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Synthesis and characterisation of CZTSe bulk materials for thermoelectric applications
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Quaternary Copper Zinc Tin Selenide (CZTSe) is a preferred candidate as an absorber layer in solar cells due to its non-toxicity and the abundancy
of its constituents. This material also has thermoelectric properties suitable for solar thermal energy conversion and waste heat recovery. The
preparation of bulk thermoelectric materials is a tedious, multistep task and requires considerable time and energy consumption for tuning of desired
properties. Here one step solid state reaction has been used for synthesis of bulk CZTSe materials in five different ratios of elemental precursors:
Cu, Zn, Sn and Se. Atomic Force Microscopy (AFM), X-Ray Photoelectron Spectroscopy (XPS) and X-ray diffraction (XRD) techniques have been
used for structural and compositional analysis of the materials. AFM analysis shows significant difference in roughness parameters and grain size
with respect to Cu/Zn variations. The XRD spectra of various samples show the formation of CZTSe materials. Raman spectra verifies absence of
secondary phases. XPS analysis reveals constituent atoms display chemical valences of +1, 42, +4, and —1 for Cu, Zn, Sn, and Se, respectively.
The stoichiometric sample, Cu2ZnSnSe,, exhibited the maximum power factor 0.30 mW~m’1K’2, having carrier concentration in the range of
1018 10 cm ™2 and resistivity in the range of 0.21 to 0.24 Q-cm.
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1. Introduction

The use of thermoelectric technology will increase as it can build solid state devices having better reliability and
power density. In future, it will be main technology behind the sustainable energy applications which will be able to
overcome ever growing energy demand and depleting fossil fuels. Although, most high performance thermoelectric
materials are tellurides or antimonides but these contain toxic and rare earth elements. Higher cost and toxicity are
major issues which are hindering the wide use of thermoelectric devices in areas like household heating and cooling,
medical applications and automobiles. Besides the discovery of new materials it is sometimes of interest to investigate
known materials that show promise in different domains; like quaternary chalcogenides, which are composed of
earth abundant materials and have been studied for a variety of different applications like, solar-cell absorbers [1-3],
photocatalysts for solar water splitting [4], nonlinear optics [5], topological insulators [6], and magneto-optic and
magneto-ferroics [7,8]. In these materials, the transport of carriers is often disturbed and impeded by grain boundaries
and the interfaces between the matrix and composites. Recently, certain multinary compounds like, CZTS, CZTSe
and others have attracted great interest as thermoelectric materials because their physical properties can be tuned by
varying the elemental composition.

For a thermoelectric material, the energy conversion efficiency, ZT = .S 2T /k, where T is the absolute tempera-
ture, .S is the Seebeck coefficient, o is the electrical conductivity, and & is the thermal conductivity which consists of
electronic thermal conductivity (x.) and lattice thermal conductivity (k7). Simultaneous increase of ¢ and reduction
of k are preferred for the ZT" enhancement but these factors have trade-off relationship with each other.

Conventional TE materials are narrow band gap semiconductors in which a bipolar effect may reduce the TE effi-
ciency [9]. The TE properties of quaternary chalcogenides CZTS, CZTSe, CuzZnGeSe,, Cu;CdSnSe, and CusFeSnS,
have been studied by various workers [10-20]. Their band gaps are wide enough to avoid the bipolar effect and these
have low thermal conductivities due to the complexity of the crystallographic structures; this enables them to be a
potentially outstanding class of TE materials. Although the ZT values obtained for these are still about 0.9, these are
still lower than those for ternary compounds. It has been reported that for quaternary materials, relatively low thermal
conductivity and good electrical properties could be achieved by appropriate doping [21-24]. It has been reported by
various workers that modification of electrically conducting units by doping of Cu®" create more hole carriers and
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extra conducting pathways [25-27]. The structural disruption through doping units effectively enhances the o val-
ues without significantly affecting the electrical thermal conductivity, which ultimately enhances the ZI" value. The
experiments have further shown that the total thermal conductivity of Cu-based quaternary chalcogenides with chal-
copyrite derived structures is very low as compared to well-optimized TE material like BisTeg alloy. This is due to the
fact that the total thermalconductivity in these compounds is dominated mainly by phonon thermal conductivity than
electrical thermal conductivity, along with a possibility of random distribution of cations and anions in the unit cell,
which may gave rise to structural anisotropy, responsible for lowering of thermal conductivity. Similar studies have
been reported for other structural forms of these quaternary chalcogenides such as wurtzite, orthorhombic, stannite
and stannite-kuramite etc. [28-31].

