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1 Introduction

ABSTRACT

We report the investigation of the thermoelectric properties of large-scale
solution-synthesized Bi,Te; nanocomposites prepared from nanowires hot-
pressed into bulk pellets. A third element, Se, is introduced to tune the carrier
concentration of the nanocomposites. Due to the Se doping, the thermoelectric
figure of merit (ZT) of the nanocomposites is significantly enhanced due to the
increased power factor and reduced thermal conductivity. We also find that
thermal transport in our hot-pressed pellets is anisotropic, which results in
different thermal conductivities along the in-plane and cross-plane directions.
Theoretical calculations for both electronic and thermal transport are carried
out to establish fundamental understanding of the material system and provide
directions for further ZT optimization with adjustments to carrier concentration
and mobility.

efficiency of a thermoelectric device is directly related
to the thermoelectric figure of merit, defined as ZT =

Bismuth telluride (Bi,Te;) materials have remained
the best thermoelectric materials for use at room
temperature for many decades since the 1960s. The

Address correspondence to yuewu(@iastate.edu

TRINGHNA ) Springer

S0 T/x, where S is the Seebeck coefficient, ¢ is the
electrical conductivity, « is the thermal conductivity
and T is the absolute temperature. Typically, the best
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ZT values of single-crystalline Bi,Te; ingots alloyed
with Sb (p-type) and Se (n-type) are around 1 [1-3]. In
the past decade, researchers have begun to fabricate
nanostructured Bi,Te;, which shows enhanced ZT that
benefit from the reduction of thermal conductivity
caused by increased phonon scattering at the interfaces
and grain boundaries. One highly cited example is
Biy5sSb; sTe; nanostructured bulk material with a ZT
value of 1.4 [4]. This success has encouraged a great
deal of research efforts focused on similar nano-
structured materials. However, complex high-vacuum
molecular beam epitaxy and energy-intensive ball
milling were involved in fabricating those materials,
making the process complex and costly. Therefore,
solution synthesis of nanostructured Bi,Te; as an
alternative path toward cost-effective and energy-
efficient material production, is worth further study.
Mehta and coworkers reported that solution-synthesized
n-type Bi,Te; and p-type BiysSbisTe; nanoplates
achieved ZT values of 1.1 and 1.2, respectively, which
is the most successful effort to date in solution-
synthesized nanostructured Bi,Te; [5]. However, the
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scalability of solution synthesis has not been demon-
strated to a satisfactory degree in the literature.
Recently, our group reported a 1L scale synthesis of
Bi,Te; nanowires, in which over 17 g of Bi,Te; nanowires
were produced at an impressive yield of 94.21% [6],
which provides enough nanopowder to make tens of
pellets through hot press methods. The scaled up
reaction provides a platform where the thermoelectric
performance of solution-synthesized Bi,Te; can be
thoroughly investigated by tuning various material
parameters, such as carrier concentration, mobility and
so on, without needing the time to synthesize multiple
batches. In addition, measuring samples from the same
batch minimizes the variation of materials properties
that are present among different batches.

Bi,Te; has a layered lattice structure, and the
configuration of one quantum layer is Te(1)-Bi-
Te(2)-Bi-Te(1) as shown in Fig. 1(a). Te(1) and Bi are
covalently bonded while adjacent quantum layers are
loosely bonded thorough Van der Waals forces [7, 8].
Due to this unique crystal structure, the defect chemistry
of Bi,Te; is quite complicated. Te vacancy is one of
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Figure 1 (a) The scheme of Bi,Te; lattice; the picture is from Jmol (an open-source Java viewer for chemical structures in 3D;
http://www.jmol.org/). (b) The XRD pattern of as-synthesized Bi,Te; nanowires. (¢) The low-resolution TEM image of Bi,Te;
nanowires and (d) the HRTEM image of one Bi,Te; nanowire with the inset being the FFT of the selected area.
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the most common defects existing in Bi,Te;. Since Te
(52.55 kJ'mol™) has a smaller evaporation energy than
Bi (104.80 k]-mol™), Te tends to evaporate more readily
than Bi during high temperature consolidation or
annealing [9]. A single Te vacancy can donate two
free electrons according to the reaction Te, =V} +
Te+2e”, which significantly increases n-type con-
ductance [10-12]. Due to the small electronegativity
difference between Bi and Te [13], anti-site defects
of Bi occupying Te site (Bir) and Te occupying Bi site
(Tep;) are also widely found in Bi,Te;. The formation of
a Bir, antisite defect follows the reaction Bi+Te, =
Bi;, +Te+h" and donates one free hole to the matrix
per site [14-16]. A Tey; antisite defect, on the other
hand, donates one free electron to the matrix per site
following the reaction Te+Bi, =Te, +Bi+e [13,17].
Recent reports show that the Seebeck coefficient of
Bi,Te; nanowires is much lower than that of bulk
material, mainly due to the higher carrier concentration
contributed by antisite defects. These defects are more
easily formed in Bi,Te; nanowires, most likely due
the dangling bonds on the large surface area [18-20].
It is found that the consolidated pellets of our large-
scale synthesized Bi,Te; nanowires have extremely
high carrier concentrations, so Se was used as a dopant
to occupy the double-charged Te vacancies and pro-
vide free electrons. Another important parameter that
often receives less attention is the carrier mobility in
nanostructured thermoelectric materials. Theoretical
work based on our experimental results reveals that
mobility is just as important as carrier concentration in
designing thermoelectric materials. Achieving the best
ZT value depends on the simultaneous optimization
of both carrier concentration and mobility. Here, a
combined experimental and theoretical investigation
provides a thorough understanding of solution-
synthesized Bi,Te; materials systems.

