
Valence Band Structure Degeneracy Enhanced Thermoelectric
Performance in β‑Cu2Se
Xiaomeng Cai,§ Huirong Jing,§ Hexige Wuliji, and Hong Zhu*

Cite This: https://doi.org/10.1021/acs.jpcc.2c08797 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Cu2Se is known to be a promising p-type thermo-
electric material resulting from its extremely low thermal
conductivity. On the other hand, compared to other high-
performance thermoelectric materials like PbTe, the valence band
degeneracy of Cu2Se is 4 times lower, which is believed to be
unfavorable to the power factor. In this work, band structure
engineering has been applied to increase the band degeneracy of
Cu2Se through effective doping. Based on the careful analysis of
bonding characters and atomic energy levels in the Cu2Se
compound, some defects (the Fe or Mn substitutional defects,
FeCu or MnCu, and the copper vacancy, VCu) are predicted to be
able to converge two valence band maxima in Cu2Se. The electrical
transport properties of Cu2Se with different defects (VCu/FeCu/MnCu) have been studied based on first-principles electronic
structure calculations. A Boltzmann transport study demonstrates that the weakened p−d orbital interaction may enhance the
electrical transport properties in Cu2Se.

■ INTRODUCTION
Thermoelectric materials, capable of converting thermal into
electric energy and vice versa, have great potential to be used
for waste heat recovery and power generation. The perform-
ance of thermoelectric materials is usually described by the
dimensionless figure of merit (zT), defined as S2σT/(κe + κL),
where S, σ, T, κe, and κL are the Seebeck coefficient, electrical
conductivity, absolute temperature, electrical thermal con-
ductivity, and lattice thermal conductivity, respectively. The
continuous increase of zT over the past decades has been
achieved through successful reduction of the thermal
conductivity, that is, via solid-solution alloying1−3 and nano-
structuring,4 and the enhancement of the power factor (PF =
S2σ), that is, via band structure engineering.5−8

The power factor is strongly related to *N m m( / )V b e
3/2,

where NV is the valley degeneracy, μ is the carrier mobility, mb*
is the density of states (DOS) effective mass for each valley,
and me is the free electron mass.

9 Converging individual carrier
pockets to increase NV without deteriorating μ is a
straightforward scheme for improving the thermoelectric
performance. As reported in previous works, doping is an
effective approach to modify the band structure to realize the
band convergence.8,10−12 For example, enhanced zT was
verified in Mg-,13 Mn-,14 Cd-,15 and Tl-doped11 PbTe resulting
from the increased number of valence valley. Similarly, a
comparable zT of 1.3 around 700 K was realized in Sn-doped
Mg2Si owing to the converged conduction bands.

16 Obviously,

band convergence is an effective method to improve the
thermoelectric performance.
Cu2Se (namely, β-Cu2Se, Fm3̅m space group) is a promising

thermoelectric material for high-temperature application, with
extremely low thermal conductivity originated from the liquid-
like motion of the Cu ions.17−19 Cu2Se is a p-type
semiconductor intrinsically and shows a peak zT of 2.1 at
973 K.20 It is discovered that the valence band maximum
(VBM) of Cu2Se is located at the Γ point with a low
degeneracy of 3, and the secondary lower VBM is located at
the L point with a high degeneracy of 8.21−23 Such a feature
suggests that band structure engineering is possible to be
utilized to improve the thermoelectric performance of p-type
Cu2Se. The valence band edge of Cu2Se comprises quite strong
p−d hybridization, which originates from the small energy
difference between the atomic orbitals of Cu-d and Se-p
orbitals.18 Therefore, tuning the p−d hybridization strength by
choosing appropriate dopants provides a potentially applicable
scheme to regulate the thermoelectric performance of Cu2Se.
The optimization of the thermoelectric properties of Cu2Se

has been investigated experimentally with different dopants,
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such as Li,24 Mg,25 Bi,26 Mn,27 Fe,27 and Ni28 at the Cu site.
Doping main group elements like Li in Cu2Se is helpful to tune
the carrier concentration, thereby increasing the electrical
conductivity, but the Seebeck coefficient is decreased at the
same time, and the power factor is not improved essentially.
On the other hand, doping transition metals like Fe in Cu2Se
can increase the power factor, which suggests that the
substitution of Cu with Fe might modify the band structure
and successfully decouple the trade-off relationship between
the Seebeck coefficient and the electrical conductivity.27,29

