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A B S T R A C T

To meet the growing demand for thermoelectric devices operating in intermediate temperature ranges, it is
essential to develop high-performance materials with superior thermoelectric properties and robust mechanical
strength. In this study, we systematically optimized carrier concentration by introducing acceptor impurities into
ZnSb materials. Our results demonstrate that doping Cu into the Zn site effectively modulates hole carrier
concentration, leading to a substantial enhancement in electrical conductivity and a remarkable improvement in
power factor (107 %). Consequently, we achieved a high peak ZT of 1.04 at 600 K and an average ZTave value of
0.63 within the temperature range of 300–600 K. This yielded a calculated efficiency of ηmax = 7 % at ΔT =

300 K, for the Zn0.99Cu0.01Sb sample, which is 134 % higher than that of the pristine ZnSb sample (ηmax =

2.98 %). Moreover, the superior hardness and fracture toughness (KIC) of ZnSb samples compared to other state-
of-the-art thermoelectric materials make them highly desirable for real-time applications.

1. Introduction

In light of the extensive use of fossil fuels worldwide and the con-
cerning state of global warming, researchers have actively explored
pathways to revolutionize the energy system [1,2]. Thermoelectric
technology offers significant potential for harnessing waste heat and
converting it into electricity based on the Seebeck effect [3–6]. The
conversion efficiency of thermoelectric devices largely relies on the
material’s performance, which is determined by the dimensionless
figure of merit, ZT= S2σT/κtot, where S is the Seebeck coefficient, σ is the
electrical conductivity, T is the absolute temperature, and κtot is the total
thermal conductivity, comprising contributions from both carriers (κel)
and lattice vibrations (κL). Since the electrical transport properties (S, σ,
κel) are interconnected through carrier concentration, improving one
property affects the others, making it challenging to achieve high ZT

values. Tuning carrier concentration through elemental doping emerges
as an effective strategy for optimizing both electrical conductivity (σ)
and power factor (PF = S2σ) [3,7,8].

ZnSb-based alloys are attractive for potential thermoelectric appli-
cations in the middle temperature range (500–700 K) [9], due to their
combination of advantages, including relatively low cost, lower toxicity,
and abundance of their constituent elements in the Earth’s crust. These
alloys can potentially form two types of thermoelectric phases from Zn
and Sb: stable phase like ZnSb andmetastable phase like Zn4Sb3 [10,11].
Zn4Sb3 possesses intrinsically low lattice thermal conductivity
(0.2–0.6 W/mK at 300 K) due to the disordered positions of Zn atoms in
its crystal lattice [12,13], resulting in a reported maximum ZT of 1.4 at
623 K [14]. However, a drawback of Zn4Sb3 is its prone to severe
decomposition under temperature gradient or an electric field, which
limits its practical applications. Conversely, ZnSb offers good stability,
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but its performance is hindered by difficulties in achieving optimal
doping levels and its higher lattice thermal conductivity (1.45–3 W/mK
at 300 K) [9,15–18].

To enhance the thermoelectric performance of ZnSb, researchers
have focused on optimizing carrier concentration through doping with
acceptor impurities. Typically, the optimal range of charge carrier
concentration for achieving the best ZT values lies within the degenerate
doping range (1018–1020 cm–3). However, pristine ZnSb samples exhibit
a carrier concentration in the order of 1017 cm–3, resulting in low ZT
values (0.5 at 700 K) [17]. Recent studies have demonstrated significant
improvements through various doping strategies. For instance, Sidharth
et al. [19] successfully increased the carrier concentration of ZnSb to 1.1
× 1019 cm− 3 by doping 2 % heterovalent Bi at the Zn site, resulting in a
ZT of approximately 0.45 at 573 K. Similarly, Kang et al. [10] optimized
the thermoelectric properties of ZnSb alloys through Cr doping,
enhancing the carrier concentration to 5.4 × 1018 cm− 3 while main-
taining low κL, leading to an improved ZT of 0.67 at 673 K for the
Zn0.99Cr0.01Sb composition. Prokofieva et al. [20] reported that 0.1 at%
Sn-doped ZnSb increased the carrier concentration to 1.4 × 1019 cm− 3,
resulting in a ZT of 0.85 at 660 K. Additionally, Xiong et al. [21]
demonstrated a remarkable increase in ZT to 1.15 at 670 K for 0.2 %
Ag-doped ZnSb. This improvement was attributed to the in-situ forma-
tion of an Ag3Sb phase, which promoted both nanostructuring and
optimized carrier concentration.

