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Motivated by the synthesized CuyTiSe4 with ultralow room-temperature thermal conductivity [Angew.
Chem., Int. Ed. 60, 9106 (2021)], we systematically investigate its thermoelectric (TE) properties via com-
bining Boltzmann transport equations and first-principles calculations. The results show that the thermal
conductivity of CusTiSe4 determined considering only three-phonon scattering is reduced by about 40%
after including four-phonon scattering at room temperature, indicating the importance of four-phonon scat-
tering in phonon transport. On the other hand, the coexistence of high dispersion and valley degeneracy
at the top valence band in the electronic structure causes a high power factor. Consequently, the isotropic
figure of merit (Z7) value of 1.5 at 500 K is captured in the p-type doped CuysTiSe4. In addition, the value
of ZT can be further enhanced to 2.2 by applying 2.25% triaxial tensile strain, which is ascribed to the
remarkably enhanced four-phonon scattering processes induced by the tensile strain. Meanwhile, the sig-
nificant suppression of thermal conductivity allows the optimal carrier concentration for the Z7 peak to be
reduced, which is of important practical significance for the experimental preparation of CusTiSe4-based

TE devices. Our results pave a way for the design of adjustable medium-temperature TE devices.
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I. INTRODUCTION

In the background of the global energy crisis and CO,
emission reduction, the demands for clean and sustain-
able power have greatly renewed attention in thermoelec-
tric (TE) materials, which allow direct mutual conversion
between low-grade heat and electrical energy by the See-
beck effect [1]. TE materials have long been designed
to realize power generation and cool equipment with-
out any movable components and have shown definite
advantages in multiple applications such as radioisotope
TE generators, temperature sensors, wearable devices, and
car refrigerators [2]. At present, the major impediment
that constrains the application of TE materials is the low
conversion efficiency, especially at room to medium tem-
perature. Hence, searching for highly efficient TE materials
is the focus of research. Normally, the conversion effi-
ciency of TE materials is evaluated by the dimensionless
figure of merit ZT = TSo?/(k.+«;), where S, o, and T
are the Seebeck coefficient, electrical conductivity, and
absolute temperature, respectively. Here, the electronic
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thermal conductivity («.) and lattice thermal conductivity
(k1) together comprise the total thermal conductivity (x).
Clearly, a TE material with high ZT value requires a large
power factor (So?) and low k. However, S, o, and «, are
intrinsically coupled via the carrier concentration (n) at a
given temperature, resulting in a great challenge for sig-
nificant improvements in Z7 value. In order to optimize
and balance these electronic transport parameters, several
effective approaches have been proposed to achieve high
ZT in recent decades, including band-structure engineering
[3,4], microstructure manipulations [5—7], and reducing
dimensionality [8—10]. On the other hand, the discovery
of crystalline structures with intrinsically low «; character-
ized by resonant bonding [11], lone-pair electrons [12,13],
and rattling [14,15] is an important strategy to obtain
excellent TE performance. In addition, the manipulation
of phonon transport to further reduce «; by introducing
phonon interference/local resonance based on constructing
superlattices/branched structures [16—18] or by enhancing
phonon scattering based on defect engineering [19,20] and
applying strain [9,21,22] is an extension of this strategy.
With the persistent efforts of researchers, various TE
materials with relatively high ZT values have been pro-
posed. For instance, a maximum Z7 of 1.4 has been
reported in Na-doped PbTe at 750 K because of a
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significant rise in the density of states around the Fermi
level [23]. Later on, Tan et al. found a higher ZT of
approximately 2.5 in a heavily alloyed PbTe-SrTe sam-
ple at 923 K because SrTe alloying of PbTe could cause
valence-band convergence, strengthen phonon scattering,
and improve extensive nanostructuring with good valence-
band alignment of precipitate/matrix [24]. Moreover, Zhao
et al. experimentally demonstrated that SnSe single crys-
tals possess exceptionally low lattice thermal conductivity
(0.23 Wm~! K1) and a high ZT value (2.6) along the b
axis at 923 K [25]. It is worth noting that the achieve-
ment of excellent TE performance in most of the previous
studies depends on relatively high temperature (>700 K)
[22,26-28]. Actually, a large amount of low-grade waste
heat is stored at medium temperatures (around 500 K).
Hence, the development of medium-temperature bulk TE
materials with excellent performance becomes a major
concern in the renewable energy field [29-31]. In the-
ory, Yue et al. recently proposed host-guest structures
like K,Se; and Rb;Se, with anisotropic bonding for cap-
turing ultralow «;, and ZT values were predicted to be
2.95 for K,Se; and 2.17 for Rb,Se; along the ¢ axis,
respectively [32]. Wang ef al. reported that, owing to the
ultralow «; and the electronic band degeneracy/pockets
near the Fermi level, a high Z7 > 3 has been obtained in
n-type doped Ba,AgSb at 500 K [33]. In recent years,
Cu-based compounds have attracted considerable attention
as promising medium-temperature TE materials because
of their nontoxicity and earth abundance [34]. In partic-
ular, Cu,Se has been proven to possess electron-crystal
and phonon-liquid behaviors, and the estimated Z7T value
could reach approximately 0.9 at 580 K [35]. With Al
and Sn doping, the peak ZT could be further enhanced
for the TE system. Very recently, the ternary copper-based
chalcogenide compound CusTiSes has been synthesized
by a high-temperature solid-state synthesis technique, and
the crystal structure has also been characterized based
on single-crystal x-ray diffractometry [36]. Moreover, it
is found that CuysTiSes possesses a moderate band gap
(around 1.2 eV) and ultralow lattice thermal conductivity
(0.19 W m~! K=!) owing to strong optical-acoustic cou-
pling with low cutoff frequency, and so is expected to pro-
vide a potential opportunity for designing high-efficiency
medium-temperature TE devices.

Motivated by the experimentally reported inherent
advantages of CuyTiSes, we systematically study its
TE performance by combining the Boltzmann transport
equation (BTE) approach with first-principles calcula-
tions in this work. Our main finding is that four-phonon
scattering significantly influences the lattice thermal con-
ductivity of CusTiSe4 even at room temperature. On the
other hand, the coexistence of high dispersion and val-
ley degeneracy at the top valence band in the electronic
structure causes a high power factor (PF). Consequently,
the isotropic ZT value of 1.5 at 500 K is captured in the

p-type doped CuyTiSey. In addition, the value of ZT can be
further enhanced to 2.2 by applying 2.25% tensile strain,
which is ascribed to the remarkably enhanced four-phonon
scattering processes induced by triaxial tensile strain.