2 Experimental

The synthesis of Bi,Te; nanowires exactly follows the
procedure in our previously published paper on the
large-scale production of Bi,Te; nanowires [6]. After
the as-synthesized Bi,Te; nanowires were washed
three times with deionized (DI) water, they were

re-dispersed and stirred overnight in an aqueous
hydrazine solution composed of 90% of water and
10% of hydrazine hydrate solution (80%) in order to
eliminate leftover surfactants on the nanowires. Then,
the Bi,Te; nanowires were washed three times with
DI water and once with ethanol before drying under
vacuum and annealing at 450 °C for 30 min. Afterwards,
the Bi,Te; nanowires were ground into a fine powder
in a glovebox under nitrogen, after which Se powder
was thoroughly mixed with the nanowires by grinding.
Finally, the mixture was consolidated into centimeter
pellets and hot-pressed at 450 °C for 30 min.

3 Results and discussion
3.1 Material characterization

The as-synthesized Bi,Te; nanowires are characterized
using X-ray diffraction (XRD) and transmission electron
microscopy (TEM) (Fig. 1). The XRD spectrum of the
nanowires can be readily indexed as Bi,Te; (JCPDS
No. 15-0863) without any impurity peaks identified
(Fig. 1(b)). The low-resolution TEM image shows the
morphology of nanowires with uniform distribution
(Fig. 1(c)). The lattice-resolved image of a single
nanowire was obtained using high-resolution TEM
(HRTEM) (Fig. 1(d)), which reveals the polycrystalline
nature of the nanowire while the fast Fourier trans-
formation is indexed as a pure Bi,Te; phase. More
discussion on the Bi,Te; nanowire characterization can
be found in our previous report [6].

A total of seven different pellets with different Se
concentrations were fabricated to study carrier con-
centration optimization. First, the densities of these
Bi,Te; nanocomposite pellets were calculated from the
mass and the sample dimensions, and the theoretical
density of Bi,Te; was used for the relative density
calculation. The results listed in Table 1 indicate that all
of the pellets possess high relative densities over 90%.
Furthermore, the Se concentration in each pellet was
measured with energy-dispersive X-ray spectroscopy
(EDS), with error bars arising from the geometrical
distribution of Se (Table 1). The corresponding chemical
formula based on the EDS results for each pellet is
also summarized in Table 1.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Table 1 A summary of the relative density, Se atomic percentage
and chemical formula of all the samples identified by numbers

from 1 to 7

Sample ID Relative density (%) Se atomic % Bi,Te,Se,
1 92.42 0 Bi,Tes 62
2 92.81 1.52+0.34 Bi,Te,Seo 7
3 92.49 3.91+0.68 BiyTe,4Seq 19
4 90.57 5.66+0.58 Bi,Te, 57S€027
5 90.44 8.20+0.97 BiyTe,s1Se4
6 91.95 11.54 £ 0.68 Bi,Te, 2S¢ 55
7 91.34 17.71 £0.38 Bi,Te; 145€0 59

Notably, the Se concentration has a significant
impact on the XRD spectra of the pellets as shown
in Fig. 2(a). Te and Se are in the same group in the
periodic table, but Se has a smaller atomic radius than
Te. Therefore, Se doping decreases the lattice constants
and causes the XRD peaks to shift to larger angles
according to the Bragg equation (sin =n/2d). The
initial observation on the XRD spectra shown in
Fig. 2(a) confirms this. Moreover, the lattice constant
a calculated from the XRD spectra decreases as the Se
concentration decreases (Fig. 2(c)). However, the (006)
peak position in Fig. 2(b), which is solely determined
by the c constant, shifts to a smaller angle and then to

a larger angle as the Se concentration increases. The
calculated lattice constant ¢ corresponds to the (006)
peak shifting and reaches a maximum value of
30.229 A, which is a smaller value than that of pure
Bi,Te; (30.483 A) at a Se concentration of 3.91%.
Combining the EDS results (Table 1) and the fact that
a monotonically decreases while c first increases and
then decreases with Se concentration (Fig. 2(d)), we
propose a plausible Se doping mechanism that explains
the variation of the lattice constants and carrier con-
centration with Se concentration that was measured
later on.

