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Quaternary chalcogenides, i.e. CuyZnSnSy, crystallising in the kesterite crystal structure have already been demon-
strated as potential building blocks of thin film solar cells, containing only abundant elements and exhibiting power
conversion efficiencies of about 13 % so far. However, a correct determination of their ground state crystal structure
has been hindered in the past by two structurally similar polymorphs, namely the kesterite and the stannite crystal
structure. Additional complications arose from the later identified Cu-Zn disorder, present in virtually all thin film
samples. Subsequently, is has been shown experimentally that this unavoidable Cu-Zn disorder leads to a band gap
lowering in the respective samples. Additional theoretical investigations, mostly based on Monte-Carlo methods, tried
to understand the atomistic origin of this disorder induced band gap lowering. Here, we present theoretical results from
first-principles calculations based on density functional theory for the disorder induced band gap lowering in kesterite
CuyZnSnSe4 and AgrZnSnSe4, where the Cu-Zn disorder is modelled via a supercell approach and special quasiran-
dom structures. Results of subsequent analyses of structural, electronic, and optical properties will be discussed with
respect to available experimental results, and will provide additional insight and knowledge towards the atomistic origin

of the observed disorder induced band gap lowering in kesterite type materials.

One of the pillars of the third generation of solar cells
rests upon thin films of quaternary chalcogenides crystallis-
ing in the kesterite crystal structure, already reaching power
conversion efficiencies of about 13 %'. Most prominent ex-
amples comprise CuyZnSnS4 (CTZS), CupZnSnSe4 (CZTSe),
and their solid solution Cu;ZnSn(S,Se|_,)4 (CZTSSe), with
band gaps ranging from 1.0 eV>3 to 1.53 ... 1.67 eV*, thereby
including the optimum band gap region of about 1.34 eV for
single junction solar cells according to the Shockley-Queisser
limit>. However, the actual device performance of such so-
lar cells is limited by a large defect concentration of Cu-Zn
antisite defects®, e. g. Cuzy-Zncy defect complexes due to Cu-
Zn disorder’, ultimately leading to a large deficit in the open-
circuit voltage VoeS.

As a possible way to overcome this deficiency and to be
more suitable for practical applications, a partial replacement
of Cu in CZTSe with Ag has been proposed, shifting the focus
towards AgrZnSnSes (AZTSe). In turn, investigations on the
whole solid solution series have been performed, focusing on
the structural and electronic properties>’.

All the quaternary chalcogenides of interest in the present
work crystallise in the kesterite crystal structure (space group
I4, no. 82), which can be most easily visualised by start-
ing from a doubled II-VI zincblende crystal structure and a
subsequent application of two specific pairwise cation sub-
stitutions'®. The resulting cation planes perpendicular to the
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crystallographic c-axis of the conventional ordered kesterite
structure are shown in Fig. 1 (a), showing the Cu, Zn, and
Sn cations at Wyckoff positions (24)(0,0,0) and (2¢)(0, 1, 1),
(2d)(0, %, %), and (2b)(0,0, %), respectively, while the Se an-
ion are located at the general Wyckoff position (8g)(x,y,z).
However, a longstanding issue with kesterite type materials is
the so-called Cu-Zn disorder, more or less pronounced in all
grown samples depending on the growth conditions, and lead-
ing to a mixture of Cu and Zn cations within the Cu-Zn planes,
thereby introducing additional symmetry elements as shown
in Fig. 1 (b), and raising the symmetry to space group 142m
(no. 121). The fact that the disordered kesterite!! and another
possible chalcogenide polymorph, namely the stannite crystal
structure, crystallise in the same space group (I42m, no. 121),
has hindered the identification of a correct ground state crystal
structure of these materials in the past'>.

Subsequently, there have been several attempts to under-
stand the atomistic origin of the Cu-Zn disorder and its im-
plications on the structural, electronic, and optical properties
of kesterite type materials. On the experimental side, reports
include a solid-state NMR and Raman spectroscopy study on
CZTSSe by Paris et al.'*, a near-resonant Raman scattering
investigation by Scragg et al.'>, neutron diffraction studies
of CZTS by Schorr et al.'® and Bosson et al.'’, and com-
plementary neutron and anomalous X-ray diffraction studies
by Tobbens er al.'® and Gurieva et al.'”, respectively. These
experimental studies are corroborated by theoretical investi-
gations utilising a combination of first-principles calculations
based on density functional theory (DFT) and Monte Carlo
calculations based on cluster expansion methods?->3.
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(a) ordered kesterite (/4, no. 82)  (b) disordered kesterite (/42m, no. 121)
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FIG. 1. Cu, Zn, and Sn cation planes with z = 0.0,0.25,0.5 and
0.75 (bottom to top) in the (a) ordered kesterite (space group I4,
no. 82) and (b) disordered kesterite!! (space group I42m, no. 121)
crystal structures, respectively. The dashed lines in the disordered
kesterite structure (b) denote additional symmetry elements due to
the total Cu-Zn disorder in the z = 0.25 and z = 0.75 planes. Also
given are the colour-coded Wyckoft positions for each of the struc-
tural polymorphs. The crystal structure figures have been prepared
using VESTA 2,

