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Cu,ZnSn(S,Se), (CZTS(e)) solar cells suffer from low
open circuit voltages that have been blamed on the
existence of band gap fluctuations, with different
possible origins. In this paper we show, from both
theoretical and experimental standpoints, that disorder of
Cu and Zn atoms is in all probability the primary cause of
these fluctuations. First, quantification of Cu-Zn disorder
in CZTS thin films is presented. The results indicate that
disorder is prevalent in the majority of practical samples
used for solar cells. Then, ab initio calculations for
different arrangements and densities of disorder-induced
[Cuz, + Znc,] defect pairs are presented and it is shown
that spatial variations in band gap of the order of 200

1 Introduction Cu,ZnSnS, (CZTS) is being studied
intensively for future application in thin film photovoltaic
(PV) solar cells. Due to the abundance of all constituent
elements, it is potentially a low cost, sustainable solution
for multi-terawatt levels of PV deployment. At present,
efforts are focussed on bringing the power conversion
efficiency (PCE) of CZTS devices to commercially
interesting levels — in the range 15-20% — from the current
record level of 12.6% (for a device also containing
selenium) [1]. For even the best solar cells, the factor
limiting the PCE at present is the open circuit voltage, Vo,
which remains much lower than could be expected given
the band gap of CZTS, which is about 1.5 eV [2,3]. The
evidence suggests that part of the V. loss is due to non-
optimal band alignment with the CdS buffer layer. This is
true for CZTS, but not for the selenide equivalent,
Cu,ZnSnSe, (CZTSe) [4]. However, since large voltage
deficits are observed in both materials, this cannot be the
full explanation. Device modelling showed that band gap
fluctuations, by causing a substantial reduction in the
effective band gap, could account for a range of measured
behaviours, including the low V.. These band gap
fluctuations were attributed to a high density of
compensated defects of unspecified type [5]. This

meV can easily be caused by Cu-Zn disorder, which
would cause large voltage losses in solar cells.
Experiments using Raman spectroscopy and room
temperature photoluminescence combined with in-situ
heat-treatments show that a shift in the energy of the
dominant  band-to-band  recombination  pathway
correlates perfectly to the order-disorder transition, which
clearly implicates Cu-Zn disorder as the cause of band
gap fluctuations in CZTS. Our results suggest that
elimination or passivation of Cu-Zn disorder could be
very important for future improvements in the efficiency
of CZTS(e)-based solar cells.

explanation is consistent with the widespread observation
that the band-to-band transition in the room temperature
photoluminescence (RT-PL) spectrum occurs at energies
several hundred meV below the fundamental band gap, i.e.
1.3-1.35 eV for CZTS [2,6,7]. Different causes of
fluctuations in the band gap have been proposed, such as

inclusions of stannite [2,8] or the presence of [Cu'Zn+Sn§f1]
defect complexes [6]. The aim of this paper is to
demonstrate that the true explanation for large, voltage-
limiting band gap fluctuations in CZTS(e) is the existence
of Cu-Zn disorder in the crystal structure, a phenomenon
that is in all probability ubiquitous in the current
generation of CZTS(e) films. Thus, we identify a critical
problem that needs to be tackled to drive future
improvements in CZTS(e) solar cell efficiency.

2 Cu-Zn disorder in CZTS(e) CZTS(e) crystallises
in the kesterite structure, in which the planes at z = ¥ and z
= % contains only Cu and Zn atoms [9,10]. Cu-Zn disorder
arises because of facile atomic exchange within these
planes (between the 2c and 2d positions, using Wyckoff
notation), while the rest of the lattice is undisturbed [11].
Fig. 1 shows the relevant lattice sites and planes in the
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kesterite structure and illustrates the disorder-free and
fully-disordered cases.
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Figure 1. Projections of the conventional kesterite unit cell
along the y-axis, indicating the atoms, lattice planes and lattice
sites involved in Cu-Zn disorder. The fully disordered case is
shown on the right, in which the Cu and Zn atoms in the z = %
and % planes have a random distribution among the 2c and 2d
sites.