Despite these advances, the charge carrier concentrations in ZnSb-
based materials are still below the optimum value (~2 × 1019 cm− 3)
[22], which may be due to several factors. One reason could be low
doping efficiency, where the concentration of charge carriers generated
per dopant atom is insufficient due to native defects such as vacancies,
interstitials, and antisites [23]. Additionally, the maximum possible
carrier concentration, known as dopability, may be limited by the sol-
ubility of the dopant in the material [10,24]. Consequently, the overall
ZT values in ZnSb-based compounds remain below unity. Among various

dopants, copper ions (Cu+) are particularly interesting for ZnSb. Cu has
a similar electronic shell structure and comparable physical and chem-
ical properties to Zn [25,26], enabling Cu+ ions to easily replace Zn2+

ions and potentially optimize the carrier concentration. Therefore,
doping Cu into ZnSb alloys could be of great significance for improving
their thermoelectric properties.

In addition to thermoelectric properties, the mechanical properties
of materials are crucial for ensuring the long-term durability, reliability,
and stability of a thermoelectric module during manufacturing and
operation. These materials must be robust enough to operate within the
temperature range of 500–600 K, which is useful for automotive appli-
cations. Consequently, they must withstand high internal thermal
stresses caused by rapid temperature cycling between the two ends of
the same thermoelectric element [27]. Poor mechanical properties can
lead to crack formation, resulting in deteriorated performance under
thermal stress [28,29]. Furthermore, severe mechanical vibrations can
accelerate the failure process of thermoelectric generator (TEG) devices,
particularly in applications such as automotive waste heat recovery [30,
31]. Therefore, research that combines the preparation of ZnSb-based
materials with optimized carrier concentration and enhanced thermo-
electric and mechanical properties is necessary for power generation
applications.

In this work, we doped ZnSb materials with copper (Cu) as an
acceptor impurity using the melting-quenching-annealing process. We
found that optimizing the hole carrier concentration resulted in a
maximum ZT of ~1.04 at 600 K, primarily due to a significant
enhancement in the power factor by 107 %. Additionally, ZnSb samples
exhibited superior mechanical properties compared to other thermo-
electric materials.

Fig. 1. SEM images showing the fracture surfaces of spark plasma sintered bulk samples: (a) ZnSb, (b) Zn0.99Cu0.01Sb, (c) Zn0.97Cu0.03Sb, and (d) Zn0.9Cu0.1Sb.
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2. Experimental section

2.1. Synthesis of alloy powder and bulk samples

Polycrystalline Zn1-xCuxSb (x = 0, 0.01, 0.03, and 0.1) samples were
synthesized using the melting-quenching-annealing process. Stoichio-
metric amounts of high-purity elemental Zn (99.999 %, 3–5 mm), Sb
(99.999 %, 3–5 mm), and Cu powder (99.999 %, 100 µm) were weighed
and vacuum-sealed in quartz tubes under 10− 5 Torr. The quartz tubes
were then heated to 1073 K and maintained at this temperature for 2 h
before being quenched in water. Subsequently, the tubes underwent a
24 h annealing process at 773 K to ensure the uniform distribution of the
elements. The resulting ingots were ground into fine powders using ball
milling for 1 h under an Ar atmosphere. The powder was then loaded
into a graphite mold with a diameter of 12.5 mm, and an electric current
of 200–1000 A was applied under a pressure of 50 MPa using spark
plasma sintering (SPS). During the procedure, the temperature gradually
increased to 673 K at a ramp-up rate of 50 ◦C/min, held for 5 min, and
then decreased at the same rate.