Similar electronic behavior as well as transport properties have been observed as a function of temperature, doping
level and crystal symmetry for CZTX (X = S, Se and Te), imparting similar thermoelectric behavior in all three.
The results obtained in the reports give a way to explore high performance thermoelectric materials with the family
of widely existing tetrahedrally bonded semiconductors. Among these materials CZTSe has been explored as high
performance thermoelectric material with ZT" value of 0.28 at 700 K by Shi et al [32], which further improves to
0.95 at 850 K by indium doping in the material CuzZnSng g9lng.10Se4, owing to the lower thermal conductivity of
the doped material. The work by Chen et al [33] on Cu-doped CZTSe polygon like nanocrystals suggests that, the
substitution of Zn?>T with Cu™ while Cu-doping introduces extra holes as charge carrier in CZTSe, which enhances
the electrical conductivity. On the other hand, the intensive phonon scattering at the small grain boundaries of the
polygon shaped nanocrystals reduces the thermal conductivity.

CZTSe has a band gap in the range of 1.4 — 1.5 eV, also has thermoelectric properties useful in energy conversion
technologies. A number of methods have been used for the synthesis of CZTSe thin films and bulk materials, like
Aqueous Synthesis method [34], RF-DC sputtering method [35, 36], thermal co-evaporation [37], electro deposition
method [38], Molecular beam epitaxy [39] and solid state reaction [40-51] etc.

In this work, CZTSe bulk materials have been synthesised by one step solid state reaction of its elemental con-
stituents at 850 °C in a rocking furnace. This approach that has proven successful for other chalcogenide materials,
herein the synthesis and study of structural properties have been reported. The materials are analyzed for formation of
CZTSe along with various phases by AFM, XRD and Raman spectroscopic techniques while uniformity of elemen-
tal distribution was analyzed using XPS technique. To understand electrical behavior Hall effect and thermoelectric
measurements have also been performed.

2. Experimental details
2.1. Materials synthesis

Quartz ampoules were etched in acetone and cleaned with DI water for 30 minutes to remove impurities. High
purity Cu, Zn, Sn and Se (99.99 %) powders were weighed and mixed in an agate mortar according to the stoichiometry
reported in Table 1. These were then loaded in five different cleaned quartz ampoules, which were sealed under
vacuum at ~ 1 x 107 torr. These ampules were then placed one by one in a vertical rocking furnace, in which
these were heated to 850 °C (at a rate of 50 °C per hour) and then held up for four hours. After cooling down to
room temperature the ampoules were broken to extract the solid samples. The bulk materials obtained were grinded
again with agate mortar and the process of solid state reaction was repeated for five times. After the completion of
fifth cycle these chunks were separated from ampoules. For performing the electrical measurements small parts of the
chunks were grinded into square shape and polished. The bulk densities of the samples were measured by employing
the Archimedes principle. Stoichiometry variations in the ratio of solid state reacted CZTSe compounds and their
densities have been given in the Table 1.

2.2.  XRD analysis

Crystalline quality and epitaxial nature of bulk materials were determined from XRD measurements, which were
performed using the synchrotron beam at angle-dispersive X-ray diffraction (ADXRD) beamline (BL-12) of Indian
synchrotron source “Indus-2” at Raja Ramanna Centre for advanced Technology (RRCAT), Indore. Wave length
of 0.78765 A for angle dispersive x-ray diffraction experiments was selected from the white light using a Si (111)
channel cut monochromator. The monochromatic beam is then focused on to the sample with a Kirkpatrick—Baez
(K-B) mirror. A MAR345 image plate detector (Mar345 area detector with 0.1 x 0.1 mm? pixel) was used to collect
2D diffraction data. Sample to detector distance and the wavelength of the beam were calibrated using NIST standards
LaBg and CeOs. 2D diffraction data were then integrated using FIT2D software to get desired 1D intensity versus 26
data.