Since Cu-Zn disorder is difficult to detect, especially in
thin films, it can be easily overlooked in CZTS samples
used for solar cells. But, it is governed by some relatively
well-understood physics, and the amount of Cu-Zn
disorder in a given sample is dependent primarily on its
thermal history. Therefore, we can use the existing data to
estimate how much disorder is present in a given case, as
will be covered briefly here.

The amount of disorder is quantified by the long range
order parameter, S, which ranges from 1, for perfect order,
to 0, for total disorder:

§ = M@ _ Hpcy, )1 = 2P(Znyg) — 1 (1)

1—aye

P(Cus,,) is the probability that a Cu atom occupies its native
2c site, which decreases from 1 for perfect order to 0.5 in
completely disordered material. a,. is the fraction of 2c
sites in the z = Y4, % lattice planes, equal to 0.5. For
stoichiometric material, P(Cu,.) = P(Zny). Of particular
interest is the function S¢(T), the order parameter of a
sample that has reached equilibrium at a temperature T.
This function is determined by the balance of the enthalpic
and entropic contributions of disorder to the structural free
energy, and it gives the maximum value of S (i.e., the
greatest possible amount of order) that can be achieved in a
sample at a given ambient temperature. Whether this
maximum is actually reached depends on the rate at which
Cu and Zn cations can exchange positions, which slows
rapidly at lower temperatures [12]. S is O (total disorder)
above the “critical temperature” of the order-disorder
transition (~260°C for CZTS [11] and ~200°C for CZTSe
[13]), increases rapidly just below this temperature, and
then at lower temperatures rises gradually towards its
maximum value of 1 (perfect order), which, it should be

stressed, is theoretically only possible at 0 K. Fig. 2 shows
some examples of S¢(T) curves.

In general, experimental S values can be determined by
X-ray diffraction methods, but in CZTS(e) this is
complicated since Cu* and Zn?* have the same scattering
factors [10]. However, recently Rey et al. showed that the
band gap of CZTSe acts as a reasonable secondary order
parameter — i.e. it is roughly proportional to S if other
important variables are constant [13]. This allowed a
determination of S¢(T) for CZTSe by fitting to a version of
the Kinetic model for the order-disorder-transition
developed by Vineyard [14]. This model gave rate
constants ko and kp for the ordering and disordering
Processes as:

ko= 4fexp (EUT) exp (ZTvi)

and  kp=4fexp (EUT) exp (%) (2)
where =1 [ky(1-5)"- kp(1 +5)?] 3)

f is the frequency of the vibrational mode by which
neighbouring atoms are exchanged (set to 1 THz as
representative of a typical lattice vibration), U is the
activation energy for the exchange process and v relates to
the interaction energies of the three possible nearest
neighbour pairs (Cu-Cu, Zn-Zn and Cu-Zn) [13]. The
quantity 3vS/k,T is positive for kg and negative for kp. The
Se(Te) curve published by Rey et al. for CZTSe is shown in
Fig. 2.

Previously, we showed that the near-resonant Raman
spectrum of CZTS can provide a qualitative measure of
disorder, via the intensity ratio Q of the two A-modes at
~290 and ~305 cm™ [11]. Following the example of Rey et
al., we fitted this data to Vineyard’s model (with an
additional point at 110°C coming from this study). A linear
correlation between S and Q was assumed, i.e., Q = mS +
c. The value adopted by Q above the critical temperature,
where S = 0, provides the constant ¢, and m was a fitting
parameter. Numerical integration of Equation (3) was
performed, iterating until dS/dt became negligible, at
which point S = S,. Values for the fit parameters were as
follows: U/k, = 14900 K, v/k, = 358 K, m =251 and ¢ =
0.57. As noted by Rey et al [13], the values of U and f are
not accurate since they cannot be determined
independently of one another in this treatment. The quality
of the fit, shown in Fig. 2, indicates that Q, like the band
gap, can function as a reasonable secondary order
parameter. This means that S values can relatively easily
be estimated for thin film samples, since the resonant
Raman spectrum is straightforward to obtain. It is apparent
that CZTS has a higher equilibrium ordering at given T
than CZTSe, which is reasonable since the critical
temperature is higher (260 c.f. 200°C). We caution that
Fig. 2 should not be used to determine S values for samples
which deviate substantially in composition or preparation