2.2. Structural characterization

The crystal structures of the alloys were analyzed using X-ray
diffraction (XRD, D8 ADVANCE, Bruker) with a CuKα (λ =

0.154056 nm). The lattice parameters were estimated using the Rietveld
refinement method implemented in the TOPAS software. Powder
morphology and fracture surface analysis of bulk samples were exam-
ined by scanning electron microscopy (SEM, Inspect F, FEI). Elemental
mapping was performed using energy-dispersive X-ray spectroscopy
(EDS). The quantitative chemical compositions of all the samples were
measured with an X-ray fluorescence spectrometer (XRF, ZSX Primus II,
Rigaku). Optical bandgap studies were carried out using diffuse reflec-
tance spectroscopy (DRS) with a UV–vis–NIR spectrometer (UV3600,
Shimadzu). The absorption coefficient (a/S) was calculated using the
Kubelka–Munk equation: a/S = (1 − R)2/(2 R), where R is the reflec-
tance, a and S are absorption and scattering coefficients, respectively.
The bandgap (Eg) of all samples was determined from the graphs plotted
against (F(R)*hυ)2 vs energy (eV).

2.3. Thermoelectric and mechanical property measurements

The Seebeck coefficient (S) and electrical conductivity (σ) were
measured simultaneously in the temperature range of 300–600 K using a
four-probe method (LSR-3, Linseis). The κtot was determined by the
product of thermal diffusivity, specific heat, and density of the sintered

pellet. Thermal diffusivity and specific heat were measured via the laser
flash method (LFA 457, Netzsch). The density of all the bulk samples was
measured using Archimedes principle. Hall carrier concentration (n),
and mobility (µ) were measured on specimens with dimensions of 8 × 8
× 0.1 mm3 using an HMS-3000 instrument from Ecopia. The hardness of
the bulk samples was evaluated at room temperature using a micro-
Vickers hardness system (HM-200 Mitutoyo, Japan), applying a load
of 50 gf for 15 s. The hardness (HV) values were then converted to GPa
by multiplying the HV value by 0.009807. Compressive test specimens
were prepared perpendicular to the SPS direction, with dimensions of
6 mm in length and 4 mm in width, and were measured using the MTDI
MINOS-100S system.

3. Results and discussion

3.1. Microstructure and phase analysis

Previous studies have shown that grain size influences the thermo-
electric properties of bulk samples [15,32]. Therefore, we analyzed the
microstructure of the bulk samples using SEM. The microstructure of the
fractured surfaces for the Zn1-xCuxSb samples are shown in Fig. 1(a-d). It
was observed that the average grain size increased from 1.4 µm for
ZnSb, to 1.7 µm for Zn0.99Cu0.01Sb, 2 µm for Zn0.97Cu0.03Sb and 3 µm for
Zn0.9Cu0.1Sb. To confirm the presence of Cu, we conducted EDS mea-
surements in map mode, as shown in Fig. S1. The Zn, Sb, and Cu maps
demonstrate a homogeneous elemental distribution. Interestingly,
Cu-rich areas were observed in the high concentration (x = 0.1) doping
samples, which is consistent with the XRD results. Additionally, the
chemical composition of all samples was determined by X-ray fluores-
cence spectrometry (XRF), with results listed in Table 1. The experi-
mental composition reasonably matched the nominal composition
within the accuracy of the measurements. The relative density of the
Cu-doped samples indicated that they attained more than 94 % of their
theoretical density (~ 6.392 g/cm3) (see Table 2).