In general, any deviation from perfect crystallinity poses
additional complications for an accurate theoretical descrip-
tion. With limited access to describe partial occupancies of
Wyckoff positions, one method of choice relies on the cal-
culation of bulk structural properties utilising first-principles
calculations based on DFT and a subsequent cluster expansion
model calculation based on Monte Carlo methods?*~2*. How-
ever, from the need to accurately describe binary A;_,B, al-
loys with first-principles methods, a different approach based
on special quasirandom structures has been developed by
Zunger et al.**. Therein, after choosing a suitable supercell
size, all possible populations over the alloy site are gener-
ated, and after additional application of crystalline symmetry,
the total number of strictly necessary cation distributions gets
reduced by only taking into account symmetry inequivalent
ones. Over the years, several program packages have been
developed for that purpose> 2.

Here, we model the Cu-Zn disorder in CZTSe and AZTSe
based on these special quasirandom structures. Starting
points of our investigation are the ground state properties of
CZTSe and AZTSe which have been investigated previously
using a range of exchange and correlation functionals'3. Util-
ising the SCAN exchange and correlation functional®®, the
lattice parameters of the conventional kesterite unit cell show-
ing full cation order amount to a=5.695 A and ¢=11.340 A
(a=6.072 A and ¢=11.362 A) for CZTSe (AZTSe), respec-
tively, in very good agreement with the experimental results
of a=5.693 A and c=11.347 A (a=6.046 A and ¢11.340 A)
obtained from a recent combined neutron and X-ray diffrac-

2

tion study on powder samples by Gurieva et al.>. Based on the
mentioned ground state lattice constants, we generate 2x 1 x 1
supercells of the conventional kesterite unit cell, each con-
taining four formula units (32 atoms). More importantly, we
now have four Cu (Ag) and four Zn cations occupying the
(2c) and (2d) Wyckoff positions of the ordered kesterite struc-
ture, or equivalently the (4d) Wyckoff position in the dis-
ordered kesterite structure (Fig. 1). For the generation of
the special quasirandom structures we rely on the supercell
program of Okhotnikov et al.?’, which reduces the original
(i) = 70 different possible cation arrangements for the Cu-
Zn disorder to just ten symmetry-inequivalent cation distri-
butions by applying symmetry constraints. Exemplary, these
ten symmetry-inequivalent cation distributions are shown for
CZTSe in Fig. 2. It should be noted that an earlier investi-
gation where the Cu and Zn cations were distributed over the
(2c) and (2d) Wyckoff positions with no mixing allowed, re-
sulted in only seven symmetry-inequivalent cation distribu-
tions to describe the Cu-Zn disorder in CZTSe!”.

Similarly to our earlier work!3, all the calculations of the
present work have been performed utilising the Vienna ab ini-
tio Simulations package (VASP 5.4.4)>°-3! together with the
projector-augmented wave (PAW) method?>3*. The calcula-
tions employed the recommended PAW potentials supplied by
VASP that contributed 17, 17, 12, 14, and 6 valence electrons
for the Cu, Ag, Zn, Sn, and Se atoms, respectively. In order
to understand possible influences of the Cu-Zn disorder on the
structural properties, we performed full structural relaxations
for each of the ten different cation distributions for CZTSe and
AZTSe. Besides a k-point grid of 4x8x4, a cut-off energy of
the plane-wave expansion of 500 eV and a convergence cri-
teria for the total energy of 107® eV ensured well-converged
results.

