Photoluminescence investigation of Cu,ZnSnS, thin film solar cells
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Abstract

Cu,ZnSnS, (CZTS) is a promising absorber for thin film solar cells which is non-toxic and consists
of only abundant elements. In order to achieve higher solar cell efficiencies for this material, a
better understanding about its defect structure is necessary. In this paper photoluminescence
(PL) from sputtered CZTS thin film solar cells which differ in buffer layer thickness was studied.
In the PL spectra three broad peaks could be distinguished between 0.9 and 1.3 eV. The PL
measurements as a function of temperature and excitation power density revealed the
presence of potential fluctuations. The separations between the band edge of the
photoluminescence excitation signal and the PL emission peaks are large, which indicates that
PL involves trapping of carriers by deep - level defects.
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1 Introduction

In the leading thin film solar cell technologies (such as CdTe and Cu(In,Ga)Se, (CIGS)) one of the
main problems is that elements are rare (In, Ga, Te) or toxic (Cd). If In and Ga in CIGS are
replaced by the earth abundant, inexpensive elements Zn and Sn, a promising alternative
absorber material Cu,ZnSnS; (CZTS) is obtained. Like CIGS this material features a high
absorption coefficient and optimal direct band gap for solar energy absorption [1]. It is however
very difficult to grow phase pure CZTS as the region of stability in the phase diagram is limited
[1]. The formation of secondary phases such as ZnS, SnS, CuS, Cu,S, Cu,SnS; is therefore very
likely. Empirically it is observed that the highest performing solar cells are Cu-poor and Zn-rich.
A conversion efficiency of 9.2% for pure sulfide CZTS solar cells has been reached [2]. For further
improvement, a deeper insight in the defect structure and fundamental material properties of
CZTS is crucial. In this paper a defect study is performed by means of photoluminescence
spectroscopy (PL).

Most CZTS PL studies show a broad peak around 1.3 eV [3, 4, 5, 6, 7]. Two broad PL bands were



detected in reference [8]. The large line widths of the PL spectra indicates that the material is
strongly compensated. In this material potential fluctuations are induced by the random
distribution of unscreened charged defects. These lead to a local perturbation of the band
structure [9]. As a result PL peaks are broadened and shifted towards lower energies, which
hinders the determination of defect activation energies involved in the PL processes [1, 10].
Furthermore, in compensated material, PL peaks shift to higher energies with increasing
excitation power [9, 11, 12, 13, 14]. The standard donor-acceptor pair (DAP) theory cannot be
applied. The emitted photon energy of the 'quasi’ donor - acceptor pair (q-DAP) (after [13])
recombination is E = Eg - (E5 + Eq) -2y with y the potential depth and E,/q the acceptor/donor
energy [13]. If there are no isolated donors (shallow donors merge with the conduction band)
but well defined acceptor levels, the theoretical recombination model in reference [14], which
includes band-band, band-defect and tail-defect transitions, can be applied. By applying
temperature dependent measurements, a distinction between different types of transitions can
be made.

2 Experimental

The investigated cells have soda lime glass as a substrate, a sputtered Mo layer as back contact
and a CZTS absorber layer of 2 um. The absorber layer is reactively sputtered in H,S atmosphere
using Zn and Cu:Sn (65:35) alloy targets. The samples are subsequently annealed in a sulfur
atmosphere for 10 min (for more details see [15]). The metal composition of the non-annealed
sample was measured with X-ray fluorescence (XRF), calibrated with Rutherford backscattering.
This showed a slightly Zn-rich composition with a Cu/(Sn+Zn)-ratio of 0.89 and a Zn/Sn-ratio of
1.2. Measuring with Energy Dispersive X-ray (EDX) from the top on an annealed sample,
calibrated against XRF, shows that a small amount of Sn is lost, giving a stoichiometric
Cu/Sn-ratio, while the Zn-excess is not changed (Cu/(Sn+Zn) = 0.91 and Zn/Sn = 1.2). The sulfur
content is approximately 50%, measured by EDX from the top of a CZTS films deposited on Si in
the same run, to avoid overlap with Mo. From these measurements it can be concluded that the
samples are Zn-rich. The CdS buffer layer was deposited by a chemical bath deposition. The
thickness of the buffer layer is typically 50 nm (labelled as ’CZTSgingie’). For the "CZTSgounie” cell the
chemical bath deposition was performed twice, which leads approximately to a double
thickness. The window layer of ZnO/ZnO:Al was deposited by RF- sputtering, the contact grid
Ni/Al/Ni by evaporation.