II. CALCULATION DETAILS

All first-principles calculations are carried out using
the Vienna ab initio simulation package based on the
projector augmented wave method [37]. The Perdew-
Burke-Ernzerhof (PBE) functional within the generalized
gradient approximation (GGA) is used as the exchange-
correlation functional [38], and the effect of spin-orbit
coupling (SOC) is explicitly taken into account. The cutoff
energy for the wave function is set to 600 eV. To ensure
the convergence and rationality of the structural optimiza-
tion, Brillouin zone (BZ) sampling is performed by a
21 x 21 x 21 I'-center mesh, and the convergence thresh-
olds for electronic step and residual force are 1078 eV
and 10~% eV A~!, respectively. Bonn effective charges and
dielectric tensors needed for revising the dynamic matrix
are also considered on the basis of density-functional
perturbation theory [39].

For calculating the electronic transport properties, the
BTE with the relaxation time approximation (RTA) in the
framework of deformation potential theory is solved using
the BOLTZTRAP2 code [40] as libraries. The electrical con-
ductivity o, Seebeck coefficient S, and electronic thermal
conductivity k. are calculated by the formula as follows:

1 ) af
o = QNk Evk (tevg)vk<_ 88 )vk’ (1)
A NN . A
§= QNk — (Tevg)vk(gvk M)( 9e )Uka (2)
_ 1 2 _ 2 _8f Q2
Ke = QN T Evk (Teve)vk(evk ) ( ag)vk ST,
3)

where 2, i, and f denote volume, chemical potential, and
Fermi-Dirac distribution function, respectively. 7. and v,
are the relaxation time and group velocity at wave vector
(k) with band index v. Moreover, Ny is the number of k-
point grids. Here, a dense 65 x 65 x 65 k-point grid is used
to capture the 7, and other transport parameters. Since con-
sidering only electroacoustic phonon scattering could give
rise to an overestimation of the Z7T value for some semi-
conductors, such as PbTe and GaN [41,42], the impact of
different scattering mechanisms is considered to calculate
7., namely,

= —+—+—, 4)
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where Ty, Timp, and 7,01 represent the relaxation times of
the electroacoustic phonon, electroimpurity, and electro-
optical phonon scattering processes, respectively. The
detailed expression of Tac, Timp, and 7,01 can be referred to
in previous work, Ref. [43].

For calculating the phonon property and lattice thermal
conductivity, the PHONOPY package [44] and the original
and extended SHENGBTE packages [45,46] are applied to
calculate harmonic (second-order) and anharmonic (third-
and fourth-order) interatomic force constants (IFCs),
respectively, based on the finite-displacement approach
with a displacement of 0.01 A. Specifically, to obtain the
second-order IFCs, 3 x 3 x 3 supercell and 7 x 7 x 7 k-
point meshes are used to compute the Hellmann-Feynman
forces acting on each atom. Considering the balance of
calculation accuracy and time, the cutoff is set to be the
seventh nearest neighbors, fifth nearest neighbors, and
third nearest neighbors for the second-order, the third-
order, and fourth-order IFCs, respectively. Based on the
iterative method, the «; tensor is written as

1
aff 2. o
“ = rman Eqv folfo + D (wg)*ve, Fh,  (5)

where kg, fo,7, and vgq, are the Boltzmann constant, Bose-
Einstein distribution, reduced Planck constant, and group
velocity respectively. Fqy = 7qu(Vqo + Aqu), Tqu 1s the
phonon relaxation time obtained from the RTA method,
and Ag, denotes the correction of the deviation to the RTA
prediction at wave vector q with band index v. Note that
the Matthiessen’s rule is utilized to estimate t,, which is
written as

1 1 1 1
— =t —+—, (6)
T T3ph T4ph Tiso

where T3pn, Taph, and Tis, represent the relaxation times
of three-phonon, four-phonon, and isotope (iso) scatter-
ing processes, respectively. As suggested by previous work
[46,47], the value of scalebroad is taken as 0.1. Here a care-
fully tested ¢ mesh as large as 40 x 40 x 40 (14 x 14 x 14)

ud

Cu 3d 1

Energy (eV)

;;1‘% (€) 2 <

is adopted to ensure the convergence of k; considering
three-phonon only (three- and four-phonon) scattering pro-
cesses. The detailed convergence test for «; with respect to
the ¢ mesh can be found in Appendix A.

II1. RESULTS AND DISCUSSION

A. Crystal structure, phonon dispersion, and
electronic band structure

As suggested by Koley er al. [36], the disorder-free
structure of CuyTiSe4 contains nine atoms (four Cu, four
Se, and one Ti) in the primitive cell with a cubic struc-
ture (the space group P43m), where the Cu atoms (Cul
and Cu2) occupy the Wyckoff positions of 1a (0, 0, 0) and
3¢ (0.5, 0, 0.5), while the Se and Ti atoms are located in
the 4e (0.23967, 0.23967, 0.23967) and 1b (0.5, 0.5, 0.5),
respectively. Each Se atom could form tetrahedral coor-
dination with a Ti atom and three Cu atoms. The distinct
advantage of the crystal structure is that the influence of
orientation on TE performance could be effectively elim-
inated. Figure 1(a) shows the top and side views of the
bulk CusTiSes. Here, the optimized lattice constant of
CuyTiSey is 5.67 A. The calculated electronic band struc-
tures along the high-symmetry path I'-X -M-I"-R-X in the
irreducible part of the BZ are presented in Fig. 1(b). It
can be seen that an indirect band gap of 1.2 eV is pre-
sented between the M (valence band maximum, VBM) and
[0.38, 0.0, 0.0] (conduction band minimum, CBM) points,
which agrees well with the previously reported result [13].
Normally, the GGA PBE approximation underestimates
the band gap, and the Heyd—Scuseria—Ernzerhof (HSE)06
approximation can be used for accurate band structure.
Matyszczak et al. [48] have calculated the band gap of
CuyTiSes with the HSE06 approximation, and found that
the obtained band structure profiles, except for the band
gap (2.1 eV, indirect type), are very similar in the two
applied approximations. Considering the band edge shape
is more critical than the band gap itself for electronic
transport [22,32,49], and the high computational cost of
HSEO06, the GGA PBE 4 SOC approximation is adopted