However, there is a lack of study on the theoretical band
structure analysis for transition metal-doped Cu2Se and the
effect on the thermoelectric properties to provide a deep
understanding of the role of extrinsic dopants. In addition to
doping foreign atoms, introducing vacancies can also play a
role in band structure modification, for example, Tan et al.30

reported that the Sn vacancies in SnTe can reduce the energy
separation between the light and heavy valence bands and
hence achieve a better band convergence. In addition, some
recent discussions on the practical improvement of thermo-
electric performance by band degeneracy make our theoretical
study even more necessary. Snyder et al.31 considered that
when valley degeneracy occurs at one k-point, a strong
deformation-potential scattering will generate, which is not
conducive to thermoelectric performance improvement. In
Xiong et al.32 and Xia et al.33 study, band degeneracy also did
not achieve power factor improvement.
In this work, the electronic structure of β-Cu2Se is

investigated via first-principles calculation. Based on the
atomic orbital analysis of Cu2Se near the valence band edge,
we first uncover the correlation between the band degeneracy
and the atomic orbital hybridization strength. It is found that
decreasing the p−d orbital interaction strength, for example, by
increasing the p−d orbital energy difference or the bond
length, can improve the band degeneracy. Considering the
feasibility, we choose some defects which can result in a larger
p−d orbital energy difference to improve the band degeneracy.
Results show that transition metal (Mn, Fe) substitution and
Cu vacancy introduction (VCu) in β-Cu2Se can be used to
improve the band degeneracy. The designed band structure
engineering is further confirmed by the band structure

calculations based on density functional theory (DFT). A
Boltzmann transport study demonstrates that the Seebeck
coefficients of Cu2Se with VCu/FeCu/MnCu defects are all
higher than that of the Cu2Se pristine compound.

■ METHODS
First-principles calculations were implemented in the Vienna
ab initio simulation package (VASP) based on DFT.34,35 The
projector-augmented wave technique was utilized to model the
interaction between electrons and ions,36 and the Perdew−
Burke−Ernzerhof (PBE) form of generalized gradient
approximation was used as the exchange−correlation func-
tional.37 The plane wave cutoff energy was set to 500 eV in all
calculations. To reasonably describe the orbital occupancies,
we used a Gaussian smearing width of 0.01 eV. The electronic
structures and the transport properties were calculated by
using the modified Becke−Johnson (mBJ) potential,38 and the
Hubbard-U correction with Dudarev’s approach was used. An
effective Coulomb U (Ueff = U − J) of 4 eV21 for Cu and other
doped transition metals (Mn/Fe) was obtained. Figures S1−S3
compare the effect of different U values of transition elements
(Cu, Fe, and Mn) on the electronic structure of the system,
and it can be seen that small changes in the U value of Cu have
some effect on the band gap of Cu2Se, but they hardly affect
the band structure near the VBM. For Mn and Fe, the band
structures are almost unchanged for different U values.
Brillouin zone sampling was performed by employing a
Monkhorst−Pack k-mesh of 6 × 6 × 6, and the k-point
convergence test was performed. We displayed the crystal
structural and lattice parameter of β-Cu2Se in the Supporting
Information. All defective Cu2Se results were carried out on
the 2 × 2 × 2 supercell. For the calculation of the effective
band structure, the supercell vectors were fixed, while the
atomic positions were optimized. For other calculations,
supercells were fully optimized despite very small lattice
changes, and a detailed comparison can be seen in the
Supporting Information. Due to the presence of unpaired
electrons in Mn and Fe, spin polarization is considered in our
work.
Chemical bonding analyses were carried out based on crystal

orbital Hamiltonian population (COHP) using LOB-

Figure 1. PDOS of the (a) Cu2Se and (b) Cu-d and Se-p orbitals around the VBM and the (c) −COHP of Cu-d−Se-p interaction in Cu2Se. The
projected band structure with the size of the blue and orange circles at the valence band top representing the characteristic weight of (d) Cu-d and
(e) Se-p orbitals, respectively.
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STER.39−41 Effective band structures were calculated by the
band unfolding method using VASPKIT.42 The electrical
transport properties were calculated using the BoltzTraP
package.43 As the relaxation time (τ) is an undetermined
quantity in our simulations, quantities which depend on the τ
are reported by scaling them with τ (i.e., σ/τ and S2σ/τ).

