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This study achieves a notable enhancement in the thermoelectric performance of copper selenide compounds ex-
hibiting liquid-like characteristics via an innovative processing method. A KCl flux-assisted high-temperature melting and
slow-cooling strategy was employed to fabricate nanolayered Cu;Se (KCl), materials (x = 0-3, denoted as Sp—S3). Sys-
tematic characterization reveals that the coexistence of & and 8 phases at room temperature creates favorable conditions for
optimizing carrier transport. XPS analysis confirms the substitution of low-binding-energy Se?~ by high-binding-energy
CI™ ions within the lattice, effectively suppressing copper ion migration and remarkably improving the material’s structural
stability. Microstructural investigations demonstrate that all samples exhibit nanolayered stacking architectures abundant
with edge dislocations. This multiscale defect architecture induces strong phonon scattering effects. Hall measurements
indicate that the KCl flux-assisted processing facilitates the formation of highly ordered nanostructures, thereby enhancing
carrier mobility and structural stability. Although the carrier concentration exhibits a slight decrease compared with the
flux-free samples, the significant improvement in microstructural quality plays a crucial role in the synergistic optimization
of electrical conductivity and the Seebeck coefficient. Notably, sample S, exhibited a considerable electrical conductivity,
reaching approximately 1.0 x 10> S-m~! at 300 K. More strikingly, the cooperative effect of high-density edge disloca-
tions and dopant atoms elevates material entropy, enabling sample S3 to attain an ultralow lattice thermal conductivity of
0.55 W-m~!.K~! at 350 K. Through multi-mechanism coordination, sample S, achieved a high ZT value of 1.45 at 700 K,
representing a 2.7-fold improvement compared with traditional synthesis methods. This work provides new insights into
performance optimization of liquid-like thermoelectric materials through defect engineering and entropy manipulation.

Keywords: thermoelectric effects, low thermal conductivity, liquid-like, flux method
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1. Introduction

In the context of the global energy crisis, the emer-
gence of thermoelectric technology, driven by the Seebeck
and Peltier effects, provides a promising avenue for sustain-
able energy solutions. It plays a crucial role in waste heat
recovery, cooling technologies and the transformation of en-
ergy systems.!!?| Thermoelectric materials are particularly ef-
fective in collecting and reutilizing waste heat.[>*! In recent
years, thermoelectric technology has gained widespread appli-
cation in electronic devices and space technologies, due to its
advantages such as silent operation and the absence of moving
components. However, despite these benefits, its energy con-
version efficiency remains relatively low compared with that
of other energy harvesting methods. This challenge has driven
the global research community to prioritize the development
of advanced thermoelectric materials with enhanced perfor-
mance. The dimensionless thermoelectric figure of merit (ZT)
is a widely employed metric for assessing the efficiency of
thermoelectric materials.’! It is expressed as ZT = S%0k,

TCorresponding author. E-mail: skdeng@126.com
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where S represents the Seebeck coefficient, ¢ denotes elec-
trical conductivity and k signifies the total thermal conduc-
tivity. As indicated by this relation, thermoelectric materials
with superior performance necessitate high o, a large S and
low k. Nevertheless, these parameters are interrelated, mak-
ing it challenging to enhance material performance by mod-
ifying any single parameter in isolation, which constitutes a
major bottleneck in the current advancement of thermoelectric
materials.[®! In recent years, advanced decoupling techniques,
including nanoengineering, band structure optimization, inter-
face engineering and entropy manipulation, have significantly
improved both the performance and stability of thermoelectric
materials.