FIG. 1. (a) Top and side top view of
geometric structure of CuyTiSey. Pro-
jected band structure of CuyTiSesq with
(b) Cu 3d orbit and (c) Ti 3d orbit.
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here to calculate the electronic band structure and corre-
sponding electronic density of states (EDOS). As shown
in Fig. 1(b), there are two valleys in the valence band: V;
at M (twofold degeneracy) and V, at R (fourfold degen-
eracy), and the energy difference between them is very
small (around 10 meV) compared with k37, which could
be regarded as effective band convergence. More inter-
estingly, this degenerated electronic state is relatively flat
at the VB edge, which has been verified to be beneficial
for good Seebeck coefficients in complex band-structure
materials [50,51]. Similarly, the conduction band exhibits
two valleys: C; at midpoint of I'-X and C, at X (twofold
degeneracy), also showing a small energy difference. At
relatively high temperature (thermal energy is sufficient),
the valleys C, and C, become degenerate, and both con-
tribute to improve the n-type Seebeck coefficient. Note
that the degeneracy level of the valence band valleys is
more than that of the conduction ones, indicating better TE
performance under p-type doping. Meanwhile, the atomic
orbital’s projected band structure illustrates that the con-
duction band edge is mainly contributed by Ti d orbitals,
while Cu d orbitals represent the main contribution to the
valence band edge. Considering that the Cu 3d and Ti 3d
states contain almost all the contributions to the edge of
the band, the contribution of Se atoms is negligible (not
shown for clarity), which is also applicable to other similar
structures [52].

To understand the relationship between the vibration
properties and the crystal structure, we calculate the
phonon dispersion curves of CusTiSes, as demonstrated
in Figs. 2(a)2(c). Apparently, there are no imaginary
modes in the entire BZ, indicating that the system is
dynamically stable at the ground state. To further eval-
uate the stability of CusTiSes at high temperatures, we
also perform the ab initio molecular dynamics (AIMD)
calculations via a 5000-step MD simulation in the temper-
ature range of 400—700 K. The obtained results show the
total potential energy fluctuates slightly and the geometric
distortion is not obvious, confirming the thermodynamic
stability of CusTiSes at high temperature. Since the unit
cell of CuyTiSe4 contains nine atoms, there are 27 phonon
branches, which are composed of three acoustic phonon

branches [two transverse acoustic (TA and TA’) modes,
one longitudinal acoustic (LA)] and 24 optical phonon
branches. Here, the phonon dispersion could roughly be
divided into three frequency regions: low (0-2.5 THz),
medium (2.54.5 THz), and high (4.5-10 THz). According
to the atom-resolved projected band structure in Fig. 2, the
low-frequency phonon modes are mainly contributed by
the vibration of heavier Cu and Se atoms with almost the
same amplitude, whereas the medium-frequency phonon
modes come mostly from the Cu atoms. The lighter Ti
atoms only participate in a few high-frequency optical con-
tributions, similar to the behavior of Cu;VSe, [53]. Thus,
proper doping at Cu and Se sites might be conducive
to obtain low lattice thermal conductivity. Additionally,
the low-frequency optical branches cross the acoustic
branches, which increases the scattering rates of acoustic
phonons and results in low thermal conductivity [21,54].
Another noteworthy feature of the dispersion curves is the
existence of phonon gaps in the optical phonon branches
[as marked in Fig. 2(c)]. Previous studies have verified
that the presence of a phonon gap can forbid lots of
three-phonon scattering processes that must satisfy the
restriction of simultaneous energy and momentum conser-
vation [55,56], also suggesting the four-phonon interaction
is crucial to quantify the thermal conductivity of various
solid crystals such as BAs [57] and AlISb [58]. In addi-
tion to the phonon gap, one can see that most medium-
and high-frequency optical branches are very flat, and so
the three-optical-phonon scattering processes will be sub-
stantially weakened because of the energy selective rule,
as reported previously [59]. To sum up, the «; of CusTiSey
might be relatively low after considering the four-phonon
interaction.

B. Electron and phonon transport properties

Motivated by the prominent band convergence effect
in CuyTiSeq, we perform electron transport calculations
to determine thermometric performance. Before evaluat-
ing the thermoelectric parameters, it is necessary to figure
out the carrier relaxation time 7, in terms of Egs. (1)(3).
To obtain the rational t,, the effects of impurity, acoustic

(a) (b) (c) . FIG. 2. Phonon dispersion of

10 10p =L 10 *‘J CwyTiSes along the high-symmetry

q points in the irreducible BZ. The

) g 8r ;__,;8- oo relative contributions of (a) Cu, (b)

= = = \;)9;‘7\/\ Se, and (c¢) Ti atoms are represented

) 6 o \3ph by bubbles. The cross in Fig. 3(c)

(] O] 2 T e Rt denotes that the large band gap will

g g4 5 4%2% restrict three-phonon scattering in the
& . ) - ) — é high-frequency range.

0
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FIG. 3. Electron relaxation time under

Hole doping

different scattering mechanisms for (a) n-
and (b) p-type CusTiSes as a function
of temperature T at the concentration of
5% 1020 cm—3,

@) Electron dopi (b)
10_12 ectron aoping Timp 10_12
10713 107"
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phonon, and polar optical phonon scatterings on relax-
ation times are taken into account in the calculation. The
obtained 7, as a function of temperature (7) for both n-
type and p-type structures is displayed in Fig. 3. Since
the valence band near point M has a large dispersion, the
small hole effective mass compresses the acoustic phonon
scattering phase space, limiting the carrier scattering pro-
cess [32]. Further confirmation of the contribution of polar
phonon scattering can be made by comparing the scatter-
ing rate and the shape of the density of states based on the
calculated complete electron-phonon scatterings (beyond
the scope of the deformation potential theory), as reported
in the literature [60—62]. In addition, as the temperature

-15
200 300 400 500 600 700 800
Temperature (K)

increases, the carriers are more likely to be scattered, and
Top is much smaller than 7,. and 7in,. Hence, the total
relaxation time 7, is determined by 7o,. The result is sim-
ilar to the finding in GaN [42] and PbSe [9], but is quite
different from that in GeSe [63].