Synthesis and characterisation of CZTSe bulk materials for thermoelectric applications 197

TABLE 1. Stoichiometry variations in the ratio of various samples and their bulk densities

Sample Stoichiometry | Cu/Zn | Cu/Sn | Se/(Cu+Zn+Sn) | Cu/(Zn+Sn) | Density (gm/cm?)
Sample 1 Cu,ZnSnSey 2.0 2.0 1.0 1.0 5.67
Sample 2 | CuyZnSnSes g 2.0 2.0 1.4 1.0 5.68
Sample 3 | Cu,ZnSnSes, 2.0 2.0 1.3 1.0 5.64
Sample 4 | Cu;3ZnSnSes 1.8 1.8 1.36 0.9 5.62
Sample 5 | CupZn; ;SnSes, | 1.818 2.0 1.26 0.95 5.60

2.3. Raman analysis

The Raman spectroscopy measurements were performed at room temperature using a DPSS semiconductor Laser
(make: Action spectrapro, sp-2500) as an excitation. The wavelength of the laser is 532 nm, to avoid laser heating the
beam power was kept at 15 mW. The monochromator grating used was having 600 lines per mm. The spectra were
recorded for 30 seconds at different locations. The lens used was having magnification of 20x. Raman spectra were
recorded with a monochromator system in backscattering configuration with a microscope and a motorized XY stage.

2.4. Atomic force microscopy (AFM) analysis

The samples were placed on the surface of a nickel disk (1.2 cm?) using double-sided adhesive tape and placed
it on the AFM scanner (Multi-Mode/Nanoscope 8 scanning probe microscope, Bruker, USA). Measurements were
performed in air under ambient conditions (7" = 25 °C, RH = 21 %) using the J-scanner (min zy = 5 pm). Scanning
was performed in tapping mode using Si cantilevers with integrated tips (t = 3.75 pym, [ = 125 ym, w = 35 um,
Fy = 300 kHz, k = 40 Nm~') and an RMS amplitude of 1.5 V. The images were processed and dimensions measured
using Nanoscope Analysis software (V9, Bruker).

2.5. XPS analysis

X-ray photoelectron spectroscopy measurements were catried using synchrotron radiation facility hard x-ray pho-
toelectron spectroscopy (HAXPES) beamline BL-14, Indus-2 [52] which has double-crystal monochromator [Si (111)]
with excitation energy of 4.311 keV and equipped with Hemispherical analyzer and detector system (Phoibos 225,
Specs make). The typical pressure in the experimental station is 5 x 10~ mbar.

2.6. Electrical measurements

The electrical conductivity (o) was measured using the four probe set up and the thermoelectric measurement
set up.Conductivity measurements were done with the help of Hall set up (HMS 5000 from Ecopia Corp., South
Korea) at room temperature (RT) with a 0.57" magnetic field in the van der Pauw configuration. The HMS-5000 Hall
Measurement System is a complete system for measuring the carrier concentration, carrier mobility (1) and resistivity
of materials. The HMS-5000 includes software with current—voltage curve capability for checking the ohmic integrity
of the user made sample contacts.

2.7. Thermoelectric measurements

The setup for measuring Seebeck coefficient of thermoelectric materials is a designed sample holder, which
consists two cuboid shaped copper blocks mounted on a rectangle shaped copper block with top cylinder shaped
for temperature dependent measurements (shown in Fig. 1 below). For Seebeck coefficient measurement the sample
is placed on two cuboid shaped copper blocks and the sample bridges the two blocks. The heater is used to generate
the temperature gradient along the sample, the two PT100 devices have been connected to temperature controller are
used to measure the temperature of the copper blocks; these are inserted into the holes provided in copper blocks. The
voltage generated as a result of temperature gradient is determined by taking out the two separated contacts on the
sample. The setup can measure Seebeck coefficient of both bulk and thin film thermoelectric materials up to a wide
range of temperature (RT to 300 °C). The process of measurement can also be done in high vacuum, for that the whole
system of sample holder is placed in a cylinder shaped case of steel provided with vacuum valve and vacuum lock
at the top end. The vacuum arrangement consists of rotary pump and diffusion pump which can create vacuum. The
measurements on copper and silicon were measured accurately hence confirms the reliability of the setup.
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FIG. 1. Various parts of the thermoelectric measurement set up developed in our laboratory

3. Results and discussion
3.1. XRD analysis

From the XRD results, it has been found that the reaction among the elemental powders (Cu, Zn, Sn, and Se)
occurred. A possible reason for the reaction is the melting of reactant powders. During the solid state reaction, the
maximum reaction temperature (850 °C) is much higher than the melting points of Zn (420 °C), Sn (232 °C), and
Se (221 °C). In this case as the reaction temperature is very high most reactants occur as liquid. The availability of
the liquid phases increases the contacting area among different intermediate species formed and facilitates the mass
transportation. Mixing at high temperature increases the reaction rate and well mixing of different constituents is
obtained.
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F1G. 2. XRD plots of various samples

The XRD pattern for the Bulk materials synthesized has been shown in Fig. 2. The appearance of prominent
peaks confirm the formation of nanocrystalline CZTSe material. Average crystallite size obtained for the different
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materials have been shown in the third column of the Table 2. The crystallite size were calculated from the FWHM
for the peaks at various angles (20) namely, at 13.77, 22.56, 26.51 and 32.11° which corresponds to the reflections
from (112), (204), (312) and (316) planes, respectively. A significant variation in the values of crystallite size from
16 to 34 nm have been seen in the samples which may be due to variation in the stoichiometry’s of various sample.
All the peaks in the XRD data were indexed with reference to the standard data for the CZTSe compound ICDD file
No. 04-003-8817.

