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Copper thiocyanate (CuSCN) has recently received considerable attention because of its high hole mobility and
applications in solar cells [Science 358(2017)768]. In this work, by performing state-of-the-art theoretical cal-
culations, for the first time we find that the thermal conductivities of both a- and $-CuSCN are ultralow with the

ICDerlgN functional values of 1.2 and 2.4 W/mK at room temperature, respectively. Based on detailed analyses of the phonon
Theort;, dispersion, Griineisen parameters, three phonon scattering rates and atomic displacement parameters, we further
Thermoelectric demonstrate that the underlying reasons for the ultralow thermal conductivities are due to the avoided crossing

between the longitudinal acoustic (LA) phonons and the low-lying optical branches as well as the weak bonding
and strong anharmonicity. The low lattice thermal conductivities lead to high ZT values of 1.7 and 2.1 at 800 K
for a- and f-CuSCN, respectively. In addition, both materials exhibit large negative thermal expansion (NTE)
coefficients originated from the transverse vibrations in Cu-N-C-S chains. These features endow CuSCN with the
potential for thermal barrier coating and thermal devices going beyond the reported photovoltaic applications.

1. Introduction

Materials with low thermal conductivity have a wide range of ap-
plications in thermal barrier coatings and thermoelectric devices. In
turbine engines, thermal barrier coatings have a large impact on the cost
and lifetime of the system [1]. Especially, the usage of thermal barrier
coatings can improve Carnot efficiency [2]. Currently the most widely
used coating material is yttria stabilized zirconia because of its low
thermal conductivity (2.0-3.0 W/mK) [3,4] and good mechanical
properties [5]. However, it has some shortcomings as well, such as
limited phase stability induced by the conversion of metastable phases
[6], and loss of capability owing to sintering at high temperature [7],
which significantly affect the efficiency and mechanical strength.
Therefore, it is highly desirable to find new thermal barrier coating
materials with low thermal conductivity. While in thermoelectric de-
vices, the parameter for measuring the performance is the figure of merit
defined as 2T = S%6T/(k.+xy), in which S is the Seebeck coefficient, ¢ is
the electric conductivity, T is the absolute temperature, and «; and . are
lattice thermal conductivity and electronic thermal conductivity,
respectively. Owing to the strong coupling among the parameters S, x,
and o [8], using materials with low «, is an effective way to achieve high
thermoelectric performance [9]. Therefore, finding materials with low
thermal conductivity and exploring the physical mechanism are
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essential for making the progress in thermoelectric devices.

On the other hand, materials with low thermal conductivity usually
possess the following features: (i) weak interatomic bonding, (ii)
complicated geometry structure, (iii) strong anharmonicity, and (iv)
large average atomic mass and high atomic mass contrast [10,11].
Therefore, copper thiocyanate (CuSCN) has the potential to possess low
thermal conductivity because of the weak interatomic bonding and large
atomic mass contrast. In addition, CuSCN has good chemical stability
with cheap price [12], is benign to environment [13], and especially, is
feasible to be prepared with high purity [14]. These features make
CuSCN be widely used in perovskite solar cells (PSCs) [15], thin-film
transistors (TFTs) [16], organic-light emitting diodes (OLEDs) [17],
dye-sensitized  solid-state  solar cells (DSSCs) [18] and
bulk-heterojunction (BHJ) organic solar cells [19]. However, the
research on the thermal conductivity of CuSCN has not yet been seen,
which motivates us to carry out this study on the thermal conductivity,
thermoelectric performance and negative thermal expansion of CuSCN.

2. Computational methods
The calculations are based on density functional theory (DFT) and

the projector augmented wave (PAW) method [20] within the Vienna
Ab initio Simulation Package (VASP) [21]. The Perdew-Burke-Ernzerhof
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(PBE) exchange-correlation functional for the generalized gradient
approximation (GGA) [22] is wused to treat the electronic
exchange-correlation interaction. In geometry optimization, the
convergence thresholds of total energy and force component are 10 % eV
and 10~* eV/A, respectively. The K points with a grid density of 21 x
0.02 A™! are employed to represent the Brillouin zone.

The thermal conductivities of the two structures are calculated by
solving phonon Boltzmann transport equation (BTE) as implemented in
the ShengBTE package [23]. To obtain the harmonic (second order) and
anharmonic (third order) interatomic force constants (IFCs) of a- and
p-CuSCN as the input files of calculations, a 3 x 3 x 2 supercell for a
phase and a 4 x 4 x 2 supercell for § phase are constructed, and the
corresponding IFCs are acquired by DFT calculations performed in
VASP.

