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a b s t r a c t

In this study we investigated the influence of the degree of disordering in the cation sublattice on low
temperature photoluminescence (PL) properties of Cu2ZnSnS4 (CZTS) polycrystals. The degree of dis-
ordering was changed by using different cooling rates after post-annealing at elevated temperatures. The
results suggest that in the case of higher degree of cation sublattice disorder radiative recombination
involving defect clusters dominates at T ¼ 10 K. These defect clusters induce local band gap energy
decrease in CZTS. The concentration of defect clusters can be reduced by giving more time for estab-
lishing ordering in the crystal lattice. As a result, radiative recombination mechanism changes and band-
to-impurity recombination involving deep acceptor defect with ionization energy of about 200 meV
starts to dominate in the low temperature PL spectra of CZTS polycrystals.

© 2014 Published by Elsevier B.V.
1. Introduction

Cu2ZnSnS4 (CZTS) is estimated as relatively cheap indium-free
absorber material for thin-film solar cells. In 2013, an IBM group
reported 12.6% efficiency of a Cu2ZnSn(S,Se)4 (CZTSSe) solar cell by
hydrazine-based solution processing [1]. However, the record effi-
ciency of similar CuInGaSe2 (CIGS)-based solar cells has reached
20.9% [2]. To improve the conversion efficiency of CZTS-based solar
cells, it is important to obtain more detailed information of the
fundamental physical properties on CZTS material itself. Especially
important is the defect structure of this material. Several theoret-
ical calculations have shown extremely low formation energies of
different defect clusters in CZTS [3,4]. These defect clusters will
either produce deep recombination centres for electronehole pairs
or cause trapping of charge carriers. Both mechanisms are detri-
mental to solar cell parameters and should be avoided. Additionally,
high concentration of intrinsic defects in CZTS leads to the forma-
tion of spatial potential fluctuations and to a local perturbation of
the band structure. Some of these defects are related to the struc-
tural disorder in the cation sublattice of the host lattice. The general
consensus is that the kesterite structure (space groupI4) is the
ground-state structure in CZTS, but according to the theoretical
calculations [3] the difference in the binding energy of different
sberg@ttu.ee (M. Grossberg).
polytypes is only on the order of few meV per atom. This indicates
that the disorder in the cation sublattice and especially between Cu
and Zn may occur under standard growth conditions. The disorder
is predicted to cause bandgap energy difference of around 0.1 eV for
the kesterite and the disordered kesterite structure in CZTS, the
kesterite having the largest bandgap energy [3]. Neutron diffraction
measurements [5,6] also showed that a partially disordered kes-
terite structure with an effective I42m space group exists and the
degree of disorder depends on cooling rate after sample synthesis.
Rapid cooling usually gives the highest degree of disorder, while
slow cooling at a rate of 1 K/h tends to give more ordered CZTS
samples [5,6]. This fact was recently confirmed by near-resonant
Raman scattering measurements, where the low temperature
(T z 533 K) transition between ordered and disordered CZTS was
discovered [7]. According to this study, the ordered CZTS is only
possible below this temperature, although finite amount of disor-
der is expected to be present for T > 0 K. Low temperature
(T < 600 K) phase transitions in quite similar Cu2ZnGe(Se1�xSx)4
compoundswere also discovered in Ref. [8]. It should bementioned
that experimentally it is quite difficult to distinguish between or-
dered and disordered CZTS, because both structures have very
similar Raman and X-ray diffraction spectra. Recently, the coexis-
tence of ordered and disordered kesterite phases was proved using
photoluminescence (PL) and Raman scattering measurements in
high-quality polycrystalline CZTS [9].

It is known that the low temperature PL spectrum of CZTS
usually consist of single asymmetric peak at about 1.3 eV [10e13].
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Fig. 1. Typical Raman spectrum of CZTS polycrystals measured by using 633 nm laser
for excitation. The dependence of the FWHM of A1 Raman peak on cooling rate is
shown on the inset graph.
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Several research groups have shown that CZTS samples have
properties of highly compensated and heavily doped semi-
conductors with fluctuating potentials [12e14]. According to the-
ory, the luminescence spectrum from a semiconductor with
fluctuating potentials is usually dominated by three recombination
channels: band-to-impurity (BI), band-to-tail (BT), and band-to-
band (BB) [15,16]. BT and BI bands usually dominate at low tem-
peratures and the peak position of both bands can be found as
hnmax ¼ EgeET, where Eg is a bandgap energy and ET is a thermal
quenching activation energy. However, the thermal quenching
activation energy of this low temperature PL band in CZTS shows
quite different values and therefore different recombination
channels are expected. For example, our low-temperature PL
measurements of near-stoichiometric CZTS monograins and poly-
crystals revealed a recombination between electrons and holes in
the quantum well caused by the (2CuZn� þSnZn