The XRD patterns of the Zn1-xCuxSb (x = 0, 0.01, 0.03 and 0.1)
samples are shown in Fig. 2(a). All diffraction peaks could be accurately
indexed to the orthorhombic ZnSb structure with the P/bca space group
(JCPDS#04–014–2869). Minor peaks corresponding to elemental Sb
were observed in all compositions due to the evaporation of Zn during
SPS. Notably, a peak corresponding to the impurity Cu2Sb phase become
evident in the x = 0.1 sample due to the excessive doping of Cu in ZnSb.
The major diffraction peaks of (112) and (121) systematically shift to
higher angles with increasing Cu doping levels. To comprehend the Cu
doping, the XRD results were further examined using Rietveld refine-
ment. The Rietveld refinement pattern for the sample with x = 0.03 is

Table 1
X-ray fluorescence (XRF) analysis of trace elements in Zn1-xCuxSb (x = 0, 0.01, 0.03 and 0.1) bulk samples.

Samples Zn (wt%) Sb (wt%) Cu (wt%)

Theoretical Experimental Theoretical Experimental Theoretical Experimental

ZnSb 34.94 33.1±0.04 65.06 66.9±0.27 0.0 0.0
Zn0.99Cu0.01Sb 34.59 33.8±0.04 65.07 65.8±0.09 0.34 0.31±0.01
Zn0.97Cu0.03Sb 33.90 33.5±0.03 65.08 65.5±0.10 1.02 0.97±0.01
Zn0.9Cu0.1 Sb 31.47 31.2±0.03 65.13 65.8±0.09 3.40 3.0±0.01

Table 2
Comparison of relative density, lattice parameters, lattice volume, and R-factors obtained using the Rietveld refinement for Zn1-xCuxSb (x = 0, 0.01, 0.03 and 0.1)
samples.

Samples Density (g/cc) Lattice parameters (Å) Volume (Å) R-factors (%) GOF

a b c Rexp Rwp Rp

ZnSb 6.023 6.215 7.745 8.093 388.99 5.58 8.03 6.18 1.44
Zn0.99Cu0.01Sb 6.345 6.210 7.738 8.086 388.93 5.69 8.22 6.28 1.45
Zn0.97Cu0.03Sb 6.392 6.207 7.736 8.083 388.75 5.71 8.19 6.27 1.43
Zn0.9Cu0.1Sb 6.460 6.203 7.733 8.081 388.58 6.19 7.39 5.65 1.19
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shown in Fig. 2(b), showing excellent agreement with the experimental
XRD pattern. The refined lattice parameters and unit cell volumes ob-
tained from Rietveld refinement for the different compositions are listed
in Table 2. The decrease in lattice parameters and unit cell volume with
increasing Cu content is attributed to the smaller atomic radius of the
substituted Cu atoms (0.128 nm) compared to the Zn atoms (0.138 nm),
resulting in lattice contraction due to the substitution of Zn by Cu atoms.

Fig. 2(c) shows the diffuse reflectance spectroscopy studies of Zn1-
xCuxSb (x = 0, 0.01, 0.03 and 0.1) samples. Pristine ZnSb exhibits an
optical bandgap of Eg~0.84 eV. As Cu doping increases, the optical
bandgap decreases to 0.83 eV, 0.82 eV and 0.81 eV for x = 0.01, 0.03
and 0.1, respectively, which is consistent with previous reports [16].
This reduction in bandgap is attributed to the formation of impurity
states above the valence band (VB), causing the Fermi level moves inside
the VB.

3.2. Electrical and thermal properties

The temperature-dependent electrical transport properties of the

Zn1-xCuxSb (x = 0, 0.01, 0.03 and 0.1) samples are shown in Fig. 3. In
Fig. 3(a), it is observed that σ values of all the samples increases with
temperature, indicating typical non-degenerate semiconductor
behavior. Moreover, as Cu doping increases, σ shows a significant
enhancement across the entire temperature range. For instance, the σ of
Zn0.9Cu0.1Sb is 47,105 S/m, approximately 33 times higher than that of
pristine ZnSb (1437 S/m) at 300 K.

