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ABSTRACT — Cu,ZnSnS, (CZTS) is a promising material
for the absorber layer in sustainable thin film photovoltaic cells,
but its best efficiencies are currently limited by low open-circuit
voltages, thought to be due to defects such as disorder between
the copper and zinc lattice sites. Samples of CZTS with
stoichiometric and Cu-poor, Zn-rich (optimally doped for device
application) starting compositions were fabricated by solid state
reaction and their crystal structures were investigated using
high-resolution neutron diffraction and anomalous scattering
synchrotron X-ray diffraction. Both samples were found to be
exclusively kesterite with significant mixing of Cu and Zn on the
2a, 2¢, and 2d Wyckoff sites but negligible defect presence on the
Sn 2b or S 8g sites. Importantly, the occupancies of the 24 and 2¢
sites were found to be identical, meaning the kesterite symmetry
is preserved.

Index Terms — anomalous scattering, Cu,ZnSnS,, crystal
structure, neutron diffraction

I. INTRODUCTION

Solar electricity will be an important contributor to the
energy mix of the future. However, many materials currently
in use and being investigated for the absorber layer of
photovoltaic solar cells, such as silicon, CdTe, and
Cu,InGaSe, (CIGS), are prohibitively expensive (silicon due
to high manufacturing costs; others due to element costs,
particularly of Ga, In, and Te); contain elements not abundant
enough to contribute electricity on the TW scale needed
(particularly Te, Se, and In); are toxic (particularly Cd and
Se); or a combination of the above. [1]

Cu,ZnSnS,; (CZTS), an intrinsically p-type direct gap
semiconductor with near-optimal band gap of 1.4-1.5 eV and
high absorption coefficient >10* cm™, is a promising absorber
material with none of these problems. It currently has a best
photovoltaic conversion efficiency of 9.2 % [2] (12.6% as the
toxic, more expensive, and less abundant selenium-containing
CZTSSe [3]).

The efficiency of CZTS cells must be approximately
doubled if they are to be adopted commercially. In order to do
so, the low open-circuit voltage, Vpc, commonly reported
(~0.5, cf. ~0.7 for CIGS [4]) must be increased. Common
point defects with relatively deep energy levels, such as the
Cugz, and Zn, antisites, and electrostatic potential fluctuations
due to them, are likely to be limiting this [4,5]. Therefore a
better understanding of such defects and cation disorder within
the crystal structure in general are needed.

II. CZTS CRYSTAL STRUCTURE

CZTS can be found in several crystal structures (all
illustrated in Fig. 1 and described in Table 1): kesterite (/4),
stannite (/42m), PMCA (primitive mixed CuAu-like, P42m),
and, at high temperatures, sphalerite (also called zinc blende,
FA3m). Additionally, a ‘disordered kesterite’ phase (/42m) has
been observed, in which the Cu and Zn atoms in the z=% and
% planes of the kesterite structure (the 2c¢ and 2d Wyckoff
positions) are randomly distributed, with full Cu occupancy
remaining in the z=0 plane (the 2a position). Kesterite is the
most stable structure [6], closely followed by stannite
(enthalpies of formation -359.9 and -361.9 kJ-mol”
respectively [7], a difference of around 3 meV per atom [8]);
hence the structure within a sample is often not well defined,
with kesterite and stannite phases having been found
intermixed. This mixing leads to variations in the band gap of
the order 100 meV [9], which could contribute to limiting the
low open-circuit voltage observed in CZTS cells.
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Fig. 1. Possible crystal structures adopted by CZTS. Left-to-right:

kesterite (with Wyckoff sites labelled), stannite, disordered kesterite,
PMCA (primitive mixed CuAu-like), and sphalerite.



Crystal Space Wyckoff Ato_n_nc Elements
structure group label position
2a (0,0,0) Cu
B 2b (0,0, %) Sn
Kesterite ({.482 2% (0,% %) Cu
2d (0, ¥, %) Zn
8g (X, 2) S
2a (0,0,0) Zn
) m 2b (0,0, s) Sn
Stannite
No. 121 4d (0, Y5, Va) Cu
8i (%, X, 2) S
2a (0,0,0) Cu
Disordered  [42m 2b (0, 0, 72) Sn
kesterite  No. 121 4d (0, Y5, V) Cu+Zn
8i (%, X, 2) S
la (0,0,0) Sn
T 1d Yo, 15,0 Zn
pmMca  Pem o A2 D)
No. 111 2f (0, V5, 5) Cu
4n (%, X, 2) S
_ Fi3m 4a (0,0,0) Cu+Zn+Sn
Sphalerite
No. 216 4¢ (Va,Y4,Y4) S

Table 1. Descriptions of the crystal structures that CZTS can adopt.