Sample 1, which is prepared from pure Bi,Te;
nanowires with no Se, is found to be Te deficient
(Table 1), which means there are a large number of Te
vacancies present in the lattice. As shown earlier in
Fig. 1(a), since Bi,Te; has a layered lattice structure, the
existence of a large number of Te vacancies implies
that some Te atomic layers are missing in the lattice,
which leads to a smaller ¢ constant (29.891 A) than
that of perfect crystalline Bi,Te; (30.483 A), whereas
the a constant (4.409 A) is slightly higher than that
of perfect crystalline Bi,Te; (4.385 A) because Bi has a
larger atomic radius than Te. When Se is doped into
the Bi,Te; pellets, Te vacancies are occupied by Se,
which causes the layer structure to stretch along the ¢
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Figure 2 (a) The summary of the XRD spectra of all seven samples and the spikes are the standard spectrum of Bi,Te; (JCPDS No.
15-0863). (b) The (006) peaks of the samples. (c) and (d) The change of calculated lattice constants a and ¢ with Se atomic percentage,

respectively.
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direction, leading to a larger c constant. However, the
a constant becomes smaller because Se has a much
shorter atomic radius than Bi and Te. As Se con-
centration increases past 3.91%, the c constant starts

to decrease while the a constant continues to decrease.

At this point, Se not only fills the Te vacancies but
also begins to occupy the Bi atomic layers to form Seg;
antisites or even replacing Te, likely due to the defect
formation energy of Seg; antisites being more favorable
with greater Se content or lesser Bi content [13]. Again,
due to the difference in atomic radii between Bi and Se,
the layer structure shrinks in the ¢ direction, leading
to a lower ¢ constant, while the a constant continues
its decreasing trend.

3.2 Electrical properties with varying Se
concentration

Figure 3 shows how Se concentration influences the
electrical properties of the samples at 300 K. As dis-
cussed earlier, each Te vacancy donates two electrons,
so sample 1 with no Se has an extremely high carrier
concentration of 5.36 x 10 cm™ (Fig. 3(a)). When Se
is doped into the system, samples 2 and 3 possess
reduced carrier concentrations because Se occupies the
Te vacancies and compensates the two free electrons

: 121

following Se+ V.’ +2e” =Se, , which decreases the

Te”
carrier concentration in the material. The Se doping
efficiency is calculated to be 0.45 electrons per Se
atom from the results of samples 1-3. Interestingly,
the carrier concentration reaches a minimum value of
2.84 x 10 cm™ in sample 3 at 3.9% Se and then starts
to increase, which exactly corresponds to the crest
point of the ¢ constant as shown in Fig. 2(d). As
discussed in the Se doping mechanism, Se occupies
the Bi site, which donates one free electron to the
system according to Se+Bi, =Sey +Bi+e . The Se
doping efficiency is calculated to be 0.11 electrons
per Se atom from the results of samples 3-5. As Se
concentration further increases, sample 6 has almost
identical carrier concentration as sample 5 at 1.60 x
10 cm™, whereas the carrier concentration of sample
7 drops to 1.10 x 10* cm™. The EDS results show that
Se starts to replace Te beginning in sample 5 (Te
concentration decreases with Se concentration from
samples 5 to 7). Ser. would not influence the carrier
concentration but since the band gap of Bi,Te; . Se,
increases linearly with increasing Se content [21]
(Fig. 3(b)), which could explain why the carrier con-
centration goes through a plateau before a relatively
small drop at higher Se concentrations. Note that
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Influence of Se concentration on thermoelectric properties at 300 K. (a) Carrier concentration; (b) the theoretical calculation

result of band gap and effective mass; (c) mobility; (d) Seebeck coefficient and electrical conductivity; (e) Pisarenko relation (Seebeck

coefficient vs. carrier concentration); (f) power factor.
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the band gap may vary due to the large amount of
Te vacancies and Se atoms occupying Te and Bi sites
in the samples, but the theoretical calculation results
obtained with the band gap values in Fig. 3(b) still
agree with the experimental data well. Figure 3(c)
shows the electron mobility of the samples at 300 K,
which reveals a few important points. First, the
magnitude of the mobility is in the range from 12 to
45 cm*V1-s? which is comparable to some other
solution-synthesized Bi,Te; ,Se, nanocomposites
[22-24] and thin films [25-27], but smaller than most
mechanically alloyed [9, 28] and single crystalline
Bi,Te; ,Se, [2], in which the mobility is about one
order of magnitude higher, being from 100 to
250 cm* Vs
results show that a scattering parameter (r) of 0.8 is
extracted from the fitting of the mobility and the
Seebeck coefficient, compared to the much smaller

Second, our theoretical calculation

scattering parameter found for the bulk material
(r=-0.3 to 0.5), which is due to the increased ionized
defect scattering at grain boundaries in these
nanocomposites.