To gain further insights into the transport mechanism, carrier con-
centration and mobility were analyzed at 300 K and are presented in
Fig. 3(b). The carrier concentration for pristine ZnSb is 4.73 ×1017

cm− 3, which is comparable to values reported in the literature [17,22].
After Cu doping, the carrier concentration increases significantly to
2.91×1019 cm− 3, close to the theoretically predicted optimum value (2
× 1019 cm− 3) [22]. The enhanced carrier concentration can be attrib-
uted to the occupation of Zn sublattice sites (CuZn), where Cu atoms act
as acceptor impurities, generating one hole per occupied Zn site. How-
ever, Hall mobility decreases from 191 cm2/Vs for ZnSb to 111 cm2/Vs
for x = 0.1, representing a reduction of approximately 42 %. This
reduction in mobility for all the doped samples is primarily due to carrier

Fig. 2. (a) X-ray diffraction patterns of Zn1-xCuxSb (x = 0, 0.01, 0.03 and 0.1) samples measured perpendicular to the pressing direction. (b) Rietveld refinement
pattern of a Zn0.97Cu0.03Sb sample. (c) Optical band gap of Zn1-xCuxSb (x = 0, 0.01, 0.03, and 0.1) samples.

Fig. 3. Thermoelectric properties of Cu-doped ZnSb samples with nominal composition Zn1-xCuxSb (x = 0, 0.01, 0.03 and 0.1). Temperature-dependent (a) electrical
conductivity (σ), (b) Room temperature carrier concentration and mobility, (c) Temperature-dependent Seebeck coefficient (S), (d) Pisarenko plot (S vs n), (e)
Temperature-dependent power factor (PF), for the Zn1-xCuxSb samples, along with a comparison of the PF values for several doped ZnSb alloys reported in the
literature. (f) PF curves dependent on carrier concentration (n) using SPB model compared with experimental data.
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scattering from the ionized Cu impurities. The presence of Cu2Sb sec-
ondary phase in the x = 0.1 sample also contributes to the reduction of
mobility. These results indicate that the significant increase in hole
carrier concentration enhances σ with Cu doping.

Fig. 3(c) shows that the S values in all samples remain positive across
the entire temperature range, indicating hole-dominant p-type conduc-
tion, consistent with Hall measurements. S decreases with increasing Cu
doping due to an increase in hole concentration. The electrical transport
properties of Zn1-xCuxSb are further analyzed using the single parabolic
band (SPB) model, where the carriers are primarily scattered by acoustic
phonons. The transport parameters can be expressed as follows [33,34]:

S =
kB
e

[

η − 2F1(η)
F0(η)

]

(1)

n =
16π
3

(
2m∗kBT
h2

)3/2
(F0(η))2

F
−
1
2
(η) (2)

μ = μ0

F
−
1
2
(η)

2F0(η)
(3)

Fi(η) =
∫ ∞

0

xi

1+ ex− ηdx (4)

η =
Ef
kBT

(5)

where e is the electron charge, kB is the Boltzmann constant, η is the
reduced chemical potential, x is the reduced energy (the energy divided
by product of Boltzmann constant and absolute temperature), h is the
Planck’s constant, Ef is the Fermi energy and m* is the effective mass.
The Pisarenko plot (S vs n) drawn with a fixed m* of 0.64 me for all
samples at 300 K is shown in Fig. 3(d). The experimental data closely
align with the Pisarenko plot, indicating that the effective mass remains
mostly unchanged (Fig. S2(a)). The deformation potential, which char-
acterizes the perturbation of electronic bands due to acoustic phonon
waves, was calculated as a function of x for Zn1-xCuxSb [33]. The results
show minimized carrier-phonon interaction when Cu substitutes for Zn
atoms, except in the x = 0.1 sample, where the presence of a secondary
phase is indicated by the grey-colored region (Fig. S2(b)). According to
the SPB model, the S is solely determined by the reduced Fermi level.
Therefore, by measuring S, the corresponding Fermi level can be infer-
red. Fig. S2(c) illustrates the variation of S at 300 K with Cu doping,
while Fig. S2(d) presents the calculated reduced Fermi level derived
from the Eq. (1). With Cu doping in ZnSb, the Fermi level approaches the
valence band maxima, as depicted in the schematic diagram in Fig. S3.