Individual cation disorder within one of these structures is
expected to be primarily only between copper and zinc, i.e.
Cugz, and Zng, antisite defects, due to the large chemical and
size mismatch between tin and the other two cations. Cuy, and
Znc, point defects have been shown by ab initio calculations
to have very low, or even negative, formation energies (~0 and
~240 meV respectively) [10,11], and so are expected to be
easily formed. This introduces antisite defect energy levels in
the band gap (Cug, 0.15 eV above the valence band edge and
Znc, 0.10 eV below the conduction band edge [12]), which act
as recombination centres, reducing device efficiency.

As Cu’ and Zn*" are isoelectronic in CZTS their X-ray
scattering form factors, being proportional to the number of
electrons an atom has, are the same, so it is not possible to use
conventional powder X-ray diffraction (XRD) to identify the
structure. This can be overcome by using the different neutron
scattering lengths for Cu and Zn (7.7 and 5.7 fm respectively
[13]), or anomalous X-ray scattering using an absorption edge.
Anomalous scattering is the variation in atomic scattering
factor for energies close to an absorption edge. It is accounted
for by a correction of the form f=f, + f* + i-f”’, where fj is the
uncorrected scattering factor, 7 is the change in scattering
factor magnitude and f*’ is a phase shift. By comparing a non-
resonant spectrum with one just below an absorption edge,
where f” is large, scattering due to the respective element can
be highlighted. Calculated values [14] for CZTS at the Cu, Zn,
and Sn edges are plotted in Fig. 2 to illustrate the technique.
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Fig. 2. X-ray anomalous scattering effects on scattering factor
components. Data based on Reference [14].

Single crystal [15] and powder [16] synchrotron X-ray
diffraction and neutron diffraction [17,18] have all previously
been used to identify the crystal structure of CZTS and found
it to be kesterite or disordered kesterite. It has also been found
that as the Cu/(Zn+Sn) ratio decreases, Zn begins to substitute
for Cu at the 2a site [16], and that Sn, the occupancy of which
was investigated by synchrotron X-Ray diffraction, was found
to exhibit negligible disorder for stoichiometrically correct Sn
content [19].

A second order phase transition from the ordered to the
disordered kesterite structure has been identified at 533 + 10K
using Raman spectroscopy [9] and 552 + 2 K using neutron
diffraction [20], and the associated expansion of the ¢ lattice
parameter was observed in situ by synchrotron X-ray
diffraction [21]. This implies that for usual synthesis
conditions (~1070 K), the disordered structure is formed, and
only during a lengthy cooling process below the critical
temperature can ordering occur. This supports the observation
that the Cu-Zn disordering (of the 2¢ and 2d sites) depends on
the cooling rate after sample synthesis — 50% antisite
population at each site (i.e. complete disorder) in water-
quenched samples was reduced to 30% in samples with a
controlled cooling rate [17].

Thus the disorder can be controlled using the cooling time
below approximately 550 K. However, as it may take an
impractically long cooling time to achieve a significant
(>~80%) degree of order, alternative solutions such as
passivation by the introduction of [V, + Zn¢,] defect pairs,
may be better [5]. These have been shown to aggregate with
[Cuz, + Zng,] defects, reducing the structural energy and
magnitude of band gap potential fluctuations, so limiting the
reduction in band gap [22].

A further, first order, phase transition from the tetragonal
disordered kesterite to the cubic sphalerite structure has been
reported at 1149 K, with a two-phase region between 1139
and 1156 K in which both phases exist [21].



III. EXPERIMENTAL DETAILS

Bulk polycrystalline samples were fabricated by solid state
reaction. Finely ground Cu, Zn, and Sn powders (of
manufacturer-certified purities Cu 99.9%, Zn 97.5%, and Sn
99.85%) were mixed in one alumina boat, S powder (99.5%
pure, with a 30% excess to ensure full sulphurisation) was
placed in another, and both were sealed together in an
evacuated quartz ampoule. The ampoules were heated with a
ramping rate of 5 K-min™ to 1073 K, at which they were kept
for 24 hours and then left in the furnace to cool naturally back
to room temperature (over ~24 hours, at a rate ~ 0.5 K-min™).
For diffraction experiments the samples were ground to a fine
powder using an agate mortar.

Fig. 3.  Top to bottom: the elemental powders sealed in an ampoule
pre-heat treatment, the ampoule post-heat treatment, and the final
ingot of CZT produced

High-resolution powder neutron diffraction measurements
were carried out at the HRPD beamline at ISIS. Spectra were
taken at regular 10 K intervals from 4 K to 480 K.