Cu,Se is a prototypical ‘electron crystal-phonon glass’
thermoelectric material, characterized by high electrical con-
ductivity and relatively low thermal conductivity. This makes
it a promising candidate for thermoelectric power generation
in medium- to high-temperature applications.!”! Cu,Se is a
phase-change ionic thermoelectric material that exists as a
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stable o-phase below 414 K and transforms to the f-phase,
known as the anti-fluorite structure, above 414 K. Within
the reversible o — f phase transition range, critical phonon
scattering occurs,®! significantly reducing the thermopower
and enabling ZT to reach 2.3 at 400 K. B-phase Cu;Se ex-
hibits a space group of Fm3m, wherein Se’~ ions form a
rigid face-centered cubic lattice framework, with each ion oc-
cupying a vertex of the cubic unit cell. The Cu™ ions ex-
hibit a predominantly random distribution within the inter-
stitial sites of the cubic lattice, although a notable localiza-
tion occurs at the 8(c) and 32(f) Wyckoff positions. Owing
to the disordered distribution of Cu™ ions, high ionic mobil-
ity is achieved,[®! effectively suppressing the material’s ther-
mal conductivity. Simultaneously, the rigid face-centered cu-
bic sublattice of Se>~ ions provides a stable electron transport
network, thereby conferring superior electronic properties.
Cu;Se has been synthesized using various techniques, such
as chemical synthesis,[!”) spark plasma sintering (SPS),!!!]
hydrothermal methods, ball milling, hot pressing and com-
binations thereof. For instance, Zhao et al.l'?! synthesized
Cu;Se using a hydrothermal method followed by hot press-
ing, thereby creating Cu,Se/MXene composite bulk materials
with a ZT ¢ of 1.77 at 923 K. Similarly, Tang et al.!Bl em-
ployed a rapid, self-propagating, high-temperature synthesis
method to fabricate BiCuSeO-Cu,Se composites integrated
with graphene interfaces, which improved the crystal struc-
ture, significantly reduced the thermal conductivity and ulti-
mately yielded a peak ZT of 2.82 at 1000 K. Moreover, Yin
et al." utilized spark plasma sintering (SPS) to promote the
quasi-homogenization of ternary elements, successfully syn-
thesizing Ge-doped Cu,Se with an average ZT of 0.56 over

the temperature range 323-723 K. Wang et al.!l>!

prepared
nitrogen-doped Cu,Se via a chemical method and applied it to
sodium and potassium ion batteries, demonstrating a promis-
ing integration of thermoelectric and electrochemical func-
tionalities. Although these methods have enabled the achieve-
ment of high ZT values, they are often associated with com-
plex procedures, high fabrication costs and material defects,
which collectively undermine the thermal stability of the re-
sulting materials.

Flux-assisted methods are recognized for their environ-
mental friendliness and cost-effectiveness. By enabling crys-
tal growth at temperatures below the melting point of the
target material, these approaches help maintain a dynamic
equilibrium of elemental composition during the growth pro-
cess, resulting in more uniform elemental distributions and
high-quality crystals. Commonly used flux materials include
NaCl,['61 KCI!'7! and Na,COs.!"8! In our previous work, ']
Cu;,Se crystals synthesized with NaCl flux achieved a peak
ZT of 1.57 at 700 K. However, variations in atomic vis-
cosity among different flux materials can substantially influ-

ence the crystal quality and thermoelectric transport proper-
ties of the final samples. In this study, we employed KCl, a
flux material with a lower melting point, to ensure the for-
mation of a more homogeneous melt at high temperatures.
This approach optimized the liquation—precipitation process
and promoted uniform crystal growth. By combining the flux
method with high-temperature melting and slow cooling, high-
performance Cu,Se thermoelectric materials were success-
fully fabricated. Furthermore, we systematically investigated
the chemical composition, microcrystalline structure and cor-
relation with thermoelectric transport properties.

2. Experiment
2.1. Material preparation

Cu;Se crystals were fabricated through KCl flux-assisted
melting combined with a precisely controlled slow-cooling
technique. The process utilized high-purity Cu (99.99%), Se
(99.99%) and KCI (99.99%) granules. These were mixed in
stoichiometric ratios corresponding to Cu,Se (KCI), (x =0,
1, 2, 3) and labeled as Sy, Sy, S> and S3, respectively. The
raw materials were precisely weighed using a high-accuracy
balance and sealed under vacuum in quartz tubes with carbon-
coated inner walls. The sealed tubes were placed in a box
furnace and heated at a rate of 3 K-min~! from 300 K to
1443 K. The mixture was held at this temperature for 12 h
to ensure complete melting and homogenization. The temper-
ature was then reduced to 1273 K over 2 h, and subsequently
cooled slowly to 773 K over 120 h. Finally, the samples were
permitted to gradually return to room temperature within the
furnace. To isolate the crystals from any remaining flux, KCI
was dissolved in deionized water, resulting in the recovery of
high-purity Cu,Se crystals.