The temperature dependence of the power factor (PF) is shown in
Fig. 3(e). Cu doping enhances the PF throughout the measured tem-
perature range due to the significant improvement in σ. Specifically, the

maximum PF of 2.82 × 10− 3 W/mK2 at 575 K was obtained for the x =

0.03 sample, which is higher than that reported for Bi-doped ZnSb [19],
Ag-doped ZnSb [21], Ge-doped ZnSb [35], and Ag-Sn co-doped
Zn1-xCdxSb [7]. Fig. 3(f) shows the PF as a function of carrier concen-
tration. The symbols represent the experimentally measured PF, while
the solid lines depict the theoretically calculated PF. The theoretical
peak PF value occurs at a carrier concentration of 1.7 × 1019 cm–3,
which is nearly close to the experimental value observed for the
Cu-doping content x= 0.03. In accordance with the SPBmodel, the PF of
the x= 0.03 sample could be enhanced from 1.43× 10− 3 W/mK2 to 1.69
× 10− 3 W/mK2 through appropriate optimization of n. Fig. S4(a) shows
the calculated weighted mobility (µw) at 300 K and 600 K for the
Zn1-xCuxSb samples. µw was calculated using an approximation of the
Drude-Sommerfeld free-electron model [33]:

μW =
3h3σ

8πe(2mekBT)3/2

⎡

⎢
⎢
⎣

exp
(

S
kBe

− 2
)

1+ exp
(

− 5
(

S
kBe

)

− 1
)

+

3
π2

S
kBe

1+ exp
(

5
(

S
kBe

− 1
))

⎤

⎥
⎥
⎦ (6)

where h is Planck’s constant, σ is the electrical conductivity, e is the
electron charge, me is the electron mass, kB is the Boltzmann constant, T
is the absolute temperature, and S is the Seebeck coefficient. It is
important to note that μW is generally proportional to the maximum
achievable PF when the carrier concentration of a materials is optimized
[36]. As shown in Fig. S4(a), the μW values for x = 0.03 exhibit the
maximum value at both 300 K and 600 K, indicating that with suitable
carrier concentration tuning, this sample can achieve a higher PF
compared to the others.

Fig. 4 shows the temperature dependence of κtot, κel and κL for the
Zn1-xCuxSb samples. The κtot increased with Cu substitution over the
entire temperature range (Fig. 4(a)). For example, at 300 K, κtot was
1.44 W/mK for pristine ZnSb and increased to 2.26 W/mK for
Zn0.9Cu0.1Sb upon Cu doping. κel is evaluated by applying the
Wiedemann-Franz law (κel = LσT, where L is the Lorenz number). The
Lorenz numbers were calculated using the SPB model, as described by
the following equations [37].

L =

(
kB
e

)23F0(η)F2(η) − 4F21(η)
F20(η)

(7)

The calculated Lorenz numbers are shown in Fig. S5. κel showed a
significant increase with the level of Cu substitution, particularly at
high-temperatures, due to the notable increase in σ resulting from the
rise in n (Fig. 4(b)). Subsequently, κL was calculated by subtracting κel
from κtot, as shown in Fig. 4(c). It was observed that κL values increased

Fig. 4. Temperature-dependent thermal conductivities for Zn1-xCuxSb (x = 0, 0.01, 0.03 and 0.1), including (a) total thermal conductivity (κtot), (b) electronic
thermal conductivity (κel), and (c) lattice thermal conductivity (κL).
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with increasing Cu doping, which can be attributed to the increase in
grain size, resulting in fewer grain boundaries, as observed in Fig. 1(a-d).
Consequently, phonon transport could be facilitated with less scattering
in the Cu-doped samples, likely contributing to the higher κL. To explore
the effect of Cu doping on the thermal stability of the samples, κtot during
heating and cooling was measured for the ZnSb and Zn0.97Cu0.03Sb
samples, as shown in Fig. S6. It was found that the κtot curves during
heating and cooling exhibited similar behavior with almost identical
values. These results suggest the samples exhibit good thermal stability
during cyclic measurements.