method from those used here, due to the influence of
sample composition and the type of non-stoichiometry on
the Raman measurement [15].

& Data(Ref11) @ New Data (this work)
—— Model S, for CZTSe (Ref 13)
1.0 . : . . . 230
600 h
0.8 125
=
06 T i 2-0 g
” 2
N
0.4 115C
cooling curve — o
0.2 ™ o {10
0.0 : T t — A4 i
50 100 150 200 250 300 350
T[°C]

Figure 2. Long range order parameters, S, at equilibrium for
Cu,ZnSnS, (CZTS, this work) and Cu,ZnSnSe, (CZTSe, Ref.
[13]). S goes to zero at the critical temperature for the respective
materials. Right axis: the Raman-derived parameter, Q which acts
as a secondary order parameter. The red curve indicates
schematically the evolution of order during post-synthesis
cooling of a CZTS sample. Labels indicate the anneal times used
to reach equilibrium at the given temperature.

From Fig. 2, we know the upper limit to the order
parameter at a given temperature. If this limit is reached,
the sample has come to equilibrium at that temperature.
For the data points in Fig. 2, equilibrium was reached by
extended post annealing of the samples. In normal solar
cell processing, the relatively high cooling rates provide
insufficient time for equilibrium to be reached, with the
result that once the sample gets to room temperature it has
excess disorder “frozen” into it (S < Sg). This is indicated
qualitatively by the “cooling curve” in Fig. 2. Based on the
time taken to reach the various equilibrium points in Fig. 2,

we anticipate that typical “solar cell grade” CZTS(e) will
have S-values from 0.1 (for rapid-thermally processed
samples such as ours [16]) to 0.4 (for a tube furnace-type
system with passive cooling).

Disorder and S-values can also be discussed in terms of
point defects, because disorder consists of Cuz, or Znc,
substitutions in the kesterite lattice. In fact, since these
defects have effective charges and the formation of defect
pairs, [Cuz,+Znc,], is highly favourable [17], it is
reasonable to assume that disorder creates such defect pairs
rather than independent point defects. We can define the
average number of [Cuz,+Zn¢,] pairs in each conventional
kesterite unit cell, Dicz;, in terms of S:

D[CZ] =201 - P(Cuzc)) =1-3S 4)

Typical S and Dz values for different CZTS(e)
processes are summarised in Table 1. For the highest
reported S values to date — those in the upper part of Fig. 2
— we have on average 0.2-0.3 defect pairs in each unit cell.
For typical levels of ordering, as mentioned above, Dicz
can reach values in the range of 0.6-0.9 per unit cell. This
translates to a volumetric defect density of 2-3x10%* cm™.
An important distinction must be made here. In discussing
defects in solar cell materials, we typically talk of much
lower concentrations, e.g. 10%°-10"® cm?® which is
equivalent to one defect in 1000-100,000 unit cells. In that
case we consider the defects as introducing discrete energy
levels into the band gap (see e.g. [18]). However, at the
concentrations discussed here, this treatment is probably
not valid, and instead it is more realistic to consider the
defects as a structural modification that perturbs the
fundamental band gap itself. This is the standpoint taken
here and in some other cases (e.g. refs [17,19]).

Table 1. Measured and estimated S-values and [Cuz,+Znc,] defect numbers per unit cell in different kinds of Cu,ZnSnS(e), samples.

