
Anisotropy of Microstructure and Its Influence on Thermoelectricity:
The Case of Cu2Te−Sb2Te3 Eutectic
Shriparna Mukherjee,*,# Shanmukha Kiran Aramanda,# Surafel Shiferaw Legese, Alexander Riss,
Gerda Rogl, Olu Emmanuel Femi, Ernst Bauer, Peter Franz Rogl, and Kamanio Chattopadhyay*

Cite This: ACS Appl. Energy Mater. 2021, 4, 11867−11877 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Using a set of controlled in situ grown lamellar
composites of (Cu2Te)62.02−(Sb2Te3)37.98, we report a remarkable
variation of transport properties of thermoelectricity not only as a
function of microstructural length scale but also as a function of
direction-dependent arrangement of the phases and hence their
interfaces. A quantitative evaluation of the microstructure along
the transverse and the longitudinal directions of growth, imposed
by the temperature gradient and growth rate in a unidirectional
solidification setup, has been carried out. The microstructure is
quantified through image analysis using fast Fourier transforms as
well as a cluster base connectivity model and is further correlated
with the thermoelectric transport properties. A marked anisotropy
of properties as a function of measurement direction in the
microstructural landscape could be observed. A maximum power factor of ∼1.4 mW m−1 K−2 and a figure of merit of 0.29 could be
obtained at 580 K along the transverse direction for the sample with the characteristic microstructural length scale of 2.41 μm. This
has an implication in engineering a thermoelectric device in terms of engineering power factor and output power density. For a ΔT
of 250 K, we report a difference of 0.4 W cm−2 in output power density between the transverse and the longitudinal directions that
have an identical microstructural length scale of 2.41 μm.
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1. INTRODUCTION

Microstructure preponderantly influences the thermoelectric
properties of materials.1−7 Some of the strategies for modifying
the microstructure for tuning these properties are solid-
ification,8,9 spinodal decomposition,1,10,11 and solid-state
precipitations.12−15 Solidification can produce a wide range
of microstructural features, from amorphous to multiphase to
single crystal during liquid to solid transformation. The
temperature gradient across the solid−liquid interface and its
growth velocity are the two important processing parameters
during solidification that influence the evolution of the
microstructure.16,17 Microstructural modifications through the
cooling rate control to enhance the thermoelectric perform-
ance have gained attention in the recent past;18−20 however,
these efforts are geared toward reducing the contribution of the
lattice thermal conductivity to the total thermal conductivity
(κ) to enhance the thermoelectric figure of merit zT (where zT
= S2σT/κ). The enhancement of the thermoelectric power
factor (S2σ, where S is the Seebeck coefficient and σ is the
electrical conductivity) can also significantly improve the
thermoelectric performance that may be equally important to
that of the reduction of thermal conductivity.21−23

Eutectics are a common feature in many phase diagrams and
are utilized for various applications.5,9,23−32 During the
solidification of eutectic systems,33,34 multiple phases self-
organize into characteristic spacings based on the solidification
velocity and growth along the imposed temperature gradient.
Such alignment of the eutectic phases can exhibit anisotropy of
the microstructure and hence the directional dependence of
the properties, including thermoelectric transport properties.
These have motivated the present study.
The Cu2Te−Sb2Te3 pseudobinary phase diagram35 shown

in Figure S1 exhibits a eutectic reaction. A composition
(Cu2Te)62.02−(Sb2Te3)37.98 of the eutectic alloy was chosen for
the present study. In earlier reports, the thermoelectric
transport properties of the constituent phases, that is, Cu2Te
and Sb2Te3, have been tuned by controlling the charge carrier
concentration via doping/alloying36−39 and by microstructural
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engineering.40,41 Both chalcogenides crystallize with a trigonal
crystal structure and are intrinsically p-type semiconductors
that form a solid solution with each other over a wide range of
compositions. Cu2Te has unique electronic properties42 and

belongs to the phonon-liquid-electron-crystal (PLEC) system
possessing low thermal conductivity.43,44 Sb2Te3 is a room-
temperature thermoelectric material used mostly for refriger-
ation applications.45 A qualitative study of a set of Cu2Te−