After obtaining 7., the Seebeck coefficient S, thermo-
electric power factor S?o, and electronic thermal conduc-
tivity k. are calculated and plotted in Fig. 4. Obviously,
the thermoelectric parameters for electron and hole doping
change with # in a similar way. Meanwhile, the electrical
conductivity o and Seebeck coefficient S present opposite
trends with increasing », thus leading to a maximum PF at
n = 102! cm™3. That is, the doping strategy is an effective

(a) (d) FIG. 4. (a),(d) Seebeck coefficient S,
900 900K (b),(e) power factor PF, and (c),(f) elec-
o o tronic thermal conductivity . of n-
X 600 X 600 type (left column) and p-type (right
>1 >1 column) doping as a function of car-
(7)’300 (7)’300 rier (;gncergration.(ranging from 10'7
to 10~ cm™) at different temperatures.
Here, the dashed lines in (e),(f) denote
10017 10'® 10" 102° 102" 1022 10017 10'® 10" 102° 102" 10% the maximum range of pov&(/ei g)ctor and
(b)_ _Electron concentration (cm™) (e) Hole concentration (cm™2) electrical thermal conductivity for the
3.6 72 n-type doping.
N X
5 27 T 54
€ 1S
< 1.8F—300K 236
Z |l - 400k =
Z0.9(f - S00 K 1.8
W |fr--600K| w
%00 - %00 —
107 10 0% 102 102 0= 108 101 109 1070 102 10%
(c)3 6Electron concentration (cm™) ® 75 Hole concentration (cm™3)
L 27 ! Y 54
IE 18 e300 K IE 36 [ 300 K
2 | - 400k S |- -400K
@ 0.9..... 500 K ® 1.8}f..... 500 K
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0.0 0.0

170" 10 10" 10% 102" 10%
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1017 1018 1019 1020 1021
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way to optimize TE performance. In addition, S increases
slightly with increasing temperature 7. Therefore, low n
and T are beneficial to promote S. At 300 K, the value
of S is close to 800 pV K~ at n = 10'"® cm™ for both
n-type and p-type systems, which is larger than that of
Mg, Sb, [64] and Nay AgSb [65], and effectively competes
with K;Se, with outstanding TE performance [32]. The
large S could be attributed to the higher EDOS induced by
the significant valence band degeneracy (cf. Fig. 1), where
strong band asymmetry above and below the Fermi level
enables the electron-hole compensation to be weakened.
For PF, which describes how much electricity is gener-
ated, Figs. 4(b) and 4(e) show that the maximum value of
PF achieves 6.0 mW m~! K~2 near the carrier concentra-
tion of 8 x 10%° cm™2 in the p-type doped system, which
is about 2 times higher than that for n-type doping. This is
because o has a greater influence on the PF than S, and the
small hole effective mass that originates from the flatness
of the valence band near the edge gives rise to higher o.
For the electronic thermal conductivity ., it increases with
n, and p-type doping is more efficient in boosting «, than
the n-type counterpart, as expected. That can be explained
by the Wiedemann-Franz law where «. is proportional to
o (see Appendix B for more details). Owing to the low
k; of CuyTiSey, «. gives an important contribution to the
total «, particularly in the range of n > 5 x 10?° cm™3.
Hence, choosing an appropriate concentration to counter-
act the adverse effect of «, is conductive to obtain optimal
TE performance.

Typically, the lattice thermal conductivity «; is a crit-
ical factor for high TE conversion efficiency since «;

exceeds k., for most semiconductors. Hence, we calcu-
late the temperature-dependent «; of CusTiSes. Here, the
three-phonon and four-phonon processes are considered
in the computation. As shown in Fig. 5(a), «; presents
obvious isotropy owing to the unique atomic arrangement
of the P43m group (high degeneracy symmetry). Mean-
while, «; gradually decreases with the increase of tem-
perature, revealing a behavior typical of crystalline mate-
rials. At 300 K, the calculated « value considering only
three-phonon scattering is 3.6 W m~! K~!, which is higher
than other promising TE materials such as GaSe(sTeq s
alloy [49] and Sr3;AlSbs [66] under the same calculation
conditions. The relatively low «; could be attributed to
heavy atomic masses and the crossover between acous-
tic and low-frequency optical branches. Moreover, it is
found that the Cu4TiSes compounds lie in the region
of the defined metavalent bond, indicating strong lattice
anharmonicity because of the large charge transfer (see
Appendix C for qualitative analyses). To distinguish the
contribution of phonons in different frequency ranges,
the cumulative «; of CusTiSes in the temperature range
300600 K versus the phonon frequency is plotted in
Fig. 5(b). As expected, the acoustic phonons with frequen-
cies below 2 THz contribute 90% of the «;, and optical
phonons contribute less to heat conduction. Actually, the
major role of optical phonons is here to provide vari-
ous three-phonon scattering channels for the heat-carrying
acoustic phonons. Moreover, it is clear that the cumu-
lative values from acoustic phonons consistently deviate
from each other at different temperatures, suggesting the
inverse temperature effect on the vibrational properties has