2.2. Material characterization

The phase composition of all samples was analyzed using
x-ray diffraction (XRD; Ultima IV, Cu K4, A = 1.5403 A).
The cross-sectional morphology and elemental distribution
were examined using a field emission scanning electron mi-
croscope (SEM; FEI Inspect F50) equipped with an energy
dispersive x-ray spectrometer (EDX; Oxford Inca X-act).
The crystal plane spacing, dislocations and defects within
the crystal structure were studied using transmission electron
microscopy (TEM; Tecnai G20) and selected area electron
diffraction (SAED). Hall coefficients at 300 K were measured
using a Hall effect tester (HL5500) under a magnetic field
strength of 0.5 T. The Seebeck coefficient of the material was
measured in the temperature range 300-500 K under vacuum
conditions, using copper—nickel alloy (Cu55%) as a reference
material. In the same temperature range, electrical conduc-
tivity was measured by the four-probe method with a stable
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current source of 20 mA. Thermal diffusivity within the same
temperature range was determined using the laser flash method
(LFA 457, Netzsch) under an inert gas flow.

2.3. Error analysis

In this study, all measurements were conducted on three
independently synthesized samples for each composition. The
data are reported as mean values with standard deviations. Sta-
tistical analysis and curve fitting were performed using Origin-
Pro 2024 (OriginLab Corporation), employing one-way analy-
sis of variance at a 95% confidence level, followed by Tukey’s
post hoc test (p < 0.05) for multiple comparisons. Error bars
indicate the standard deviations derived from the triplicate
measurements. Experimental errors primarily originate from
variations in sample preparation, contact resistance instability
and instrument resolution limitations. The relative standard
deviation (RSD) for all datasets was maintained below 5%,
confirming the high reproducibility and reliability of the ther-

moelectric measurements.

3. Results and discussion
3.1. Characterization of the phase structure in the samples

Figure 1(a) shows the XRD test results for CuySe (KCI),
(x =0, 1, 2, 3) samples prepared using the KCI flux method.
Table 1 lists the lattice parameters corresponding to the dif-
ferent phase structures of all the samples. As the initial con-
tent of KCl flux (x) increased, the lattice constants gradu-
ally decreased. The main diffraction peaks of all samples at
300 K can be assigned to -CuySe (PDF #47-1448) and par-
tial B-Cu,Se (PDF #76-0136), indicating the coexistence of

variation of lattice constants and densities, determined by the
Archimedes method, as a function of the KCl stoichiometric
ratio. The gradual incorporation of KCI leads to a reduction
in the lattice constants, likely due to the substitution of Se?~
ions by smaller-radius C1~ ions in the lattice.[?'] With an in-
crease in the KCl flux stoichiometric ratio, the characteristic
peaks of the (211) and (111) planes are significantly enhanced,
whereas the intensity of the (410) peak is gradually dimin-
ished. This phenomenon can be attributed to the KCIl flux
promoting the preferential growth along the (211) and (111)
planes in Cu,Se, resulting in the corresponding enhancement
of their diffraction peaks. Furthermore, in situ XRD measure-
ments were conducted on the CupSe (KCl), (x = 2) sample.
The results reveal that, as the temperature increases, CupSe ex-
hibits a distinct phase transition behavior, corroborated by pre-
vious research.!??! At room temperature, the stable o-phase is
the dominant phase in Cu,Se. However, the XRD patterns re-
vealed the presence of weak signals corresponding to the char-
acteristic peaks of the S-phase, indicating the coexistence of
both a- and B-phases. As further temperature increases, the
diffraction peaks increasingly overlap with the characteristic
peaks of the B-phase, suggesting the completion of the o0 — 3
phase transition.

To clarify the valence states of the elements in CuySe
(KCl), samples, x-ray photoelectron spectroscopy (XPS)
was performed on all samples. As shown in Fig. 2(a), the
Cu 2p spectra exhibit two main peaks located at approxi-
mately 932.5 eV (Cu 2ps35) and 952.2 eV (Cu 2p;»), with a

Table 1. Lattice parameters and densities of all samples.

Samples Phase

. . . A3 e —3
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Fig. 1. (a) XRD full spectra. (b) Magnified local diffraction peaks of the samples. (c) In situ XRD of the Cu,Se (KCl), sample.
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spin—orbit splitting of about 19.9 eV, indicating the presence
of monovalent copper (Cu™).[?3l With increase in the stoichio-
metric ratio of the KCI flux, the Cu 2p binding energy gradu-
ally shifts toward higher values. This shift is likely due to the
doping effect of C1~ ions. Specifically, C1~ has a significantly
higher electronegativity than Se>~. When CI~ partially sub-
stitutes for Se?~ in the lattice, the resulting Cu—Cl bonds are
more polar than Cu—Se bonds. This change redistributes the
valence band electron cloud?*?! and reduces the local elec-
tron density around Cu*. As a result, the decreased electron
density weakens the electronic shielding of Cu™, enhances the
effective nuclear attraction on valence electrons and facilitates
the enhancement of binding energy. In addition, TEM analy-
sis reveals a high density of dislocation defects in samples pre-
pared via the KCI flux method. This phenomenon is closely re-
lated to the auxiliary doping of K ions. K incorporation in-
troduces local lattice stress, which further modulates the elec-
tronic environment of Cut. The combined effects ultimately
result in a systematic shift of the Cu 2p binding energy toward
higher values.