In order to simulate the thermal expansion of a- and $-CuSCN at
different temperatures, we adopt the self-consistent quasiharmonic
approximation (SCQHA) method [24], which has been successfully
applied in many systems, such as SrTiOs [25] and CasTipO; [26].
Compared with the conventional quasiharmonic approximation method
[27-29], the SCQHA method requires less phonon calculations and
shows better accuracy [24]. And the volume thermal-expansion coeffi-

1dv

cient (a) is calculated by using the relation of a = 5; 4.

3. Results and discussion
3.1. Geometry and stability

CuSCN possesses two stable different geometric configurations [30],
a- and f-phase, as shown in Fig. 1a and b. With the Cu-N-C-S atom
chain as the building block, the orthorhombic a-CuSCN unit cell can be
obtained by rotation of the building blocks and bonding between Cu and
S atoms, while the hexagonal -CuSCN can be obtained by translation of
the building blocks and connection between Cu and S atoms. The space
group of a-CuSCN is Pbca (61) and the lattice constants are a = 7.27 10\, b
= 6.71 ;\, and ¢ = 10.94 A. There are 32 atoms in the unit cell of
a-CuSCN. For #-CuSCN containing 8 atoms in a unit cell, it has the space
group P63mc (186), and the lattice parameters are a = b = 3.85 A, and ¢
= 10.94 A. These lattice parameters are in good agreement with previ-
ous work [30,31]. For the two phases, f-CuSCN is energetically more
favorable [30]. Both phases are p-type semiconductors with a band gap
of about 3.6 eV [14,32], and can be prepared from the solution in
different preparation processes [32].

First, we calculate the phonon dispersion of a- and -CuSCN, and plot
the results in Fig. 2a and b, where the three acoustic branches (TA, TA’
and LA) and optical phonon branches are distinguished by different
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colors. One can see that in the entire Brillouin zones of the two struc-
tures, there are no any negative frequencies, suggesting that the two
phases are dynamically stable. It is worth noting that the phonon dis-
persions of both a- and f-CuSCN display avoided crossing between the
longitudinal acoustic (LA) phonons and low lying optical (LLO)
branches. As shown in the red circles in Fig. 2¢—f, the avoided crossing
occurs in the I-X, Y-I' and I'-Z high-symmetry paths in a-CuSCN, and the
K-T'" in p-CuSCN. Such feature has also been found in PbTe [33] and
BagGajGesp [34], and is usually considered as one of the indicators of
low thermal conductivity. The avoided crossing represents the strong
coupling between phonons, and the width of the gap of the avoided
crossing indicates the strength of the coupling [35]. In general, the
avoided crossing can reduce thermal conductivity in three ways. Firstly,
the avoided crossing between the LA phonons and optical phonons
would result in an abnormal damping and lowering the LA phonons, and
thus leading to low group velocity of the LA phonons [33]. The decrease
of LA phonon group velocity reduces the thermal conductivity. Sec-
ondly, the avoided crossing can increase the scattering rates of the LA
phonons and decreases the phonon lifetimes [34], thus leading to low
thermal conductivity [35,36]. Thirdly, the avoided crossing can soften
the LA branches, resulting in low Debye temperature 0p [37], which is
one of the indicators of low thermal conductivity [38]. As shown in the
phonon dispersion figures of a-CuSCN, the coupling between the LA and
LLO branches in the I'-Z direction is much stronger than that in the I'-X
and I'-Y directions. Moreover, the coupling strength in a-CuSCN is
stronger than that in f-CuSCN, indicating that a-CuSCN may possess
lower thermal conductivity as compared with that of f-CuSCN.

3.2. Ultralow thermal conductivity and mechanism

Next, we calculate the lattice thermal conductivity (x;) to charac-
terize the performance of heat transport. The intrinsic x; of a- and
B-CuSCN as a function of temperature is plotted in Fig. 3a. At room
temperature (300 K), the thermal conductivities of a-CuSCN are 1.2, 1.2
and 1.5 W/mK in the x, y and z directions, respectively, and the thermal
conductivities of f-CuSCN are 2.4 and 3.9 W/mK in the in-plane and out-
of-plane directions, indicating that both « and $ phases of CuSCN possess
ultralow thermal conductivities, and the former has lower values than
the latter as expected from the mechanism analysis discussed above. We
further study the phonon group velocity and show the results in Fig. 3. In
S-CuSCN, the phonon group velocity along the out-of-plane direction
(Fig. 3c) is higher than that along the in-plane direction (Fig. 3b), which
contributes to the larger thermal conductivity in out-of-plane direction.
Similarly, in a-CuSCN, the phonon group velocity along the z direction
(Fig. 3f) is slightly higher than that along the x and y directions (Fig. 3d
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Fig. 1. Structure configuration of (a) a-CuSCN and (b) p-CuSCN. To better illustrate the two structures, the structural unit and the corresponding construction