(a) 6 (b) FIG. 5. (a) k; as a function of tem-
B 3ph perature for CuyTiSe4. Here, the black
5 ® im}?gﬂwe and red lines represent the fitted curves
L4 —— Fitted curve T: using k; ~ 7' and k; ~ (AT + BT*)""
- - for the cases without and with the four-
IE 3 = phonon term in the computation process,
s ) S respectively. (b) Frequency-dependence
v - of cumulative «; at 300 K. Calculated ZT'
> value of (c) n-type and (d) p-type doped
! K, = b/(1+c deTv) CuyTiSey4 versus carrier concentration at
# Experimental value 0 2 308—6004K
0200 300 400 500 600 2 4 6 8 10 ’
Temperature (K) Frequency (THz)
(c) ——300 K s (f)2.0 —300 K ~
1.0 - - 400K| - - 400k| ,7
....... 500 K| 7 \.‘ L.....- 500 K| / v
- 600 K| ! 1.5 oo 800 K)ot
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s, \ ’ / P
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been captured from the microscopic aspect. After including
four-phonon scattering, the obtained «; differs clearly from
that considering only three-phonon scattering. At 300 K,
the «; decreases from 3.6 to 2.2 W m~! K~!, correspond-
ing to an almost 39% reduction. It can be understood
that the existence of the phonon gap and the flattening
of the optical branches forbid considerably more phonon
scattering channels for the three-phonon process than the
four-phonon process. Previous studies have also reported
that the x; of BAs and AISb are separately decreased by
37% and 50% at 300 K after including four-phonon scatter-
ing [66]. Furthermore, as temperature increases to 800 K,
the reduction of «; can reach 60%. In brief, four-phonon
scattering plays a significant role in determining the «;
value, especially at relatively high temperatures. Another
interesting observation in Fig. 5(a) is that the temperature
dependence of «; follows a typical 7~' law when three-
phonon scattering is considered, consistent with common
knowledge in solid-state physics. After considering four-
phonon scattering, the decreasing trend of «; follows the
relationship «; ~ (4T 4+ BT?)~", which agrees well with
the previous findings [56].

In order to explore the underlying mechanism responsi-
ble for the low «; of CuyTiSe4, the mode-resolved (LA,
TA1, TA2) and all acoustic mode (AA) contributions
to «; are displayed in Fig. 6. Obviously, the acoustic
modes make dominant contributions to the «; in con-
trast to the optical modes, further validating the observa-
tions in Fig. 4(b). When only three-phonon scattering is
considered, the TA1 and TA2 branches have an almost
equal contribution (35%) to the total «;, while the per-
centage contribution of the LA branch is relatively small
(22%) at 300 K because the crossover between LA and
low-frequency optical branches leads to strong internal
scattering [67]. After including four-phonon scattering,
additional phonon scattering channels that involve acous-
tic phonons are opened. Hence, the contribution of LA
and TA1 branches are reduced from 22% to 19% and
from 35% to 30% at 300 K, respectively. By contrast,
the TA2 contribution increases from 35% to 38%, simi-
lar to what was found in AlISb [59]. This behavior can be

explained in that there is no significant crossover between
the TA2 and other phonon branches [Fig. 2(a)], suggesting
weak scattering of the TA2 branch. Meanwhile, the contri-
bution of all optical modes increases to some extent. In
brief, the four-phonon effect is not only associated with
the crossover between acoustic and optical branches, but
also the bunching of optical branches, which suppresses
the phase space for the three-optical-phonon scattering
channels but hardly affects the three-optical-phonon scat-
tering [59]. For a clearer insight into the low «;, the
mode-level analyses of phonon scattering rates and group
velocities are conducted. Figure 6(b) demonstrates the
frequency dependence of phonon scattering rates includ-
ing isotope-, three-, and four-phonon scattering events at
300 K. At first glance, the phonon scattering rates due
to different mechanisms all increase with the frequency,
and span several orders of magnitude (10~4—10" ps~!) in
the whole frequency range. Moreover, compared to anhar-
monic phonon-phonon scattering, the isotope scattering
is negligibly weak for acoustic phonons, while that for
high-frequency optical modes is comparable to the three-
and four-phonon scattering, suggesting the isotope effect
becomes less important to thermal transport at higher tem-
perature. Interestingly, the four-phonon scattering rates are
slightly smaller than those of the three-phonon counter-
parts in the low-frequency range (<2 THz), highlighting
the important role played by the four-phonon process. With
a further increase of temperature, the four-phonon scat-
tering rates become practically overlapped with and even
become larger than the three-phonon counterparts (not
shown for simplicity). Actually, phonon group velocity Vg,
is another factor in the low «;, as formulated in Eq. (3)
[68,69]. As shown in Fig. 6(c). it can be seen that V,
is close to zero for most of the optical modes, while the
acoustic modes possess relatively large V,. Concretely, the
Vo values of LA, TA1, and TA2 branches along the I"-M
high-symmetry solution are 4.3, 3.7, and 3.4 Km s~! in the
long-wavelength limit, respectively, which are far lower
than those in high-thermal-conductivity materials [70,71],
but are of the same order of magnitude as Tl;VSe,4 [72] and
K5Se; crystals [32] with ultralow «;. When the frequency
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exceeds 2 THz, the V, values of most of the acoustic modes
also tend to be zero. Therefore, we can attribute the low «;
of Cuy TiSe4 to the low phonon group velocity and the large
four-phonon scattering rates existing in the low-frequency
range.

C. TE properties

After all the thermoelectric coefficients are obtained, we
can calculate the ZT value versus the temperature and car-
rier concentration for the two doping types. As show in
Figs. 5(c) and 5(d), the ZT value of the n-type-doped sys-
tem first increases to a peak value of 0.3 at the optimal n
of 8 x 10%° cm™ at 300 K, followed by a rapid decrease
to small values. As temperature increases, the maximum
ZT also gradually increases. Moreover, the maximum Z7T
value of the p-type doped system is superior to that of the
n-type counterpart, which could be attributed to the dif-
ference between VBM and CMB bands. At 500 K, the
maximum Z7 values for two doping types are 0.82 and
1.49, respectively. Although the optimal ZT value of p-
doped CuyTiSey is lower than 3 at medium temperatures
(around 500 K), it still surpasses some promising TE mate-
rials such as GeSe [63] and LaMOCh [73]. What is notable
is that the optimal n for the maximum Z7 moves to the
low-concentration region compared with the maximum PF,
and the difference between the two cases is attributed to
the fact that x, becomes increasingly important at this con-
centration range [26]. For this, the subsequent calculation
of TE properties is primarily focused on the p-type doped
system.