The XPS spectra of Se 3d are shown in Fig. 2(b). The
spin—orbit splitting is approximately 0.86 eV, which agrees
well with the standard splitting for selenium. This confirms
that selenium exists in the —2 oxidation state within the Cu,Se
matrix.[?627l' As the proportion of KCI flux rises, the Se 3d
binding energy first decreases and then returns to its initial
value. This non-monotonic trend may be attributed to flux-
assisted crystal growth. The presence of KCI promotes bet-
ter crystallinity, which reduces local lattice distortion and de-
fect state density at Se sites. As a result, the chemical en-
vironment of Se?>~ becomes less constrained by local lattice
stress. The reduced internal stress lowers the confinement of
valence electrons, leading to a slight decrease in Se 3d binding
energy.[?®! At higher KCI concentrations, Cl~ ions partially
substitute Se>~ in the lattice. The formation of Cu—Cl bonds
alters the original coordination structure of selenium. Simul-
taneously, K ions, due to their relatively large ionic radius,
tend to occupy interstitial positions within the lattice. This
leads to local charge imbalance, slight lattice distortion and
defect reconstruction.?”! These combined effects introduce
greater structural complexity and chemical instability around
Se atoms, ultimately resulting in a slight increase in the Se 3d
binding energy.

Figures 2(c) and 2(d) present the high-resolution XPS
spectra of Cl 2p and K 2p for samples prepared using the
KCl flux method. The Cl 2p peaks appear at 198.04 eV
and 200.14 eV, corresponding to the —1 oxidation state of
chlorine.*% At lower x values, Cl~ ions primarily substitute
into the lattice and form highly polar Cl-Cu bonds. In this
configuration, Cl experiences a stronger local electric field,
resulting in a higher binding energy. As the KCI content in-

creases, ClI~ doping approaches saturation. The high local
concentration of CI~ ions leads to charge crowding and en-
hanced electrostatic repulsion, which slightly weakens the ef-
fective binding environment. Consequently, the CI 2p binding
energy exhibits a slight downward shift.[3!]

The K 2p core-level spectrum exhibits two peaks at
294.78 eV and 292.98 eV, with a spin—orbit splitting of ap-
proximately 2.77 eV. This value aligns well with that of stan-
dard potassium,[*?! indicating that K atoms are present in the
+1 oxidation state within the Cu,Se lattice framework. With
increasing flux content, K ions are progressively distributed
within lattice interstices and interfacial regions, and tend to
accumulate at grain boundaries and defect sites. In these ar-
eas, K™ may interact electrostatically with exposed Se’~ ter-
mination sites, forming weak coordination structures. This en-
hances the local crystal field around K atoms and results in a
slight upward shift in the K 2p binding energy. 33!

The XPS results collectively confirm the successful incor-
poration of Cl and K into the Cu,Se lattice. These dopants are
expected to significantly influence the thermoelectric transport

properties of the material.

(@) [Cu 2p (b) TSe3d
Cu,Se(KCl),

Cu,Se(KCl),
Cu 2py, (Cu™)
'
Cu 2py, (Cu™)
t

Ss 952.8 eV

932.7 eV,

i 932.6 eV

S _en048.7 oV

s ) 933.1eV
1 i
1954.4 eV

Intensity (arb. units)
Intensity (arb. unit)

]
! 932.8 eV
953.0 eV

956 955 950 945 940 935 930 58 57 56 55 54 53 52 51 50

Binding energy (eV) Binding energy (eV)

—~
3]
~
—~
(=%
=

K 2p
Cu,Se(KCl),

Cl 2p
Cu,Se(KCl), Cl2pyy, (C17)
! C112p3/2 (cr)

K 2pg, (KT)
R
% 198.2 eV =

K 2p; )5 (K) ..
b
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Intensity (arb. unit)

1 .
:
g, 20896V ,: 02,5 oV

302 300 298 296 294 292290
Binding energy (eV)

210 207 204 201 198 195 192
Binding energy (eV)

Fig. 2. XPS spectra of all samples: (a) Cu 2p, (b) Se 3d, (c) Cl 2p, (d) K 2p.

