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ABSTRACT

The structures and band gaps of copper-zinc-tin-selenosulfides (CZTSSe) are investigated for a range
of anion compositions through experimental analysis and complementary first-principles simulations.
The band gap is found to be extremely sensitive to the Sn-anion bond length, with an almost linear
correlation with the average Sn-anion bond length in the mixed anion phase Cu,ZnSn(S.Sei.r)s.
Therefore, accurate prediction of band gaps using first principles methods requires accurate
reproduction of the experimental bond lengths. This is challenging for many widely used approaches
that are suitable for large supercells. The HSE06 functional is found to predict structure and band gap
in good agreement with experiment but is computationally expensive for large supercells. It is shown
that geometry optimization with the MS2 meta-GGA functional followed by single point calculation of
electronic properties using HSEO6 is a reasonable compromise for modelling larger supercells that are

often unavoidable in the study of point and extended defects.
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The quaternary compound semiconductors CuxZnSnS4 (CZTS) and CuxZnSnSes (CZTSe) show
exceptional promise as low-cost and sustainable solar absorbers for next generation thin-film
photovoltaic cells. They have direct band gaps in the range 1 to 1.5 eV, exhibit strong optical absorption
and unlike many of the alternative materials all of the constituent elements are non-toxic and earth
abundant."” Following the first report of kesterite CZTS solar cells with 0.66%° solar conversion
efficiency, decades of research have led to significant improvements in efficiency (now at 12.6%"). This
improvement in performance has required careful control over stoichiometry to minimize harmful
intrinsic defects such as vacancies (Vcy, Vzn), antisite defects (Zucy, Cusn) and defect-complexes
(VeutZney) as well as the formation of unwanted secondary phases.®!! Recent work is beginning to
explore mixed anion phases'>"®, i.e. CuZnSn(S,Se1..)s (CZTSSe), to enable tuning of the band gap and
further enhancement of efficiency and an almost linear relationship between the band gap and x has
been found.'”*® CZTS and CZTSe have quite different lattice constants and as a result many bond
lengths change as one varies x (which will affect both band positions and widths). On the other hand,
although isovalent S and Se are similar chemically changes in the orbital character of bands cannot be
excluded either. First principles calculations*' > have been employed to investigate both pure and mixed
anion phases of CZTS and CZTSe, however an issue that has often been overlooked is that common
approaches (e.g. structural optimization using DFT with GGA approximations to exchange and
correlation followed by calculation of electronic properties using hybrid functionals) yield significant
errors in structures and band gaps. Therefore, a detailed investigation into the effects of anion mixing
on structure and band gaps including validation against experiment is very much needed to provide a

solid foundation for future materials optimization.

In this letter, we report first-principles calculations of the structure and electronic properties of
CZTSSe mixed anion phases as well as the pure end phases which we compare to experimental data for
both thin film and bulk crystalline samples. Our results highlight the fact that Sn-S/Se bonds play a vital
role in determining the band gap of this kesterite material. Moreover, it is the average Sn-anion bond
length that determines the linear relationship between band gap and the mixing parameter x in
CuZnSn(S;Sei-)4. Our work not only clarifies the atomistic mechanism behind the linear band gap
behavior in CZTSSe, but also highlights the fact that care should be taken to closely reproduce the
experimental structure of these materials. It is essential to find computationally inexpensive methods
that can predict structure accurately to enable accurate simulation of defects that require large supercells
(such as point defects, surfaces or grain boundaries). We show that the meta-GGA functional MS2 is

superior to traditional GGA methods in this regard.

Figure 1 shows the calculated band gaps of CZTS and CZTSe for both equilibrium and isotropically
strained crystals (within the range +/- 5%) using the HSE06 hybrid functional. We obtain excellent



agreement with experiment for both the equilibrium lattice constants and band gaps (both differ by less
than 1.5%, as shown in Figure 2a). For the strained crystals, we also predict an almost linear correlation
between the calculated band gap and the Sn-anion bond length (dashed lines in Figure 1). Importantly,
the band bap is very sensitive to this bond length with a ~0.1 A change giving rise to more than 0.5
(0.4) eV change in the band gap of CZTS (CZTSe). This strong sensitivity was also noted in recent
study by Ji-Sang Park et al.”® Importantly, we note that if one optimizes the structure of CZTS or CZTSe
using the PBE exchange-correlation functional (triangles in Figure 1), the lattice constants and Sn-anion
bond length are significantly overestimated (equivalent to an expansive strain of around 5%). Along
with the variation in lattice constants, the Sn-S and Sn-Se bond lengths also vary with x. Importantly,
even exchange correlation approximations that yield similar lattice constants can have significant
differences in the Sn-S and Sn-Se bond lengths that affect prediction of band gaps (Figure Slin SI). As
a result, if one then performs a single point calculation using HSEO06 to calculate the band gap (a
common approach especially for large supercells where full optimization at the hybrid level is
prohibitively expensive), it will be significantly underestimated. To allow more reliable comparison to
experimental data all subsequent results for the mixed phases were obtained using full optimization at