The influence of Se concentration on Seebeck coef-
ficient and electrical conductivity at 300 K is shown
in Fig. 3(d). All the samples have negative Seebeck
coefficients, which indicate their n-type doping. The
Seebeck coefficient generally follows the Mott relation,
in which a higher carrier concentration leads to a lower
Seebeck coefficient (Fig. 3(d)) [29, 30]. The highest
Seebeck coefficient (-189 uV-K™) was achieved at a Se
concentration of 3.91%, which corresponds to the
carrier concentration of 2.84 x 10" cm™, while the
lowest Seebeck coefficient (-67 pV-K') was measured
in sample 1 with the carrier concentration of 5.36 x
10% ecm™ (Fig. 3(d)). A theoretical study based on the
Boltzmann transport equations was performed to
calculate the Pisarenko relation (carrier concentration
vs. Seebeck coefficient) as shown in Fig. 3(e). The
Seebeck coefficients of all the samples are found to
be above the bulk curve, which means our nano-
composites possess higher magnitudes of Seebeck
coefficient than bulk material at equivalent carrier
concentrations. The enhancement of the Seebeck
coefficients is attributed to the increased ionized defect
scattering at grain boundaries in the nanocomposites
as discussed previously. The electrical conductivities

of all the samples at 300 K are also shown in Fig. 3(d).
Generally, the electrical conductivity follows the same
trend as the carrier concentration with varying Se
content. The highest electrical conductivity is found to
be 1,675 S-cm™ in sample 1 while the lowest electrical
conductivity is 198 S-cm™ obtained at a Se con-
centration of 3.91% in sample 3. Overall, the reduced
mobility of our samples leads to smaller electrical
conductivities than those of the mechanically alloyed
samples [9, 28] or single crystalline Bi,Te;_.Se, at the
equivalent carrier concentration [2]. However, the
electrical conductivities of our samples are higher than
those of some other solution synthesized Bi,Te; Se,
nanocomposites [22-24].

Based on the Seebeck coefficient and electrical
conductivity at 300 K, the power factor was calculated
and plotted in Fig. 3(f). A maximum power factor of
~1.2 mW-m™-K? is obtained when the Se concentration
is 8.2%-11.54% with a carrier concentration of ~1.60 x
10®cm™. Note that the mechanically alloyed Bi,Te; ,Se,
reported in Refs. [9, 28] achieved maximum power
factors at carrier concentrations of 1.50 x 10" and 2.28 x
10" cm™, respectively. These carrier concentrations are
about an order of magnitude lower than the optimal
carrier concentration obtained from our samples. This
is due to the relatively lower mobility of our samples,
which makes the optimal carrier concentration shift
to a higher value [29]. Meanwhile, another case of
solution-synthesized Bi,Te; ,Se, nanocomposites claims
that the optimal power factor was obtained at a much
higher carrier concentration of 7.8 x 10° cm~and the
corresponding mobility was 1.33 cm> V-7 [24].

Figure 4 shows the temperature dependent ther-
moelectric properties of the Bi,Te; ,Se, nanocomposites.
On one hand, the negative temperature dependent
behavior of electrical conductivity of almost all the
samples indicates they are degenerate semiconductors
except for sample 3, which shows a positive tem-
perature coefficient (do/dT) due to its low carrier
concentration (Fig. 4(a)). We also note that the peak
Seebeck coefficient shifts from 480 K in sample 1 to
400440 K in the other samples because the reduced
carrier concentration by Se doping decreases the
onset temperature of the bipolar effect (Fig. 4(b)) [31].
The power factor is plotted in Fig. 4(c). Due to the
decrease in Seebeck coefficient with temperature,
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Figure 4 The temperature dependent thermoelectric properties. (a) Electrical conductivity; (b) Seebeck coefficient; (c) power factor.

sample 3 has the lowest power factor among the
samples. Also, in the temperature range of 300-500 K,
the optimal Se concentration is 11.54%, which gives
the highest power factor of 1.48 mW-m™-K= at 400 K.
This value is much higher than that of the pure Bi,Te;
(no Se) nanocomposite (1.04 mW-m™K? at 400K
and 1.16 mW-m™-K=2 at 480 K). This enhancement is
attributed to the optimized carrier concentration and
increased mobility.

