observed negative sign of the Seebeck coef-
ficient is in disagreement to the positive sign of the Hall
constant, indicating that two types of charge carriers (elec-
trons and holes) contribute to the transport properties in the
Co-Sb thin films. Since electrons and holes compete for the
Seebeck effect, the low absolute values can be explained.
The resulting power factors $%/p are thus very small and
nearly independent on composition (Fig. 2(d)). The observa-
tion of different signs of Seebeck coefficient and Hall con-
stant due to bipolar conduction was, for instance, also
reported by Kitagawa ez al.*” for Ni doped CoSbs.

Furthermore, a correlation between the discussed ther-
moelectric properties and the structural properties can be
found. The range of the Sb content is where single phase
skutterudite films are obtained (Fig. 2(e)) and the observed
extrema of the transport coefficients are always observed
within this range. Since the single phase range is smaller for
films deposited at 230°C, the corresponding extrema are
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Il Deposition at RT + post-annealing
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FIG. 2. Thermoelectric properties in dependence on the Sb content for Co-Sb films prepared with different approaches: I: deposited at different substrate tem-
peratures [(a)—(e)] and II: deposited at room temperature (RT) followed by post-annealing [(f) — (j)]. The resistivity p, the Seebeck coefficient S, the Hall con-
stant R;;, and the power factor S?/p are presented. Additionally, the bar diagrams at the bottom indicate the composition range for single phase skutterudite

films. The dashed lines are only a guide to the eye.

also sharper. As already mentioned, a maximum of S for
single-phase films is also expected.**® The observed differ-
ences in the transport parameters between the sample series
deposited at 200 °C and 230°C (230°C: higher resistivity,
higher Seebeck, and higher Hall constant) are mainly caused
by different microstructures (e.g., smaller grain size for films
deposited at 230°C).*

The films deposited at 175 °C reveal a different behav-
ior. While films deposited at higher deposition temperatures
exhibit the CoSb, phase for an Sb content lower than 74 at. %
and the Sb phase for an Sb content larger than 77 at. %, lead-
ing to a drastic drop in resistivity, in this sample series, the
CoSb, phase does not form.>* Thus, only a steady decrease
in resistance can be found for Sb rich samples. Films with
lower Sb content than 75at.% do not exhibit this drop.
Down to an Sb content of 72 at. %, single phase skutterudite
films are obtained, and for these films, the maximum resistiv-
ity is observed. This process is not fully understood. Sb
vacancies as well as Co interstitials should dope the material,
and the resistivity should be reduced even though no CoSb,
is formed.'??° Nevertheless, the absolute value of the resis-
tivity is in the same order of magnitude as found for the other

sample series deposited at higher temperatures. By increas-
ing the Sb content, the material gets doped and the resistivity
decreases. This is confirmed by the results obtained for the
Hall constant, which is the largest for low Sb contents and
decreases by doping of the material with increasing Sb
content. It is also positive, while the Seebeck coefficient is
negative. |S| is larger than for the series deposited at higher
deposition temperatures, and the maximum absolute value
achieved for the Sb deficient samples is about —33 uV/K.
The reason for the larger Seebeck coefficient might also
be caused by different grain sizes and structural differ-
ences.” The calculated power factor increases with increas-
ing Sb content, reaching values up to ~0.08 W /K?cm. The
decrease in resistivity with higher Sb contents is steeper than
the one observed for the Seebeck coefficient, and therefore,
both properties do not fully compensate each other.

To obtain further insights into the origin of the bipolar
conduction mechanism, low temperature resistivity measure-
ments were performed for the films deposited at 230 °C. The
obtained curves are shown in Fig. 3(a). It can be seen that all
films exhibit a negative slope typical for semiconductors.
For the lowest Sb content, the resistivity is nearly constant.
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FIG. 3. (a) The temperature dependence of the resistivity p for Co-Sb films
with different Sb content deposited at 230°C. For an Sb content close to
75 at. %, semiconducting behavior is observed. (b) The logarithm of p in
dependence on T~! for Co-Sb films with different Sb content deposited at
230°C. For temperatures below 200°C, no linear behavior is observed or
only in a very narrow temperature range. Above 200K, a constant slope is
approached (red lines). (c) The logarithm of p in dependence of T~/ for Co-
Sb films with different Sb content deposited at 230°C. A linear dependence
indicates variable range hopping (VRH). The corresponding temperature
regimes are much larger and fitted by a linear function (red lines). Note that
the actual density of data points during the measurement was much larger.