External quantum efficiency (EQE) measurements were carried out at room temperature in the
300 -1100 nm wavelength range. Calibrated Si and InGaAs cells were used as references. For
Scanning Electron Microscopy measurements (SEM) a FEI Quanta 200F FEG-SEM was used.
Photoluminescence emission and excitation (PLE) measurements were performed with a
fluorescence spectrometer (F$920, Edinburgh Instruments). For PL spectra a Xe arc lamp with
double monochromator was used as excitation source. In temperature dependent PLE
measurements a super continuum white light laser (Fianium, 20 MHz 100 ps pulses in a range
tunable between 400 and 2000 nm), was used as a ‘quasi steady-state’ source for excitation.
After monochromation the emission signals were detected with a liquid nitrogen-cooled
germanium detector or with single photon counting equipment (Hamamatsu R5509-72 PMT
NIR-detector).



3 Results

3.1 Morphology
An idea of the absorber quality and morphology can be obtained by SEM images (figure 1). The
morphology of both cells is the same. Small grains are present in the layer.

3.2 EQE

EQE measurements were performed without background illumination at room temperature, as
shown in figure 2. As a result of a doubled thickness of the buffer layer in CZTSgouble, the EQE in
the short wavelength region (400-500 nm) is lower compared to CZTS;inge, because more light is
absorbed in the thicker buffer layer. This optical loss at short wavelengths for CZTSgouple results
in a lower efficiency (5.4%) compared to CZTSginge (6.5%). From around 500 nm the EQE curves
of both cells cross. This means from excitation wavelengths of 500 nm there will be good
absorption (EQE 81%) in the absorber layer. The absorption edge at the long wavelength side is
not sharp due to the presence of band tails in compensated material. A linear extrapolation of
the squared EQE vyields a rough estimate of the band gap at room temperature. As expected the
band gaps of the cells are, within experimental error, identical; E; = 1.485 + 0.034 eV for
CZTSsingle and Eg= 1.461 + 0.034 eV for CZTSgouble- The values are close to the band gap expected
for of CZTS (= 1.5 eV) [1].

3.3 Photoluminescence

3.3.1 PL spectral decomposition

Excitation wavelength dependent measurements at constant low temperature reveal, in
accordance with the EQE results, lower intensities for excitation wavelengths smaller than 500
nm for CZTSgouble cOMpared to CZTSsinge. Since the cells are made in the same run and only differ
in CdS layer thickness, the emission appears in the same energy region, as can be seen in figure
3a which shows the PL spectra of both cells at low temperature. Each spectrum shows broad
emission bands which are an indication of fluctuating potentials in Cu-poor/Zn -rich material [1].
The maximum of the emission around 1.15 eV appears at significantly lower energy compared
to literature. Furthermore the PL shows three contributions instead of one broad peak. The
spectra can be fitted with 3 Gaussian peaks, labelled from high to low energy as P1, P2 and P3.
The differences in shape of the spectra in figure 3a are a result of differences in relative
intensity of individual peaks, which can be related to spatial variation within the cells. Variations
in peak intensities can also be seen in the dependence on the sample position with respect to
the excitation spot, as shown in figure 3b for CZTSgouple.

3.3.2 PL excitation power dependence

In excitation power dependent PL measurements gray filters were placed in front of the cryostat
window in order to decrease the excitation power. The excitation power measured in front of
the lens located before the cryostat, was in the order of 290 mW/m?. The measurements on
CZTSsingle show a large blue shift with increasing excitation power, which is an indication of the



presence of potential fluctuations in the material [4, 5]. The emission peak energy for peaks
with highest intensities (P1 and P2) as a function of excitation power is shown in figure 4. A
linear fit according to Egeak = C + B:log(Pexqi) [11] gives as a result for B 11 + 2 meV/decade of
excitation intensity for P1 and 12 + 2 meV/decade for P2. For Cu-poor CIGS material similar
large values are found (7-19 meV/decade [12, 16, 17, 18, 19]). In non compensated material
typical values of B are found around 1-5 meV/decade for DAP recombination [11, 16, 17, 19].

3.3.3 PL- PLE temperature dependence

In order to estimate the spectral shift between the PL emission peaks and band gap of the
material, it is important to compare both values at the same temperature and from the same
absorber. Reports on the temperature dependence of the band gap of CZTS are very scarce,
especially at low temperatures. In reference [3] a band gap energy shift smaller than 10 meV
was noticed from 22 to 300 K (3.6 10 eV/K). This result is not in accordance with reference [20]
where the band gap was estimated from transmittance data in the range 77 to 410 K. An
average band gap narrowing coefficient of 8.6 10™ eV/K was found. The band gap at 10 K was
around 1.64 eV. In reference [10] the band gap at 10 K in a Cu-rich CZTS crystal was determined
via the exciton emission peak leading to a band gap of 1.52 eV.

As the PL peak maximum for the investigated cells is found around 1.15 eV at 10 K and not at
1.3 eV as normally measured, the energy separation between the band gap determined in
literature (1.52 -1.65 eV at 10 K) would be very large. Relying on literature results is thus very
likely to lead to incorrect interpretations, therefore PLE measurements on the investigated cells
were performed. These PLE measurements have moreover the advantage that the same CZTS
area as for the PL measurements is investigated.

