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Thermoelectric (TE) power generation and cooling
may arouse a revolution in energy saving and environ-
mental protection if inexpensive materials of high perfor-
mance can be discovered, which has been a focus for
materials science for decades and becomes even more
urgently needed in recent years. Generally speaking, the
slow progress of the performance improvement of TE
materials, even with extremely strong efforts incorporat-
ing both extensive materials exploration and sophisti-
cated nanotechnology,1-6 originates from the strongly
but reversely intercorrelated electrical and thermal trans-
ports in one TE material, whose performance is charac-
terized by figure of merit (ZT = S2σT/κ). The electrical
transport (numerator) is determinedbySeebeck coefficient
S and electrical conductivity σ, and thermal transport
(denominator) is determined by total thermal conducti-
vity κ. T is the absolute temperature. The correlation
results in a very limited choice of the currently state-of-
the-art TE materials.
By following G Slack’s general criterion of selecting

high-performanceTEmaterials, i.e., the so-called “phonon-
glass-electron-crystal” (PGEC)7 that requires glasslike
thermal transport and crystal-like electron transport
inside onematerial, a lot ofwork has focused primarily on
compounds of special structures, especially those with

intrinsic voids in crystal structures such as CoSb3 and
clathrates.8,9 Those open-structure compounds are pre-
sumed to be able to decouple, to a large extent, the
electrical and thermal transport properties, as demon-
strated in filled skutterudites, for efficient TE perfor-
mance optimization.10,11 The structures of these com-
pounds could be divided into the framework part and
the fillers. Usually, the framework atoms build up the
skeleton of the system and the network-like bonds be-
tween them not only act as the key factor to stabilize the
whole structure but also dominate the carrier transport.
The filler atoms exhibit relatively weak bond with the
framework and donate extra carriers for tuning carrier
concentration for performance optimization. Therefore,
based on such a structural analysis, it seems reasonable to
expect that a material, as long as it holds a bond network
with the similar functionality to the caged framework in
CoSb3 and some constituent species for carrier donation,
should be able to show a good TE performance, whereas
its crystal structure may be different from those of the
caged compounds. The recently reported quaternary
diamondlike compounds Cu2MSnQ4 (M = Zn, Cd;
Q=S, Se),12-15 evenwithout an open structure but with a
reasonably strong interlayer interactions, still show a rela-
tively high p-type ZT at intermediate temperature, which
seems to support the above-mentioned idea.
In fact, the structures of copper-containing diamond-

like compounds are quite similar. Investigating different
compounds may result in a deeper undertanding of the
structural and functional relationship in these com-
pounds. In this paper, the ternary diamondlike com-
pound Cu2SnSe3 was studied and we were going to
show that a special bond network exists in both the
quaternary and ternary copper-containing diamondlike
compounds using ab initio calculations. The work re-
ported here also shows that a goodTEperformance could
truly be realized in a 3D non-open-structure system
Cu2SnSe3 with a distorted diamondlike structure.16,17

The maximum ZT obtained is 1.14, even higher than
that for Cu2MSnQ4 systems of layered diamondlike
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structures.12,13 The latter has a two-dimensional layer-
like bond network partly similar to the 3D pattern in
Cu2SnSe3. Our analysis demonstrates that a Cu-Se con-
ductive network exists in these p-type diamondlike com-
pounds. Furthermore, the existence of the Cu-Se bond
network, if undisturbed or only weakly disturbed when
optimizing electrical transport properties by selective
doping, makes the Cu2SnSe3 a good thermoelectric ma-
terial, probably also be similar to that was observed in the
caged PGEC material.
We first discuss the conductive network based on the

ab initio calculated partial electron charge density dis-

tribution in Cu2SnSe3 (CTS) system, which displays the

primary bond network in the material in real space. As a

comparison, result for Cu2ZnSnSe4 (CZTS) system is also

discussed. Computational details are given in the Sup-

porting Information. The partial charge density contour

plots for CTS are plotted in Figure 1, whereas the result of

CZTS is shown in Supporting Information (Figure S3).