Figure 1. (a1,a2 and b1,b2) Micrographs captured from directionally solidified samples for 32 and 1 μm/s, respectively; (a1) and (b1) are
micrographs along the transverse direction, while (a2) and (b2) are micrographs along the longitudinal direction. The inset in (b1) shows the FFT
of the image. (c1) Variation of microstructural length scale (λ) and colony spacing with different solidification velocities and (c2) variation of λ
with the inverse square root of different solidification velocities.
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Sb2Te3 pseudobinary alloys along with their microstructure
and thermoelectric properties is available.40 However, very few
studies in the literature aim to correlate the microstructural
length scale and arrangements of multicomponent phases
quantitatively with the thermoelectric power factor. This study
aims to achieve this through directional solidification using a
modified-Bridgman-type apparatus (shown in Figure S2).

2. EXPERIMENTAL SECTION
The pseudobinary eutectic alloy composition (Cu2Te)62.02−
(Sb2Te3)37.98 was chosen for the present study following the phase
diagram given in Figure S1.35 The elemental shots of Cu (4N), Sb
(4N), and Te (4N) were weighed according to the stoichiometric
ratio of Cu (33 at. %), Sb (20.21 at. %), and Te (46.79 at. %) and
sealed in evacuated quartz tubes. The elemental mixtures were
induction melted to obtain a homogeneous composition. The
synthesized alloy was subsequently sealed in evacuated quartz tubes
for directional solidification experiments. A modified-Bridgman
apparatus was used for directionally solidifying the alloys. The details
of the apparatus are given below.
2.1. Description of the Apparatus. The modified-Bridgman-

type apparatus consists of an isothermal hot zone and an isothermal
chill zone separated by an insulating zone, as shown in Figure S2a.
The required temperature of the hot zone is achieved through
resistance heating (Kanthal-A is used as a heating element). The chill
zone at a lower temperature is maintained by continuous circulation
of cold water. The purpose of the insulation zone is to establish a
thermal gradient between the hot and chill zones without much heat
transfer between the zones. The axial temperature profile in the
apparatus is obtained when the hot zone is set at 923 K, while the chill
zone is kept at 398 K through water circulation. The temperatures
were measured using a thermocouple kept stationary while the
furnace is moved relative to the thermocouple. The axial temperature
plot is shown in Figure S2b. The temperature gradient at the melting
point of the eutectic is calculated using the axial temperature plot and
is 23.4 K/mm. More details about the apparatus are given in refs 46
and 47. We have varied the solidification rates by changing the
apparatus’ traverse rate relative to the stationary sample using a
gearbox coupled with a linear drive. Using this assembly, we could
directionally solidify the alloys up to a length of 80 mm at a constant
temperature gradient (23.4 K/mm) with variable pull velocities (V =
1, 4, 16, and 32 μm/s). An image of a typical sample is shown in
Figure S2c.
2.2. Characterization Techniques. Traditional polishing

techniques were employed for metallographic analysis of transverse
and longitudinal sections of the directionally solidified samples.
Microstructure characterization has been carried out using a field-
emission tip equipped electron probe microanalyzer (JEOL, JXA-
8530F). Cylindrical samples of ca. 12 mm × 6 mm were used to
measure the transport properties, both parallel and perpendicular to
the solidification direction as shown in Figure S3a and b, respectively.
The transport properties such as the Seebeck coefficient and electrical
resistivity of the alloys were measured in the temperature range
between 300 and 600 K, using a ULVAC ZEM-3 system. A
differential method was used to measure the Seebeck coefficient, while
a four-probe method was used for electrical resistivity. The errors in
measurement for the Seebeck coefficient and electrical resistivity were
7% and 10%, respectively. The thermal diffusivity (D) was measured
with the laser flash method, using LINSEIS LFA 500 equipment. For
the measurements, discs with a diameter of 6 mm and a height of 1
mm or square-shaped plates with a dimension of 6 mm × 6 mm × 1
mm were used. The diffusivity was measured from 300 to 600 K in
steps of 20 K, using four laser-shots for each temperature point. The
thermal conductivity, κ, was calculated according to the relation κ = D
× Cp × ρ, with ρ as the measured density of the sample. Here, we have
taken the Dulong Petit value for the specific heat capacity (Cp) for
ease of calculations. We have also measured the temperature-
dependent Cp using LINSEIS DSC-PT10 equipment, and the results
have been included in Figure S12.