Fig. 5(a) shows the temperature dependence of ZT for Cu-doped
samples. The introduction of Cu resulted in a notable increase in ZT
due to the substantial enhancement in the PF. A peak ZT of ~1.04 at
600 K was achieved for Zn0.99Cu0.01Sb, representing a significant
improvement of 37 % compared to the pristine ZnSb sample (ZT= 0.76).
Fig. S4(b) shows the thermoelectric quality factor (B), calculated using
µw and κL based on the following equation [33]:

B =

(
kB
e

)28πe(2mekB)3/2

h3
μWT

5
2

κL
(8)

The B-factor of the Zn0.99Cu0.01Sb sample shows the maximum value
at both 300 K and 600 K, indicating that this sample has the potential to
achieve the highest ZT when the carrier concentration is optimized.

To ensure stable thermoelectric power generation, high average ZT
values are essential across a broad temperature range (300–600 K). The
average ZT values can be calculated as follows [38]:

ZTave =
∫ Th
Tc Z(T)dT

ΔT
Tc + Th

2
(9)

where ΔT is the temperature difference between Th (hot side tempera-
ture) and Tc (cold side temperature). The ZTave of the Zn0.99Cu0.01Sb
sample reached a high value of 0.63, whereas that of pristine ZnSb is
0.28 (Fig. 5(b)). Fig. 5(c) compares the peak ZT and average ZT for our
best-performing Zn0.99Cu0.01Sb sample with those reported in the liter-
ature for ZnSb compounds. It can be seen that the peak ZT and average
ZT of the Zn0.99Cu0.01Sb sample are higher or comparable to those re-
ported for Bi-doped ZnSb [19], ZnSb/SiC [39], Ag-doped ZnSb [21], and
Cd-doped ZnSb [40].

The conversion efficiency was estimated using Kim’s model [38]
(calculation details provided in the supporting information). The
calculated engineering power factor PFeng and engineering figure of
merit ZTeng with respect to the temperature difference between the hot
and cold sides, are shown in Fig. S7. By utilizing PFeng and ZTeng, the
maximum conversion efficiency was ~7 % at ΔT = 300 K for the
Zn0.99Cu0.01Sb sample, which is 134 % higher than that of the ZnSb
sample (ηmax = 2.98 %) (Fig. 5(d)). These findings suggest that the
substitution of tiny amounts of Cu into Zn sites effectively enhances both
ZT and ηmax, indicating the potential practical applicability of these
materials in power generation.

3.3. Mechanical properties

Mechanical stability plays a crucial role in ensuring the longevity of
thermoelectric modules. These modules typically operate by recovering
waste heat under cyclic temperature gradients, which subjects them to
significant thermal shock, stress and mechanical vibrations [27,31]. To
assess these effects, the mechanical stability of thermoelectric materials
is usually evaluated based on hardness and compressive properties. In
this study, micro-hardness and compressive tests were conducted at