the HSEOQ6 level.
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Figure 1. Band gaps for CZTS and CZTSe calculated using the HSE06 functional for the equilibrium
and isotropically strained crystals (in all cases internal parameters are fully optimized). The dashed lines
show the linear fit between band gap and the Sn-S or Sn-Se bond length. Also shown is the result of a
full structural optimization using the PBE exchange-correlation functional followed by single point

calculation of band gap with HSEOQ6 (triangles).



In the mixed anion phase, where Sn-S and S-Se bonds with a distribution of lengths may be present,
it remains an open question how the variation of the band gap with composition depends on internal
parameters. To address this question we compute the structure and band gap of a series of mixed anion
phases with x= 0, 1/8, 1/4, 1/2, 3/4, 7/8 and 1. For each x, all possible anion configurations are
considered and then full lattice optimizations are carried out (see details in Figure S2 in SI). The most
stable anion configuration is used for subsequent analysis however we find there is little difference in
total energy, structure and electronic properties for different anion configurations. Figure 2a shows how
the calculated lattice constants of Cu,ZnSn(S.Sei.x) vary with x. For comparison, we consider the lattice
constants determined by Rietveld refinement for two different types of experimental sample: bulk
crystallised samples fabricated via solution growth and thin film samples prepared by spray pyrolysis
(‘Crystal’ and ‘Thin film’ in Figure 2, respectively). Full details are given in the Methods section. The
lattice constants are found to vary linearly between the end points and there is a very good agreement
between the theoretical predictions and experimental data (differing by less than 1.5% for the ‘Crystal’
samples). More details can be seen in Tables S1, S2 and S3 in SL.

For the analysis of bond lengths in CZT(S«Se.x)4+ we define an effective average Sn-anion bond length

in the following way,
Ngon— i Ngon— i
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where dg,_s and dg,_s. are the bond lengths of Sn-S and Sn-Se in CZT(S«Seix)s, and Ng,_g
(Ngp—_se) are the number of Sn-S (Sn-Se) bonds in the supercell, thus their summary equals to the
number of Sn-anion bonds Ng;,_gnion- Namely, Ng,_s = XNgp,_anion- For comparison, the average
bond lengths are also determined for the bulk crystalline samples by Rietveld refinement (assuming Sn
atoms occupy fixed positions in the unit cell and considering S and Se sites as identical to one another).
While we were able to produce consistent lattice parameters for the thin films, we note that it was not
possible to determine reliable average bond lengths. This was due to inaccuracies with the anion
positions after the refinement which was most likely caused by the preferred orientation of the thin
films. As expected, the predicted and experimental average bond lengths are found to vary in a highly
linear manner with x (Figure 2b). There is very close agreement between the predicted and experimental
average bond length for the pure CZTSe phase (x = 0). However, a larger difference is found in pure
CZTS (x = 1), which in previous work we attributed to stronger Cu-Zn disorder in CZTS compared to
CZTSe which affects unit cell volume, vibrational mode frequencies and bond lengths®’. For each mixed
phase we also compute the band gap and compare against the experimental optical gap obtained via
Tauc plots for the ‘Thin film’ samples (right scale of Figure 2b). Once again, we find good agreement
both in terms of the linear trend and absolute band gaps (to within ~0.1 eV) across the entire range,

agreeing well with previous reports.
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Figure 2. (a) Theoretical (solid square) and experimental (open circle: salt crystallised samples; open
star: thin film samples) lattice constants a (left scale, blue) and c (right scale, red) for CZT(ScSei.c)4. (b)
Variation of the average Sn-anion bond length (left scale, blue) and band gap (right scale, red) with x.
Dashed lines show linear fits to the data. The HSE06 functional is used throughout both structural

optimization and band gap calculation.