Anomalous scattering powder X-ray diffraction experiments
were carried out at Diamond Light Source. The 111 beamline
was used for the Sn K absorption edge, 29.2 keV, and the 115
beamline for the Cu and Zn K absorption edges, 8.98 and 9.66
keV respectively. For the Sn edge, resonant spectra were taken
precisely at the edge and comparative non-resonant spectra
were taken 2 keV below it. For the Cu and Zn edges, resonant
spectra were taken 10 eV below each edge and comparative
non-resonant spectra at 15 keV.

Rietveld refinement was carried out using TOPAS v4.2.

SEM images, in both backscattered and secondary electron
configurations, were taken using an Hitachi SU-70 FEG SEM.

IV.RESULTS AND ANALYSIS

This paper is the first report on a comprehensive series of
combined neutron and X-ray diffraction experiments on two
samples with starting compositions stoichiometric and
optimally doped for photovoltaic application (Cu/(Zn+Sn) =
0.8, Zn/Sn = 1.2, i.e. Cu;gZn;,SnS,). SEM images of both
samples are shown in Fig. 4, illustrating the high porosity of
the samples, which makes it difficult to estimate grain size.

A typical neutron diffraction pattern (for the stoichiometric
sample at 4K) is shown in Fig. 5 and typical non-resonant X-
ray diffraction patterns from I11 and I15 are shown in Fig. 6
and Fig. 7 respectively.

Fig. 4. SEM (secondary electron left and backscattered right)
images of the stoichiometric (top) and Cu-poor, Zn-rich (bottom)
samples. The scale bar is 100 pm in all images.
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Fig. 5. Neutron diffraction pattern for the stoichiometric sample

taken at 4K, showing data from the backscattering (1) and low-angle
(2) detector banks at HRPD (high-angle bank data not shown).
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Fig. 6. X-ray diffraction pattern for the stoichiometric sample

taken at room temperature using 15 keV X-rays at Diamond I11.
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Fig. 7. X-ray diffraction pattern for the stoichiometric sample

taken at room temperature using 8.98 keV X-rays at Diamond I15.
QO = 4m-sin(0)/) is the reciprocal lattice vector.

A.  Low-Temperature Crystal Structure

The crystal structure was first found without considering
disorder, by Rietveld refining each possible model using 4 K
neutron patterns. It is clear that both the stoichiometric and
Cu-poor, Zn-rich samples are purely kesterite, with no stannite
or PMCA phase present. Lattice parameters of a = 5.4299(7)
A, ¢ = 10.836(1) A for the stoichiometric sample and a =
5.4280(9) A, ¢ = 10.827(2) A for the Cu-poor, Zn-rich one
were obtained (y* = 21.6 and 38.7 respectively, R = 4.1 and
3.9 respectively).

B. Cation Disorder

The 115 X-ray data, using the Sn-edge at 300 K, was used to
check for tin disorder. Rietveld refinement of a model
allowing Snc,, Cus,, Snz,, and Zng, occupancy showed that, in
both samples, there is no tin presence on the 2a, 2c, or 2d sites
and it fully occupies the 25 site (allowing for the excess Zn in
the Cu-poor, Zn-rich sample). This is the result expected from
previous literature.

Refinement using all other data at 300 K, allowing disorder
on the 2a, 2¢, and 24 sites, shows significant mixing of copper
and zinc on all three sites. The best models of the structures of
the two samples, found using neutron and all 111 X-ray data,
are described in Table 2 (stoichiometric) and Table 3 (Cu-
poor, Zn-rich).

Lattice Disorder Sulphur Quality

Parameters Parameters Positions Indices

a:543343(1) A | Cuza: 0.82(1) | Sy 0.2431(8) | % 45.8

c:10.83848(2) A | Cuy,: 0.82(1) §,: 0.2433(9) | R: 12.7
Cuy,: 0.36(1) | 8,2 0.1282(1)

Table 2. The best model of the stoichiometric sample from
refinement of neutron, X-ray non-resonant (15 keV), Cu edge (8.97
keV), and Zn edge (9.66 keV) data at 300K.

Lattice Disorder Sulphur Quality

Parameters Parameters Positions Indices

a: 5.43336(1) A | Cuza: 0.78(1) | S,z 0.2438(6) | y*: 423

c:10.83015(1) A | Cuge: 0.78(1) 8,:0.2445(7) | R: 122
Cuy,: 0.25(1) | 8,2 0.1277(1)

Table 3. The best model of the Cu-poor, Zn-rich sample from
refinement of neutron, X-ray non-resonant (15 keV), Cu edge (8.97
keV), and Zn edge (9.66 keV) data at 300K.