3. RESULTS AND DISCUSSION
3.1. Microstructure and Phase Analysis. Microstruc-

tures along both parallel as well as perpendicular to the
solidification direction were characterized using a field-
emission scanning electron microscope (SEM) and are
presented in Figure 1 for different solid−liquid interfacial
velocities. The microstructures of the transverse sections are
shown at lower magnification in Figure 1a1 and b1 and in
Figure S4. The features at higher magnification are revealed in
Figure S5. Figure 1a2 and b2 shows the micrographs of the
longitudinal sections. The microstructures reveal the formation
of two-phase colonies in the samples solidified at a growth
velocity (V) of 32, 16, and 4 μm/s. The alloys chosen for the
study fall in the pseudobinary eutectic valley of the ternary
phase diagram35 and can undergo a univariant eutectic reaction
during solidification. Depending on the growth conditions,
instabilities can develop beyond a critical velocity leading to
the formation of a two-phase colony. This phenomenon is very
similar to the Mullins−Sekerka instability48 that occurs in
single-phase solidification and is reported in the litera-
ture.46,49,50 At velocities greater than 1 μm/s, the eutectic
front, in the present case, gets destabilized, which causes the
formation of these colonies.

3.1.1. Morphology and Eutectic Length Scale Selection.
The growth direction of the eutectics is along [1010] of
trigonal Cu2Te as shown in Figure S6. The morphology of the
eutectic is complex lamellar inside the colony at higher
velocities, that is, V = 32, 16 μm/s; however, with a decrease in
velocity to 4 and 1 μm/s, we predominantly observe a
degenerate morphology of the eutectic. The morphology of the
colonies in all cases is plate-like. The determination of the
characteristic length scale of these microstructures is not
straightforward. We have determined the length scale of the
complex arrangement of the two phases in the microstructure
by digitizing the image and carrying out fast Fourier
transformation (FFT) as shown in the inset of Figure 1b1
(details in Figure S7). The colony spacings were measured by
the line intercept method using ImageJ software and are
presented in Table 1 and Figure 1c1 as a function of growth

velocity. Eutectic scaling (λ, i.e., microstructural length scale),
according to the Jackson Hunt theory,51 follows the λ2V =
constant (V is the velocity of the solid−liquid interface). The
variation of the characteristic microstructural length scale (λ)
between the two phases has been plotted against the inverse
square root of velocity (V−0.5) in Figure 1c2. The micro-
structural length scale of the eutectic shows an increasing trend
with a decrease in velocity. The square of the slope of the
linear fit gives the scaling constant λ2V as ca. 1.54 ± 0.4 μm3/s.
A slight deviation from the linear fit could be due to the
formation of colonies in the eutectic system.

Table 1. Microstructural Length Scale from FFT (λ) and
Colony Spacing of the Alloys at Different Solidification
Rates

nomenclature
solidification rate

(μm/s) λ (μm)
colony spacing

(μm)

alloy 1 1 2.41 ± 0.22 ∞
alloy 2 4 1.86 ± 0.13 95.7 ± 17.2
alloy 3 16 1.46 ± 0.35 49.7 ± 8.8
alloy 4 32 0.95 ± 0.27 42.7 ± 10.2
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We have also evaluated the percolation of the phases and
their connectivity from the observed microstructures. In Figure
2, the clusters are defined as an independent region of the
black phase and are labeled using the Hoshen−Kopelman
algorithm.52 The number of clusters per unit area is calculated
as the ratio of the total number of black phase clusters in the

image to the image size in micrometers. The percolating
clusters of the black phase are the ones that extend from one
boundary of the image to the opposite boundary. The area
fraction of the percolating clusters is the ratio of the total area
of the percolating clusters to the image area. The cluster
statistics of the images have been provided in Table S1. The