These results suggest HSEO06 is a reliable (albeit computationally expensive) approach for predicting
the structure and band gaps of CZT(SxSei«)s. To illustrate the effect of employing different XC we also
compute properties of the anion mixed phases employing PBE and MS2 (a meta-GGA functional) for
geometry optimization followed by single point calculation of band gaps with HSE06 (Figure S1 in SI).
In all cases we find that the average bond length varies in a highly linear manner with x in the mixing
phase. However, average bonds lengths obtained using PBE are highly overestimated leading to highly
underestimated band gaps. On the other hand, MS2 predicts very similar structural properties to HSE06
hence HSE06@MS?2 (i.e. HSE06 calculation of electronic properties at the MS2 geometry) gives very
similar electronic properties to fully self-consistent HSE06 (see Table S4 in SI). Moreover, the
computational cost of MS2 is only 1.3~1.5 times that of PBE, whereas it is over 1000 times the cost for
HSEO06. Therefore, this approach should be computationally efficient yet accurate for simulations

requiring large supercells in CZTS/Se.

Figure 3a shows that the variation of band gap with x (red dashed line) for CZT(SsSei.x)4 s highly
linear, correlating strongly with average Sn-anion bond length. The conduction band minimum (CBM)
in pure CZTS (CZTSe) phase is derived from Sn-S (Se) antibonding states as shown in Densities of
states (DOS) in Figure 3b. Figure 3c shows a charge density isosurface for the CBM when x equals to
0.5, indicating that it involves antibonding between the Sn-5s and S-3p as well as Sn-5s and Se-4p

orbitals when combining with DOS. On mixing the nature of the conduction band minimum state does



not change significantly. However, the increase in bond length caused by the larger Se ion weakens the
antibonding interaction and therefore lowers the conduction band minimum (see Figure 3d for a
schematic). The valence band maximum which has Cu-anion character does not change significantly
with x. Similar results are obtained for all other anion compositions, confirming that the linear band gap
behavior in the mixed anion phases is determined by the shift of CBM induced by changes in Sn-S/Se

bond lengths.
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Figure 3. (a) Variation of the band gap in CZT(SxSei«)s+ with both x and the average Sn-anion bond
length as defined in Eq. (1). The dashed lines are linear fits. (b) Calculated Densities of states (DOS) in
pure CZTS (top) and CZTSe (bottom). (c) Charge density isosurface corresponding to an electron in
the conduction band minimum when x equals to 0.5 in CZT(SxSeix)s. (d) Schematic showing how
introduction of Se lowers the conduction band minimum through reducing the antibonding interaction

between Sn-5s and anion 3p states.

In the results above first principles calculations have been presented and compared against
experimental data in order to both validate theoretical approximations and interpret results. However,

one should be aware that there are a number of factors that can make direct quantitative comparisons



challenging. Firstly, the theoretical calculations consider perfectly stoichiometric CuZnSn(SxSei-x)4
with only the ratio of anions permitted to vary, whereas real samples are usually non-stoichiometric to
some degree (as shown in Table S5-S6 in SI). Secondly, real materials with mixed anion compositions
are likely to exhibit significant anion disorder with local variations in the anion ratio throughout the
sample. On the other hand, the theoretical models employ periodic supercells therefore true disorder is
not captured which may affect predicted properties. The theoretical models also do not consider cation
disorder which is likely to be present in real materials. However, despite these caveats the calculated
lattice constants and band gaps, especially by HSE06 functional, are still very close to previous (both
experimental and theoretical) results. The trends in the lattice constants, bond lengths and band gaps
with varying mixing parameter x are also in very good agreement. Considering that there are also subtle
differences in the experimental and theoretical definitions of some of these quantities (e.g. for bond
length extraction via Rietveld refinement Sn atoms are assumed to be fixed at the high symmetry

positions) the semi-quantitative agreement we find can be considered very good.

In summary, this work clarifies the sensitivity of the band gap to the Sn-anion bond length in mixed
phases of CZTS and CZTSe. We also show that for accurate calculation of structural and electronic
properties, it is essential to optimize at a level of theory that can reproduce the experimental Sn-anion
bond lengths. The HSE06 hybrid functional is found to predict structures and band gaps for mixed anion
phases [i.e. CuxZnSn(S.Sei.x)s] in good agreement with experimental results. However, hybrid
functional that involve non-local exchange contributions are computationally expensive which can be
challenging for simulations requiring large supercells (such as those used to model the stability and
electronic properties of point defects, surfaces or grain boundaries). For this reason, it is important to
find computationally inexpensive methods for geometry optimization that can still capture the structure
accurately. Our results show that geometry optimization with the MS2 meta-GGA functional followed
by single point calculation of electronic properties using HSE06 gives very similar electronic properties
to fully self-consistent HSE06 and therefore is a practical yet accurate approach for modelling complex

defects in CZTSSe.