Sample S Dicz Measurement of S Source
Slow-cooled CZTS 0.4 0.6 Neutron scattering [10]
CZTS equilibrated at 110°C 0.8 0.2 Raman This work
CZTSe equilibrated at 100°C 0.7 0.3 Optical band gap [13]
“Typical” CZTS(e) - rapid thermal process 0.2 ~0.8 Estimate based on our baseline process [11]
“Typical” CZTS(e) - tube furnace process 0.3-04 0.6-0.7 Estimated

3 Band gap calculations for kesterite
structures with various defect densities In this
section we consider how strongly Cu-Zn disorder could
influence the band gap in CZTS(e). Based on the literature,
the answer to this question is not immediately obvious.
The presence of one [Cuz,+Zn¢,] defect pair in a 128-atom
kesterite supercell (equivalent to Djcz = 0.125) yielded

band gap narrowing of ~40 meV, and the conclusion that
this defect was benign [20]. However, compared to the
defect densities just described, this value of Dcz; is
unrealistically low. At the other extreme, ordered
structures with one defect pair per unit cell (Dcz; = 1) have
been examined by Paier et al [19]. Their P42¢ structure
had formation energy only 0.3 meV/atom higher than
kesterite, but again, a limited band gap narrowing of 30



meV. An intermediate case, with one defect in a 64-atom
supercell (Dicz = 0.25), yielded much greater band gap
narrowing of 110 meV [21]. To get a clearer picture of the
variation in band gap for a large range of defect densities,
we simulated 64-atom supercells containing different
numbers of [Cuz,+Znc,] defects in different arrangements.
The considered cases include exchange of both nearest-
neighbour Cu and Zn atoms as well as exchange of atoms
from neighbouring Cu-Zn planes. Up to four such
exchanges were considered per supercell, and the
minimum and maximum energy structures were calculated
in each case. The PBE functional was used for formation
energy calculations, but since this approach tends to yield
near-zero band gap values for the Kesterite (and also the
Chalcopyrite) system, the HSEQ6 functional was used to
get a more reliable indication of band gap variations. It is
noted that the use of a supercell assumes that the defects
are arranged in an infinitely repeating ordered fashion,
which is of course not realistic — in a disordered material
the defect arrangement must by definition vary spatially.
The different modelled supercells simply represent some of
the defect arrangements that could occur in localised
regions within a grain of disordered CZTS. The treatment
of a disordered material as a “summation” of many
different, coexisting ordered structures is well established
and discussed in e.g. Ref [22]. There are many more
possible defect arrangements that cannot be simulated in
the confines of a 64-atom supercell, but the ones chosen
here give an idea of the range of variation of the important
parameters. Full calculation details and figures showing
some simulated atomic arrangements are given in the
supporting information to this paper. The calculation
results are shown in Table 2, with the appropriate D¢z
values.

First, we focus on the variation of formation energy for
the highest and lowest energy defect arrangements. For
Dicz up to 0.5 defect pairs per unit cell, the formation
energy increases and is similar regardless of the defect
arrangement. After that, the formation energy diverges: the
formation energy for Dicz; = 0.75 or 1 depends strongly on
the particular arrangement the defects adopt: the minimum
energy is reduced for some arrangements and increased for
others. This divergence is due to the interaction of nearby
defects. The lowest energy structures at each defect density
contain [Cuz,+Znc,] pairs aligned with each other within
one Cu-Zn lattice plane in the supercell. This minimises
the number of “incorrect” nearest-neighbour interactions
(i.e. Cu-Cu, Zn-Zn), thus lowering the overall energy. The
higher energy structures are those with defect pairs in
different lattice planes or isolated Cuz, and Znc, defects.
We note that for Dz = 1, the minimum energy
arrangement corresponds to the P42c structure simulated
by Paier et al, and the associated energies are in good
agreement (see Table 2).