Figure 2. Quantitative analysis of micrographs of samples solidified at 1 μm/s shown in (a) and (c) and at 16 μm/s shown in (b) and (d); (a) and
(b) are along the longitudinal section, while (c) and (d) are along the transverse section. The number of clusters in each image is shown below its
SEM image (refer to a2, b2, c2, and d2), where each cluster has an identity with a unique color, as shown in the legend. Percolating clusters
corresponding to longitudinal sections are shown in (a3) and (b3), whereas transverse sections do not have any percolating clusters in both of the
samples.

Figure 3. Composition distribution maps (along the transverse section) in parts a1−a3 obtained from the sample solidified at 32 μm/s show the
segregation of element Sb in inter colony regions; parts b1−b3 show the composition distribution maps of the sample solidified at 1 μm/s; the
maps show the uniform distribution of elements in each phase.
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effect of the clusters and percolating clusters on the electrical
transport properties has been discussed in the subsequent
section.
3.1.2. Composition Distribution. Composition distribution

maps are obtained with an electron probe microanalyzer
(JEOL, JXA-8530F) equipped with a field emission source.
The elemental map of the sample solidified at 32 μm/s along
the transverse direction is shown in Figure 3a1, a2, and a3 for
Cu, Sb, and Te, respectively. The higher compositions of Sb in
intercolony regions, as shown in Figure 3a2, occur due to Sb
segregation in the cell boundary during solidification. Similar
variations in Sb composition are also observed in samples
solidified at a growth rate of 16 and 4 μm/s (Figures S7 and
S8, respectively). The composition distribution map of the
sample solidified at 1 μm/s along the transverse section is
shown in Figure 3b1, b2, and b3 for Cu, Sb, and Te,
respectively. Consistent with the absence of colony regions in
the samples solidified at 1 μm/s, we also observe a uniform
distribution of elements in their respective phases in these
samples.
3.2. Effect of Microstructure on the Thermoelectric

Transport Properties. The variation in the rates of
solidification also results in a variation of the scale of eutectic
microstructure and the morphologies of the phases. As shown
in Table 1 and Figure 1c1, the microstructural length scale of
the eutectic and the colony spacing decrease with an increase
in the solidification rate. The decrease in the length scale will
result in enhanced carrier (holes) scattering at the interfaces,
affecting transport properties. Moreover, the difference in the
alignment of the phases will result in anisotropy of electronic
properties in different directions. We have, therefore, measured

the transport properties of the alloys in two directions, (1)
parallel to the direction of solidification (termed as
longitudinal direction) and (2) perpendicular to the direction
of solidification (termed as transverse direction), and
correlated the properties in each of the directions with the
variation in the microstructural length obtained from FFT.
From Figure 4, it can be concluded that the electrical

conductivity (σ) of the alloys along the longitudinal direction
is higher than that in the transverse directions. It can be
understood with the help of the quantitative analysis of SEM
microstructures given in Figure 2. With an increase in velocity,
the number of clusters per unit area (in both the transverse and
the longitudinal directions) increases, which means that the
black phase (the higher conducting phase) is less connected.
Hence, the electrical conductivity reduces with an increase in
the solidification speed. At 1 μm/s, the transverse section has a
greater number of clusters per unit area than does its
longitudinal counterpart (almost an order of magnitude
difference in the number of clusters). As a consequence, σ is
also lower in the transverse direction as compared to the
longitudinal direction. At 16 μm/s sample, clusters/area values
in the transverse and longitudinal sections are almost the same.
In both of the samples grown with 1 and 16 μm/s growth rates,
percolating clusters are present in the longitudinal section
along the growth direction (see Figure 2a3 and b3). But these
are absent in the transverse direction (zero percolating clusters
in the transverse and from the left boundary to the right
boundary in the longitudinal section image). The absence of
percolating clusters in the transverse section explains the lower
electrical conductivity in this direction. Moreover, as compared
to alloys solidified at higher solidification rates, the alloy