3.2. SEM and TEM analysis of the samples

As shown in Fig. 3(al), the cross-sectional SEM image
of the Cu;Se (KCI), (x = 2) reveals a nanolayered structure
with layer thicknesses ranging from ~ 110 nm to ~ 165 nm.
The dense interfaces formed between adjacent nanolayers act
as prominent phonon scattering sites, effectively disrupting the
coherent propagation of heat-carrying phonons throughout the
material. As the phonon mean free path in Cu;Se typically
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ranges from tens to hundreds of nanometers, the nanoscale
periodicity introduced by the layered architecture effectively
matches this scale, leading to frequent phonon—interface in-
teractions. These additional scattering events substantially re-
duce the phonon relaxation time, thereby impeding the trans-
port of thermal energy and resulting in a marked decrease in

[34-36] No significant macroscopic

lattice thermal conductivity.
defects were observed in the material, indicating that Cu,Se
synthesized using the KCl flux possesses a well-formed lay-
ered structure and high density. Figures 3(a2)-3(a6) show
the EDS analysis of the samples prepared using the KCl flux
method. The elements are uniformly distributed across the
material, suggesting that the synthesized samples possess con-
sistent composition and exceptional crystallinity. In addition,
trace amounts of Cl and K are observed in the material. Fig-
ures 3(b)-3(e) show the stacked nanolayered structures for
samples with x = 0, 1, 2 and 3, with layer thicknesses rang-
ing from ~ 110 nm to ~ 165 nm. To further investigate the
distribution of elements within the material, EDS testing was
conducted on sample S,. As illustrated in Fig. 3(g), the EDS
spectrum for x = 2 reveals an approximate Cu:Se ratio of 2:1,
thereby validating the synthesis of a high-quality Cu;Se sam-
ple, which is in accordance with previously reported data. 7]
The spectrum also shows that Cl and K are evenly distributed
in small amounts, which further confirms that the KCI not only
serves as a flux but also participates in the formation of the
Cu;Se lattice. As shown in Fig. 3(h), with an increase in the
stoichiometric ratio of the KCI flux, the sample exhibits more
interfaces, which are beneficial for optimizing its thermoelec-
tric performance.

To further investigate the material’s microstructural char-
acteristics, including its crystal structure, crystallographic in-
dices and internal defects and dislocations, we performed
TEM characterization on all samples synthesized using the
KCl flux method.

Fig. 3. (al)—(a6) FESEM images of sample S, and elemental mapping
analysis of Cu, Se, Cl and K. (b)—(e) Nanolayer structure images of sam-
ples Sp—S3. (f) Cross-sectional morphology of a Cu,Se (KCl), sample.
(g) Elemental distribution spectrum of sample S;. (h) Cross-sectional
morphology of S3.

Fig. 4. (a) High-resolution TEM image of sample S, at 300 K. (b) Magni-
fied image of the selected area in sample S;. (c) SAED pattern of the square
region. (d) Magnified image of the elliptical region indicated by the arrow.
(e) Interplanar spacings between different crystal facets.