■ RESULTS AND DISCUSSION
Cu2Se is normally believed to be a semiconductor with an
optical gap of 1.23 eV.44 In our work, a comparison of the band
structure with PBE, HSE, and mBJ + U functionals is displayed
in Figure S8, and only mBJ + U shows a threefold degenerate
valence band with non-zero gap, which is similar to pervious
work.21,22 To have a clear understanding of electronic
properties of β-Cu2Se, the atomic orbital projected DOS
(PDOS) and band structure of Cu2Se were obtained by DFT
calculation and are summarized in Figure 1. The atomic orbital
PDOS in Figure 1a indicates that the valence band has
predominantly Cu-d and Se-p characters. It is further found
from Figure 1b that the DOS of the Cu-d orbital has a similar
shape to that of the Se-p orbital around the VBM, which
indicates an orbital hybridization between them. From our

calculated atomic orbital energy, Cu 3d orbital energy is
slightly higher than that of the Se 4p orbital. Previous work
found that Cu-d and Se-p characters in the VBM can be
considered as the p−d anti-bonding state. This is confirmed by
the calculated COHP shown in Figure 1c. Figure 1d,e shows
the Cu-d and Se-p orbital components of the upper valence
band. We can see that the two valence band extrema at the Γ
and L points, namely, VBM and VB1, are close in energy but
with different orbital weights. The Cu-d orbital has almost the
same contribution from the Γ point to the L point, while the
Se-p orbital has a larger contribution at the Γ point than the L
point. Therefore, it can be inferred that the p−d coupling
strength at the Γ point is stronger than that at the L point.
Thus, in order to tune the VBM and VB1 closer in energy for
higher valence band degeneracy, we could reduce the anti-
bonding strength, which would shift the VBM downward more
compared to VB1. Such k-dependent orbital characters at the
valence band edge of Cu2Se offer the possibility for band
modification.45,46 For example, the anti-bonding strength at Γ
and L points could be tuned by varying the atomic orbital
energy difference between Cu-d and Se-p or Cu−Se bond
length.5

Figure 2. (a,c) Band structures and DOS of Cu2X (X = S, Se, Te) with different orbital energies between Cu-d and X-p (εCu‑d−εX‑p) under a fixed
Cu−X bond length of 2.52 Å (b,d) and Cu2Se with different Cu−Se bond lengths (d(Cu−Se)). The VBM has been shifted to 0 eV. Energy
position of valence band maxima, VBM and VB1, and integrated COHP (ICOHP) for (e) Cu2X (X = S, Se, and Te) as a function of εCu‑d−εX‑p with
a fixed d(Cu−X) of 2.52 Å and (f) Cu2Se as a function of d(Cu−Se). The band alignment is obtained by aligning the Cu-1s core levels of different
compounds. The Fermi energy corresponding to various atomic p−d orbital energy differences and various bond lengths are marked with dashed
lines in (a,b).
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To understand the sensitivity of the VBM and VB1 values to
the anti-bonding strength, with the primitive Cu2Se, we have
chemically shifted the relative position of the anion p atomic
orbital by replacing Se with S and Te and also physically
changed the bond length between Se and Cu, to adjust Cu-d
and anion-p orbital coupling strength. Referring to Cu2Se
(black lines in Figure 2), the band structures of S- and Te-
substituted variants with the fixed Cu−X (X = S, Se, and Te)
bond length of 2.52 Å as same as Cu−Se bond length are
presented in Figure 2a. It can be found that as the
chalcogenide atom (X) changes from Te to Se to S, the VB1
at the L point shifts upward closer to the VBM, and when the
VBMs at the Γ point are aligned at the same energy level, the
energy difference between VB1 and VBM is 0.40, 0.69, and
1.09 eV for Cu2S, Cu2Se, and Cu2Te, respectively. This can be
attributed to the fact that atomic orbital energy differences
between Cu-d and X-p increase with atomic number
decreasing, which weakens the interatomic orbital interactions
and reduces the valence band dispersion around the Fermi
level, and thus, the energy offset between VBM and VB1
becomes smaller. Figure 2b shows the band structures of
Cu2Se with different Cu−Se bond lengths, d(Cu−Se). Larger
d(Cu−Se) decreases the energy separation between the VBM
and VB1 and leads to a better degeneracy and an increased
DOS near the Fermi level. It is worth mentioning that bond
length modulation has been achieved in experiments, for
example, doping or substrate modulation.47−49 In the work of
Naatz et al., effective modulation of the Cu−O bond length by
adding Fe to the CuO nanoparticles was achieved.48 Moreover,
Wang et al. induced large compressive thermal strain in the as-
grown WS2 by quartz with a large thermal expansion
coefficient.47 The orbital energy difference can be controlled
by doping with different types of anions and cations.
To confirm the band structure, the total DOS of Cu2X near