3.3 Anisotropic thermal conductivity and ZT

In order to investigate the anisotropy of the thermal
conductivity, which is expected due to the highly
anisotropic lattice structure of Bi,Te; .Se, (Fig. 1(a)),
the thermal conductivity was measured along two
different directions, in-plane and cross-plane, at 300 K.
The measurement results (Fig. 5(a)) show that the
in-plane thermal conductivity is around two times
higher than the cross-plane thermal conductivity. The
scanning electron microscopy (SEM) images of the
pellet cross sections reveal the laminated structure
after hot pressing, which explains the anisotropic
thermal transport in the support information (Fig. S1
in the Electronic Supplementary Material (ESM)). The
anisotropic thermal transport is thought to be caused
by the hot pressing process, because the set-up used in
this research has a slow ramping speed (~5 K-min™)
and an even slower cooling speed (~1 K-min™). This
significantly extends the time when the samples were
kept at high temperatures, which leads to the regrowth
of Bi,Te; crystals. The regrown crystals preferably
form laminates that stack in the direction of the applied
pressure, which is the cross-plane direction of the
pellets. As Bi,Te; has a layered lattice structure, the
cross-plane direction of the laminate-like crystals in

the pellets may be along the c axis, where the thermal
conductivity of Bi,Te; is the smallest since the
quantum layers are connected with Van der Waals
forces (Fig. 1(a)). Therefore, a much smaller thermal
conductivity is observed in the cross-plane direction
than the in-plane direction of the pellets. To minimize
the regrowth, spark plasma sintering is preferred, since
it has a fast ramping and cooling speed, which ensures
that the samples do not stay at high temperatures for
too long during dense pellet formation [32]. Another
interesting aspect is that the thermal conductivity
decreased significantly with increasing Se content,
which is mainly due to the reduced electronic thermal
conductivity. The electronic and lattice contributions to
the in-plane thermal conductivity are also calculated
and plotted in Fig. 5(a). The lattice thermal conductivity
first increases and then decreases with Se concentra-
tion, which could be caused by the defects in the
samples. In sample 1, there is a large number of Te
vacancies and these defects are compensated by Se
occupation after Se doping, so from samples 1 to 3,
the lattice thermal conductivity increases with Se con-
centration. However, after sample 3, the new defects,
Ser. antisites, start to form and reduce the lattice
thermal conductivity. The temperature dependent
cross-plane thermal conductivity can be found in
Fig. 52 (in the ESM). The temperature dependent in-
plane thermal conductivity was not measured because
of instrumental limitations. Since the electrical pro-
perties were measured along the in-plane direction,
the in-plane thermal conductivity was used to
calculate ZT, shown in Fig. 5(b). The ZT is enhanced
via Se doping by 3x and peaks at a Se concentration
of ~11%. The increase in power factor and reduction in
thermal conductivity from Se doping both contribute
to the ZT improvement.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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are also plotted. (b) ZT at different Se concentration using in-plane properties. The properties were measured at 300 K.

3.4 Further ZT optimization with theoretical
modelling

One of the important material parameters that limit ZT
in our nanocomposites is their low mobility. Reduced
mobility in nanostructured materials is not unusual;
it is found in other solution-synthesized nanostructured
n-type Bi,Te;[22-24]. Here, we performed a theoretical
study to investigate the impact of mobility enhan-
cement on the figure of merit at a given carrier
concentration in Bi,Te,s5e,s. Three different carrier
concentrations, i.e. 2 x 10", 9 x 10”, and 1.6 x 10%° cm™®,
were considered for this study, and the mobility was
varied by reducing the carrier scattering strength at
each carrier concentration. The results of the calculated
transport properties as a function of mobility are
shown in Fig. 6. We scanned the mobility from the
measured value in our samples up to the bulk value
at each carrier concentration.

As shown in Fig. 6(b), the power factor increases
rapidly with mobility due to the improved electrical
conductivity (Fig. 6(a)), and then rolls over as the
mobility further increases due to the reduced Seebeck
coefficient (Fig. 6(a)) as shown for the carrier con-
centration of 9 x 10 cm™. In general, at a lower mobility,
a higher carrier concentration leads to a better power
factor; however, at a high mobility, a lower carrier
concentration results in a better power factor (Fig. 6(b)).