Figure 4. Temperature-dependent variation of the electrical conductivity (σ) and Seebeck coefficient (S) with changes in lamellar spacing;
measurement was carried out along the longitudinal (a and c) and transverse directions (b and d).
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solidified at 1 μm/s has a more significant number of
percolating clusters in the longitudinal direction leading to
higher σ.
As shown in Figure 4, the electrical conductivity of the alloys

decreases with temperature following the power-law σ ∝ Tδ,
where δ is the relaxation time;53 in both the longitudinal and
the transverse directions, the value of δ indicates that acoustic
phonon scattering54−56 dominates the carrier scattering. From
the theoretical fit of the power law, the estimated δ values for
all of the alloys in the longitudinal direction are ∼1.6. Similar δ
values indicate that the scattering phenomena in all alloys are
similar in the longitudinal direction. However, the values were
different for each alloy in the transverse direction. Such
differences in the scattering behavior of each alloy is related to
the differences in the nature of the Cu2Te−Sb2Te3 interfaces.
This is evidenced through the enhanced electrical conductivity
in the transverse direction for a microstructural length scale of
2.41 μm (solidified at 1 μm/s). As compared to the alloys
solidified at either 32, 16, or 4 μm/s, which has segregation of
Sb in cell boundaries, this alloy has a homogeneous
distribution of elements in the respective phases without
forming any colonies. Hence, the scattering mechanisms will
be remarkably different in this alloy as compared to the other
three.
In both measurement directions, the electrical conductivity

is higher in the sample with a 1 μm/s solidification rate and
decreases systematically with an increase in the rate. It
correlates with the systematic decrease in the microstructural
length scale λ, as shown in Figure 1c1. As the solidification rate
increases, λ decreases from 2.41 to 0.95 μm leading to an
increase in the number of interfaces that enhance the charge
carriers’ scattering. There is a systematic trend between
electrical conductivity and the microstructural length scale λ,
in both longitudinal and transverse directions; however, the
reduction in the conductivity in the transverse direction is
significant, almost one-half, as compared to the longitudinal
direction. The electrical conductivity in the longitudinal
direction is equivalent to an electrical circuit where the
resistors (the Cu2Te/Sb2Te3 phases in the eutectics) are
connected parallel. In contrast, the same set of resistors (the
phases in the eutectic) will have a series connection in the
transverse direction.

Following the effective medium theory (EMT) and its
generalized derivation (GEMT) (where the interface density is
not considered), the electrical conductivity of the composite
alloys in both the longitudinal and the transverse directions can
be predicted as follows:57−60

σ = σ + σf f (parallel model, upper limit)1 1 2 2 (1)

σ =
σ σ

σ + σ⊥ f f
(series model, lower limit)1 2

2 1 1 2 (2)

where f is the volume fraction, σ is the electrical conductivity,
and suffixes 1 and 2 denote the constituent phases. The volume
fraction of the phases was calculated using the grid method.
The values obtained using relations 1 and 2 are given in Tables
2 and 3, respectively. The comparison has been made at 350 K
because the data for all of the parameters are available at this
temperature. As can been seen, the experimental values
obtained along the longitudinal direction are well below the
upper limit predicted by the parallel model; the values
obtained along the transverse direction are above the lower
limit predicted by the series model. Although the experimental
values are within the respective limits, there are large
differences between the theoretical and experimental data.
The differences arise because in theoretical calculations, we do
not consider the interface density that is influenced by the
microstructural length scale and the segregation of the phases
encountered in the real system.60

The Seebeck coefficient of the alloys, measured along the
longitudinal and transverse direction, is shown in Figure 4c and
d. The alloys exhibit p-type semiconducting nature as reflected
in the positive values of the Seebeck coefficients. The following
defect equilibrium relations 3 and 4 show the origin of the p-
type conductivity. The Cu vacancies (V′Cu) and the antisite
defects (Sb′Te) lead to the creation of holes (h•) in the
pseudobinary alloys.