2þ) defect clusters that
induce a significant local band gap decrease of 0.35 eV in CZTS [11].
This kind of recombination with PL peak at hnz 1.3 eV differs from
BT and BI recombination and seems to be a dominant one in ma-
jority of cases. It is characterized by a relatively low (ET < 100 meV)
thermal quenching activation energy. It is obvious, that disordered
CZTS with very high concentration of defects in the cation sub-
lattice is needed for this type of recombination.

Another PL process was detected in CZTS involving BI recom-
bination (also with hnmax at about 1.3 eV) with very high
(ET ¼ 280 meV) thermal quenching activation energy [9]. This
recombination is probably not related to defect clusters and is an
indication of relatively low degree of disordered phase in CZTS.
Thus, the PL spectroscopy seems to be very sensitive method for
defect studies in CZTS. In this study we used Raman spectroscopy
and low temperature PL spectroscopy for following the disorder in
CZTS polycrystals annealed at elevated temperatures and cooled to
room temperature with different cooling rate.

2. Experimental details

Polycrystalline CZTS powder was prepared by solid state reac-
tion of elemental metal powders and chalcogen in proportions
corresponding to the composition of the Cu1.85Zn1.1Sn1.0S4.124
compound. The mixture was ground in an agate mortar. The milled
powder was placed in quartz ampoules which were sealed under
vacuum. For the synthesis, the temperature of the furnace was
increased from room temperature to 773 K with a rate of 1.6 K/min.
Then, the temperature was increased with a rate of 6 K/min up to
1123 K. A complete homogenization was obtained by keeping the
mixture at 1123 K for 24 h. After that, the temperature was lowered
to 573 K with a slow rate 0.15 K/min and the furnace was switched
off until the tube reached room temperature. Then, the ampoule
was removed from the furnace and was broken to obtain the syn-
thesized ingot. The synthesized powder was divided into small
quartz ampoules, heated to 873 K and then cooled down with
different cooling rate.

For PL measurements, the powder crystals were removed from
the quartz ampoule and mounted in the closed-cycle He cryostat
and cooled down to 10 K. The PL measurements were performed to
the fresh samples taken from the quartz ampoules after the heat
treatment and also to the so-called aged samples that were exposed
to air for weeks. However, no difference in the PL results of fresh
and aged samples could be detected. The 441 nm HeeCd laser line
was used for PL excitation and the spectra were detected by using
InGaAs detector. For the phase analysis of the samples the room
temperature Raman spectra were recorded by using the Horiba's
LabRam HR800 spectrometer equipped with a multichannel CCD
detection system in the backscattering configuration using 633 nm
laser line.
3. Results and discussion

According to Scragg et al. [7], the ordering of Cu and Zn atoms in
the cation sublattice can begin at temperatures below the order-to-
disorder transition temperature at 533 K. Accordingly, the degree of
disorder is determined by the cooling rate at temperatures below
533 K. In this study we used 6 different cooling rates in the tem-
perature region from 573 K to 473 K: 840 K/min, 180 K/min, 24 K/
min, 7.5 K/min, 0.3 K/min and 0.001 K/min. The latter cooling rate
0.001 K/min resembles low-temperature heat-treatment where the
powder was kept at T ¼ 473 K for a week. Typical Raman spectrum
of CZTS polycrystalline powder measured with 633 nm laser exci-
tation is shown in Fig. 1. Broadening of the A1 Raman peak at
339 cm�1 was detected with increasing cooling rate (see inset
graph in Fig. 1) indicating increasing degree of disorder. It has been
shown [9] that the A1 Raman peak that is often found to be
asymmetric, consists of two peaks e the dominating A1 peak of the
kesterite and a shoulder peak at lower wavenumber side at about
334 cm�1 corresponding to the disordered kesterite. However,
these two peaks are often not resolved and the degree of disorder
can be estimated by using the full width at the half maximum
(FWHM) of the A1 peak, as was also shown in Ref. [7]. Moreover, it
was proposed that the intensity ratio of the A2 and A3 Raman
modes at 288 cm�1 and 304 cm�1, respectively, can be used to
estimate the degree of disorder [7], however in the present study
such correlation was not detected.