Thermal conductivity typically consists of electronic,
lattice and bipolar contributions, with the last com-
ponent being negligible at room temperature for
Bi,Te; [33]. The electronic contribution of thermal
conductivity x, was calculated using the Wiedemann-
Franz relation with the Lorenz number (L) of 2.44 x
10®* W-Q-K™. The lattice thermal conductivity x, as a

function of mobility was obtained by assuming that
the mobility is tuned by grain size, e.g. electron grain
boundary scattering (see the ESM). The estimated
grain diameter for samples 5 and 6 is around 4.35 nm,
which is larger than the effective phonon mean free
path ~2.4nm but much smaller than the effective
electron mean free path ~24 nm in bulk Bi,Te; with
10% Se with carrier concentration of 1.6 x 10* cm™
(see the ESM). As a consequence, the lattice thermal
conductivity does not increase as significantly as the
electronic thermal conductivity with mobility, as
shown in Fig. 6(c). The increases of the lattice and the
electronic thermal conductivities are around 50% and
350%, respectively, from the sample nanostructure to
the corresponding bulk for the carrier concentration
of 1.6 x 1020 cm3. As a result, the electronic thermal
conductivity is responsible for the greatest portion of
the total thermal conductivity at high mobility.
Nanostructuring benefits the value of ZT in these
nanocomposites only when the lattice contributes a
small portion to the total thermal conductivity. The
effect of nanostructuring can be understood explicitly
from the ZT expression OfSZT/(LT-i-K'l /o), where
S? increases moderately with nanostructuring (or
lowering mobility), and «, / o increases rapidly due
to the fast decreasing o . As a result, the dependence
of ZT on nanostructuring is determined by whether
the lattice of the electron dominates the thermal
conductivity. At a higher value of mobility (light
nanostructuring), x, > x,, and ZT increases with
nanostructuring mainly due to the increase of S* in
the numerator. However, at a lower mobility (heavy
nanostructuring), «, <x,, and ZT decreases with
nanostructuring because the fast increase of x, /o
overwhelms the moderate increase of S*. Therefore,
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Figure 6 Modeling results of thermoelectric properties with a given carrier concentrations, including 2 x 10" cm™, 9 x 10" cm™ and
1.6 x 10* cm™, with varied mobility at 300 K. (a) Seebeck coefficient and electrical conductivity; (b) power factor; (c) thermal

conductivity; (d) ZT.

nanostructuring is not always beneficial for ZT, which
actually has a maximum value at a certain mobility level
that is dependent on carrier concentration (Fig. 6(d)).

Moreover, since a larger carrier concentration leads
to higher electronic thermal conductivity (Fig. 6(c)),
the highest ZT is found at a relatively low carrier
concentration, i.e. 2 x 10" cm™ in this case as shown
in Fig. 6(d). At a high carrier concentration of 1.6 x
10* ecm™, nanostructuring can be beneficial when it
leads to a smaller mobility, as it reduces the electronic
thermal conductivity and maximizes ZT at a low
mobility as shown in Fig. 6(d). In fact, our material at
this carrier concentration has a mobility quite close
to the optimal value (marked as “star” in Fig. 6(d)).
However, the highest observed ZT of 0.56 is predicted
to occur at a carrier concentration of 2 x 10" cm™when
the mobility is as high as 240 cm*V"-s". This is very
close to the optimal values (n = (1~2) x 10" cm™ and
mobility ~250 cm* Vs for n-type Bi,Te; ,Se, (0 < x
< 1). These calculated ZT values shown in Fig. 6(d)
provide guidelines in designing nanocomposite ma-
terials based on Bi,(Te,Se);. Note that these modelling
results are based on Bi,Te,55e,5 so the results can vary
depending on the material composition.

4 Conclusion

In this paper, Bi,Te; nanowires were solution-synthesized
at a large scale of approximately 17 g per batch. The

consolidated Bi,Te; nanocomposites have extremely
high carrier concentrations, so Se is doped to optimize
the carrier concentration. The doping mechanism of Se
was studied using XRD and Hall effect measurements,
and it is found that Se doping effectively decreases
carrier concentration, which leads to an improved
power factor and reduced thermal conductivity.
Therefore, the ZT is greatly enhanced up to 0.26 at
300 K because of the optimal Se doping at ~11%.
Theoretical studies with both electron and thermal
transport calculations reveal that this ZT can be further
enhanced up to 0.56 when the mobility and the carrier
concentration can be simultaneously optimized.
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S1 Measurement of thermoelectric properties
S1.1 Cross-plane thermal conductivity measurement

The pellets were cut and polished into required dimensions. Seebeck coefficient was measured in home built
system by bridging the sample between a heater and heat sink and testing the voltage and temperature
difference between the hot and the cold sides in a vacuum chamber. Electrical conductivity was measured
with Van der Pauw method in a system where a MMR K-20 temperature stage was used to control sample
temperature and an Agilent was connected to provide source current and collect voltage signals. Hall Effect
was carried out by applying magnetic field up to 1 Tesla to the electrical conductivity measurement system.
The cross-plane thermal conductivity was calculated via the equation x = apC, (p is the density and C, is heat
capacity) and the thermal diffusivity («) was measured through the laser flush method. All the measurements

were carried out under vacuum in the temperature range from 300 to 500 K.
S§1.2 In-plane thermal conductivity measurement