The deviation from the stoichiometric Sb content of 75 at. %
yields a lot of defects and the formation of different phases,
both resulting in large charge carrier densities, degeneration,
subband formation, or additional current paths. With increas-
ing Sb content, the number of defects is decreasing first, and
thus, the resistivity and also the relative change with temper-
ature increases. The most pronounced semiconducting
behavior is indeed found for an Sb content of around 75 at. %
as expected. For even larger Sb contents, the number of

J. Appl. Phys. 120, 125306 (2016)

defects increases again, the material gets doped, and the
resistivity decreases. Finally, the sample with an Sb content
of 76.8 at. % reveals again a nearly temperature independent
resistivity, which is typical for highly doped or degenerated
semiconductors. Note that it is possible to cover the
whole range of resistivity curves reported in the literature
for CoSb; thin films only by slightly varying the
composition.*!'%-28:2

The bandgap width E, or the existing excitation levels
are usually investigated by plotting the logarithm of p over
T~! and performing a linear regression to determine the cor-
responding slope a

Eg = 2/(3(1,

where kp is the Boltzmann constant. This formula is valid for
non-degenerated semiconductors and pure phonon scattering,
which might only be the case for the films with the highest
resistivity and for temperatures above 200K. Above this
temperature, the curves are indeed approaching a linear slope
(see Fig. 3(b)) and a bandgap width of about 20 meV can be
extracted. This is relatively low in comparison to values
reported in the literature, which are usually larger than
50 meV.>10:13 Furthermore, the onset of intrinsic excitation
is reported in a temperature range between 300 K and 600K,
and a linear dependence is usually not observed in the tem-
perature range investigated here.'' Another possibility to
explain the low value is the onset of charge carrier excitation
from an impurity band as suggested by Dyck er al.*° and sup-
ported by the multi-band calculations of Kajikawa.’' They
have reported excitation energies in the same order of magni-
tude. Furthermore, Kajikawa32 derived a decrease of the
excitation energy with increasing charge carrier concentra-
tion in this impurity band. However, to proof the presence of
an impurity band and to extract its bandgap, Hall and resis-
tivity measurements at higher temperatures are needed.
Below a temperature of 200 K, no linear behavior can be
observed in the plots of In(p) over T~! (Fig. 3(b)), and the
resistivity data cannot be explained by band excitation. At
low temperatures, it is typical for highly doped semiconduc-
tors with small band gaps to find variable range hopping
(VRH) based on localized electrons.*>° The theory predicts
a linear dependence for In(p) over T-'/43 These plots are
shown in Fig. 3(c). All samples exhibit at low temperatures a
linear behavior as indicated by the additionally plotted linear
fits (red). Towards higher temperatures, the curve gets more
and more bended and the absolute value of the slope
increases steadily. The temperature T, at which the change
from linear to the more bended curve occurs, differs for the
different compositions and a maximum of about 160K is
obtained for films close to the stoichiometric Sb content of
75 at. %. These films exhibit the lowest number of defects
and thus the lowest doping level is expected. If the defect/
doping concentration is small, the number of excitation lev-
els in the gap is smaller and the number of charge carriers,
which can be excited at a certain temperature into the con-
duction band, is also smaller. The energy available at low
temperature might therefore be not enough to excite charge
carriers into the conduction band and between the doping
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states VRH can occur up to higher temperatures. The charac-
teristic temperature T>> of this samples is 2015.1 K and was
extracted from the slope of the curve. If the defect/doping
concentration is increased by deviations from the stoichio-
metric Sb content, more and more impurity states might be
generated in the gap and the probability to excite charge car-
riers to the conduction band is increased for these samples,
resulting in a lower T,,. For even higher doping, the forma-
tion of an additional subband in the gap could occur and no
VRH is observed at all. The formation of such a subband is
likely for a narrow bandgap semiconductor like CoSbs; how-
ever, it is very complicated to investigate. VRH in CoSb;
and Ni-doped CoSb; bulk samples was also observed by
Dyck er al.*® and Sun ez al.*® However, they have obtained a
much lower transition temperature of 50 K or lower, which is
comparable to typical values reported in the literature.*”*® In
our case, the presence of the VRH would also support the
existence of an impurity band corresponding to the low exci-
tation energy of 20 meV.

