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0.35 eV in CZTS.

Temperature dependent photoluminescence (PL) study of Cu,ZnSnS4 (CZTS) polycrystals was performed.
The low temperature PL spectrum consists of two PL bands: PL1 at 0.66 eV and PL2 at 1.35 eV. We
propose a new radiative recombination model involving theoretically predicted (Cugz, +Sn§§) and
(2Cuz, + Sn%;) defect clusters in nearly stoichiometric CZTS. PL1 band at 0.66 eV is proposed to result
from a band-to-impurity type recombination related to a deep donor level at 0.66 eV below CBM that
originates from the (Cugz, + Sn!) defect cluster. The PL2 band at 1.35 eV is found to be the dominating
radiative recombination path that results from the recombination between electrons and holes in the
potential wells caused by the (2Cuy, + Sn%;) clusters that induce a significant band gap decrease of

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

CuyZnSnS4 (CZTS) is considered as non-toxic and low-cost
absorber material for solar cells. It has an optimal direct bandgap
energy (~ 1.5 eV) for solar energy absorption and high absorption
coefficient (>10% cm~1) [1]. The current record of the solar energy
conversion efficiency of Cu,ZnSnS4 based solar cells is 8.4% [2], and
11.1% [3] has been obtained with CuyZnSn(SxSeq_x)4 alloy com-
pound. One prerequisite for obtaining high-efficiency solar cells is
the control over the defect structure of the absorber material
including electrically active point defects and the presence of sec-
ondary phases. Almost all experimental studies on CZTS have
shown that this absorber material has a very high point defect
concentration. The charged defects are responsible for the spatial
potential fluctuations and corresponding characteristic recombi-
nation channels. The situation is very similar to the In-rich Culn-
GaSe; (CIGS) absorber material which is today successfully used in
thin film solar cells. Usually, at low temperatures band-to-tail (BT)
emission dominates in In-rich CIGS and related compounds, in
addition, band-to-impurity (BI) and band-to-band (BB) emissions
are often observed in the photoluminescence spectra of CIGS
compounds [4,5]. However, the situation with CZTS is more
complicated. Single broad and asymmetric band around 1.3 eV has
been measured in many low-temperature PL studies [6—12]. Our
recent paper [6] showed that the PL emission at 1.3 eV in slightly
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Cu-rich CZTS polycrystals consists of two PL bands at 1.27 eV and
1.35 eV that both result from Bl-recombination. The two bands
were attributed to one deep acceptor defect that is present in two
different CZTS phases (kesterite and disordered kesterite). The
ionization energy of the acceptor defect in both phases was
280 meV. Recently we have also observed [ 13] band-to-tail (BT) and
band-to-band (BB) PL emissions in CZTS at 1.39 eV and 1.53 eV that
confirms the applicability of the model of heavily doped semi-
conductors [14,15] to CZTS. These bands are visible only at room
temperature when the dominating PL band at 1.3 eV is quenched.
At the same time, the PL band around 1.3 eV with very different
thermal quenching properties has also been attributed to donor—
acceptor pair recombination [8,9] and free-to-bound recombina-
tion [10,11]. In addition, thermal quenching activation energies
48 meV [8],39 meV and 59 meV [9], 29—40 meV [10], and 140 meV
[11] have been previously reported. The different behaviour of the
1.3 eV PL band can be explained by different recombination
mechanisms in samples with different chemical composition
although the PL emission falls into the same spectral region. Ac-
cording to the theory of heavily doped semiconductors [14] the BI
band peak position at low temperature and excitation level is
determined as Emax = Eg—Er, where Er is the thermal activation
energy of the related defect. The low temperature bandgap energy
Eg of CZTS is reported to be over 1.63 eV [20] and therefore the
1.3 eV PL band with the thermal quenching activation energy lower
than about 280 meV must have very different origin and cannot be
related to BI emission.

It is known that at high temperatures all charged defects tend to
form defect complexes, therefore, the presence of various defect
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clusters is highly probable. Moreover, it was shown that the for-
mation energies of different defect clusters in CZTS are lower than
the formation energies of individual defects [16,17]. Also, in Culn-
GaSe; the (2Vg, + In%j) complex has very low formation energy,
therefore, it plays an important role in the realization of the elec-
tronic properties of this absorber [18]. Latest theoretical calcula-
tions by Chen et al. [16] predict quite high concentration of
(Cuz, + SnZ) and (2Cuz, + SnZ!) defect clusters in nearly stoi-
chiometric CZTS. The high concentration of these defect clusters
will either produce deep recombination centres for electron—hole
pairs or cause strong charge carriers trapping. Both mechanisms are
detrimental to solar cell parameters. This could be one reason, why
the best CZTS solar cell parameters were obtained using Zn-rich
materials where the formation probability of these clusters is
smaller. Interestingly, according to Chen et al. [16] the detrimental
effect of both defect clusters is weaker in quaternary selenide
CuyZnSnSey (CZTSe) since the concentration of these clusters is
much lower than in CZTS and the donor levels induced by Snz, are
shallower in CZTSe than in CZTS. Unfortunately there is no exper-
imental evidence about the presence of these defect clusters in
CZTS.