methods are also shown.
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Fig. 2. Phonon dispersion of (a) a- and (b) f-CuSCN. Three acoustic phonon branches (TA, TA’ and LA) and optical branches are distinguished by different colors.
Phonon dispersion for a-CuSCN in the low frequency region (0-2 THz) along the (c) I'-X, (e) Y- and (f) I'-Z. (d) Phonon dispersion for #-CuSCN in the low frequency

region (0-2 THz) along the K-T'. The avoided crossing is marked in red circles.

and e), and the phonon group velocities along the x and y directions
share similar feature of distribution, thus resulting in larger thermal
conductivity in the z direction and similar thermal conductivities in the
x and y directions.

Then, we analyze the bonding strength of the two structures. Since
bonding strength is related to elastic parameters, we calculate the
Young’s modulus (E), Shear modulus (G) and Poisson ratio (vp) of the
two structures by using the energy-strain method implemented in
AELAS code [39]. The results are listed in Table 1. The elastic properties
of some other materials with low thermal conductivity are also listed in
the table for comparison. One can see that both a- and f-CuSCN have low
Young’s modulus and shear modulus. Generally, materials with low
Young’s modulus and shear modulus possess “soft bonding” feature,
which would slow down phonon transport, resulting in low thermal
conductivity [40].

To better understand the origin of low thermal conductivity, we
analyze the three phonon scattering rates and weighted phase space of a-
and S-CuSCN. The three-phonon scattering rates are related to the in-
tensity of phonon scattering during heat conduction. If a material pos-
sesses high scattering rates, it means that the phonon scattering is
strong, implying a low thermal conductivity. One can see that in Fig. 4a,
both a-CuSCN and $-CuSCN exhibit high three-phonon scattering rates.
We then calculate the three phonon phase space Ps of the two structures,
which characterizes the number of scattering channels for the phonons.
When the other factors are the same, the larger Ps that the material
possesses, the higher resistance that phonon experiences in the transport

process. As shown in Fig. 4b, the values of the three-phonon phase space
of the two structures are relatively large, indicating that both structures
would have low thermal conductivities. Moreover, both the scattering
rates and the phase space of a-CuSCN are larger than those of the g
phase, leading to a lower thermal conductivity of a-CuSCN, as compared
to that of -CuSCN.

To quantitatively measure the anharmonicity of the two structures,
we calculate the mode Griineisen parameters (y) of the three acoustic
modes and atomic displacement parameters (ADP) in a- and $-CuSCN. y
is defined as y = 4 "d%, here A and w; are the volume of the unit cell and

w;

angular frequency, respectively. Large Griineisen parameter indicates
strong anharmonicity of the structure, resulting in low thermal con-
ductivity [46]. As one can see in Fig. 5a and b, a- and f-CuSCN share
similar features with large Griineisen parameters. For the convenience of
comparison, we calculate the average Griineisen parameters of a- and
p-CuSCN. The corresponding results are 1.96 and 2.12, respectively,
which are larger than those of many other materials with low thermal
conductivity such as PbTe (1.65) [42], PbSe (1.69) [42] and IrSbs (1.42)
[47], indicating strong anharmonicity in both a- and $-CuSCN.

In addition to Griineisen parameter, anharmonicity is also related to
the atomic displacement parameter (ADP) that measures the mean-
square displacement of an atom around its equilibrium position. A
large ADP value characterizes a weak bonding and large vibration,
implying strong anharmonicity [48]. As shown in Fig. 5c, for a-CuSCN,
Ny and Cuy, possess large ADP (0.032 A2 for N along the x direction and
0.029 A2 for Cu along the y direction at 300 K), indicating that N and Cu
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Fig. 3. (a) Lattice thermal conductivity as a function of temperature for a-CuSCN in the x, y, z directions («, y, k;) and #-CuSCN in the in-plane and out-of-plane
directions (i, and koyt). Group velocity of #-CuSCN in the (b) in-plane and (c) out-of-plane direction, and group velocity of a-CuSCN in the (d) x direction, (e) y
direction and (f) z direction. Three acoustic (TA, TA’ and LA) and optical phonon branches are distinguished by different colors.

Table 1

Calculated Young’s modulus E (in GPa), shear modulus G (in GPa), Poisson’s
ratio vp, thermal conductivity x; (in W/mK) and figure of merit ZT of a- and
f-CuSCN. For comparison, the results of BiCuSeO, PbTe, SnSe and PbS are also
given.