B. Electric transport coefficients of post-annealed
Co-Sb films

Co-Sb films with Sb contents between 69at.% and
86at. % were codeposited at room temperature on
Si0,(100 nm)/Si(100) substrates and post-annealed to inves-
tigate the thermoelectric properties in dependence on the Sb
content. One series was annealed at 7, =300°C and the
other at T,=500°C. The structural properties of post-
annealed films differ significantly compared to films depos-
ited at elevated temperatures, resulting also in pronounced
differences of the thermoelectric properties. The composition
range, where only the skutterudite phase is formed, is larger
for post-annealed films.*> This is illustrated in Fig. 2(j) by
the colored bars for both annealing temperatures, and addi-
tionally, an XRD (260) scan of a single phase film annealed at
500°C is shown in Fig. 1 (bottom). Furthermore, all post-
annealed films are smoother over the entire composition
range compared to films deposited at elevated temperatures,
and their grain size is also much larger (1 yum—10 ym).>

The determined thermoelectric properties are summa-
rized in Figs. 2(f)-2(i) in dependence on the Sb content for
the two annealing temperatures of 300 °C and 500°C. Note
that the Sb content was measured by RBS after the annealing
process.

The resistivity exhibits for both annealing temperatures
a peak for an Sb content of about 75 at. % as also observed
for films deposited at elevated temperatures. However, the
width of the resistivity peak is for annealed films much nar-
rower than the composition range, where single phase skut-
terudite films are observed (Figs. 2(f) and 2(j)). This range
lasts for instance up to an Sb content of 82at. % for films
annealed at 500 °C, while the resistivity drops already at a
value of 76.5at.%. The absolute resistivity values of the
annealed samples are smaller compared to the measured val-
ues for films deposited at elevated temperatures (compare
Figs. 2(a) and 2(f)) and might be related to the larger grain
size (less grain boundary scattering) and smoother surface
(less surface scattering) of the post-annealed films. The Hall
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measurements indicate indeed an increased scattering, since
there is no significant difference of the Hall constant between
the films of both preparation types. A maximum around
75at. % Sb is observed for the annealed films (Fig. 2(h)),
and the absolute values are even slightly increased compared
to films deposited at elevated temperatures (Fig. 2(c)).
Therefore, the decrease of resistivity has to be attributed to a
higher mobility (less scattering).

The Seebeck coefficients are comparable to the values
found for films deposited at elevated temperatures and also
reveal a negative sign contrary to the positive Hall constants,
which is again an indication for bipolar conduction. The absolute
value of S is less sensitive to the Sb composition than the resis-
tivity, and a broad maximum is observed (73 at. %—80 at. %,
Fig. 2(g)). It is suggested that the increase is strongly correlated
to the formation of single phase skutterudite films. Since single
phase skutterudite films can be observed for post-annealed films
in a much broader composition range, the maximum of S is also
much broader than the one observed for films deposited at ele-
vated temperatures. Impurity phases can yield a decrease of the
Seebeck coefficient, as already mentioned in Section III AH8
The enlarged S for single phase films was less apparent for
films deposited at elevated temperatures, since the respective
composition range of single phase films is as narrow as the peak
width of the resistivity is caused by self-doping due to a non-
stoichiometric Sb content. Therefore, the maxima in Seebeck
coefficient and resistivity could be both explained by a change
in the Sb content and thus by self-doping (Fig. 2).

The different characteristic of S and p with respect to
the Sb content influences the power factor S?/p strongly.
The peak of the Seebeck coefficient is therefore not fully
compensated by the resistivity peak (as found for the films
deposited on heated substrates), and thus, the power factor
shows a pronounced maximum between 75 at. % and 82 at. %
Sb (Fig. 2(i)). The power factor of the post-annealed samples
is additionally improved by the lower resistivity due to less
scattering at the grain boundaries and the surface. The maxi-
mum position is shifted for the different annealing tempera-
tures, and larger values up to 0.2 uW /K? cm can be achieved
for films post-annealed at 300 °C.