In this paper we implement low temperature PL spectroscopy
and present the radiative recombination model for PL emission in
CZTS involving (Cug, + SnZ!) and (2Cuz, + SnZ") defect clusters.

2. Experimental details

Driven by the theoretical predictions of Chen et al. [ 16] about the
presence of high concentration of defect clusters in nearly stoi-
chiometric CuyZnSnS4, a CZTS polycrystalline powder with near
stoichiometric composition was synthesized from the binary pre-
cursors CuyS, ZnS, SnS, and S. The binary precursors and sulphur in
amounts corresponding to the stoichiometric composition of CZTS
were mixed by grinding in an agate mortar and mounted into a
quartz ampoule. The degassed and sealed ampoule with the ma-
terial was heated at 750 °C for 300 h and then cooled slowly to
200 °C during 300 h. The concentration ratios Cu/(Zn + Sn) = 0.99
and Zn/Sn = 0.95 were obtained for the resulting CZTS polycrystals
from EDX analysis. In addition, the presence of ZnS was detected.

For the phase analysis of the samples the room temperature
Raman spectra were recorded by using the Horiba’s LabRam HR
spectrometer equipped with a multichannel CCD detection system
in the backscattering configuration. In micro-Raman measure-
ments, the incident laser light with the wavelength of 532 nm was
used. The typical Raman spectrum of CZTS presented in Fig. 1, was
observed with the peaks at 98, 143, 168, 253, 287, 338, 347, and
368 cm~L Also, weak signal from ZnS was detected from the
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Fig. 1. Raman spectrum of the studied CZTS polycrystals.
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Fig. 2. Low temperature (T = 10 K) PL spectrum of CZTS polycrystals. The spectrum
consists of two asymmetric PL bands with maxima at 0.66 eV (PL1) and at 1.35 eV
(PL2).

polycrystalline powder. For PL measurements, the samples were
mounted in the closed-cycle He cryostat and cooled down to 10 K.
The 405 nm laser line was used for PL excitation and the spectra
were detected by using InGaAs detector.

3. Results and discussion

The low temperature PL spectrum of our CZTS polycrystals with
nearly stoichiometric composition is presented in Fig. 2. The
spectrum consists of two PL bands: PL1 at 0.66 eV that has not been
observed before, and PL2 at 1.35 eV. Both PL bands have asym-
metric shape that is typical for semiconductors with high defect
concentration [14,15].

In order to determine the recombination mechanism behind the
observed PL bands, the temperature and excitation power depen-
dent measurements were performed. The temperature de-
pendencies of the PL bands are presented in Fig. 3. The thermal
quenching of the PL1 band was measured in the temperature range
of 10 K—180 K and the PL2 band in the temperature range of 10 K—
200 K. To eliminate the effect of the background emission and to
determine the PL bands parameters such as the peak position and
the half-width, all the PL spectra were fitted with empirical
asymmetric double sigmoidal function that is proven to be suitable
for fitting the typically asymmetric PL bands of the heavily doped
semiconductors [4]. The thermal activation energies were deter-
mined from the Arrhenius plots (Fig. 4). The linear dependence of
In(I) versus 1000/T at high temperatures was fitted by using theo-
retical expression for discrete energy levels proposed in Ref. [19]:
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Fig. 3. Temperature dependence of the PL spectra of CZTS polycrystals.
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Fig. 4. Arrhenius plots derived from the temperature dependencies of the PL spectra of
CZTS polycrystals. Thermal activation energies 87 & 15 meV and 103 £+ 9 meV were

obtained for PL1 and PL2, respectively. Solid lines present the fitting of the high
temperature experimental data with the theoretical expression (1).
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where [ is integrated intensity, «q and «a, are the process rate pa-
rameters and Er is the thermal activation energy. Activation en-
ergies of Et; =87 £+ 15 meV and E» = 103 £+ 9 meV were obtained
for PL1 and PL2, respectively. Both PL bands show a shift towards
lower energies with increasing temperature (see Fig. 5.) following
the temperature dependence of the bandgap energy as found in
Ref. [20]. Accordingly, both PL bands show the behaviour similar to
Bl-band that results from the recombination of a free electron and a
hole localised on a deeper defect level, but there is an inconsistency
between the PL bands energetic position and the bandgap energy of
around 1.64 eV at T = 10 K [20]. Interestingly, the PL1 band peak
position 0.66 eV is in agreement with the calculated donor energy
level position from conduction band minima (CBM) (~0.63 eV) for
(Cuz, + Sn%;) defect cluster [16]. Therefore, we propose that the
observed PL1 band results from the recombination involving this
donor level. However, this donor level is too deep to be thermally
emptied and the thermal activation energy obtained from the
thermal quenching of the PL1 band is more likely related to the
activation of another non-radiative recombination channel. Alter-
natively, by assuming that the excited state and the ground state of
this defect intersect and we see a phonon assisted quenching that
can be treated as an internal quenching, the thermal quenching of
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Fig. 5. Temperature dependence of the peak positions of the PL bands presented
together with the temperature dependence of the bandgap energy value (solid line) of
CZTS as found by Sarswat et al. [20].

the PL1 band can be explained by using the configuration coordi-
nate model [21]. However, it is not possible to differentiate between
the two proposed models and the quenching mechanism of this PL
band remains unclear.

