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a b s t r a c t

Gallium doped Cu2ZnSnSe4 quaternary chalcogenides with and without excess Cu were synthesized by
elemental reaction and densified using hot pressing in order to investigate their high temperature
transport properties. The resistivity, r, and Seebeck coefficient, S, for these materials decrease with
increased Ga-doping while both mobility and effective mass increase with Ga doping. The power factor
(S2/r) therefore increases with Ga-doping however the highest thermoelectric figure of merit (ZT ¼ 0.39
at 700 K) was obtained for the composition that had the lowest thermal conductivity. Our results suggest
an approach for optimizing the thermoelectric properties of these materials and are part of the
continuing effort to explore different quaternary chalcogenide compositions and structure types, as this
class of materials continues to be of interest for energy-related applications.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The specific material property requirements for good thermo-
electric materials can be quantified by the dimensionless figure of
merit ZT¼ S2T/rk,where S is the Seebeck coefficient, r the electrical
resistivity, T the absolute temperature, and k the total thermal
conductivity, k ¼ kL þ kE (kL and kE are the lattice and electronic
contributions, respectively) [1]. Semiconductors with narrow band
gaps are generally considered to be good candidate materials for
thermoelectric applications [1,2]. Certain materials with relatively
large band gaps, quaternary chalcogenides for example [3,4], have
recently been investigated and also shown to possess good ther-
moelectric properties [5e8].

P-type quaternary chalcogenides have shown good thermo-
electric properties mainly due to their relatively low k in addition to
the fact that good electrical properties can be achieved by appro-
priate modification of their compositions [5e7,9,10]. For example,
Fe doping resulted in a lower k for Cu2ZnGeSe4 [8], In doping
resulted in enhanced electrical conductivity for Cu2ZnSnSe4 [11,12],
Cu-excess on the Cd site in Cu2þxCd1�xSnSe4 [10], on the Zn site in
Cu2þxZn1�xSnSe4 [5] and on the Sn site in Cu2þxZnSn1�xSe4 [13]
resulted in an increase in electrical conductivity as well as a
decrease in k. In this report we present an investigation of the
transport properties of Ga-doped Cu2ZnSnSe4 with and without
excess Cu for the first time and describe an approach towards
enhanced thermoelectric properties as compared with other kes-
terite compositions.
2. Experimental

All specimens were prepared by reaction of the high purity el-
ements. The Cu powder (99.9%, Alfa Aesar), Zn shot (99.9999%, Alfa
Aesar), Ga pellets (99.99999%, Alfa Aesar), Sn powder (99.999%, Alfa
Aesar), and Se powder (99.999%, Alfa Aesar) used for synthesizing
the materials in this study were loaded into silica ampoules in the
atomic ratios shown in Table 1.1 The ampoules were sealed in
quartz tubes under vacuum (0.1 Pa), heated to 973 K, and subse-
quently held at this temperature for 5 days before they were air
quenched to room temperature. The products were then ground
into powders, cold pressed into pellets and annealed at 873 K for
one week. The resulting pellets were ground into fine powders
(~325 mesh) and loaded into graphite dies for hot pressing.
1 Certain commercial equipment, instrumentation, or materials are identified in
this document. Such identification does not imply recommendation or endorse-
ment by the National Institute of Standards and Technology, nor does it imply that
the products identified are necessarily the best available for the purpose.
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Table 1
Nominal composition, EDS composition, and room temperature r, S, p, mH and m* of all specimens prepared for this study.

Nominal composition EDS composition r (mOhm-cm) S (mV/K) p (1020 cm�3) mH (cm2 V�1 S�1) m* (me)