By comparing the results for different annealing temper-
atures, it was found that a higher annealing temperature
yields samples with a larger resistivity and a larger Seebeck
coefficient. It is suggested that this increase is caused by a
better crystallinity with less defects like Sb on interstitial
positions.'®?*3% The healing of defects at higher tempera-
tures causes less parasitic doping states, and hence, a lower
charge carrier density is achieved, which results in an
increase in resistivity and Seebeck coefficient. However, the
overall power factor is smaller.

Additionally, low temperature measurements were per-
formed for the single phase skutterudite films. In Fig. 4(a), an
overview of the temperature dependence of the resistivity for
the samples annealed at 300 °C is shown. The samples, show-
ing the largest resistivity at room temperature, reveal the larg-
est resistivity over the entire temperature range as well as the
largest absolute change. This supports the results obtained for
films deposited at elevated temperatures. The strongest semi-
conducting behavior is again found for films with an Sb



125306-6 Daniel, Lindorf, and Albrecht

J. Appl. Phys. 120, 125306 (2016)

a) . . — ; b) 100 : - :
14y v T,=300°C 1 = Sample 1:
Vv ¢ v R i A T,=300°C: 75.3 at.% Sb
12 Vv veWys b _t " 80 - A T,=500°C:74.7 at.% Sb| | FIG. 4. Temperature dependence of
content: [ ] o . e s
TP 4 44 aa 4 s 4 aaal o 7508% € . s‘:.'“",'ri T SiiSS the resistivity for pos.t—anr}ealed Co-Sb
S g A 753at%| o 90 . = T =500°C: 74.8 at% Sb| | films: (a) for films with different com-
- L ] A e
CE: v 760at%| G =W g position annealed at T4, =300°C and
= 6f z :;-; ::-:f E 4! = E (b) for two selected samples, demon-
LA il B SN R strating the resistivity change due to
00O COCOO 000600 o 20+ e I I YA 1 annealing at different temperatures
2’0(;1‘,0 00 0000000000000 000D il ma aa aa a a"A%0"M (3000(: and SOOOC)
0 L L L L L 0 i i i i i
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (K) T (K)

content close to the stoichiometric Sb content of CoSbs. If the
Sb content is lower or higher than 75 at. %, the resistivity and
the temperature coefficient drop as described before.

Furthermore, the influence of the used annealing temper-
ature on the temperature dependence of the resistivity is
shown for two samples with an Sb content of around 75 at. %
in Fig. 4(b). The defect healing induced by annealing at higher
temperatures decreases the charge carrier density and lowers
the amount of impurity states distorting the band gap. Thus, a
stronger temperature dependence of the semiconducting-like
resistivity is obtained. Note that the obtained resistivity curves
shown in Fig. 4(b) demonstrate again how sensitive the elec-
tric properties are to slight changes in Sb content or defect
concentration. The obtained curves cover nearly the whole
range of resistivity curves reported in the literature,*'*?%%" as
already mentioned for films deposited at elevated tempera-
tures. Both samples annealed at 500 °C exhibit, for instance,
the same composition within the error bars; nevertheless, their
resistivity curves are quite different. Therefore, it has to be
guaranteed for possible applications with a usual working
temperature of about 500 °C that the composition or the defect
concentration does not change during thermal cycling.*’

Additionally, the intrinsic properties such as bandgap
width and conduction mechanisms were investigated. By plot-
ting In p over 1/T, the linear regression around 200K reveals
a larger slope for samples annealed at higher temperatures.
The corresponding energy gap for an annealing temperature
of 300°C is in the range of 3meV—4meV and for 500 °C in
the range of 8 meV. These values might not correspond to
intrinsic excitation and could be an indication for degeneration
or for the formation of subbands. The excitation energy might
therefore correspond to an impurity band, as stated for the
samples deposited at elevated temperatures. Since the samples
annealed at 500 °C exhibit a lower defect concentration than
the samples annealed at 300 °C, the charge carrier concentra-
tion in the impurity band is also lower resulting in a higher
excitation energy.’' > The samples deposited at elevated tem-
peratures have the lowest number of defects and thus the high-
est excitation energy of 20meV. Nevertheless, the linear
dependence and the obtained values have to be confirmed by
additional high temperature measurements, as already stated
for the samples deposited at elevated temperatures.