Density functional theory calculations: The density functional theory (DFT) calculations were
performed using the projector augmented wave method to describe the interaction between ions and
electrons, as implemented in the Vienna ab initio Simulation Package (VASP).?**° An accurate hybrid
exchange-correlation functional HSE06*” was used in all cases and to investigate the effect of different
functionals we also employed the Perdew-Burke-Ernzerhof (PBE)*' and MS2* functional for geometry
optimization. An energy cutoff of 400 eV for the plane wave basis set was used and for the Brillouin-

zone integration. The conventional cell (16 atoms in total) was used to model the mixed anion phase



CuzZnSn(S,Seix)s, which contains 8 anion sites and we used a 7 X 7 X 3 Monkhorst-Pack k-point
mesh throughout all calculations. The most stable anion configuration was determined for each x (more

details are provided in the SI, Figure S2).

Experimental methods: The bulk crystallised CZTSSe samples, ‘Crystal’ in Figure 2, were fabricated
via solution growth from pre-synthesised CZTSSe dissolved in a molten NaCl-KCl mixture within a
sealed quartz ampoule, for which the full details may be found in ref. 27. These samples were fabricated
in increments of x of 0.1, with stoichiometric proportions of metals to S/Se selected through weighing
of elemental powders. Samples were finely ground, and analysed with powder x-ray diffraction. Lattice
parameters and atomic positions for S and Se were estimated from the diffraction patterns using Rietveld
refinement (full measurement and refinement procedure also outlined in ref. 27). Refinement assumed
that Sn atoms occupied fixed positions in the unit cell, while S and Se sites were treated as identical to

one another. Partial Cu-Zn disorder was expected in all samples produced by this method.

The thin films, ‘Thin film’ in Fig.2, were synthesised via spray pyrolysis, in order to determine the
band gap values for different values of x. The method consisted of dissolving precursors of copper
chloride dihydrate (CuCly), zinc chloride dihydrate (ZnCl.), tin (II) chloride dihydrate (Cl2H4O,Sn), and
thiourea (CH4N2S), into 25 ml of dimethyl sulphoxide (DMSO) and were then subsequently mixed with
a magnetic stirrer until the solution was transparent and the precursors were fully dissolved (typically
taking 5 minutes). The purity of the precursors purchased from Sigma Aldrich, were at least 99.5 % or
higher and the sterilising procedure for the relevant equipment included cleaning with 5 % diluted lab

detergent, followed by acetone, isopropanol, and finally de-ionised water.

The substrates used for optical measurements were fluorine-doped tin oxide (FTO), TEC 15 SLG
glass. These substrates were cut to approx. 10 x 10 mm and placed on a hot plate for 1 minute at 320
°C. Using an Iwata eclipse airbrush, a layer of solution was sprayed approx. 45 ° from the substrate
normal and left to heat for a further 1 minute, this was then repeated 2 more times to produce a thin film
of thickness 0.48 + 0.10 um, as determined by cross-sectional SEM using the JSM-6610, using a 20
keV electron beam. Techinstro 500 nm molybdenum coated glass substrates and 5 layers of solution

were used for all other characterisation techniques.

A closed space sublimation (CSS) method was adopted for further sulphurisation or selenisation
treatments under a nitrogen gas atmosphere at a pressure of 300 Torr, at 520 °C for 20 mins. The powder
masses of sulphur and selenium were controlled, ranging from 40 — 100 mg, where the composition

values were then verified by Energy Dispersive X-ray Spectroscopy (EDX), shown in Table S5 in SI.

Thin film XRD was measured with a Rigaku Smartlab Diffractometer, using a monochromatic Cu
Kal x-ray source (A = 1.541 A). The thin film diffraction pattern is shown in Figure S3 in SI. The
optical absorption study of the thin films was performed using the SolidSpec-3700 UV-vis-IR



spectrometer, within a wavelength range of 300 - 1500 nm. The resolution of the spectrometer was +
0.1 nm, with an accuracy of = 0.2 nm in the UV-vis range and + 0.8 nm in the NIR range. The

corresponding Tauc plots for the thin films are shown in Figure S4 in SI.

Supporting Information

Lattice, bond length and band gap information of the mixed phase by three different simulated
functionals (PBE, MS2, HSEO06) and experimental measurements, optimized possible initial

configurations in the mixed phase, XRD pattern and Tauc plots for the thin film samples.
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