(a) Cu2ZnSnSe4 Cu2Zn0.97Sn0.97Se3.96 1.0 � 103 353 0.03 1.9 0.5
(b) Cu2ZnGa0.03Sn0.97Se4 Cu2Zn1.02Ga0.02SnSe3.87 9.7 146 2.4 2.7 1.7
(c) Cu2ZnGa0.05Sn0.95Se4 Cu2Zn1.05Ga0.05Sn0.98Se3.92 7.0 122 3.6 2.5 1.8
(d) Cu2ZnGa0.07Sn0.93Se4 Cu2Zn1.02Ga0.06Sn0.96Se3.84 6.4 113 5.3 1.8 2.1
(e) Cu2ZnGa0.1Sn0.9Se4 Cu2Zn1.03Ga0.09Sn0.92Se3.88 4.7 103 5.4 2.5 1.9
(f) Cu2.1Zn0.9Ga0.04Sn0.96Se4 Cu2.1Zn0.94Ga0.04Sn0.97Se3.95 1.5 57.2 17 2.4 2.1
(g) Cu2.2Zn0.8Ga0.06Sn0.94Se4 Cu2.2Zn0.86Ga0.05Sn0.96Se3.94 1.3 54.1 18 2.6 2.1
(h) Cu2.3Zn0.7Ga0.12Sn0.88Se4 Cu2.3Zn0.74Ga0.09Sn0.93Se3.93 1.0 45.3 20 3.1 1.9

Fig. 1. Indexed powder XRD patterns of (a) Cu2ZnGa0.03Sn0.97Se4, (b) Cu2Zn-
Ga0.05Sn0.95Se4, (c) Cu2ZnGa0.07Sn0.93Se4, (d) Cu2ZnGa0.1Sn0.9Se4, (e) Cu2.1Zn0.9-

Ga0.04Sn0.96Se4, (f) Cu2.2Zn0.8Ga0.06Sn0.94Se4, and (g) Cu2.3Zn0.7Ga0.12Sn0.88Se4.
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Densification was accomplished by hot pressing at 673 K and
160 MPa for 3 h under N2 flow. High density polycrystalline spec-
imens (>96% theoretical density) were obtained after hot pressing,
as indicated bymeasurement of the dimensions and weight of each
pressed pellet.

X-ray diffraction (XRD) and energy dispersive spectroscopy
(EDX) were used to examine the purity, homogeneity, and chemical
composition of the specimens. Powder XRD data were collected
with a Bruker D8 Focus diffractometer in BraggeBrentano geome-
try using Cu Ka radiation and a graphite monochromator. EDX
analyses were accomplished with an Oxford INCA X-Sight 7582M
equipped scanning electron microscope (JEOL JSM-6390LV). The
homogeneity of the specimens was investigated from twelve EDX
data sets obtained from random positions across the dense pellet
for each specimen. The EDS datawere normalized to the Cu content
for each specimen in this study.

The hot pressed pellets were cut using a wire saw into paral-
lelepipeds for transport measurements and Hall measurements.
High temperature k values were determined using the equation
k ¼ DaCp, where D is the density, a the thermal diffusivity, and Cp
the specific heat. Thermal diffusivity measurements employed the
laser flash method in a flowing Ar environment with a NETZSCH
LFA 457 system. The uncertainty in the thermal diffusivity mea-
surements was 5%. Heat capacity Cp (zCv) was estimated by the
DulongePetit limit (Cv ¼ 3nR, where n is the number of atoms per
formula unit and R is the ideal gas constant). At high temperature
this may result in an underestimate of Cp thus affecting k, however,
it is a relatively goodmethod for comparing the effect of doping and
small compositional changes since it eliminates the uncertainties
associated with Cp measurements [14]. High temperature S and r

were measured with an ULVAC ZEM-3 system (experimental
uncertainty of 5%e8% for S and r at elevated temperatures).
Room temperature Hall measurements were conducted on
0.5 � 2 � 5 mm3 parallelepipeds at multiple positive and negative
magnetic fields in order to mitigate voltage probe misalignment
effects (±5% uncertainty).
3. Results and discussion

Fig. 1 shows the indexed powder XRD patterns of the specimens
prepared for this study. The XRD data for all specimens can be
indexed to the kesterite phase (space group I4), as has been re-
ported previously by neutron scattering employing a similar ma-
terials preparation approach [15] as well as other techniques
[16,17].

Fig. 2 shows the temperature dependent r (a), S (b) and power
factor PF (¼S2/r) (c) of all specimens investigated in this study.
While Cu2ZnSnSe4 exhibits relatively high r and S values, as ex-
pected for a relatively wide band gap semiconductor [3e5,8], r and
S of the doped specimens increase with increasing temperature
indicating thermally activated semiconductor behavior. The posi-
tive sign of S for all specimens implies that holes are the dominant
carriers (p-type conduction), confirmed by Hall measurements
(Table 1). The r and S values decrease with increasing Ga doping
and result in an increase in PF with increasing Ga content. In
addition to Ga doping, an excess of Cu further reduced r, resulting
in a significant increase in PF. The highest PF corresponds to
Cu2.1Zn0.9Ga0.04Sn0.96Se4 with a carrier density of 1.72 � 1021 cm�3.