Figure 4(a) presents a high-resolution transmission elec-
tron microscopy (HRTEM) image of sample S;, highlighting
its overall high crystallinity. In the magnified elliptical re-
gion, a high density of edge dislocations is observed, which
further reduces the k of the material by promoting enhanced
scattering of heat-carrying phonons.*® The lower-left panel
of Fig. 4(a) presents the lattice fringe profile extracted from
the HRTEM image of the Cu,Se sample. The observed fringes
correspond to the (090) crystal planes with an interplanar spac-
ing of approximately 2.26 A. The presence of irregular inter-
vals between major peaks and fine secondary peaks indicates a
high density of dislocations and local lattice distortions within
the material.[*”! This feature further confirms that, despite the
existence of well-ordered (090) planes, a significant number of
crystallographic defects are simultaneously present in the sam-
ple. Figure 4(b) provides an enlarged view of the square region
in panel (a), in which clear lattice fringes are visible, indicat-
ing Cu;Se grains with different crystallographic orientations.
The SAED pattern of the square region in panel (b) shows
clearly visible diffraction spots, as presented in panel (c). The
interplanar spacings for the a-phase (111), (541) and (090)
crystal planes are measured to be 3.34 A, 2.05 A and 2.25 A,
respectively, are consistent with the XRD results. This find-
ing confirms that the KCI flux effectively promotes the or-
derly growth of crystals during synthesis. Figure 4(d) shows a
TEM image of sample S,, presenting a local magnified view
of the elliptical region (marked by an arrow) in panel (b). The
uniform lattice arrangement indicates the presence of high-
quality Cu;Se grains. Fast Fourier transform (FFT) and in-
verse fast Fourier transform (IFFT) analyses of the selected
area revealed a lattice spacing of 3.36 A, confirming the exis-
tence of the B-phase.*” This result demonstrates that the KC1
flux effectively suppresses phase transition during the synthe-
sis, enabling a small fraction of Cu;Se to remain in the f-
phase at room temperature, which contributes to improving the
structural stability of CuySe. The high-resolution TEM image
shown in Fig. 4(e) reveals a dense crystal structure with signif-
icantly improved lattice ordering, indicating that KCI, acting
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as a flux, substantially improves crystal quality during the ma-
terial synthesis process.

3.3. Thermoelectric transport properties of Cu,Se (KCl),

(x=0,1, 2, 3) samples

As evidenced by the results in Table 2, the carrier concen-
tration (n) of Cu,Se samples synthesized via the flux method
(samples S; and S;) is significantly lower than that of the
directly melted sample Sp, exhibiting an order-of-magnitude
variation. Although the carrier mobility (uy) shows a slight
upward trend, its overall variation remains nearly constant.
These results are further corroborated by Fig. S2(a), which
presents the dependence of n and uy on the KCl stoichio-
metric ratio. The decrease in carrier concentration primarily
arises from the microstructural modifications induced during
flux-assisted synthesis. As previously discussed, the forma-
tion of uniform nanolayered architectures and the introduc-
tion of a high density of dislocations and defects, evidenced
by SEM and TEM analyses, act as potential carrier trapping
centers, thereby reducing the effective free carrier density. No-
tably, sample S, exhibits a certain degree of recovery in carrier
concentration compared with Sy, reaching 1.18 x 102 cm 3,
which approaches the optimal carrier concentration range for
achieving high thermoelectric performance.*!! This improve-
ment is attributed to the moderate substitution of Se?~ by C1~
ions promoted by an appropriate amount of KCI flux, lead-
ing to the formation of shallow acceptor states that enhance
hole concentration,*?! as confirmed by the uniform elemen-
tal distribution observed in EDS mappings. Furthermore, the
formation of dangling bonds at original Cu ion sites facilitates
the migration of electrons from adjacent sites to these unsat-
urated bonds, further contributing to the increase in hole con-
centration. Importantly, during this process, the carrier mo-
bility remains almost unaffected,*3! indicating that the struc-
tural quality is well preserved. The temperature dependence
of n and uy for sample S, is depicted in Fig. S2(b). With in-
creasing temperature from 300 K to 700 K, the carrier concen-
tration progressively increases, consistent with thermally acti-
vated carrier excitation behavior typically observed in narrow-
bandgap semiconductors such as CuySe. The elevated thermal
energy promotes carrier excitation from intrinsic defect lev-
els and facilitates the delocalization of carriers from localized
states near dislocations and interfaces, leading to an increase
in effective carrier density.

Table 2. All samples’ carrier concentration and mobility.

Samples Hall coefficient n Uy
CuSe (KCI),  (em*-C7!) (102 cm™3) (cm?-V-ls7h)
So 0.0208 3.00 43.28
Si 0.0800 0.78 44.98
Sa 0.0528 1.18 45.17
S3 0.1178 0.53 48.16

b) 280
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Fig. 5. (a) Electrical conductivity of all samples. (b) Seebeck coefficient.
(c) Total thermal conductivity. (d) ZT value. (e) Lattice thermal conduc-
tivity. (f) Carrier thermal conductivity.

Meanwhile, the carrier mobility monotonically decreases
with temperature, mainly due to enhanced phonon scattering
and intensified carrier—interface scattering associated with the
defect-rich layered microstructures.