Fig. 5. (a) Temperature-dependent dimensionless figure of merit (ZT), (b) average ZT (ZTave) in the range of 300–600 K, (c) comparison of peak ZT and average ZT,
and (d) thermoelectric efficiency (η).
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room temperature to explore the mechanical stability of Zn1-xCuxSb al-
loys. Fig. 6(a) shows the room temperature Vickers micro-hardness for
the Zn1-xCuxSb alloys. The hardness of Cu-doped ZnSb samples
decreased as the Cu content increased, primarily due to the increasing
grain size. The maximum hardness of 4.35 GPa was obtained for the
ZnSb compounds. This value is significantly higher compared to the
hardness values reported for various thermoelectric materials such as
BiSbTe (0.64 GPa) [3], BiSbTe/SnO2 (0.95 GPa) [41], Cu3SbSe4
(1.14 GPa) [42], Cu1.8S (1.08 GPa) [43], and Mg3Sb1.5Bi0.5 (1.29 GPa)
[44]. Fig. 6(b) shows the ultimate compressive strength of the
Zn1-xCuxSb alloys compared to other thermoelectric materials. Among
the Cu-doped samples, the Zn0.97Cu0.03Sb sample showed superior
compressive strength of about 180 MPa. This value surpasses that of
other thermoelectric materials such as BiSbTe (~ 102 MPa) [3], SnSe (~
75 MPa) [45], Ag2Se (~ 88 MPa) [46] and Cu2Te (~ 16 MPa) [47].

To evaluate the fracture resistance of brittle materials with cracks,
the fracture toughness (KIC) was estimated using the Vickers
indentation-crack (VIF) technique proposed by Niihara et al. [48],
known as the most accurate and successful method for brittle materials,
as described below:

KIC = 0.0089
(
E
HV

)2/5

×
P
al1/2

;2.5 ≥
l
a
≥ 0.25 (10)

where P represents the load (Newtons), HV denotes the Vickers hardness
(GPa), E stands for Young’s modulus (~ 90 GPa, obtained from litera-
ture [39]), l represents the crack length obtained from the indentation
on the material surface after removing the Vickers indenter (meters),
and a denotes the half-diagonal length of the Vickers indentation mark
(meters). The Vickers indentation procedure was conducted 10 times on
the polished surface of the Zn1-xCuxSb samples using a Vickers
diamond-shaped indenter with an applied load of 0.49 N and a dwell
time of 15 s to generate cracks. The cracks originating from the four
corners of the indentation mark can be observed, as shown in Fig. S8.
Both the crack length (l) and half-diagonal length (a) were measured
using SEM for better accuracy. It was observed that the crack lengths
increased with Cu doping and then decreased beyond the addition of
0.03Cu. This phenomenon can be attributed to the formation of a sec-
ondary phase of Cu2Sb when the Cu doping level exceeds 0.03 in ZnSb,
consequently increasing resistance against cracking. Fig. 6(c) shows the
fracture toughness of the Zn1-xCuxSb samples. The KIC decreased slightly
from 0.69 MPa m1/2 for pristine ZnSb to 0.62 MPa m1/2 for 0.03, and
then reached a maximum of 0.72 MPa m1/2 for 0.1 sample. This value is
comparable to or higher that of other thermoelectric materials [39,49].
The possible toughening mechanisms in the Cu-doped samples could be
the crack deflection by secondary phase. These results indicate that ZnSb
materials can withstand greater thermal and mechanical loads during
the preparation of thermoelectric modules. The findings from this study
suggest that the enhanced thermoelectric and mechanical properties
could be helpful for potential power generation applications.

4. Conclusions

In this work, we systematically investigated both the thermoelectric
and mechanical properties of Cu-doped ZnSb samples fabricated by
melting, annealing and SPS. The introduction of copper acceptor doping
into the Zn site resulted in a significant increase in hole concentration,
leading to a substantial enhancement in electrical conductivity and a
remarkable improvement in power factor (107 %). However, the PF was
found to be 1.43 × 10− 3 W/mK2 at 300 K, which deviated from the
theoretically projected optimum PF (1.69× 10− 3 W/mK2) due to limited
solubility. This deviation could potentially be resolved by optimizing the
hole concentration through a co-doping to achieve the required opti-
mum hole concentration. Moreover, the maximum fracture toughness
(KIC) observed was 0.72 MPa m1/2 for the sample with a doping level of
0.1, which is higher than that of other thermoelectric materials. The
combination of favorable thermoelectric and mechanical properties
makes these materials highly suitable for the fabrication of commercial
thermoelectric modules.
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