→ ′ + +·Sb Te 2Sb 2h
5
2

Te (g)2 3 Te 2 (3)

→ + + ′ +−
× × ·x xCu Te 2Cu Te V hx2 Cu Te Cu (4)

Table 2. Comparison of the Electrical Conductivity and the Seebeck Coefficient Obtained Using the Parallel Model with That
Obtained from Measurements at 350 K

longitudinal

phase fraction transport properties of composite alloys

transport properties of bulk Cu2Te
38 Sb2Te3

56 phase 1 Cu2Te phase 2 Sb2Te3 parallel model (upper limit) experimental

S (μV K−1) 10 100 49 51 40.57 36
σ (S cm−1) 10000 5000 746425 7657

κ (W m−1 K−1) 4.5 2

Table 3. Comparison of the Electrical Conductivity and the Seebeck Coefficient Obtained Using the Series Model with That
Obtained from Measurements at 350 K

transverse

phase fraction transport properties of composite alloys

transport properties of bulk Cu2Te
38 Sb2Te3

56 phase 1 Cu2Te phase 2 Sb2Te3 series model (lower limit) experimental

S (μV K−1) 10 100 41 59 78.52 64
σ (S cm−1) 10000 5000 63.03 3898

κ (W m−1 K−1) 4.5 2
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The Seebeck coefficients of the composite alloys in both the
longitudinal and the transverse directions can be predicted as
follows:57−60

σ σ
σ σ

=
+
+

S
S f S f

f f
(parallel model, upper limit)1 1 1 2 2 2

1 1 2 2 (5)

=
+

+

κ κ

κ κ

⊥
( ) ( )
( ) ( )

S
S f S f

f f
(series model, lower limit)

1
1

1 2
1

2

1
1

1
2

1 2

1 1

(6)

where f is the volume fraction, σ is the electrical conductivity,
and κ is the thermal conductivity; suffixes 1 and 2 denote the
constituent phases; and S∥ is the upper limit of the Seebeck
coefficient in the parallel model and S⊥ is the lower limit of the
Seebeck coefficient in the series model.
Tables 2 and 3 compare the values obtained from the

calculations of S∥ and S⊥ along with those obtained from
measurements for the alloy with 2.41 μm at 350 K. The
differences between the theoretical prediction and experimen-
tal observation might occur because the effect of interface
density has not been considered in these models.60

It is known that the Seebeck coefficient is influenced by the
effective mass and carrier concentration. These two factors are
influenced by the sample’s homogeneity and defect concen-
trations (dependent on the sample preparation conditions).61

In our work, although the starting composition is the same for
all of the alloys, the solidification velocities are different,
resulting in a microstructure that is nonequilibrium in nature
due to the kinetics of mass transport across the moving solid−
liquid interface. It is confirmed by the elemental species
distribution maps (Figures 3, S8, and S9) that indicate
inhomogeneity across the phases for the samples solidified at
32, 16, and 4 μm/s. In contrast, the samples solidified at 1 μm/
s show a uniform distribution of elements in the respective