Table 2. Calculations for structures with various
[CuztZng,] defect densities, expressed by Dicz, the number of
defect pairs per conventional kesterite unit cell. AE; and AE, are
the formation energy in meV/atom and the band gap shift in meV
with respect to perfect kesterite. The upper part of the table gives
literature data. The lower part of the table contains the defect
arrangements modelled in this work. The label KS64 x.xxL/H
indicates a 64-atom kesterite supercell with Dicz equal to X.xx.
L/H indicates the Lowest/Highest energy configuration at the
given defect density.

Structure  Dicz;  AE; AE, Source (note)
Kesterite 0 0 O0(Eq=15¢eV) [17,19]

PA2¢CZTS 1 0.3 -29 [19]
128-atom 105 16 -40 [20]
supercell
baatom o5 41 110 [21]
supercell

KS64 0.00L 0 0 0 (Kesterite)

KS64_0.25L 0.25 3.3 -114

KS64_0.25H 0.25 3.7 -141

KS64 050L 05 47 -157

KS64 050H 05 5.0 -205

KS64_0.75L 0.75 34 -127

KS64_0.75H 0.75 12 -255

KS64_1.00L 1  0.30 -24.0 (P#2¢ CZTS)

KS64_1.00H 1 17 -305 (PMCA CZTS)

The reduction of formation energy for higher defect
densities in certain arrangements is significant, because it
points to the formation of clusters of [Cuz,+Znc,] defect
pairs (as also shown elsewhere [21]). Cluster formation by
definition introduces spatial variations in defect density,
which is a necessary condition if Cu-Zn disorder is to
explain the observed spatial band gap fluctuations in
CZTS.

Fig. 3 shows the band gap shift with respect to kesterite
as a function of the formation energy for the various defect
arrangements in Table 2. There is in general a good
correlation between formation energy and band gap shift,
with the band gap becoming narrower for the defect
arrangements with higher formation energy. For the lower
energy structures, the dependence is reasonably linear, as
indicated in the figure. It is apparent that large band gap
shifts are possible for structures with modest formation
energies — e.g. around 150-200 meV for AE; = 5
meV/atom, which may reasonably be expected to occur in
experimental samples (especially given the favourable
entropy of introducing disorder). Combining this with the
spatially varying defect density implied by disorder and
defect clustering, the outcome is that Cu-Zn disorder ought
to yield substantial spatial variations in the band gap in
typical CZTS samples. In terms of the possible effect on
the open circuit voltage in a solar cell, Werner et al showed
(for a Cu(In,Ga)Se;, rather than CZTS absorber) that band
gap fluctuations with standard deviation in the range of just



125 meV led to V. losses of 260 mV for an average band
gap of 1.15 eV [23]. Larger fluctuations will have an
increasingly drastic effect.
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Figure 3. Band gap shift relative to kesterite plotted against
the formation energy of the various defect arrangements shown in
Table 2, indicating an approximately linear correlation for lower
formation energies.

4 Experimental observations of disorder-
dependent band gap fluctuations. We have seen
from a theoretical perspective that large band gap
fluctuations could be introduced at the typical [Cuz,+Znc,]
defect densities that are associated with Cu-Zn disorder. In
the final section, we use experimental means to confirm
that the band gap fluctuations responsible for the dominant
radiative recombination channel observed in CZTS
samples are indeed strongly linked to the amount of Cu-Zn
disorder.

4.1 Experimental CZTS films were prepared
according to our baseline reactive sputtering and annealing
procedure [16]. XRF measurements on the sputtered
precursors gave composition ratios Cu/Sn = 1.9 and Cu/Zn
= 1.6. After annealing, comparisons using EDS (due to
smaller sample size) showed that there was minimal
change in composition. This composition lies within the
CZTS + ZnS two-phase region of the pseudo-ternary phase
diagram [24]. UV-Raman measurements (not shown)
confirmed ZnS secondary phases at the sample surface, but
no other secondary phases were observed by Raman
spectroscopy with a 532 nm excitation. A Renishaw inVia
system was used for all Raman and room temperature
photoluminescence (RT-PL) measurements. The laser spot
size was estimated to be about S5pum.