TABLE 2. Crystallite size of various samples by XRD data

Sample Stoichiometry | Crystallite size (nm)
Sample 1 Cu,ZnSnSey 31
Sample 2 | CuyZnSnSes g 24.9
Sample 3 | CuyZnSnSes, 33.6
Sample 4 | Cu;3ZnSnSes, 18.1
Sample 5 | Cu,Zn; ;SnSes 15.8

3.2. Raman analysis

Because the main three diffractions of CZTSe have Bragg angles similar to those of the diffractions of ZnSe and
CTSe, it is necessary to investigate the samples by Raman spectroscopy. Figure 3 shows the Raman spectra of various
samples in which the vibration modes corresponding CZTSe are present at 191, 217 and 246 cm ™!, revealing no
secondary phases, such as CuySnSes with a tetragonal or cubic structure, and very similar lattice constants to those
of CZTSe. The peaks of tetragonal CupSnSes appear at 178 cm™*, corresponding to the CZTSe Al-mode; however,
no distinct peaks appear at 204, 231 and 291 cm ™! corresponding to A2-mode of Cu,SnSes. Also, no major ZnSe
peaks — which would appear at 206 and 252 cm™!, and no other possible secondary phases appear, such as Cu—Se-
and Sn—Se-related compounds.

14000 - = Sample 1
L 4 —@®  Sample 2
4 —A— Sample 3
12000 |- « v Sample 4
[ <4 Sample 5
10000 4«
2 8000 |- 14
(%2}
2 L
(o3
€ 6000
4000
2000

Raman shift (cm’1)

FI1G. 3. Raman spectra of various samples

3.3. AFM analysis

Atomic force microscopic analysis is ideal for quantitatively measuring the nanometric dimensional surface
roughness and for visualizing the surface nano-texture of the materials prepared. Three-dimensional (3D) AFM images
of the five different materials have been shown in Fig. 4.

Roughness is the key feature in application of photovoltaic technology as physical and chemical properties are
directly affected by this parameter. A small variation in value of average roughness of five different sample of CZTSe is
observed with respect to their stoichiometry change. Sample 2 with ratio Se/(Cu+Zn+Sn) = 1.4 i.e. CuzZnSnSe; ¢ with
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FI1G. 4. Three-dimensional (3D) AFM images of various samples

TABLE 3. Roughness parameters of various samples

Sample ID (fr?l) (flfl) (fnzl) Ryu/R, R Rk
Sample 1 51.8 65.24 650 1.259 6.02 0.932
Sample 2 49.4 63.8 636 1.2914 341 0.105
Sample 3 51.8 65.1 427 1.2561 2.88 0.0750
Sample 4 51.1 64.8 521 1.2681 3.01 0.0542

Sample 5 50.9 64.2 590 1.2612 3.17 0.0458
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40 % excess of Se exhibits the lowest value of average roughness 49.4 nm while Sample 1 with perfect stoichiometry
CuyZnSnSe, and Sample 3 with 30 % excess of Se, CusZnSnSes o exhibited same value of roughness 51.8 nm.
Table 3 illustrates that the variations in RMS roughness (R,) values observed for all CZTSe samples are exactly have
the same trend as exhibited by average roughness values (R,) and ten point mean height R, values.

3.4. XPS analysis

Figure 5 shows the XPS spectra of all the samples synthesized. The Cu 2p spectrum shows two narrow symmetric
peaks at 932 eV (2p3/ Zyand 952 eV (2p1/ 2y with a peak splitting of 20 eV, which is characteristic of Cu (I). The Zn 2p
peaks appearing at 1021 eV (2p3/ 2) and 1044 eV (2p1/ %) with a peak splitting of 23 eV correspond to Zn (II). The Sn
3d peaks appearing at 486 eV (3d°/2) and 495 eV (3d*/?) with a peak splitting of 9 eV can be assigned to Sn (IV). The
Se 3p peaks appearing at 160 eV (3p3/ %) and 166 eV (3p1/ %) with a peak splitting of 6 eV can be assigned to Se (IV)
indicates Se with a valence of —1. Similar XPS spectra were observed for all the samples, confirming the chemical
valence of +1, +2, +4, and —1 for Cu, Zn, Sn, and Se, respectively.
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3.5. Electrical measurements