Figure 5 illustrates the temperature-dependent thermo-
electric transport characteristics of all samples. According
to the data presented in Fig. 5(a), the electrical conductivity
(o) of each sample exhibited a decline as the temperature was
raised from 300 K to 700 K. demonstrating the typical behav-
ior of degenerative semiconductors. The amplitude of fluctua-
tion of conductivity for sample S3 in the vicinity of the phase-
transition temperature was observed to diminish significantly.
This phenomenon may be attributed to the increase in the con-
tent of the B-phase at room temperature as the quantity of KCl
flux rises. This result is in agreement with the previous micro-
scopic structural and phase analyses. Owing to the elevated
n, the & of sample S3 attains a value of ¢ = 9.8 x 10* S-m~!
at 300 K. Moreover, the electrical conductivity of sample S3
decreases continuously across the entire temperature range,
consistent with the trend in Table 2 where both n and uy de-
crease. This behavior is probably due to the increase in the
KCl stoichiometric ratio within the overall system, resulting
in a greater substitution of Cu™ ions by K™ ions. However, as
the binding energy of the outermost electron of K is lower than
that of Cu (as illustrated in Fig. 2), the dangling bonds near K™
ions possess a weaker electron-trapping ability. Consequently,
the carrier concentration in sample S3 is reduced. The posi-
tive Seebeck coefficients observed for all the samples confirm
that they exhibit p-type semiconductor behavior. At approx-
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imately 410 K, a sharp change in the Seebeck coefficient (S)
occurs due to the phase transition from « to 8, which is consis-
tent with the literature report.!**! As discussed earlier, due to
the dual-phase structure around 300 K in the samples prepared
with KCl, the fluctuation in § around 410 K is less pronounced
compared with that of the directly melted sample Sg. Among
all the samples, S, shows the highest S in the high-temperature
region, reaching Spmax = 190 LLV~K’l at 700 K. According to
the single parabolic band model, S is given by the following
expression: 4]

S=m

21,2 2
S ()

where m* is the effective mass, kg is the Boltzmann constant,

T, 6]

T is the absolute temperature, e is the electron charge, 7 rep-
resents the reduced Planck’s constant and # is the carrier con-
centration. This equation evidently demonstrates that the S
of the material is positively correlated with the n, while be-
ing directly proportional to the effective mass. In addition to
being related to the band structure, m* of the material is signif-
icantly influenced by the carrier concentration. It is expressed
as m* = net, where 7 is the average relaxation time of the car-
riers. If the influence of the band structure on m* is neglected,
the higher the n, the larger the S. This explains why S of sam-
ple S, is higher than that of the other flux-grown samples in
this study.

Figure 5(c) depicts the relationship between the total ther-
mal conductivity (x) and temperature, which can be described
by the equation k = A - C, - d, where C;, is the specific heat ca-
pacity, A is the thermal diffusivity and d is the density. Near
410 K, the thermal conductivity fluctuations of the KCI flux-
grown samples diminish, further supporting the presence of
a dual-phase structure. The k of the material comprises two
constituent elements: the carrier thermal conductivity (k) and
the lattice thermal conductivity (ki.), expressed as

K=K+ K. ()

The . is linked to o and the absolute temperature (7") by the
Wiedemann—Franz law

K. =LoT. 3)

Considering that the Lorenz number (L) in semiconductors
is temperature dependent, L was explicitly calculated in this
study. The derivation process and related expressions are pro-
vided in Section I of the supporting information. The tem-
perature dependence of L is illustrated in Fig. S1, which was
subsequently used to separate the contributions of x. and ki,
to the total thermal conductivity. The x. and ki, of the ma-
terial are calculated based on Egs. (2) and (3), as shown in
Figs. 5(e) and 5(f). Within the x values, the electronic contri-
bution predominates, whereas the KCI flux-synthesized sam-
ples exhibit a markedly lower ki,. This phenomenon can be

attributed to two primary factors. Firstly, as evidenced by
the cross-sectional SEM image in Fig. 3, the Cu,Se materi-
als synthesized via the KCI flux method exhibit thinner lay-
ered nanostructures than those fabricated by direct melting.
These additional interfaces act as scattering centers, leading to
more effective scattering of the heat-carrying phonons. Sec-
ondly, this study achieved heterovalent doping of C1~ and K
ions into the Cu,Se lattice, where the significant mismatch
in atomic radius between the dopant and host atoms substan-
tially increased the configurational entropy of the system. 46!
The enhanced entropy perturbs the atomic arrangement within
the crystal lattice, disrupts the long-range order and promotes
more effective phonon scattering. This entropy-driven in-
crease in lattice disorder, combined with the higher density
of interfaces introduced by the layered nanostructures, ef-
fectively reduces the phonon mean free path. As a conse-
quence the flux-assisted Cu;Se samples exhibit substantially
suppressed ki, which contributes to the enhancement of their
thermoelectric transport properties.[*”] The ZT values of each
sample at various temperatures were calculated using the mea-
sured S, ¢ and k, as presented in Fig. 5(d). It is evident that
the S, sample demonstrates superior ZT values across the en-
tire temperature range owing to its higher S and o. A peak
value of 1.45 is observed at 700 K, indicating its optimal per-
formance at this temperature. The weighted average ZT value
over the tested temperature range is 1.03, validating the effi-
cacy and consistency of sample S, in generating heat.