D. Effect of strain on thermoelectric parameters

Strain engineering has proved to be an effective and
feasible tool for tuning thermal [74,75] and electronic
[76,77] properties. Additionally, it could be used to
enhance TE performance through band convergence
[49,78] and phonon softening [9,79] effects. Here, 1.5%
and 2.25% isotropic tensile strains [¢ = ([ — Iy)/lo] are
applied to CusTiSes as representative cases. Figure 7(a)
shows the triaxial tensile-strain-dependent PF at 500 K.
Clearly, the PF decreases significantly with ¢ at given car-
rier concentration. For the unstrained case, the maximum
PF value reaches 5.9 mW m~!' K2 near the carrier concen-
tration of 10?! cm™3, while under ¢ = 2.25%, PF shows a
large reduction of 64% compared with the unstrained case.
The remarkable reduction of PF stems from the insensi-
tivity of S and the great decrease of o with increasing
¢, where the former depends on the shape of the band
structure that is only weakly affected by tensile strain
[50], whereas the latter is ascribed to the large enhance-
ment of electro-optical phonon scattering rates. It is well
known that ¢ is directly proportional to «, according to
the Wiedemann-Franz law as «k, = LoT. As shown in
Fig. 7(b), k. depends on & more and more at higher carrier
concentration, and becomes less sensitive at lower carrier
concentration. At 8 x 102° cm™3 carrier concentration, .
is0.87 Wm~' K~ 'and «;is 1.05 Wm~' K~! at 500 K for
the unstrained case. In comparison, a 2.25% tensile strain
leads to a reduction in k, and «; by almost 45% and 75%,
respectively. That is, ., and k; are comparable to each other
under large strain and carrier concentration. Although the

(a) FIG. 7. (a) Power factor PF, (b) elec-
6.0 £=0.0% £=0.0% tronic thermal conductivity, (c) lattice

- - -¢=1.5% - - -c=15% thermal conductivity, and (d) ZT value

45 - -6 = 2.25% --- £ =2.25% of p-type CuyTiSe, as a function of car-

PF (10° yW m™' K2)
w
o

rier concentration under different tensile
strains.

15
0.0 == ‘ . =
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(c) = (d) 3
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L
z ~ EE N
[ 1 N IS
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remarkable decrease in PF might seem unfavorable to
improving TE performance, the final ZT value is a result
of the complicated change of the PF and thermal conduc-
tivity (k. + «7). On the other hand, the strain-dependent
k; as a function of temperature is shown in Fig. 7(c).
Clearly, «; decreases significantly with the increase of e.
This is because the applied tensile strain lengthens the
bond length, weakens the interatomic forces, and causes
phonon softening (low group velocity) [79]. At 300 K, the
calculated «; is 2.2 W m~' K~! under ¢ = 0%, which is
higher than the experimental result (about 0.2 W m~! K1)
[36]. This overestimation can be understood as the exis-
tence of structural defects such as impurity, vacancy, grain
boundary, and residual strain in the experimental samples
give rise to additional phonon scattering that plays a more
important role compared with the intrinsic phonon scatter-
ing. When ¢ = 2.25%, the value of «; is reduced by about
77% (0.48 W m~! K=!). A similar significant reduction
trend in «; caused by isotropic strain has been reported
in previous studies [80,81]. In fact, the strong depen-
dence of «; on tensile strain can be partially explained by
the remarkably enhanced four-phonon scattering rates, as
discussed in detail in the following.

By combining the electron and phonon transport param-
eters, we obtain the corresponding Z7 value under different
¢ and plot it in Fig. 7(d). From this graph, it can be seen
that the applied triaxial strain results in a marked increase
in ZT value compared with that in the unstrained system.
This is because there is relatively low PF and ultralow
thermal conductivity. To be specific, the maximum Z7 of
p-type CusTiSey increases slightly at e = 1.5% because of
the significant decrease of PF [see Fig. 7(a)], but increases
significantly at ¢ = 2.25% due to the significant reduc-
tion in k;. In the case of ¢ = 2.25%, the maximum ZT
achieves 2.2 with a p-doping concentration of about 2 x
102° cm~3 at 500 K, which is comparable to bulk TE mate-
rials, such as Sr,BiAu [26] and K,Se; [63], and indicates
promising application in medium-temperature TE devices.
It is worth noting that the optimal » for the maximum
ZT 1is significantly reduced when ¢ increases from 0% to
2.25%. This can be explained in that the strong suppres-
sion of phonon heat transport caused by triaxial tensile
strain allows the optimal »n to be reduced and ZT tends

@ . (b) . ©
e=0% 3 3ph &=1.5% < 3ph
S @] 4ph_ - < 402 o 4ph_l - < 402
1 @ Cahill's limi] | @ Cahill's limit |
» 7] (7]
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2 2 i)
5 g S
= o o 10°
£ £ £
5 5 810
© T ©
6] o 8]
(] [ » 102}
107°

Frequency (THz) Frequency (THz)

to peak at both a small x, and a large Seebeck coeffi-
cient [82]. The reoptimized carrier concentration would be
helpful to prepare experimentally the CusTiSes-based TE
devices [83].

In order to interpret the reasons for the tensile-strain-
dependent thermal conductivity of CusTiSe4, we calculate
the averaged total Gruneisen parameter

(;7 SN ((V/a))(aw/aV))2> with respect to &, which

can qualitatively characterize the anharmonic degree of
crystal structure. At 500 K, the y values under & = 0%,
e=1.5%, and £€=2.25% correspond to 1.5, 1.8, and
2.0, respectively, indicating the strong anharmonicity of
CuyTiSe4 under high strain. The modulated lattice anhar-
monicity is comparable to that of the well-known SnSe
[84] and Ba3AlSbs [66] compounds with strong anhar-
monicity. Meanwhile, the mode-resolved phonon scatter-
ing rates due to three- and four-phonon scattering events
with respect to € at 500 K are plotted in Fig. 8. Because the
phonon-isotope scattering indicates a negligible contribu-
tion to heat conduction [see Fig. 6(b)], it is not presented
for simplicity and the blue points indicate the scattering
rate equals twice the phonon frequency according to the
previous studies [85—87]. Additionally, the four-phonon
scattering rates compare well with those of the three-
phonon counterparts in the frequency range of 0—2 THz
(corresponding to the acoustic phonons). In this case, the
role of four-phonon scattering becomes more important
than at 300 K [see Fig. 6(b)]. In Fig. 8, the phonon spectra
shift towards low frequency (redshift) in triaxially strained
structures where the interatomic interactions are softened,
as expected. As a consequence of the redshift, phonon
branches become denser. Furthermore, both the three- and
four-phonon scattering rates have an obvious enhancement
under ¢ =1.5%. Specifically, the four-phonon scattering
rates are largely overlapped with the three-phonon coun-
terparts, suggesting that four-phonon scattering is a char-
acteristic feature of the strain-driven anharmonic lattices
and should be rigorously taken into account in calculations.
As ¢ increases to 2.25%, the intrinsic phonon scatter-
ing rates become large, and the four-phonon scattering
rates are comparable to the three-phonon scattering coun-
terparts in the acoustic-phonon frequency range. In fact,