The electrical transport properties of the synthesized bulk materials are measured in the temperature range of
300 — 600 K. The electrical conductivities of the samples fall in the ranges of 12500 — 16000 S-m~! and 4200 —
4800 S-m~! at 300 and 600 K, respectively. For all the samples, the electrical conductivity decreases the exact reason
for this transition of the o-T dependence is unknown to author at present. Among the materials, the Cu-excessive
sample (CuyZnSnSe,) shows the largest electrical conductivity, in the temperature range 300 — 600 K. This behavior
may be attributed to the creation of holes (Cu®" 3d? vs. Cu™ 3d'?) and the conversion of electrically insulating paths
to electrically conducting paths. As reported by some workers, the electrical conductivity is little changed in Se excess
doping, it has been observed that with increase in the Se content electrical conductivity decreases, having a minimum
value of 4200 S-m ™! for the Cu; sZnSnSes o stoichiometry. The synthesized bulk materials exhibit positive Seebeck
coefficients, confirming their p-type character. The Seebeck coefficients of the samples increase with increasing
temperature, having the values in the ranges of 40 — 55 1 V-K~! and 185 — 250 1 V-K ™! at 300 and 600 K, respectively.
By comparing the five samples, it has been found that both Cu-excess and Se-excess lead to an enhancement of Seebeck
coefficients. With high electrical conductivity and large Seebeck coefficient, the Cu-excessive sample (CuyZnSnSe,)
exhibits the maximum power factor in the whole temperature range, which reaches 0.30 mW-m~'K~2 at 600 K.
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The stoichiometric sample CusZnSnSe,, shows highest power factor while the Cu-deficient sample, Cu; gZnSnSes o,
shows the lowest power factor at highest temperature 600 K. The other three samples show similar values in electrical
conductivity, Seebeck coefficient, and power factor at 600 K (shown in Fig. 6).
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TABLE 4. Electrical properties of various samples by Hall measurements

Sample | Carrier concentration (cm*3) Resistivity (£2, cm) | Mobility (cszflsfl)
Sample 1 1.8 x 10'® 0.21 1.01
Sample 2 2.2x10" 0.22 0.64
Sample 3 2.1x10" 0.21 0.59
Sample 4 1.7x10'8 0.24 1.20
Sample 5 2.0x10'8 0.23 0.99

Table 4 presents the electrical properties of CZTSe materials characterized by four probe Hall measurements at
room temperature. The measurements were used to estimate the mobility, carrier concentration and resistivity of the
materials. All materials had p-type conductivity based on the positive sign of the Hall coefficient. Carrier concentration
was found in the range of 10'® — 10'? cm™3. There was an increment in carrier concentration with the increase in Se
concentration while resistivity and mobility values decreased i.e. the trend of change in mobility and resistivity with
increase in Se content was opposite to the carrier concentration. Since there are some binary and ternary compounds
in the samples; these compounds cause a decrease of the carrier concentration. Decrease in mobility could be related
to increase in grain size. Moreover the electrical properties were in good agreement with the reports published earlier
for kesterite materials.
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4. Conclusions

Despite the challenging objective, CZTSe bulk materials were prepared by solid state reaction of the elemental
constituents. The structure, morphology, thermoelectric and electrical properties were investigated. Analysis of AFM
images revealed a significant difference has been observed in roughness parameters and grain size with respect to
Cu/Zn variations, and it can be concluded that Cu deficiency and excess of Zn in the samples caused a decrease in
mean grain size with respect to perfect stoichiometric sample of CZTSe. These observations have been analyzed and
verified in terms of XRD and Raman scattering studies. The appearance of prominent peaks in the XRD spectrum
confirms the formation of nanocrystalline CZTSe materials. Raman spectra of various samples have the vibration
mode peaks corresponding to CZTSe, revealing no secondary phases in the materials. XPS analysis of all the samples
confirmed the chemical valences of +1, +2, 44, and —1 for Cu, Zn, Sn, and Se, respectively.The stoichiometric
sample, CusZnSnSe,, exhibited the maximum power factor 0.30 mW~m*1K*2, having a carrier concentration in
the range of 10'® — 101 cm ™2 and resistivity in the range of 0.21 to 0.24 Q-cm. The electrical and thermoelectric
behaviors shown by various samples arein accordance with earlier studies.
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