E G Vo KL zT
a-CuSCN 43.6 16.4 0.33 1.2 17
$-CuSCN 43.7 16.2 0.35 2.4 2.1
BiCuSeO 76.5 [41] 30.6 [41] 0.25 [41] 0.6 [41] 1.3 [41]
PbTe 53.7 [42] 21.2 [42] 0.26 [42] 2.3 [42] 2.2 [43]
SnSe 40.5 [42] 14.5 [42] 0.37 [42] 0.6 [42] 2.6 [44]
PbS 69.7 [42] 27.2 [42] 0.28 [42] 2.8 [42] 0.8 [45]

atoms are weakly bounded in a flat potential well along the x direction
and the y direction, respectively. The similar situation also occurs in the
N atoms and Cu atoms along the in-plane direction in #-CuSCN (0.033 A2
for N and 0.028 A2 for Cu along the in-plane direction at 300 K), which is
plotted in Fig. 5d. The ADP values of a- and -CuSCN are larger than the
values of many other materials with low thermal conductivity, such as
CuSbS; (0.015 A%) [49] and ZnSb (0.024 A?) [50]. The large Griineisen
parameters and ADP values of the two structures indicate the features of
weak chemical bonding and strong anharmonicity, which lead to ul-
tralow thermal conductivity.

3.3. Thermoelectric properties

Since both a- and p-CuSCN possess ultralow thermal conductivity,
we then explore their potential for thermoelectric applications. The
thermoelectric properties are calculated by using BoltzTrap2 program
within the electron relaxation time (r) approximation method [51],
which has been widely used in previous studies [52,53]. We select three
different temperatures (300, 600 and 800 K) to investigate the

temperature dependence of thermoelectric properties and calculate the
Seebeck coefficient (S), electrical conductivity (o), and power factor (PF)
defined as PF = $%. For a-CuSCN along the x, y and z directions and
S-CuSCN along the in-plane and out-of-plane directions, the results are
plotted in Figs. S1 and S2, respectively. The peak values of S for a- and
pS-CuSCN at 300, 600 and 800 K are 1.6, 1.6, 1.5 mV/K and 1.6, 1.6, 1.3
mV/K, respectively, which are larger than those of PbTe [43] (0.4 mV/K
at 300 K and 0.48 mV/K at 600 K) and SnSe [44] (0.53 mV/K at 300 K,
0.56 mV/K at 600 K and 0.40 mV/K at 800 K), implying that both a- and
p-CuSCN are likely to have large figure of merit (ZT) values.

Different from the Seebeck coefficients, we find that the electrical
conductivities of a- and #-CuSCN show anisotropy. For a-CuSCN, the
values of electrical conductivities along the y and z directions are larger
than that along the x direction. While for $-CuSCN, the electrical con-
ductivity along the out-of-plane direction is larger than that along the in-
plane direction. Based on Seebeck coefficient and electrical conductiv-
ity, we further calculate the power factor (PF) using the formula of PF =
S26. The results are plotted in Fig. Slg-i and S2e, f. When the power
factor peaks, the chemical potential is different from that at which the
Seebeck coefficient and electrical conductivity reach their maximums,
suggesting that a suitable carrier concentration is of great significance
for good thermoelectric performance.

We then calculate the ZT values by using the formula of ZT = S%6T/
ke+xr. Here k. can be obtained by x, = LoT, and L is the Lorenz number.
The calculated results for - and -CuSCN at different temperatures are
displayed in Fig. 6. For a-CuSCN, the ZT reaches the maximum in the y
direction, which is 0.2, 1.0 and 1.7 at 300, 600 and 800 K, respectively.
While for p-CuSCN, the ZT along the out-of-plane direction is higher
than that along the in-plane direction with the value of 0.2, 1.2 and 2.1
at 300, 600 and 800 K, respectively. These values are comparable to
those of some well-known thermoelectric materials including PbTe [43]
(0.7 at 300 K and 2.2 at 600 K) and SnSe [44] (0.2 at 300 K, 0.3 at 600 K
and 2.0 at 800 K), showing good potential for thermoelectric
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Fig. 5. Gruneisen parameters of (a) a- and (b) f-CuSCN. Calculated ADPs for different atoms with respect to temperature for (c) a- and (d) f-CuSCN.

applications.