For the PL2, the thermal activation energy of Erp = 103 £+ 9 meV
was obtained. As mentioned above, there is an inconsistency be-
tween the PL band position and the bandgap energy of CZTS. Ac-
cording to Chen et al. [16] the fully compensated (2Cugz, + Sn%ﬁ)
clusters induce a significant band gap decrease of 0.35 eV that is a
sum of CBM red-shift by 0.2 eV and valence band maxima (VBM)
upshift of 0.15 eV. As a result, such defect clusters induce deep
potential wells for electrons and holes in the material and the
recombination between electrons in this conduction band mini-
mum and holes in the valence band maximum is most favourable
(see Fig. 6). The thermal activation energy Erp = 103 4+ 9 meV
determined from the temperature quenching of this PL band is the
energy for thermal release of holes from the valence band potential
well. Taking into account that the spatial dimension of this kind of
potential well induced by the (2Cuz,, + SI]%:) clusters is in the order
of few lattice constants, one can look at it as a quantum well
involving discrete states for electrons and holes. These deep wells
act as very efficient recombination centres. As a result, BT emission
in CZTS has very low intensity and can be detected at 1.39 eV (and
the BB band at 1.53 eV) only at high temperatures, when the
recombination through wells is quenched [13].

The excitation power dependencies of both PL bands showed a
blueshift with increasing laser power with the magnitude of 5 meV/
decade for PL1 and 17 meV/decade for PL2. Large blueshift with
excitation power is common for heavily doped semiconductors and
is predicted by the theory [14,15]. Considering the Raman results
that show the presence of disordered kesterite phase in addition to
the host material with kesterite crystal structure, one has to take
into account the compositional fluctuations leading to the spatially
varying bandgap energy of the material. As a result, the maxima of
the density of states functions for electrons and holes are broad-
ened that results in the broadening of the PL bands. In addition,
different surrounding of the defect clusters may induce local po-
tential fluctuations to the material. From the thermal activation
energies determined from the temperature dependencies of the PL
bands, one can predict that the density of states function should
have a maximum at the energy of the donor state at 0.66 eV below
CBM, and at energies corresponding to the maximum of the valence
band potential well and minimum of the conduction band potential
well. Therefore, the blueshift with excitation power can be
explained by the model of heavily doped semiconductors.

Finally, we propose following recombination model (see Fig. 6)
for the studied CZTS polycrystals. The dominating radiative
recombination mechanism is the recombination between electrons
and holes in the potential well caused by the (2Cuz, + SnZ!)
clusters that induce a significant band gap decrease of 0.35 eV. As a
result the PL2 band at 1.35 eV arises. At low temperatures also Bl
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Fig. 6. Radiative recombination model for CZTS polycrystals at T = 10 K.
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recombination involving deep donor level is present giving the PL1
band with the peak position of 0.66 eV that we propose to originate
from the (Cuz, + Sn2;}) defect cluster that according to the theo-
retical calculations [16] is situated ~0.63 eV below CBM. Also, the
proposed recombination model explains the large energetic dis-
tance of the PL bands from the bandgap energy E; = 1.64 eV at
T = 10 K [20]. In contrast, the dominating PL band in quaternary
selenide CZTSe shows the thermal activation energy that corre-
sponds to the energetic distance of the PL band from the bandgap
energy [12,22], therefore, the simple Bl-recombination model ap-
plies to the main PL band in this compound. This can be explained
by the smaller probability for the presence of the corresponding
defect clusters in CZTSe compared to CZTS as mentioned in the
introduction.

4. Conclusion

The photoluminescence study of CZTS polycrystals revealed the
presence of (Cuz, + Sn2;}) and (2Cugz, + Sn2;") defect clusters. Two
PL bands, PL1 at 0.66 eV and PL2 at 1.35 eV were detected at
T = 10 K. The PL1 band is proposed to result from a BI type
recombination related to a deep donor level that originates from
the (Cug, + Sn2;}) defect cluster and is located 0.66 eV below CBM.
The PL2 is found to be the dominating radiative recombination
band that results from the recombination between electrons and
holes in the potential wells caused by the (2Cuz, + SnZ;) clusters
that induce the significant band gap decrease of 0.35 eV.
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