phases. Such differences, induced due to processing, resulted in
a variation of the Seebeck coefficient in both the longitudinal
and the transverse directions of the measurements. It was
challenging to carry out high-temperature Hall measurements
in these alloys due to the very high carrier concentration
(∼1021 cm−3 for Cu2Te). Hence, we have refrained from
discussing the effect of charge carrier concentration on the
transport properties in detail. The effect of the microstructural
length scale on the electrical conductivity is systematic
throughout all of the alloys (Figures 4a and b and S9a and
b). It is in contrast to our observation for the Seebeck
coefficient. With an increase in the length scale of the
multiphase microstructure, the charge carrier scattering at the
interfaces will be less, and the value of the Seebeck coefficient
will decrease with an increase in microstructural length scale
(λ). In the longitudinal direction, the Seebeck values decrease
systematically until a λ of 1.86 μm. After that, a slight increase
in S can be observed as λ increases to 2.41 μm. In the
transverse direction, the Seebeck value for a microstructural
length scale λ of 0.95 μm is ∼88 μV K−1 and exhibits a peak at
λ value of 1.46 μm. Thereafter, it decreased systematically from
104 to 90 μV K−1 with an increase in the value of λ from 1.46
to 2.41 μm.
The power factor (PF = S2σ) for all of the alloys, in both the

longitudinal and the transverse directions, is shown in Figure
5a1 and b1, respectively.
The PF has increased with an increase in λ in both directions

of the measurement due to the higher electrical conductivity in
the coarser microstructure; however, the trend in PF is more
dependent on the direction of the measurement than on the
scale of the microstructure. From the microstructural analysis,
percolating clusters are present along the longitudinal
direction, giving rise to higher electrical conductivity than
the transverse direction where such clusters are absent. In
contrast, a higher PF was obtained along the transverse
direction because S and σ are inversely correlated, and the S2

Figure 5. Variation of power factor (PF = S2σ) along the (a1) longitudinal direction and the (b1) transverse direction; parts a2 and b2 are the 3D
plots showing the entire envelope of PF with variation in temperature as well as lamellar spacing.
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term in PF dominates. It can be observed from the
microstructural studies that the formation of colonies in the
eutectic system could be suppressed by reducing the
solidification velocity. Suppression of colonies eliminated the
compositional inhomogeneity arising from the segregation of
the components in the intercolony regions. Such a uniform
microstructure obtained below the critical velocity (i.e., 1 μm/
s) showed a uniform distribution of components. It improved
the thermoelectric power factor, which was even higher than
that obtained in ref 40 for the same eutectic composition. The
highest power factor was obtained for the alloy with a λ of 2.41
μm along the transverse direction (Table S2).
We have plotted the data in 3D (in Figure 5a2 and b2) to

show the entire envelope of power factors’ variation with
temperature as well as microstructural length λ. 3D data of
longitudinal measurements reveal that the power factor values
converge to a range of 0.7−1.0 mW m−1 K−2 after 450 K,
irrespective of the microstructural length scale; however, the
corresponding 3D data of transverse measurements show a
variation with the length scale λ. The temperature
independence in PF arises mainly because the electrical
conductivity does not vary significantly over the temperature
range of the measurement along the transverse direction,
unlike that in the longitudinal direction.
It can be seen from Figure 6a and b that the thermal

diffusivity (D) and the thermal conductivity of the alloy
solidified at a higher solidification rate (32 μm/s with λ = 0.95
μm) are lower than those of the alloy solidified at a slower rate
(1 μm/s with λ = 2.41 μm) in both the transverse as well as the
longitudinal directions. As λ decreases from 2.41 to 0.95 μm,
the number of interfaces increases leading to enhanced
scattering of carriers. More so, the alloys have a lower thermal
conductivity along the transverse direction than that in the

longitudinal measurement direction. Both of these trends are
in good agreement with that observed for electrical
conductivity.
A comparison between the figure of merit (zT) of the alloys

with λ values of 2.41 and 0.95 μm along both of the directions
is shown in Figure 6c. Combined with the low thermal
conductivity and a higher power factor, a zT of 0.29 at 580 K
was obtained for the alloy with a λ of 2.41 μm along the
transverse direction.
Although the thermoelectric community focuses primarily

on a high figure of merit to enhance the device efficiency, the
efficiency alone is not the only parameter in practical
applications.62−64 The output power density (w) is equally
important22,65 and is given by the relation:

=
−

w
T T

L
1
4

( )
(PF)H C

engg (7)

where

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

∫

∫
=

ρ
(PF)

S T T

T T
engg

( ) d

( ) d

T

T

T

T

C

H
2

C

H
(here, ρ = 1/σ);22,54,65,66 L is

the length of the thermoelectric leg, and TH and TC are the
temperatures of the hot and cold sides, respectively. For the
given working conditions (i.e., fixed L, length of the leg of the
device, and temperature gradient), w is dependent only on the
(PF)engg. From Figure 7, it can be observed that, similar to the
conventional PF, the engineering PF is also higher in the alloy
with λ = 2.41 μm along the transverse direction. In the
longitudinal direction, however, (PF)engg is similar in the alloys
with 2.41 and 0.95 μm spacing. Therefore, the effect of
variation in the length scale of microstructure on (PF)engg is
more pronounced in the alloys along the transverse direction
than that in the longitudinal direction. The difference of output

Figure 6. Temperature-dependent variation of (a) thermal diffusivity (D), (b) thermal conductivity (κ), and (c) figure of merit (zT).
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power density “w” is also plotted as a function of ΔT (TH −
TC) in Figure 7 for an “L” value of 2 mm. At a ΔT of 250 K, a
maximum of 1.03 W cm−2 could be observed along the
transverse direction that is higher by 57% than that observed in
the longitudinal direction. Thus, the engineering of the
microstructure is an essential component for enhancing the
performance of a thermoelectric device.

4. CONCLUSIONS
The present work characterized the arrangement of phases,
their microstructural length scale, and the compositions of
pseudobinary (Cu2Te)62.02−(Sb2Te3)37.98 alloys during con-
trolled growth. The compositional inhomogeneity and
segregation at cellular interfaces during higher growth rates
are expected to contribute to the charge carrier scattering and
the increased interface density. The sample solidified at a
slower growth rate (1 μm/s) had uniform microstructures free
of cellular segregation. Because of the variation in the
configuration of the phases along the longitudinal and
transverse directions, anisotropy was observed in the thermo-
electric transport properties. In our previous work, the alloys of
the pseudobinary system of (Cu2Te)1−x−(Sb2Te3)x were
synthesized via furnace melting and subsequent cooling.40

Contrary to the directional solidification technique used in this
Article, there was no control of the eutectic growth during
solidification in the earlier report. The present work permitted
us to correlate the scale and arrangements of the multi-
component phases with the thermoelectric power factor. We
have quantified the microstructure digitally by measuring the
microstructural length scale through Fourier transforms and a
cluster base model. It permitted us to correlate the micro-
structure quantitatively with the thermoelectric transport
properties in a set of pseudobinary Cu2Te−Sb2Te3 eutectic
alloys. The anisotropy in microstructure has been achieved by
directional solidification. A decrease in the microstructural
length scale λ from 2.41 to 0.95 μm resulted in increased
carrier scattering. Hence, the electrical and thermal con-
ductivities were the least in the sample with λ = 0.95 μm in
both directions. However, the low electrical conductivity
adversely affected the thermoelectric power factor (PF). A
maximum value of PF of ∼1.4 mW m−1 K−2 and a higher zT of

0.29 at 580 K could be obtained along the transverse direction
in the sample, with λ = 2.41 μm, free of cellular segregation.
Regarding materials’ development for thermoelectricity, one

focuses primarily on obtaining a high figure of merit to
enhance the device efficiency; however, efficiency is not the
only parameter of importance in practical applications. The
evaluation of output power density (w) is also of crucial
importance. We highlighted the effect of microstructure on the
thermoelectric transport properties by evaluating the engineer-
ing power factor and output power density and how
microstructure can be tuned to obtain a better performance.
For a ΔT of 250 K, the output power density increased to
∼57% from the longitudinal to the transverse directions in the
alloy with a lamellar spacing of 2.41 μm. It has an implication
in the actual design of the thermoelectric legs, the micro-
structure of which needs to be controlled for maximum
efficiency.
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