3.4. Negative thermal expansion (NTE)

The coefficient of thermal expansion is also a key factor for
measuring the thermal performance of a material at different tempera-
tures. Generally, materials expand with increasing temperature,

showing positive thermal expansion. However, the thermal expansion of
materials would degrade the performance. Currently the most effective
way to solve this problem is to obtain zero thermal expansion compos-
ites by combining positive thermal expansion material with negative
thermal expansion material [54]. Therefore, it is important to find new
materials with negative thermal expansion coefficient over a wide
temperature range. We calculate the volume changes and coefficients of



Y. Shen et al. Nano Energy 73 (2020) 104822

(a) 2.0 (®) 25
x direction || y direction || z direction
....... 300K 300K |- in-plane out-of-plane|
151 0 600 K || ——600K| | 2.0 300K
....... 800K 800K ||- ——600K
1.5 800K
N N
S R i ‘ 0.0 . . - A
-1.5 -1.0 -0.5 05 1.0 1.5 -1.5 -1.0 -0.5 05 1.0 1.5
Chemical potential (eV) Chemical potential (eV)

Fig. 6. Calculated figure of merit (ZT) as a function of chemical potential at the three different temperatures of (a) a-CuSCN along the x, y and z directions and (b)

S-CuSCN along the in-plane and out-of-plane directions.

thermal expansion with respect to temperature for both a- and f-CuSCN
using the SCQHA method [24]. The results are plotted in Fig. 7a and b,
indicating that as temperature increases, the volumes of both structures
gradually shrink, implying the feature of negative thermal expansion in
these two structures.

The NTE properties of a- and #-CuSCN are mainly attributed to the
transverse vibrations in the structures as suggested in previous studies of
ZrW,0g [55], ScF3 [56] and SiO; zeolites [57], where the systems share
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a similar structural feature, namely two metal atoms are connected by a
bridge atom, then forming a network [58]. The transverse vibrations can
be seen from the ADP of a- and $-CuSCN, as shown in Fig. 5c and d,
characterizing the intensity of vibration. For a-CuSCN, the vibration of N
atoms along the x direction is the strongest (Ny), followed by Cuy, Ny, Cuy
and C,. It is worth noting that these strong vibrations are all along the
transverse direction of Cu-N-C-S atom chains. A similar situation occurs
in -CuSCN. The strongest vibration in #-CuSCN is from N atoms along
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Fig. 7. Variations of volume and coefficient of thermal expansion with temperature of (a) a- and (b) f-CuSCN. Schematics of the transverse vibration models for (c)

the single-atom and (d) the diatomic linkages.
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the in-plane direction (Nj,), and followed by Cuj,, Ci, and Si,. These
strong vibrations are also along the transverse direction of Cu-N-C-S
atom chains. As shown in Fig. 7c, when temperature rises, the central
bridge atoms will vibrate in the direction perpendicular to the chain
axis, making the distance between the atoms at both ends shorter, thus
exhibiting a macroscopic NTE feature [59]. In both a- and -CuSCN,
there are two bridge atoms (C and N) between Cu atom and S atom. As
plotted in Fig. 7d, the C atom and N atom can vibrate in same or different
directions, leading to NTE. And the larger degree of freedom would lead
to stronger shrinkage in geometry. One can see from Fig. 7a and b that
the coefficients of thermal expansion of a- and #-CuSCN at 300 K are
about —20 x 10" K™ ! and -30 x 107% K™}, respectively, much signif-
icant as compared to the reported systems including ZrW,;0Og (—8.8 x
10 ®K™) [55], ScFs (=7.5 x 10 ° K1) [56] and SiO; zeolites (3.7 x
10°°k Y [57]. Besides, the CuSCN units in #-CuSCN are more orderly
arranged as compared to the case in a-CuSCN, which makes it more
sensitive to transverse vibration, thus leading to stronger NTE.

4. Conclusions

Based on first-principles calculations and Boltzmann transport the-
ory, we have found that both a- and -CuSCN possess ultralow thermal
conductivities of 1.2 and 2.4 W/mK at room temperature, respectively,
which are lower than the reported value (2.0-3.0 W/mK) of yttria sta-
bilized zirconia. The ultralow thermal conductivity in the studied
CuSCN phases are attributed to the avoided crossing between the LA
phonons and low-lying optical branches, the weak chemical bonding
and strong anharmonicity. The calculated ZT values of a- and f-CuSCN
are 1.7 and 2.1 at 800 K, respectively, which are comparable to that of
some well-known thermoelectric materials. Furthermore, both a- and
P-CuSCN phases are found to exhibit large negative thermal expansion
coefficients induced by the transverse vibrations of carbon and nitrogen
atoms. These findings suggest that CuSCN is promising for thermal
management as well as for thermoelectric device, thus expanding the
applications of CuSCN from solar cells to thermal devices.
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