FIG. 8. Phonon scattering rates due

to three- and four-phonon scattering
events at 500 K for (a) e =0%, (b)
e =1.5%, (c) e =2.25%. Here, the hor-
izontal dashed lines represent a refer-
ence corresponding to the maximum
values of phonon scattering rates in the
strain-free structure.
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the phenomenon could be understood from the analysis
of the dispersion relation, where the lowest-lying optical
(LLO) branches present avoided crossings with the LA
phonons, manifesting the coupling between the LLO and
LA branches. The detailed discussion about the role of
the avoided crossings of phonon dispersions in reducing
lattice thermal conductivity under different strains can be
found in Appendix D. When ¢ > 3%, the validity of the
particle-like phonon picture is discussed in Appendix E.
Considering that the acoustic phonons can dominate lat-
tice thermal conductivity in CuysTiSes, the remarkably
enhanced four-phonon scattering rates caused by triaxial
tensile strain are believed to be responsible for the signif-
icant reduction in ;. Phonon group velocity v, is another
important factor influencing «;. As shown in Fig. 9, it can
be seen that as the interatomic bond Iength undergoes axial
elongation (softening) upon applying strain, the phonon
spectra exhibit an obvious redshift (denoted by the red
arrows). Moreover, the influence of tensile strain on the
chemical bonding characteristics of CusTiSe, are studied
in Appendix C. The emergence of the redshift phenomenon
gives rise to the following two factors: First, both group
velocity and specific heat are reduced to some extent, as
reported in previous studies [22]. On the other hand, as the
redshift amplitude increases gradually with ¢, the energy
gap between different phonons becomes small, and thus the
overall probability of the intrinsic phonon-phonon scatter-
ing increases. More importantly, the optical phonons could
hybridize with acoustic modes in the low-frequency range,
where the recombination processes of four-phonon scatter-
ing more easily occur, supporting the preceding analysis
in Fig. 8. In short, the primary reason for the significant
reduction in «; with respect to ¢ should be the phonon
scattering rates rather than group velocity.

IV. CONCLUSION

In conclusion, inspired by experimentally reported
inherent advantages, the TE properties of CuyTiSe4, in
which the liquid-like movement of Cu+ cations allows a
low thermal conductivity to be reached, are theoretically

studied via combining the BTE and first-principles calcu-
lations. Our main finding is that the four-phonon scattering
significantly influences the lattice thermal conductivity of
CuyTiSe4 even at room temperature. On the other hand,
the coexistence of high dispersion and valley degeneracy
at the top valence band in the electronic structure causes a
high power factor. Consequently, the isotropic Z7 value of
1.5 at 500 K is captured in the p-type doped CuyTiSey.
In addition, the value of ZT can be further enhanced to
2.2 by applying 2.25% tensile strain, which is ascribed to
the remarkably enhanced four-phonon scattering processes
induced by the tensile strain. Our work highlights the
promising possibility of CuyTiSe4 and similar systems for
high-performance TE applications at medium temperature.
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APPENDIX A: THE CONVERGENCE TEST FOR
LATTICE THERMAL CONDUCTIVITY

Here, a g-point grid of 14 x 14 x 14 is used to map
the reciprocal space of phonons for calculating the lat-
tice thermal conductivity after conducting a test of up
to a 18 x 18 x 18 g-point grid where the difference in
thermal conductivity is 0.043 W m~' K~! higher for a
16 x 16 x 16 g-point grid and 0.082 W m™' K higher
for a 14 x 14 x 14 g-point grid, as shown in Fig. 10. The
relative difference is within 5%, indicating a satisfactorily
converged value of lattice thermal conductivity. Because
four-phonon scattering calculations are very expensive at a
larger broadening factor, we set scalebroad = 0.1 where the
available four-phonon processes are already around 10'°
in calculations at all temperature points, as suggested by
previous research [24].
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FIG. 10. Convergence test for the lattice thermal conductiv-
ity of CuyTiSes with respect of the g-point mesh. The value of
scalebroad is taken as 0.1.

APPENDIX B: THE RELATIONSHIP BETWEEN
ELECTRICAL CONDUCTIVITY AND
ELECTRONIC THERMAL CONDUCTIVITY

Here, the electrical thermal conductivity . is insensi-
tive to temperature as compared to the Seebeck coefficient
S in Fig. 4. In contrast, the electronic conductivity o is
sensitive to temperature. To be specific, the electrical con-
ductivity decreases with increasing temperature, as shown
Fig. 11. For instance, at a low (high) carrier concentra-
tion of 1 x 10" ecm™3 (5 x 10%' cm™?), the values of o
in p-type doped CuyTiSe, are 3449.8 Sm~! (876001.2 S
m~') and 1417.1 S m~! (461092.3 S m~') at 300 and

600 K, respectively. According to the Wiedemann-Franz
law k. = Lo T, the increasing T can effectively offset the
decrease of o, and hence «, seems insensitive to 7. Simi-
lar analysis results have been reported in previous studies
[49,52,88].

APPENDIX C: THE CHEMICAL BONDING
CHARACTERISTICS IN Cu4TiSes UNDER
DIFFERENT TENSILE STRAINS

Metavalent bonding plays a vital role in lattice anhar-
monicity [89-91]. Therefore, the transferred and shared
charges are calculated by the density-derived electro-
static and chemical (DDEC6) method as implemented in
CHARGEMOL [92,93]. Concretely, the shared charge is pre-
sented as twice the DDEC6 overlap population, as it is a
count of the electron pairs shared. The transferred charge is
calculated directly from the DDEC6 net atomic charges on
each atom. The obtained transferred charge in the selenides
is around 0.861]e| and the shared charges between Se and
Cu atoms is 0.945 |e|. According to the two-dimensional
map of shared and transferred charges in previous stud-
ies [88,94-96], the CusTiSes compounds studied herein
lie in the region of the defined metavalent bond alongside
other ternary chalcopyrites such as PbTe, which has strong
anharmonicity due to the higher charge transfer [94]. As
shown in Fig. 12, when tensile strain increases from 0% to
3%, the transferred charge greatly increases from 0.861|e]
to 1.235]e|, where the type of bonding of CusTiSe, lies in
the region of the defined ionic bond alongside BaSe and
BaTe [94,95]. Hence, the significant increase of charge
transfer bonding could promote the anharmonicity of the
lattice vibrations.