On the inset graph of Fig.1 two regions can be distinguished: the
FWHM of the A1 peak is larger for the samples with cooling rate
above 24 K/min indicating higher degree of disorder, and lower
values of FWHM of A1 peak were determined for the samples with
cooling rate below 10 K/min indicating more ordered material.

The low temperature photoluminescence spectra of CZTS poly-
crystals with different cooling rate are presented in Fig. 2. All PL
spectra consist of one broad asymmetric PL band that shifts to-
wards lower energies with increasing cooling rate (see inset graph
in Fig. 2) except for the lowest cooling rate that shifts the PL band
back to lower energies. Also, slight broadening of the PL band with
increasing cooling rate was observed. From the slope of the low
energy side of the PL band, the average depth of the potential
fluctuations was determined [15] and was found to be approxi-
mately the same (about 22meV) for all studied CZTS polycrystalline
powders with different cooling rates. This implies that the overall
defect concentration is not changed.



Fig. 2. Low temperature PL spectra of CZTS polycrystals with different cooling rate. The
inset graph shows the dependence of the PL band maxima on the cooling rate.

Fig. 4. The ET values in dependence of the cooling rate. The sum of thermal quenching
activation energy ET and PL band peak position hnmax in dependence of the cooling rate
are presented on the inset graph.
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As mentioned in the introduction, BT and BI bands usually
dominate at low temperatures in semiconductors with high defect
concentrations and the peak position of both bands can be found as
hnmax ¼ EgeET, where Eg is a bandgap energy and ET is a thermal
quenching activation energy. The thermal activation energies ET
were determined from the temperature dependencies of the PL
spectra (see Fig. 3 and Fig. 4). For the CZTS polycrystals with cooling
rate above 7.5 K/min, ET values around 100meVwere found. For the
two low cooling rates 0.3 K/min and 0.001 K/min, ET values around
200 meV were determined. The inset graph in Fig. 4 presents the
sum of ETand hnmax in dependence of the cooling rate. It can be seen
that for the two lowest cooling rates the sum of ET and hnmax adds
up to about 1.6 eV that corresponds to the low temperature
bandgap energy value of kesterite CZTS [14]. This implies that for
the two lowest cooling rates, BI-recombination involving relatively
deep acceptor level with ionisation energy around 200 meV is
dominating. On the other hand, for the higher cooling rates above
7.5 K/min, the formula hnmax ¼ EgeET is not valid anymore.

In our previous study [11], we have shown that recombination
between electrons and holes in the quantum well, caused by the
defect clusters that induce a significant local band gap decrease of
0.35 eV in CZTS, is characterized by a relatively low (ET < 100 meV)
thermal quenching activation energy. Due to the local band gap
decrease, the sum of ET and hnmax does not add up to the bandgap
energy value of CZTS. Thus, recombination involving defect clus-
ters seems to be dominating at low temperatures in CZTS with
Fig. 3. The temperatures dependencies of the PL spectra for samples with cooling rates
840 K/min and 0.3 K/min together with the corresponding Arrhenius plot, where the
thermal quenching activation energies were determined by using theoretical expres-
sion presented in [17].
cooling rates above 7.5 K/min. The overall shift of the PL band
towards lower energies with increasing cooling rate can be
explained by the change in the bandgap energy due to the
increasing concentration of defect clusters and resulting higher
degree of disorder. Change from ordered to disordered CZTS in-
duces additional shift in the bandgap energy, being smaller of
about 0.1 eV for the disordered CZTS.

4. Conclusion

We can conclude that by changing the cooling rate, the nature of
defects can be changed. In case of extensive cation sublattice dis-
order, the concentration of defect clusters is relatively high and
radiative recombination involving defect clusters that induce local
band gap decrease dominates at T ¼ 10 K. Giving more time for
establishing order in the crystal lattice at temperatures below the
order-to-disorder transition temperature at 533 K, the concentra-
tion of defect clusters can be reduced. As a result, radiative
recombination involving deep acceptor defect with ionization en-
ergy of about 200 meV is dominating in the PL spectra of CZTS
polycrystals. Unfortunately, both of the observed recombination
channels are detrimental to the solar cell performance, leading to
lower open circuit voltages and reduced photocurrent.
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