For CTS, as shown in Figure 1, the partial charge

densities, determined by the electronic states falling in

a given energy window (e.g., 0.0 to -0.1 eV or -0.1 to

-0.2 eV from VBM), accumulate mainly in the line

linking Cu and Se atoms, thus, as a p-type material, the

Cu-Se bonds play the dominant role in controling hole

transport. In addition, the Sn atoms exhibit little charge

density accumlation in the area linking with Se, which

indicates that the Sn orbitals do not contribute much for

the p-type carrier transport but just offer electrons to the

system. Analysis on the density of states also shows that

the p-d hybridization from Cu-Se bonds dominates a

large parts of the occupied valence bands close to VBM,

substantiating the essential role of the Cu-Se bond net-

work in stabilizing the whole structure. The influence of

Sn orbitals on the occupied states is so weak that could be

almost neglected. Instead, Sn s states contribute primarily

to the states at the conduction bandminimum. Therefore,

in the 3D scale, the Cu-Se bond network fabricates a 3D

electrically conductive framework of this complex dia-

mondlike compound while Sn atoms provide electrons to

tune carrier concentration. Although the compositions or

structures of the compounds among copper-containing

diamondlike family, especially for the multication con-

tained systems, are very complicated, the underlying

relationship of structure/function was observed to be

similar. This could be demonstrated from the charge

density result of the quaternary diamondlike compound

Cu2MSnQ4 (e.g., CZTS, see Figure S3 in the Supporting

Information) with a relatively simple layered structure.

The partial carrier density distribution in CZTS also

shows a similar Cu-Se charge accumulation, whereas

Zn and Sn atoms have little contribution to the partial

charge density close to valence band maximum but

donate electrons to the whole system. From this point

of view, the CZTS can be regarded as the layered com-

pound with conductive bond layers and electron-offering

layers.
Now that theCu-Se bonds show the dominant place in

the p-type electrical transport while Sn exhibits weak

contribution to the conductive framework, in principle,

the Sn sites should be good choice to make property

optimization in CTS. Thus, the doping method with In/

Sn partial substitutionwas investigated inCTS.Although

a structure change from monoclinic to cubic type was

observed after In substitution (see Figure S1 in the

Supporting Information), the dominant Cu-Se hybridi-

zation near the VBM keeps unaltered. Also, as expected,

In/Sn subsitution does not change the distribution of the

partial charge density, as shown in Figure S4 in the

Supporting Information. Thus, all the samples exhibit

the similar picture as we described in Figure 1. Figure 2

shows the temperature dependence of electrical transport

properties of In-doped Cu2Sn1-xInxSe3. The electrical

conductivity (Figure 2a) is greatly enhanced after In/Sn

substitution, changing from 12600 S m-1 (matrix) to

93200 S m-1 (Cu2Sn0.90In0.10Se3) at room temperature,

which results in the improvement of power factor

(Figure 2c) within the whole temperature range. The

Figure 1. Contour plots of the partial charge density of the states close to
upper valence-band of Cu2SnSe3 on (100) crystal face. The solid lines
represent charge density accumulation. The VBMwas set to be 0 eV. The
given energy window for the partial charge density distribution is (a) 0 to
-0.1 eV and (b) -0.1 to -0.2 eV.

Figure 2. Temperature dependence of (a) electrical conductivity σ, (b)
Seebeck coefficient S, and (c) power factorPF of Cu2Sn1-xInxSe3 (x=0,
0.05, 0.075, 0.10).
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improved electrical property can be mainly attributed to
the enhanced carrier concentration (see Table S1 in the
Supporting Information), which could be easily tuned by
In/Sn doping in the p-type materials. Furthermore, Ga/
Sn substitution was also investigated and the result is
listed in Table S1 in the Supporting Information. Again,
the improved electrical property was obtained by Ga/Sn
partial substitution as we expected. These results show
that, as p-type material, the electrical performance could
be optimized through the A/Sn doping method, here A
represents different cations with lower valence-electron
number than Sn.
Figure 3a shows the thermal conductivity κ for In