Samples were induced to become highly ordered by
further annealing at 110°C for 600-900 hours in a N,
atmosphere. Raman spectra of the resulting ordered
material with 785 nm excitation — see Fig. 4 — were fitted
with 11 Lorentzian peaks based on known phonon modes
of CZTS (see e.g. Ref. [25]) to extract the intensities of the
individual modes. From these, the value of Q was

determined to be 2.55, which yields an S-value of ~0.8,
confirming that a high degree of ordering was reached. In
the near-resonant spectrum for ordered material, the higher
frequency modes can be used to evaluate the stoichiometry
type, using the peak ratio Q = lz40/(l3ge+1377) [15]. A value
near 2, as here, indicates so-called B-type stoichiometry,
i.e. that the Zn-rich composition of the CZTS phase is
accommodated by the presence of [2Zng,+Zng,] defect
pairs. These defects have no interaction with [Cuz,+Zn¢,]
[15], and have minimal influence on the band gap in the
relevant concentration range [20], meaning that the
calculations in Section 2, which were made for
stoichiometric material, are applicable to our non-
stoichiometric experimental samples.
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Figure 4. Near-resonant Raman spectrum of a Cu,ZnSnS,
sample annealed for 900h at 110°C to induce ordering. The
individual Lorentzian components of a full spectrum fit are
indicated.

A piece of the highly ordered material was then loaded
under a nitrogen atmosphere into a Linkam TMS600
thermal stage with quartz window, that was then mounted
in the Raman/RT-PL measurement system. Raman and
RT-PL measurements were repeated using excitation
wavelengths of 785 nm (Raman only) and 532 nm (both
techniques) to establish reference spectra in the thermal
stage.

After that, a series of RT-PL and Raman measurement
cycles were performed, using in-situ heating between
measurements to transition the sample to a disordered state
in a stepwise manner. Each heat treatment lasted for 20
minutes, and the sample was cooled to room temperature
in between to perform measurements. The heating and
cooling rates were 150°C/min, sufficiently fast for the
sample to retain a level of disorder characteristic of the
heating temperature. The heating temperatures were, in the
order performed, T = 180, 240, 265, 275, 280, 300 and
350°C i.e. approaching and then exceeding the critical
temperature of the order-disorder transition (T, = 260°C).
For the final four steps, the sample should be completely
disordered, and undergo no further changes, since T > T..
The entire series of measurements and heating steps were



performed in a single, continuous run at the same spot on
the sample, and optical images showed that drift was
negligible. Thus, the absolute intensity of the Raman and
PL signals can be compared throughout the experiment.

4.2 Results Normalised Raman spectra with 785 nm
excitation are shown as a function of heat treatment
temperature in Fig. 5(a). A rapid drop in spectral intensity
as the sample becomes more disordered (not shown)
indicates a decrease in the resonance effect. This is
expected, because the band gap ought to get smaller with
decreasing order [13,26], becoming further from the
excitation wavelength (785 nm = 1.58 eV). Meanwhile, the
non-resonant spectrum, using the 532 nm laser, is
unchanged.

Values of the order parameter, S, were calculated from
the resonant Raman spectra for each treatment temperature
using the method described above and in previous work
[11]. S decreased in the expected manner, dropping to zero
near the critical temperature.