For each of the ten different cation distributions for CZTSe
and AZTSe we have calculated the total energy curves tak-
ing into account several volumes around the previously deter-
mined ordered kesterite ground state volumes. While we kept
the different unit cell volumes fixed during the structural opti-
misations, all the internal coordinates have been allowed to re-
lax until the forces on the atoms were below 0.001 eVA~!. A
subsequent analysis using Murnaghan’s equation of state’*3
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yielded the ground state volumes of each of the ten differ-
ent cation distributions. The resulting total energy curves are
shown as grey lines in the middle panels of Fig. 2 for CZTSe
(left) and AZTSe (right), with the lowest total energy set to
zero and normalised to one formula unit (f.u.), respectively.
Immediately, one recognises the large spread in total en-
ergy over the ten different cation distributions, reaching 190
meV (254 meV) per f.u. for CZTSe (AZTSe) between the
lowest and highest energy solution. However, in order to
correctly describe the disordered kesterite crystal structures,
a weighted average over the ten different cation distributions
has to be performed, resulting in the total energy curves shown
as dashed green lines in the middle panels of Fig. 2. For com-



AE = +190 meV (+255 meV) [2]

&

w]

iﬁ
}if’ D9 rﬁ
nomf% nd

170 175 180 185 190

vnlume (r w) [AY

195

AE = +87 meV (+147 meV) [4]

|+
AE = +4 meV {(+92 meV) [2]

2

h?‘g
’“@i@%
QQ&& I{j % }f%' :dé ;
% QU % gﬁ%

0195 200 205 210 215

volume (r.u.) 1A%

o o

v TP
AE = +51 meV (+88 meV) [16]

AE = +0 meV {(+0 meV) [2]

FIG. 2. 2x1x1 supercells depicting the ten symmetry inequivalent cation distributions of Cu (orange) and Zn (green) over the (2c) and
(2d) Wyckoff positions as generated by the supercell program?’. The lowest supercell depicts the ordered kesterite crystal structure, and the
total energy differences AE are given in meV and per formula unit for CZTSe (AZTSe) including the respective degeneracy of the supercell
in square brackets. Structural optimisation by means of the SCAN exchange and correlation functional of each of these supercells yielded
their respective total energy curves, as shown in the middle figures, where the grey lines correspond to the ten symmetry inequivalent cation
distributions, the dashed green lines are their weighted averages, and the dashed red lines show the results from the ordered kesterite crystal
structures for comparison. The crystal structure figures have been prepared using VESTA!2.

parison, the total energy curves of the ordered kesterite crystal
structures are shown as dashed red lines, resulting in an en-
ergy difference between the ordered and disordered kesterite
structures of 90 meV (135 meV) per f.u. for CZTSe (AZTSe).
These results show that the ordered kesterite crystal structure
is the thermodynamically stable crystal structure at zero tem-
perature of the DFT calculations. The disordered kesterite
crystal structure is then due to temperature effects and growth
conditions of experimentally investigated samples'>

What’s less obvious from the weighted average total en-
ergy curves for the disordered kesterite crystal structures is
the change towards larger unit cell volumes compared to the
ordered kesterite crystal structures by approximately 0.2 %.
This is in line with an experimental investigation on the tem-
perature dependency of Cu-Zn disorder in CZTSe by Tobbens
et al.'® and theoretical predictions*®. In addition, we further
analysed the ground state crystal structures of each of the ten
different cation distributions for CZTSe and AZTSe. We em-
ployed VESTA!? to obtain X-ray diffraction patterns for each
of the cation distributions, and again performed a weighted
average in case of the disordered kesterite structures. The
obtained X-ray diffraction patterns for the ordered kesterite
(black lines) and the disordered kesterite crystal structures

(red lines) are shown in the upper panels of Fig. 3 for CZTSe
(a) and AZTSe (b), respectively.

While the difference between the X-ray diffraction patterns
between the ordered and disordered kesterite crystal structures
seems to be negligible for CZTSe, there are additional peaks
clearly visible for the disordered kesterite crystal structure of
AZTSe. This interesting finding might explain why Ag sub-
stitution into CZTSe has such a positive effect on the perfor-
mance of actual solar cell devices. To further this idea, a de-
tailed investigation into the structural properties of Ag sub-
stituted CZTSe would have to be performed, similar to the
approach taken in the present work. However, here we are
limited to the investigation of the effect of Cu-Zn (Ag-Zn)
disorder in CZTSe (AZTSe), and might keep the respective
calculations and analyses in mind for future investigations.

A subsequent pair distribution function analysis employ-
ing the RIN.G.S code®’ gave access to the bond distances,
shown for the selected Cu-Cu (Ag-Ag), Zn-Zn, Cu-Se (Ag-
Se), and Zn-Se bonds for CZTSe (AZTSe) in the lower panels
of Fig. 3, respectively. As can be seen, the bond distances for
the disordered kesterites are broadened compared to the or-
dered kesterite crystal structures, reflecting the slightly larger
unit cell volumes. In addition, especially the first nearest
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(b) Ag,ZnSnSe, (I4, 142m)
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FIG. 3. Upper panels: X-ray diffraction pattern for the ordered (black lines) and disordered kesterite crystal structures (red lines) for (a) CZTSe
and (b) AZTSe obtained from a pair distribution function analysis employing the R.IN.G.S code’’. Lower panels: Selected bond distances
for (a) CZTSe and (b) AZTSe, again for the ordered (black lines) and disordered kesterite crystal structures (red lines).

neighbour cation-Se bond distances are reduced in intensity,
highlighting the reduction of the specific cation-Se pairs due
to disorder.