The schematic of the experimental setup for characterizing the in-plane thermal conductivity is shown in

Fig. S3. The sample was fixed on the aluminum heat sink with silver paste that was also used to connect the
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thermal couple to the suspended end of the sample. To suppress heat convection, the setup was placed in a
vacuum chamber with pressure of 2.1-2.3 mTorr. A 1,550 nm laser was used to heat the sample. To enhance
laser energy absorption, a black marker was used to paint the sample surface facing the laser. Two lenses were
used to enlarge the laser spot before the laser entered the vacuum chamber. Since the laser spot is much larger
than the sample size, the laser energy flux hit on the sample surface can be taken as uniform. The heat sink was
at room temperature. After laser was applied, the temperature of the suspended sample end rose and it was
measured by the thermal couple. The temperature rise is related to the sample’s thermal conductivity as
AT =Ql/(2xwd) . Here, Q is the heating energy, [ is the sample length, « is the thermal conductivity, w and d are
the width and thickness respectively. Then the thermal conductivity can be expressed as x = Ql/(2ATwd) . To
measure the heating energy, a piece of hard and thick paper was placed at the position of the sample. The paper
was used to block the laser and a hole sharing the same size of the sample was cut in the paper. The light
passed through the hole and a laser power meter (POWER MAX500D) was placed underneath the paper to
measure the laser energy. The sample length, width and thickness were measured with micrometer and optical
microscope. Then the thermal conductivity of the sample was calculated. The calculated thermal conductivity
L= 850"T312/(d7t2). Here,
¢ is the emissivity, ¢’ is Stefan-Boltzmann constant, T is the surface temperature. For the emissivity, the value

includes the effect of thermal radiation. The effect of radiation can be calculated as «

for the surface facing the laser is 1 and the value for the other surface is estimated to be 0.5, so the average
emissivity of the sample is estimated to be 0.75. The maximum effect of radiation is very small (about 3%) so
that it would not bring significant error to the final results. The real thermal conductivity of the sample
is x_, =k —K,, . To improve the accuracy, one sample was measured for four times with different laser energy
and temperature rises. The main error source in this experiment is the laser energy absorption rate, namely the
emissivity. The sample surface is coarse and black so the emissivity is taken as 1 in this experiment. The error
due to the emissivity is estimated to be 5%. The relative error of the geometrical measurement is estimated to
be 1% and the relative error of the thermal couple is also 1%. Therefore, the total relative error of the thermal

conductivity is estimated to be 5.4%.
S2 Theoretical modeling

§2.1 Carrier transport modeling

We modeled the carrier transport in the Biy(Te; Se,); nanocomposites based on the linearized Boltzmann
transport equations (BTE) under the relaxation time approximation. The differential conductivity o4(E) is
defined as

0
o,(E) = e*z(E)*(E) pDOS(E)(—%j (S1)
where e is the electron charge, 7 is the total relaxation time, ppos is the density of states, v is the carrier velocity
in one direction, and f; is the Fermi-Dirac distribution. For the multiple-band transports in Biy(Te;_,Se,)s, the

transport properties are calculated by summing all the contributions from each band. The electrical conductivity
o, the Seebeck coefficient S, and the electronic thermal conductivity «; are given, respectively, by

o= [o,(E)dE (S2)
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(S3)

O
x, =LoT (S4)

where L is sum over the bands, g is —e for conduction bands, and +e for valence bands, T is the absolute tem-
perature, and Ey is the relative position of the Fermi level to each of the band edge. In fact, the Lorenz number
is a function of the Fermi level and band structure, but we found that all the samples in this paper were highly
degenerate, so that the Lorenz number can be assumed to be the conventional value, 2.44 x 10® W-Q"-K. More
information about the electron transport modeling is found elsewhere [S1].

We included two major conduction bands and two valence bands in our transport modeling, all of which are
modeled as non-parabolic bands with 6 band degeneracy each. The band gap, effective masses are all dependent
on the Se content, x, found from literature, but assumed to be temperature-independent in this paper. The
relaxation time is determined by several major scattering mechanisms in Biy(Te;_.Se,);. Acoustic phonon
deformation potential scattering is a major scattering mechanism for electrons in bulk. In the nanocomposites,
we added intense ionized defect scatterings at grain boundaries with the defect density as a fitting parameter to
fit the mobility.