FIG. 11. (a),(c) Electrical conductivity,

(b),(d) electronic thermal conductivity of
n-type (left column), and p-type (right
column) doping as a function of carrier
concentration at different temperatures.
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FIG. 12. Transferred charge in the CuyTiSe4 as a function of
tensile strain.

APPENDIX D: THE ROLE OF THE CROSSOVER
POINTS OF PHONON DISPERSIONS IN PHONON
TRANSPORT

The phonon dispersions along the highly symmetric G-X
direction of the primitive cell under different tensile strains
are plotted in Fig. 13 and the complete phonon dispersions

can be found in Fig. 9. It is seen that there is significant
crossover of the LA branch and the two lowest-lying opti-
cal (LLO1 and LLO2) branches in the strain-free case.
Although these optical phonons do not directly contribute
to the transformation of heat conduction because of the low
group velocity, they can lead to the higher probability of
scattering for the LA modes. As a result, the percentage
contribution of the LA branch is relatively small [around
20% see Fig. 6(a)], even if the group velocity of this
branch is large [see Fig. 6(c)]. When the loading strain
increases to 2.25%, the dispersive LLO1 branch presents
avoided crossings with the LA branch, manifesting the
coupling between the LLO and LA branches. Moreover,
in the vicinity of the avoided crossing point, a gap of
about 0.3 THz is opened where the energies of the uncou-
pled basis states are equal. Here, the role of the LLO
phonons in thermal transport becomes clear. On the one
hand, the LLO branches suppress the LA branch by the
avoided-crossing effect, as shown in Fig. 9, which causes
the acoustic phonon group velocity to drop significantly to
zero around 1.7 THz under 2.25% strain [16,97]. On the
other hand, the strong coupling between the LA and LLO
branches can greatly increase the scattering rates of LA
phonons as shown in Fig. 8, reducing the portion of heat
transferred by these acoustic phonons further [98—100].
As a result, the contribution of the LA branch to thermal
conductivity significantly decreases with increasing tensile
strain, as depicted in Fig. 14.

(a) 3 (c) 3 FIG. 13. Phonon dispersion along
£=0% £=2.25% the high-symmetry ¢ points in the
LLO1 irreducible BZ for (a) ¢=0%, (b)
~N Crossing,~ LLO1 ~N e=15%, (c) £€=2.25%, and (d)
Ez |:'_:2 ,,,,, - & =3%. The crossing and avoided
; : i o crossing between the lowest optical
2 LLO2 Q Avoided cr ing LLO2 phonon branch and the LA branch
g Qe is remarkable in (a),(b) and (c),(d),
?'J' 1 TA ;% 1 LA TA respectively.
- - Gap ~0.3 THz
0 0
r X r X
3 3
(b) == 15% (d) o= 3%
B B =
2 LO2 =2 LLO
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g s | 7 LA
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FIG. 14. Contribution of the LA branch to lattice thermal con-
ductivity as a function of temperature under different tensile
strains.

APPENDIX E: THE VALIDITY OF THE
PARTICLE-LIKE PHONON PICTURE IN
STRAINED CuyTiSey

Normally, the phonon transport phenomena in crys-
tals can be described by the Peierls-Boltzmann transport
equation (PBTE) using a well-defined phonon quasipar-
ticle picture. However, the PBTE was recently found to
be insufficient for describing phonon transport in strongly
anharmonic crystalline materials, such as Tl3VSes [72]
and CsPbBr; [86], where the scattering rates of phonons
are larger than the frequency of the phonons themselves.
To check the suitability of the phonon quasiparticle pic-
ture in CuyTiSeq, the curve with scattering rates that are
twice the phonon frequency corresponding to the amor-
phous limit as proposed by Cabhill et al. [85] is plotted in
Fig. 8, and the phonon quasiparticle picture becomes valid
when the data points are well below the reference line.
From this graph, it can be seen that all strain-free three-
and four-phonon scatterings are distributed below the ref-
erence line, supporting the validity of the BTE solutions.
A similar analysis process has been reported in previous
studies [72,87,101].

When the tensile strain is less than or equal to 2.25%,
it can be seen in Fig. 8 that the vast majority of three-
and four-phonon scatterings are distributed below the ref-
erence line, basically supporting the validity of the BTE
solutions. When ¢ is larger than or equal to 3%, the three-
and four-phonon scattering rates increase significantly and
those of the phonons with frequencies between 1.2 and
4.0 THz are distributed above the reference line, leading
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- @ Cahill's limit
v 10 mmmmsommmmmoosome
=2 A
2 40 é '
g 1078 L
()]
£
g 107 3
S
O
» 102
10—3 1 L 1 1
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Frequency (THz)
FIG. 15. Phonon scattering rates due to three- and four-phonon

scattering events at 500 K for ¢ =3%.

to a partial breakdown of the phonon quasiparticle pic-
ture, as shown in Fig. 15. Although the phonons with
frequencies below 2 THz, which contribute about 85%
of lattice thermal conductivity, are below the reference
line, one cannot ignore the role of high-frequency phonons
in contributing additional scattering channels to the low-
frequency phonons. Hence, the results on high-strain cases
(3%) are not discussed in detail. To overcome the short-
comings of ill-defined phonons induced by high strain, the
temperature-dependent effective potential method based on
the AIMD simulation can consider harmonic and anhar-
monic terms nonperturbatively [102]. On the other hand,
self-consistent phonon theory combined with compressive
sensing lattice dynamics is a recently proposed approach
to include anharmonic effects, where the anharmonic fre-
quency is estimated from the pole of the Green’s func-
tion and the cubic and quartic IFCs are extracted by the
compressive sensing techniques [103,104], which will be
considered in our future work.
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