the Fermi level with different p−d orbital energy differences
and bond lengths are shown in Figure 2c,d with the zero
energy level representing the VBMs. It is well known that a

rapid change of the DOS near the VBM is a good indicator of
large Seebeck coefficient. As shown in Figure 2c,d, the total
DOS, which has a large slope stemming from the convergence
of valence bands, can be obtained with a large energy split
between Cu-d and X-p (εCu‑d−εX‑p) orbitals or with a large
bond length between Cu and Se (d(Cu−Se)). Figure 2e shows
the influence of changing the anti-bonding strength on band
convergence through changing the Cu-d and X-p orbital
energy difference. It can be seen that while both VBM and VB1
energy levels decrease with increasing the p−d orbital energy
difference, the energy value of the VBM decreases much faster
than VB1, leading to the band convergence. A larger p−d
orbital energy difference indicates a weaker anti-bonding
strength as reflected by a smaller −ICOHP value. The bond
length dependence of VBM and VB1 energy levels shows
similar trends in Figure 2f. A decrease in VBM, VB1, VBM-VB1,
and the corresponding −ICOHP values all occur when the
bond length is increased. This indicates that increasing
εCu‑d−εX‑p or d(Cu−Se) to weaken the p−d anti-bonding
strength is indeed helpful for converging valence bands for
Cu2Se.
The features of the electronic structures suggest that a weak

anti-bonding interaction is preferable for Cu2Se to achieve a
high band degeneracy. To rationalize the interplay between the
electronic structure and transport properties, the calculation of
the Seebeck effective mass mS* and conductivity effective mass
mC* is important to understand the thermoelectric performance,
which are generally dependent on the features of the band
structure around the Fermi level. As shown in Figure 3, both
the effective masses mS* and mC* at 800 K increase with the
increase of εCu‑d−εX‑p or d(Cu−Se), which is in line with the
change of the valence band curvature. The enlarged mS*
indicates an increase of the Seebeck coefficient; however, the
larger mC* at the same time could lead to a poorer carrier
mobility.
Thermoelectric properties of Cu2X with different p−d

hybridization strengths at 800 K were calculated using the

Figure 3. Energy dependence of conductivity effective mass, mC*, (a,c) and Seebeck effective mass, mS*, (b,d) at 800 K for p-type Cu2X (X = S, Se,
and Te).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c08797
J. Phys. Chem. C XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08797?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08797?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08797?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08797?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c08797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


semiclassical Boltzmann transport equation that was imple-
mented in BoltzTraP. Under rigid band approximation, the
Fermi level can be tuned through doping (p-type or n-type),
while the fundamental band structure is not changed. As
illustrated in Figure 4a,d, increasing εCu‑d−εX‑p or d(Cu−Se)
causes the Seebeck coefficient to increase as the Fermi level
moves into the valence band (p-type doping), indicating that a
weak p−d hybridization strength is more favorable to obtain a
large S. Such phenomena are consistent with the calculated
results of the Seebeck effective mass given in Figure 3b,d, since
S shows a proportional relation with mS*. As can be seen in
Figure 4b,e, in contrast to S, increasing εCu‑d−εX‑p or d(Cu−
Se) causes a low σ/τ, as the anti-bonding Cu−Se becomes less
hybridized, leading to electrical conductivity reduction.
Combining S and σ/τ, the power factor (S2σ/τ) with respect
to chemical potential is displayed in Figure 4c,f. S2σ/τ shows
an increasing tendency with the increase of εCu‑d−εX‑p or
d(Cu−Se). Therefore, tuning the p−d hybridization through
band engineering in the Cu site is possible to tune the TE
performance.
Based on the above discussions, a high band degeneracy