S$2.2 Lattice thermal conductivity modeling

The calculation of lattice thermal conductivity as a function of electron mobility consists of two steps. The first
step is to figure out the average grain diameter for a given electron mobility by using electron grain boundary
scattering. The second step is to estimate the thermal conductivity according to the average grain diameter and
the phonon-boundary scattering.

52.2.1 Calculate the average grain diameter

The electron mobility x# and the grain diameter D in the nanocomposites are related by the electron scattering
with the Matthiessen’s rule

1 1 1 1
=t —f—— -t

1
H H, imp H def H latt H bound

1 1
= +

Il'l bulk /J bound

1 muy,
+

My €D

(S5)

where 1/ My r 1/ pyr 1/ p,, , €tc., represent electron impurity scattering, electron defect scattering, electron

phonon (lattice) scattering, etc., in bulk Bi,Te; with 10% Se. The summation of them gives the reciprocal mobility

1/ w, . in the bulk Bi,Te; with 10% Se. The last term 1/, . represents the electron boundary scattering
e e D

—7=——_Here m and v, are the

in nanostructured Bi;Te; with 10% Se, which is determined by 4, .=
m vy

effective electron mass and the Fermi velocities of electrons, respectively. Based on Eq. S5, the average grain
diameter D for a given electron mobility x is
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For the three carrier concentrations, i.e. 2 x 10", 9 x 10", and 1.6 x 10*° cm™, the bulk mobilities z, , are 320,
250, and 220 cm*V"s7, and the Fermi velocities v, are estimated as 1.5 x 10°, 2.2 x 10°, and 2.7 x 10° m's™,
respectively. The effective electron mass is m = 0.7m,, with m, representing the electron static mass. Based on
Eq. (S6), the average grain diameter of samples 5 and 6 are estimated around 4.35 nm. Such grain size reduces

the electron mean free path A =v.,, =2t (04 nm) in bulk Bi,Te; with 10% Se and carrier concentration
e

of 1.6 x 10% cm™ to 3.7 nm in nanostructured Bi,Te; with 10% Se (e.g. samples 5 and 6).
52.2.2  Calculate the lattice thermal conductivity

Similar to electron transport, the effective phonon mean free path 4, in nanocomposites is determined by phonon
scattering in bulk and phonon-boundary scattering in nano-grains

SRR (S7)
Ap Ap‘bulk

1 ¢ o .
Based on kinetic theory, the lattice thermal conductivity is «; :EIO c(a))vg(a))Aplsp(a))da) =ad,, where « is

representing the phonon frequency, specific heat,

1 ¢ O .
defined as « Eg I . c(a))vg(a))da) with @, ¢, vy and 4,

group velocity and spectral mean free path, respectively. Based on our previous calculation [S2] and the
literature [S3, S4],  is estimated as 5.767 x 10® W-m=K'. Multiplying Eq. (S7) by a gives the grain diameter
dependent lattice thermal conductivity of nanocoposites

N S (S8)

K Kpa @D

Here the unknown x,,
,bulk

represents the lattice thermal conductivity of bulk Bi,Te; with 10% Se and is obtained
in the following approach. Samples 5 and 6 have the electrical conductivities of 907 and 829 S:cm™, and thus

electronic thermal conductivities x, = LoT of 0.664 and 0.607 W-m™-K™, respectively. Their in-plane thermal
conductivities were measured as 1.63 and 1.42 W-m™-K™, respectively. Thus their lattice thermal conductivities
are estimated as 0.966 and 0.813 W-m™K, respectively. Sample 5 has a bit larger lattice thermal conductivity is
owing to its lower Se concentration and thus less phonon impurity scattering. Since the Se concentration of 10%
in our modeling is very close and in between our samples 5 (8.20% + 0.97% Se) and 6 (11.54% + 0.68% Se), and
the grain diameters of samples 5 and 6 are both around 4.35 nm, thus, the lattice thermal conductivity of our
modeling material, i.e. Se concentration of 10%, with grain diameter of 4.35 nm is estimated as x, =0.89 W-m™"-K™,

the average of 0.966 and 0.813 W-m™K™. Finally x,

,bulk

K aD

-1
is obtained as xy,, = (i—ij =138 W-m™-K™.

Since both the constants K bulk

grain diameter D, or electron mobility x, can be calculated based on Eq. (S8).

and o have been obtained, the lattice thermal conductivity as a function of
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S3 Supplementary figures

Figure S1 Scanning electron microscope images at the cross section of hot press pellets. Sample ID is labeled on the images.
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Figure S2 Temperature dependent thermal conductivity of samples 1, 3, 5 and 6 along the cross-plane direction.
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Figure S3 Schematic of the experimental setup for characterizing the in-plane thermal conductivity.
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