At low temperatures, VRH can be determined as domi-
nant conduction mechanism, which is also in agreement with
the results obtained for films deposited at elevated tempera-
tures. For annealed films with an Sb content close to 75 at. %,

VRH can be found up to ~30K for a post-annealing temper-
ature of 300°C and up to ~74K for 500°C (not shown).
These values are lower than the transition temperatures of
the films deposited at elevated temperatures, indicating again
a higher defect concentration.

C. Bipolar conduction and controlled doping of CoSbs

The measured room temperature transport coefficients,
and especially the discrepancy between the sign of the
Seebeck coefficient and the Hall constant, are a result of
the complex band structure of CoSbs. A detailed discussion
of the individual bands and impurity bands, as well as
their contribution to the transport properties, is given by
Kajikawa.*"*! It is shown that the different signs result from
the higher mobility of the holes compared to electrons in the
system and the different contribution of specific bands to S
and Ry, at specific temperatures.

To get a simplified picture on how the contribution of
different bands of CoSb; can result in the opposite sign of
Ry and S, a two band model using the constant effective
transport parameters (charge carrier density, mobility) for
electrons and holes, respectively, can be used. The Hall con-
stant is then calculated by

2 2
Nplt, — Nelty,

Ry=—"P "
e(nl’:up + nl?iun)z

If comparable scattering times are assumed, the effective
hole mobility (u,) of CoSbs is larger than the mobility of
electrons (u,), which is due to the ratio of the effective
masses of electrons and holes derived from the band struc-
ture, 4142 Therefore, the ratio of both mobilities was chosen
as ft, = 5p,. Additionally, it is assumed that the hole con-
centration is in the same range as the electron concentration.
From the experimentally determined Hall constants, an aver-
age effective charge carrier density of ~10?° cm™> could be
calculated by using the general expression Ry = 1/ne of
the single band model. This value was used as the initial
electron concentration 7,7 and could be caused by intrinsic
properties of the band structure or by doping due to a non-
stoichiometric Sb content.

The Hall constant Ry was calculated with these assump-
tions and is shown in Fig. 5(a) as a function of the hole den-
sity n,. The typical dependence with a maximum close to the
compensation point of the electrons and the holes (R, =0),
and convergence towards O for infinite values of n, is
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FIG. 5. Calculated Hall constant R for
Co-Sb thin films showing bipolar con-

bipolar CoSb; :
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duction. The initial electron density was
assumed to be 7,0 = 10 cm 2 and the
initial hole density n, = 10" cm 3.

: The corresponding Ry, is marked by the
1 red dot. (a) Change in Ry for various 7,
: values (p-type doping) and constant
n, = nyo; (b) change in Ry for various

n, values (n-type doping) and constant
np = Npo-
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obtained. Due to the larger hole mobility, the Hall constant
can be positive, even though the electron density is larger
than the intrinsic hole density. This range is marked in Fig.
5(a) by the gray shadowed background. The Seebeck coeffi-
cient should be negative in this range, since the majority of
charge carriers usually dictate the sign of the Seebeck coeffi-
cient. However, in the present case, the change from the neg-
ative to positive Seebeck coefficient does not occur at the
point, where the charge carrier density is equal for both car-
rier types (also marked in Fig. 5(a)). For the bipolar case, the
Seebeck coefficient can be expressed by****

enpi,

Sz—S,,—;Sn: S, — Sy,

with the overall electric conductivity ¢ = 1/p = enu, the
electron/hole contribution to the conductivity o,/5,, and the
individual band Seebeck coefficients S, and S, related to the
corresponding bands with electron and hole conduction,
respectively. Thus, the Seebeck coefficient S depends on the
bipolar regime linearly on u, while the Hall constant shows a
quadratic dependence. From the equation, it follows that the

3x10”'
<—n, (cm?)

2x10*"  1x10*' 0

Seebeck coefficient changes its sign if n,11,S, = nupt,Sy. It is
further known from the band structure and thermoelectric
measurements of bulk samples that S, > § ,,.11’45 By addition-
ally using the above made assumptions, wu, =5u, and
n, = 10®cm™3, it can be estimated that the change of sign
occurs in that case for hole densities larger than n, = n, /5
=2x 10" cm™3 (vertical blue dashed line in Fig. 5(a)).
Beyond this point, the conductance will be dominated by
holes (Seebeck and Hall constant positive), which results in
improved thermoelectric properties by a further increase of
n,. The p-dominated regime can be realized by p-type dop-
ing, for instance, by substituting Co with Fe.