could be achieved in Cu2Se by decreasing the p−d anti-
bonding strength. In experiments, doping will be the most
feasible way to adjust the anti-bonding strength and hence to
finely tune a material’s electronic structure. Decreasing the
anti-bonding interaction between Cu-d and Se-p by choosing
the dopants which can cause a larger on-site energy difference
between cation-d and anion-p orbitals will lead to the
convergence of the VBM and VB1.
According to the calculated atomic energy levels of the Cu

and Se atoms in Table 1, the Cu-3d orbital is 1.41 eV higher
than the Se-4p orbital. Since the valence band edge is
composed of the p−d anti-bonding state, modifying the on-site
energy of the higher energy atomic orbital, corresponding to
the Cu-3d orbital here, has a large impact on the anti-bonding
state.50 Hence, the introduction of the extrinsic dopant with a
higher d orbital energy than Cu is likely to weaken the p−d

interaction and converge the VBM and VB1. In Table 1, we
summarize some potential doping elements for achieving band
convergence, according to their atomic energy levels. And, we
select two elements M (M = Fe and Mn in Table 1) with a
larger energy differences between M-d and Se-p, 2.05 and 2.12
eV for Fe and Mn, respectively. The larger the energy
difference between Se-p and M-d, the lower is the anti-bonding
strength, causing the convergence of the VBM and VB1. With
an appropriate doping concentration of Fe/Mn in Cu2Se, the
number of effective hole pockets is likely to be enlarged.
In addition to doping foreign atoms, introducing vacancies

can also play a role in band structure modification.30 In Cu2Se,
the introduced Cu vacancy (VCu) can be considered as a
foreign dopant with d orbital energy of infinity, which does not
make any contribution to the anti-bonding states near the
valence band edge since there is no hybridization between VCu
and the Se atom. Hence, introducing VCu is also possible to
weaken the anti-bonding strength and improve the band
degeneracy.
It is found that VCu/FeCu/MnCu all could be applied to the

band structure engineering of Cu2Se. In this work, when
introducing VCu in Cu2Se, two Cu vacancy are considered in a
2 × 2 × 2 supercell of Cu2Se, and thus, its formula is Cu14Se8,
corresponding to a hole concentration with a magnitude of
1021 cm−3, which is in line with the experimental data of the
high hole concentration in Cu2Se. And, when alloying with Fe/

Figure 4. Calculated Seebeck coefficient S (a,d), electrical conductivity with respect to relaxation time σ/τ (b,e), and power factor with respect to
relaxation time S2σ/τ (c,f) at 800 K as a function of energy for Cu2X (X = S, Se, and Te). The curves in (a−c) correspond to various atomic p−d
orbital energy differences and various bond lengths in (d−f).

Table 1. Relevant Atomic Energy Levels of p and d Orbitals
of Different Atoms

element valence state p orbital energy (eV) d orbital energy (eV)

S 3s23p4 −6.80
Se 4s24p4 −6.29
Te 5s25p4 −5.59
Cu 3d104s1 −4.88
Fe 3d64s2 −4.24
Mn 3d54s2 −4.17
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Mn in Cu2Se, the transition metal dopants have been usually
explored as multivalent species (+2, +3, +4, etc.),51 while Cu
has a valence state of +1. If one high-valence-state atom
substitutes one Cu atom in the supercell, this will contribute
extra valence electrons to the system and the system may adapt
itself to extra charge by the creation of mid-gap states.52,53

Given the unknown valence states of the dopants (Fe and
Mn), different amounts of copper vacancies are introduced for
investigating the correct ground-state electronic structures of
M-doped Cu2Se. Since the VCu and M pairs could have several
different possible configurations, the one with the lowest
energy has been our focus in the following discussion, and the
corresponding configurations are displayed in the Supporting
Information.
Figure 5 shows the comparison of the calculated band

structures of Cu16Se8, Cu14Se8, Cu13MnSe8, and Cu13FeSe8.
Because the calculations were conducted on supercell
structures, the Brillouin zone size was reduced, leading to
the folding of the bands. To compare these band structures to
that of undoped Cu2Se, the band structures of supercells were
unfolded. As shown in Figure 5a,b, when introducing Cu
vacancies into Cu2Se, the band gap is enlarged from 0.50 to
0.90 eV and the energy separation of the two valence band
maxima VBM and VB1 is decreased from 0.65 to 0.60 eV. So,
introducing VCu in Cu2Se could slightly alter the electronic
structure. For Cu13MnSe8 and Cu13FeSe8, as shown in Figure
5c,d, it can be found that the energy differences between the
VBM and VB1 become obviously smaller compared to the
pristine compound Cu16Se8, presenting preferable band
convergence because of the higher valley degeneracy at VB1
than that at the VBM (8 vs 3). The greater contribution of
valence bands with high degeneracy is expected to result in an
enhancement of the Seebeck coefficient when the chemical
potential is located around the valence band edge.