Despite almost all previous literature finding no disorder on
the 2a site, these results show that the 2a and 2¢ sites maintain
their equivalence, with equal occupancies, thus maintaining
the kesterite symmetry in both samples.

It was observed during refinement of the 111 X-ray data that
for the stoichiometric sample peaks were duplicated with a
very small splitting (A26 ~ 0.02°). Two tetragonal phases are
therefore necessary in the best model for the stoichiometric
sample. Both structures being kesterite gives the best fit,
which is described in Table 4. Examples of the peak splitting
and improvement of the fit upon inclusion of a second
kesterite phase are shown in Fig. 8. The occupancies of the
two structures refine to the same value, within uncertainty, but
in this model the 2a and 2c sites are no longer equal. The 2a
site is more disordered than the 2c site, which is still contrary
to previous literature reports. The reason for the presence of
two structures is still being investigated.

Lattice Disorder Sulphur Quality
Parameters Parameters Positions Indices
Cuzg: 0.36(1) Sz(;'(l"zlgsg(zz()l)

Table 4. The best model of the stoichiometric sample from
refinement of all data at 300 K. The lattice parameters and S
positions are duplicated for the two distinct kesterite phases.
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Fig. 8.  An example of the improvement in fit to an 111 spectrum

for the stoichiometric sample by including a second tetragonal phase.



C. Temperature Variation

Batch-processing was used to refine neutron patterns taken
every 10 K from 10 to 480 K.

In this temperature range (below the critical temperature of
the order-disorder phase transition) the thermal energy is too
low to significantly change the atomic ordering on the
timescale involved. As expected, for both samples, if the
occupancies of the 2a, 2¢, & 2d sites are refined for each
temperature, they fluctuate unsystematically, on the scale of
their uncertainty, around the best values found from the 4 K
neutron pattern. Therefore the occupancies were fixed at those
values to find more accurate lattice parameter variation. The
sulphur position coordinates are similarly found to be constant
on the scale of their uncertainty, so were also fixed.

The variation in thermal parameters, which represent the
spatial broadening of atomic position due to thermal motion,
for the five lattice sites is plotted in Fig. 9 (stoichiometric) and
Fig. 10 (Cu-poor, Zn-rich). That the values for the 2a and 2¢
sites remain within their uncertainties of each other supports
the conclusion that these two sites have the same occupancy.
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Fig. 9. The thermal parameter variation with temperature of the
stoichiometric sample.
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Fig. 10. The thermal parameter variation with temperature of the
Cu-poor, Zn-rich sample.

The lattice parameter variation with temperature is plotted
in Fig. 11 (stoichiometric) and Fig. 12 (Cu-poor, Zn-rich). As
expected, the lattice parameters increase smoothly with
temperature. However, below around 100 K, slight negative
thermal expansion is observed for the stoichiometric sample,
as is typical of such adamantine-structured materials. This will
be examined in a future publication.
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Fig. 11. The lattice parameter variation with temperature of the
stoichiometric sample.
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Fig. 12. The lattice parameter variation with temperature of the Cu-
poor, Zn-rich sample.

V. CONCLUSION

Samples of CZTS with stoichiometric and Cu-poor, Zn-rich
starting compositions were fabricated by solid state reaction
and studied by neutron and anomalous scattering X-ray
diffraction. It was found that both uniformly adopt the
kesterite crystal structure, with significant cation disorder
between the Cu 2a, 2¢, and Zn 2d Wyckoff sites. This is in
contrast to previous literature findings that there is usually
minimal disorder on the 2a site. Importantly, the 2a and 2c¢
sites were found to maintain their equivalency, thus
maintaining the kesterite crystal symmetry.

In the stoichiometric sample the 2a and 2c sites were found
to be 82% occupied by copper, 18% by zinc; and the 2d site



36% by copper, 64% by zinc. In the Cu-poor, Zn-rich sample,
the 2a and 2c sites were found to be 78% occupied by copper,
22% by zinc; and the 2d site 25% by copper, 75% by zinc.

The appropriately lower amount of Cug, defects in the Cu-
poor, Zn-rich sample is consistent with this composition
giving the best photovoltaic performance, as it results in less
decreasing of the band gap and so a higher open-circuit
voltage.

Two distinct tetragonal phases were identified in the
stoichiometric sample. This is not yet explained.

The lattice parameters increase with temperature from 4 to
480 K as expected, except for slight negative thermal
expansion of the stoichiometric sample below 100 K.

For further study and a future publication, EDX, ICPMS,
and SSNMR analysis will be used to determine the post-
fabrication compositions of the samples and optoelectronic
study will enable the effects of crystal disorder to be
quantitatively linked to material behavior relevant to
photovoltaic performance.
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