To investigate the influence of p-type doping experi-
mentally, 40-nm-thick Fe,Co;_,Sb; thin films with various
Fe content (0 < x < 0.5) were prepared by codeposition at
room temperature followed by post-annealing at 450 °C. The
composition was checked by RBS and the successful substi-
tution by XRD combined with Rietveld refinement.*® The
Hall constant of these films was determined and is shown in
Fig. 6(a) in dependence of the Fe content x. The obtained
data agree with the expected curve shown in Fig. 5(a) and
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also a change of sign of the Seebeck coefficient was found,*®
which is a proof for the bipolarity of the CoSb; films.
Additionally, the corresponding power factor S?/g of the Fe
doped films is shown in Figure 5(c) to confirm the improved
thermoelectric properties in case of p-dominated samples.

Based on the discussed theoretical and experimental
results, the initial charge carrier concentrations of the
undoped CoSb; films were defined as 7,0 ~ 10°°cm™> and
Npo ~ 10" cm~3. Analog to the p-type doping, the n-type
doping was calculated by using 7,9 ~ 10 cm—3 and vary-
ing n,. It can be seen in Fig. 5(b) that the curve exhibits the
expected minimum, but also that much lower absolute values
are observed. Note that the scale of the x-axis is changed,
and therefore, a much slower convergence is obtained than
for p-type doping.

The obtained results were also verified experimentally
by n-type doping of CoSb; films. The electron density n, is,
for instance, increased for non-stoichiometric samples with
an Sb content deviating from 75 at. %. However, in our
study, all non-stoichiometric single phase skutterudite films
reveal a positive Hall constant, and thus, the increase of n,
by compositional changes is not enough to compensate the
intrinsic 7,,. Another way for n-type doping is given by filling
of voids in the skutterudite host lattice by guest ions. In our
study, n-type doping was achieved by filling CoSb; with Yb.
Therefore, 40-nm-thick Yb,,,(CoSbs), thin films with vari-
ous filling fraction, 0 < zpr < 0.68, were prepared by code-
position at room temperature followed by post-annealing at
300°C.> A successful filling was confirmed by XRD com-
bined with a Rietveld refinement (not shown). The measured
Hall constant is shown in Fig. 6(b) in dependence of the fill-
ing fraction zzr, and it is in good agreement to the above dis-
cussed differences between Ry for p- and n-type doping.
Furthermore, an improvement of the thermoelectric proper-
ties is observed as indicated by the determined power factors
S?/a shown in Fig. 6(d).

However, it should be pointed out that the used simpli-
fied two band model, although revealing a good starting
point how different bands interact with respect to the trans-
port parameters, has to be treated with care. The used formu-
las for Ry and S have to be extended for all contributing
bands, and the charge-neutrality condition has to be fulfilled
as discussed in detail by Kajikawa.*' This allows finally to
calculate the absolute values, temperature dependencies, and
also the detailed curve shape of the transport parameter in
dependence of different doping over a wide range.

IV. CONCLUSION

In this study, the thermoelectric properties of CoSbs thin
films deposited on SiO,(100nm)/Si(100) substrates were
investigated in dependence of the Sb content. For both investi-
gated preparation methods, (i) deposition on heated substrates
and (ii) deposition at room temperature followed by post-
annealing, bipolar conduction was found, which leads to poor
power factors. While the resistivity is mainly influenced by
the exact Sb content of the film, the absolute Seebeck coeffi-
cient is increased for single phase skutterudite films.
Temperature dependent resistivity measurements revealed a

J. Appl. Phys. 120, 125306 (2016)

negative temperature coefficient typical for semiconductors
and variable range hopping as conduction mechanism at low
temperatures. The results also show a very strong influence of
small changes in the Sb content on the electric properties at
low temperatures, which demands a stable Sb content of the
films during heat cycling in the final thermoelectric devices.
The positive Hall constant in combination with the negative
Seebeck coefficient can be explained with the complex band
structure of CoSbjs, and it also confirms the larger mobility of
holes compared to electrons in this system. Furthermore, p-
and n-type doped samples could be produced by doping with
Fe or Yb, which give the opportunity to reach the p-
dominated (R and S positive) or the n-dominated regime (R
and S negative), where larger power factors are obtained.
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