Room temperature r, S, carrier concentration, p, Hall mobility,
mH, and effective mass,m*, for all compositions are listed in Table 1.
Cu2ZnSnSe4 has a direct band gap at the G point [18], therefore we
estimatedm* based on a single parabolic bandmodel where S and p
are given by [1]

S ¼ kB
e

�ð2þ rÞF1þrðhÞ
ð1þ rÞFrðhÞ � h

�
(1)

and

p ¼ 4p 2mekBTð Þ3=2
h3

m*

me

� �3=2

F1=2 hð Þ : (2)

Here r is the exponent of the energy dependence of the hole mean
free path, h (¼EF kB

�1 T�1 where EF is the Fermi energy) is the
reduced Fermi energy, Fr is the Fermi integral of order r [19,20], me

is the free electron mass and h is the Planck constant. For scattering
from lattice vibrations (acoustic phonons) r ¼ 0 and for ionized



Fig. 2. Temperature dependent (a) r (plotted in logelinear scale), (b) S, and (c) PF of
Cu2ZnSnSe4 ( ), Cu2ZnGa0.03Sn0.97Se4 ( ), Cu2ZnGa0.05Sn0.95Se4 ( ), Cu2Zn-
Ga0.07Sn0.93Se4 ( ), Cu2ZnGa0.1Sn0.9Se4 ( ), Cu2.1Zn0.9Ga0.04Sn0.96Se4 ( ), Cu2.2Zn0.8-

Ga0.06Sn0.94Se4 ( ), and Cu2.3Zn0.7Ga0.12Sn0.88Se4 ( ).

Fig. 3. Temperature dependent (a) k and (b) ZT of all specimens. The symbols corre-
sponding to each specimen are as defined in Fig. 2.
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impurity scattering r ¼ 2. Due to the high p values for our doped
compositions both lattice vibrations and impurity scattering are
assumed thus we used r ¼ 1 in our estimates of m*. As shown in
Table 1, with both Ga-doping and excess Cu mH increased from
1.9 cm2 V�1 S�1 to 3.1 cm2 V�1 S�1 andm* increased from 0.5me to
2.1 me. Our mH values are comparable to that for In-doping [11,12]
while m* are much larger, with the highest PF among all speci-
mens shown in Table 1 being that with the largest m*.

Fig. 3 shows the temperature dependent k (a) and ZT (b) of the
specimens prepared for this study. The k values decrease with
increasing temperature without an “upturn” at higher tempera-
tures, indicative of little or no bipolar contribution to k in the
measured temperature range for all specimens. Due to higher
charge densities the k values increase with increased Ga-doping in
the Cu-excess compositions; kE increasing substantially with
decreasing r. Although an excess in Cu results in enhanced ther-
moelectric properties for Cu2ZnSnSe4 [5,13], our investigation in-
dicates that this is not the case here. Cu2ZnGa0.05Sn0.95Se4 resulted
in the highest ZT (0.39 at 700 K) among all specimens, as compared
with ZT ¼ 0.25 at 700 K for In-doping [11].
4. Conclusions

We have investigated Ga-doping with and without excess Cu in
Cu2ZnSnSe4 in order to investigate the high temperature transport
properties of kesterite quaternary chalcogenides. The mH and m*
values increase from 1.9 cm2 V�1 S�1 to 3.1 cm2 V�1 S�1 and 0.5 me

to 2.1me, respectively, as a result of Ga-doping with excess Cu, with
the PF increasing from 1.64 mW/cm-K2 to 7.03 mW/cm-K2 at 700 K. A
ZT value of 0.39 was obtained for Cu2ZnGa0.05Sn0.95Se4 at 700 K,
with higher ZT values expected at higher temperatures. Our
investigation may also indicate that Cu-excess on the Zn site is less
effective in improving ZT in kesterite compositions as compared
with that of stannite compositions.
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