Fig. 5(b) shows normalised RT-PL spectra during the
heat treatment series. The presence of multiple peaks is
apparent; however, these coincide with interference fringes
in the reflectance spectrum, so we ascribe them to a
measurement artefact (this is discussed in detail in Ref.
[27]). As illustrated in the supporting information, the
interference fringes can be mathematically removed from
the spectrum where measured or simulated reflectance
spectra are available. For our samples, a roughly Gaussian
PL peak is obtained. Despite the interference effect, the
trend in peak position seen in Fig. 5(b) is clear: there is a
large red shift as S decreases.
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Figure 5 (a) Raman spectra with 785nm excitation
wavelength recorded during the order-disorder transition. The
temperature at which the sample was equilibrated prior to each
measurement is indicated; the measurements were made at room
temperature. (b) Corresponding room-temperature
photoluminescence spectra. Note that interference effects cause
the “ripples” in the spectra. Example Gaussian fits (which closely
approximate the actual PL response, see Ref. [27]) are shown for
the 110°C and 350°C spectra, and the fitted peak positions are
indicated by the vertical dashes.

To determine the nature of the transitions in the RT-PL
spectra, excitation-intensity-dependent measurements at
room temperature were made for ordered (S ~ 0.8) and
disordered (S ~ 0) pieces of the same sample: see Fig. 6.
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Figure 6 Dependence of RT- PL intensity on excitation
intensity for ordered and disordered pieces of a Cu,ZnSnS,
sample. The straight lines indicate the regions of data from which
the k-factors were calculated.



The data follow a power-law relationship, Zp; oc I,
over at least three orders of magnitude, yielding k-factors
of 1.54 and 1.33 in the ordered and disordered pieces,
respectively. k factors greater than 1 indicate that the PL
corresponds to band-to-band (BB) transitions [28,29]. The
slightly lower k-factor for the disordered piece again
indicates higher non-radiative recombination.

The fact that the RT-PL peak at ~1.3-14 eV
corresponds to a BB transition means that the dominant
pathway for carriers to undergo radiative recombination is
a band gap that is lower than the fundamental band gap of
CZTS by several hundred meV. This is not a new
observation, see e.g. [6,7,30], and, like the low V., it is
generally explained by the existence of spatial potential
fluctuations in the band structure (band gap or electrostatic
potential fluctuations — see e.g., Ref. [23]). Interestingly,
though, the energy of the BB transition appears to change
in response to the heat treatments applied to our samples.
This is clear in Fig 7, where the RT-PL peak positions (BB
transition energies) from the data in Fig. 5(b) are shown as
a function of heat treatment temperature. Also shown are
the corresponding S values calculated from the Raman data
according to the method described earlier. There is a
remarkable correlation between the BB transition energy
and the order parameter, S: both parameters drop rapidly as
the critical temperature for the order-disorder-transition is
reached, and are constant thereafter. In the most ordered
sample (S ~0.8), the BB transition energy reaches 1.43 eV.
It is supposed that if ordering could be further improved,
the peak would climb to the energy of the fundamental
band gap, ~1.5 eV.
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Figure 7. The RT-PL peak position throughout the order
disorder transition, plotted as a function of equilibration
temperature, T,, and order parameter, S. S-values were calculated
from the Raman spectra of Fig. 5(a).

This, then, is direct evidence that Cu-Zn disorder is
responsible for the band gap fluctuations that give the low
BB transition energy in CZTS. None of the other
explanations proposed for the band gap fluctuations, the
presence of secondary phases, inclusions of stannite [2,8]

or the presence of [Cu'Zn+Sn§;] defects [6] — could possibly
account for the observed behaviour, especially the
agreement of the critical temperature for the order-disorder
transition with the point at which the RT-PL stops
changing. The magnitude of the band gap fluctuations
described in the previous section is also in good agreement
with the RT-PL results. In the most disordered case, the
BB peak in RT-PL is about 200 meV below the
fundamental band gap, which we showed could be
occasioned by [Cuz,+Znc,] defect arrangements having
formation energy of ~5 meV/atom. In Fig. 3 we showed
the positive correlation between the formation energy of
defect arrangements and their band gap narrowing effect. It
is reasonable to suppose that in more ordered samples — i.e.
those that have reached equilibrium at lower temperatures
— only defect arrangements with lower formation energies
can exist. Thus, the magnitude of band gap fluctuations is
expected to decrease as the sample becomes more ordered,
and the BB peak will increase in energy, exactly as
observed. It also follows that the energy of the BB
transition might be used to estimate the state of Cu-Zn
disorder in a given sample, all other things being equal. In
the literature, this peak usually occurs in the region of 1.3-
1.35 eV [2,6,7], which, from Fig. 7, translates to S-values
in the range 0-0.4. This is precisely the range that was
anticipated in the introduction for typical CZTS(e) samples
prepared for solar cells, on the basis of the kinetics of the
order-disorder transition. This agreement underlines the
fact that the majority of experimental samples CZTS(e)
contain high levels of Cu-Zn disorder.