Apart from the effect of the Cu-Zn (Ag-Zn) disorder in
CZTSe (AZTSe) on the structural properties and the observed
slight increase in unit cell volumes, we’re particularly inter-
ested in the influence on the electronic properties. It has been
shown for the bulk crystal structures of CZTSe and AZTSe
that calculations based on the SCAN exchange and correlation
functional severely underestimate the band gap'®!3. To partly
correct for this we performed single-shot calculations employ-
ing the hybrid exchange and correlation functional HSE063%,
thereby keeping the previously determined ground state crys-
tal structures of symmetry inequivalent cation distributions of
CZTSe and AZTSe fixed. Again, calculating the density of
states (DOSs) for each of the ten different cation distributions
for CZTSe and AZTSe and performing the weighted averages,
gave access to the DOSs for the disordered kesterite crystal
structures as shown in the lower panels of Fig. 4 for CZTSe
(a) and AZTSe (b), respectively.

In comparison, the upper panels of Fig. 4 show the DOSs
for the ordered kesterite crystal structures. In all panels the
shaded grey background depicts the total DOS, whereas the
red, green, and black solid lines show the partial DOSs be-
longing to Cu (4d), Se (8i), and Sn (2b) atoms, respectively.

Three main results are immediately visible from the compar-
ison of the upper and lower panels comparing the DOSs of
the ordered and disordered kesterite crystal structures: (1) the
DOSs for the disordered kesterites are smoother compared to
the ordered kesterites, but their overall values are similar; (2)
the partial DOSs at the valence band maxima and conduction
band minima consist of the same contributions, i.e. there is no
change in orbital character at the band edges, and (3) the con-
duction band minima of the disordered kesterites are shifted
towards smaller energies compared to the ordered kesterites,
resulting in a band gap lowering of about 182 meV and 208
meV for CZTSe and AZTSe, respectively.

Lastly, based on the obtained ground state crystal structures
for the various cation distributions we also calculated the op-
tical properties, i.e. the real and imaginary parts of the di-
electric functions and absorption coefficients, as described in
more detail in some earlier works3%:4. Again, for the disor-
dered kesterites we performed a weighted average, resulting
in absorption coefficients for the disordered (red lines) and
ordered kesterite crystal structures (black lines), as shown in
Fig. 5 for CZTSe (a) and AZTSe (b).

Similarly to the structural properties we recognise a
smoothening of the curves for the disordered kesterites and
a clearly visible shift of the onset in the absorption towards
lower energies, indicating the already observed band gap low-
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FIG. 4. Densities of states (DOSs) for (a) CZTSe and (b) AZTSe, calculated by means of the HSE06 exchange and c_orrelation functional.
Upper (lower) panels show the respective DOSs for the ordered (space group /4) and the disordered (space group [42m) kesterite crystal
structures. While the shaded grey backgrounds show the total DOSs, the red, green, and black solid lines depict the partial DOSs belonging to

Cu (4d), Se (8i), and Sn (2b) atoms, respectively. The valence band maximum is set to zero energy in all panels.
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FIG. 5. Absorption coefficients for (a) CZTSe and (b) AZTSe. Shown are the results for the disordered (red lines) and ordered (black lines)

kesterite crystal structures.

ering due to Cu-Zn (Ag-Zn) disorder in CZTSe (AZTSe), re-
spectively.

In summary, we applied hitherto not employed special
quasirandom structures to describe the influence of Cu-Zn
(Ag-Zn) disorder on the structural, electronic, and optical
properties of CZTSe (AZTSe). We confirmed the experimen-
tal finding of slightly increased unit cell volumes for the dis-
ordered kesterites, and provided a detailed analysis compar-
ing the generated X-ray diffraction pattern and bond distribu-
tions for the ordered and disordered kesterite crystal structures
of CZTSe and AZTSe. Single-shot hybrid functional calcu-
lations allowed for a better description of electronic proper-
ties, namely the total and partial DOSs and band gap energies,
revealing an unchanged orbital character of partial DOSs at
the valence band maxima and conduction band minima for
CZTSe and AZTSe, respectively, and a band gap lowering due

to the Cu-Zn (Ag-Zn) disorder in CZTSe (AZTSe). Finally,
the disorder induced band gap lowering is also clearly vis-
ible in the calculated absorption coefficients, comparing the
ordered kesterite crystal structures with the disordered ones.
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