Figure 6(a) presents the correlation between carrier con-
centration (n) and Hall mobility (uy) for various Cu,Se-based
materials. Sample S, (labeled as ‘This work’) demonstrates an
optimized carrier concentration of approximately 10%° cm—3
and a moderate Hall mobility of ~ 45 cm?-V~!.s~!, falling
within the ideal range for achieving a high power factor.
As shown in Fig. S3 of the supporting information, the
power factor of sample S, remains stable at around 1.7 X
1073 W-m~!.K~2 in the high-temperature region. Figure 6(b)
systematically compares the maximum Z7T (ZTyqax) and the
weighted average ZT (ZT ) values of CuySe-based materi-
als reported in the literature with those of the samples synthe-
sized in this study. It is evident that sample S, synthesized
via the KCI flux-assisted method, exhibits superior thermo-
electric transport performance, ranking among the top levels
of currently reported CuySe-based materials. Additional de-
tailed thermoelectric parameters are summarized in Table S1
of Section IV in the supporting information. These results
clearly demonstrate that the KCI flux-assisted growth strategy,
combined with the co-doping of C1~ and K™ ions, effectively
regulates the microstructure and carrier transport properties of
Cu;,Se. This approach significantly reduces the lattice thermal
conductivity while maintaining favorable electrical transport
properties, thereby contributing to the overall enhancement of
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the thermoelectric performance of CuySe-based materials.
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Fig. 6. Comparison of carrier transport properties and thermoelectric per-
formance of Cu,Se-based materials:[2->12:2048-611 (3) the carrier concen-
tration (n) and Hall mobility (Ug), (b) ZTmax and ZT aye.

4. Conclusion

In conclusion, in this research we successfully fabricated
Cu;Se thermoelectric materials featuring a nanolayered archi-
tecture and dual-phase coexistence near 300 K, employing
the KCl flux method in conjunction with a high-temperature
melting and gradual cooling technique. Comprehensive anal-
yses of the thermoelectric transport properties of all synthe-
sized materials were systematically performed. XRD analy-
sis demonstrates that the samples synthesized employing the
KCI flux method exhibit a coexistence of two phases at am-
bient temperature. This contributes to the enhancement of
their overall thermoelectric transport properties. XPS analy-
sis reveals that C1~ ions, possessing stronger binding energy,
substitute for Se’~ ions in the lattice, effectively suppressing
Cu™ ion migration and thereby enhancing the structural sta-
bility of the material. SEM and TEM analyses demonstrate
that all samples synthesized using the KCI flux method ex-
hibit a nanolayered stacking structure and a high density of
dislocations, both of which play a crucial role in enhancing
phonon scattering and effectively lowering thermal conduc-
tivity. Hall effect measurements confirm the effective opti-

mization of carrier mobility in the materials, providing criti-
cal insight into how to improve thermoelectric transport prop-
erties. In particular, sample S, exhibits excellent electrical
conductivity over the 300-700 K temperature range, achiev-
ing approximately 1.0 x 10° S-m~! at 300 K. The high den-
sity of edge dislocations and the incorporation of dopants in
the samples prepared via the KCIl flux method contribute to
an increase in material entropy, which in turn further dimin-
ishes the lattice thermal conductivity. At 350 K, the total ther-
mal conductivity of sample S3 reached an ultra-low value of
0.55 W-m~1.K~!, slightly higher than the lowest value re-
ported in the literature,!”) while the ZT value of sample S,
reached an impressive 1.45 at 700 K. This study offers novel
insights into the regulation of the structure and thermoelectric
performance of Cu;Se using the KCI flux method, demonstrat-
ing significant advantages in enhancing electrical conductivity
while effectively reducing thermal conductivity.
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