doped samples. The κ for all the samples decrease rapidly
with rising temperature and reach around 1.0Wm-1 K-1

at 850 K, which is a relatively low level among thermo-
electric materials. The detailed data of κL for all the
samples is plotted in Figure S5 in the Supporting Infor-
mation and we only use the κL of the sample Cu2S-
n0.90In0.10Se3 in the insert figure to show how low the
lattice thermal conductivity could be. The minimum
lattice thermal conductivity of the CTS, as shown by
dashed line in the insert figure, is calculated from the
formula κL = 1/3CVνl when the phonon mean free path
reaches the shortest interatomic distance in the CTS,18

where l = 0.235 nm. The velocity of sound comes from
the data in ref 19. CV is the heat capacity per unit volume
of the system using Dulong and Petit value. The κL of
Cu2Sn0.90In0.10Se3 approaches minimum lattice thermal
conductivity (around 0.4 W m-1 K-1) of CTS at high
temperature. Themost likely reason for the extremely low
lattice thermal conductivity, which needs to be confirmed
by further research, may be the structure distortion
caused by different cations and the point defects from
In/Sn partial substitution. The intercross-linked distribu-
tion of different bonds (Cu-Se and Sn-Se) will affect the
phonon transportation, which is decided by lattice vibra-
tion, between different element sites in the diamondlike

compounds. On the contrary, some unitary (e.g., dia-
mond) and binary (e.g., ZnSe) diamondlike compounds,
whose thermal conductivities are extremely high,20 do not
possess different bond relationship but the uniform bond.
Thus, the multication diamondlike compounds exhibit
much more complicated structures and larger unit cells
than the unitary and binary compounds, which could be
one of the most important reasons for the relatively low
lattice thermal conductivity.
Although the complex distorted diamondlike structure

ofCTSdoes not contain open structures, the similar effect
could be realized in the Cu-Se networks. If the conduc-
tive Cu-Se bond network was considered as the 3D
framework of the compound, the behavior of the differ-
ently bonded Sn atoms is pretty much like the filler atoms
in filled skutterudites. Thus, great potential emerges for
the Sn atoms to form phonon scattering centers inside
the diamondlike structures. As a result, the multication
copper-containing diamondlike compounds always pos-
sess relatively low thermal conductivity, even without any
optimization.
The figure of merit ZT for Cu2Sn1-xInxSe3 was calcu-

lated in Figure 3b. In-doped samples exhibit higher
ZT value than the matrix CTS within the whole tem-
perature range. The most important reason is the im-
proved electrical performance by In/Sn substitution.
The highest ZT reaches 1.14 at 850 K for the sample
Cu2Sn0.90In0.10Se3. The high ZT value deserves further
investigation on these new systems of complex diamond-
like crystal structure together with a Cu-Se bond
network for electrical conduction as well as for structure
stabilization.
To sumup, the partial charge density calculation shows

the dominant conductive bond network in the p-type
copper containing compounds of complex diamondlike
structure. The Sn atoms, which donate electrons to
balance the structure, reside in the framework formed
by Cu-Se bond in CTS. The matrix and the doped
compounds exhibit extremely low thermal conductivity,
especially at high temperature, aswell as tunable electrical
property. These materials are similar to the traditional
caged “PGEC” compounds, such as CoSb3 and clathrate,
whose structures are built up by the open-structure frame-
work and the different bonded filler atoms. This work
may make an extension to the “PGEC” family and pave
the way for the further study of these diamondlike com-
pounds with different bond network.
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Figure 3. Temperature dependence of (a) thermal conductivity κ (inset is
the temperature dependence of lattice thermal conductivity for Cu2S-
n0.90In0.10Se3 and the dashed line represents the minimum lattice thermal
conductivity), and (b) figure ofmeritZT of Cu2Sn1-xInxSe3 (x=0, 0.05,
0.075, 0.10).
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