Based on the band structure results, the electronic transport
properties can be obtained by utilizing the Boltzmann
transport theory. Figure 6 shows the electronic transport
properties of Cu16Se8, Cu14Se8, Cu13MnSe8, and Cu13FeSe8 as
a function of Fermi energy at 800 K. As can be seen in Figure
6a, the defective Cu2Se (Cu14Se8, Cu13MnSe8, and Cu13FeSe8)
exhibits a higher Seebeck coefficient than perfect Cu2Se
(Cu16Se8). The increase of S can be explained by the changes
of the Seebeck effective mass under the weakened p−d
hybridization strength. On the other hand, the normalized
electrical conductivity of Fe- and Mn-doped Cu2Se is much
lower than that of the pristine system. Hence, combining S and
σ/τ, the normalized power factor (S2σ/τ) of Cu2Se is higher
than that of the Fe- and Mn-doped systems. This demonstrates
that the introduction of Cu vacancies or Fe/Mn dopants into
Cu2Se has a detrimental effect on the electrical transport
properties, which can be ascribed to the increased hole
effective mass and band gap, leading to an obviously decreased
electrical conductivity. It is noteworthy that the originally
proposed band convergence strategy is considered to lead to
high power factor; however, the intervalley scattering of
carriers stemming from the converged bands is entirely
overlooked and may impair the carrier mobility and electrical
conductivity, leading to the band convergence ineffective in
some thermoelectric systems, where more comprehensive band
structure engineering to balance the carrier mobility and band
degeneracy will be needed.

■ CONCLUSIONS
In conclusion, the thermoelectric properties of Cu2Se are
systematically studied by using the electronic structure
calculations. The band structure calculations using the mBJ +
U method reproduce the semiconducting behavior of Cu2Se. It
is found that the valence band edge of Cu2Se is formed by the

Figure 5. Effective band structures for (a) Cu16Se8, (b) Cu14Se8, (c) Cu13MnSe8, and (d) Cu13FeSe8.

Figure 6. Calculated (a) Seebeck coefficient (S), (b) electrical conductivity with respect to relaxation time (σ/τ), and (c) power factor with respect
to relaxation time (S2σ/τ) at 800 K as a function of energy for Cu16Se8, Cu14Se8, Cu13MnSe8, and Cu13FeSe8.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c08797
J. Phys. Chem. C XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c08797/suppl_file/jp2c08797_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c08797/suppl_file/jp2c08797_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08797?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08797?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08797?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08797?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08797?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08797?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08797?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08797?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c08797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


anti-bonding states of Cu-d and Se-p orbitals. The valence
band morphology is determined by the p−d anti-bonding
strength. Weakening the p−d anti-bonding strength through
increasing the bond length between Cu and Se or increasing
the atomic orbital energy difference between Cu-d and anion-p
can decrease the energy offset between two valence band
maxima at Γ and L points, respectively, and thus, it contributes
to an improved band degeneracy. To tune the valence band
toward a higher band degeneracy, the foreign dopants of Fe
and Mn with a higher d atomic orbital energy level than Cu are
introduced to soften the p−d anti-bonding strength. Simply
introducing Cu vacancies can also reduce the p−d anti-
bonding states near the valence band edge. The Seebeck
coefficients for Fe/Mn-doped Cu2Se and Cu2Se with Cu
vacancies are larger than those of the pristine compound;
however, the lower conductivity for defects containing Cu2Se
resulting from the lower carrier mobility is the constraint for
enhancement of power factor. The inter-valley scattering
would counterbalance the benefit from the band convergence
in Cu2Se, which hence needs careful consideration in such
multi-band systems. Our work not only suggests that Cu2Se
has great potential for further improvement as high-temper-
ature thermoelectric materials but also provides general design
rules to increase the band degeneracy through effective
extrinsic doping for other thermoelectric materials.
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