If Cu-Zn disorder is indeed as widespread as we
predict, band gap fluctuations and their knock-on-effects
such as low open circuit voltage will be a problem for
CZTS(e) from all manner of production processes — which
is certainly the case. Unfortunately, the basic physics of the
order-disorder transition and the low critical temperatures
for CZTS and CZTSe suggest that disorder is inherently
difficult to reduce much beyond what we have achieved in
this work, due to the slow kinetics of ordering. As an
extreme example, a hypothetical CZTS(e) module, which
may have an operating temperature around 50°C in normal
conditions, could not have an S-value of more than 0.8-0.9
(according to Fig. 1), and only after an impractically long
time at the operating temperature would this level finally
be reached. If we cannot eliminate disorder itself, then
“passivation” approaches are required to reduce its effects.
One intriguing possibility is based on the introduction of
other defect types that interact with [Cuz,+Znc]. For
example, Paris et al, showed that “A-type” defects,
[VcutZne,], were connected with lower levels of disorder
for a given preparation process [15]. Calculations have
reached a related conclusion: A-type defects appear to
aggregate with [Cuz,+Zn¢,], reducing the structural energy
and, furthermore, counteracting the reduction in band gap
[21]. These results suggest that the presence of A-type
non-stoichiometry might not only limit the amount of



disorder, but also reduce the depth of band gap
fluctuations. It is notable that recent efficiency records
have been achieved with compositions in the A-type region
[31,32], and have exhibited PL peak energies that nearly
matched the band gap, along with improved open circuit
voltages, suggesting the elimination of large band gap
fluctuations. To the best of our knowledge, it is not yet
known how to deliberately form A type CZTS(e).
Investigation of this, and the inclusion of other defects,
both intrinsic and extrinsic, that might have similar
influences, could lead to some useful “defect engineering”
approaches to improve the properties of CZTS(e) and the
resulting solar cell efficiencies.

5 Conclusions Our results show that disorder among
the Cu and Zn atoms in the kesterite structure is a critical
contribution to the band gap fluctuations that have been
blamed for the large voltage deficit in CZTS(e) solar cells.
Disorder causes a very high density of [Cuz,+Zn¢,] defect
pairs, the precise concentration depending on the thermal
history (i.e. synthesis method) of the sample in a more-or-
less predictable way. We show that a substantial
concentration of [Cuz,+Znc,] defects will always occur in
practical samples even when considerable efforts are made
to reach high ordering. Ab initio calculations reveal two
important features: first that at the anticipated defect
densities, clustering of [Cuz,+Znc,] pairs is favourable.
This will lead to a spatially varying defect distribution.
Second, that the defect density is sufficient to cause a
significant reduction of the effective band gap, leading to
the prediction that disorder will introduce spatial band gap
fluctuations in the range of several hundred meV. This
would cause drastic losses in open circuit voltage, and
therefore efficiency, in a solar cell. Room temperature
photoluminescence data show a strong correlation between
the energy of the dominating band-to-band recombination
pathway and the state of Cu-Zn ordering, allowing us to
propose that Cu-Zn disorder is the primary cause of band
gap fluctuations in CZTS(e). Control of disorder could
then be a key route to improving the performance of this
technology, and some approaches to tackling this problem
were briefly mentioned.
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