In figure 5a the temperature dependence of PL and PLE spectra for CZTSginge is shown. The
excitation wavelength for the PL measurements was 550 nm, the emission wavelength for the
PLE measurements was 1070 nm (wavelength of maximum PL intensity). The temperature
dependent PL spectra are fitted with 3 Gaussian peaks. The temperature dependence of the
peak energy for P1 and P2, which have high peak intensity, is given in figure 5b. In the
investigated temperature region (12 -110 K) a red shift of about 48 meV (4.8 10 eV/K) is seen.
A red shift with increasing temperature can be related to the decrease of the band gap with
increasing temperature but it may also be a result of potential fluctuations in the material. In
material without potential fluctuations a blue shift (no shift) should appear with increasing
temperature for DAP (free to bound) recombinations [11]. Reference [13] states that the
emission energy of a g-DAP transition shifts to lower energy as the temperature increases. For a
tail-defect and band-tail transition a red shift is expected for the emission energy. A blue shift
with increasing temperature is expected for a band-defect transition [12, 21, 22]. In the
investigated temperature region no change from a red shift to a blue shift, which could indicate
a transition from tail-defect to band-defect recombination or from band-tail to band-band
recombination [12, 22, 23], is seen. The found rather small red shift is in accordance with
literature results for CZTS: 1.5 10™ eV/K between 5 and 160 K [4] and 4.7 10™ eV/K between 25
and 110 K [5]. For CIGS larger red shifts are found; between 8.0 10%-1.310° eV/K [11, 12, 23,
24].

In figure 5a it is seen that the long wavelength side of the PLE spectra is structureless: a free



exciton band is not resolved, which confirms the presence of potential fluctuations in the
material. The increase of the excitation spectrum intensity at the long wavelength side is related
to the optical absorption spectrum but not identical to it, because the efficiency of the emission
is also involved [23, 25]. The linear extrapolation of squared PLE (labelled as Egpie) at 12 K is
1.418 + 0.045 eV. The separations between Egpir and the emission peak energies at 12 K are
given in table 1. The differences are large (250 - 400 meV), indicating that rather deep defects
are involved in the g-DAP transitions. In CIGS the shift between the PLE onset and PL maximum
is smaller than 200 meV [18, 22, 23, 24, 25]. In figure 5b a clear decrease of the linear
extrapolations of squared PLE as a function of temperature can be seen. The maximum of the PL
peaks roughly follows the band gap shift. The red shift of the PL spectrum expected for q-DAP
recombination with increasing temperature seems rather small. This might be related to the
deep energetic position of the defects. This is in accordance with reference [8] which shows
that the temperature dependence of the two peak positions follows more or less the
temperature dependence of the band gap as calculated in reference [20]. The two PL bands
showed a strong blue shift with increasing excitation power (15 meV/decade) and were
explained by band-defect transitions involving the same deep acceptor (280 meV) but in
different CZTS phases with a different band gap.

4 Discussion

The low temperature PL spectra consist of three broad bands, that exhibit a large blue shift with
increasing excitation power. This is typical for recombination in highly compensated
semiconductors where potential fluctuations are present. Because of the relatively large
spectral shift of the emission peaks from the band gap energy (Eg i), 9-DAP pair recombination
seems the most probable PL mechanism.

Two explanations for the occurrence of three PL peaks are evident: 1) g-DAP recombination
between different defect pairs and 2) q-DAP recombination of one dominant defect pair in
different phases of the polycrystalline absorber. As explained below, the experiments do not
clearly favour one of these models, a combination of both may also be possible.

For the first explanation, involving q-DAP recombinations between different defects,
information about possible defects in CZTS is necessary. So far, in comparison with CIGS,
considerably less experimental and computational efforts have been spent in determining
formation energies and defect level positions in CZTS. Experimentally determined thermal
activation energies are quite low 30-60 meV [3, 4, 5] compared to theoretical first principles
calculations. These calculations [26, 27], however, do not completely agree on the nature of the
dominant defects and the level positions they introduce in the CZTS band gap. There seems to
be a consensus that Cuz, antisites (E;= 120 meV [26], 220 meV [27]) and copper vacancies (Vcy,
E.= 20 meV [26], 70 meV [27]) are the dominant acceptor type defects, and that Zn¢, antisites
(Ea= 150 meV [26], 70 meV [27]) and Cu interstitials (Cu;, E;= 150 meV [26], 50 meV [27]) form
rather shallow donors. In general, E, for both donors and acceptors is larger than in CIGS [11,
28]. These large defect activation energies seem confirmed by the large shift between the band
gap determined from PLE and the PL maxima in CZTS. At this moment, it seems not obvious to
link the results for the observed three PL peaks to these theoretical predictions. The exact
determination of the correct defect activation energy is hindered by: the dependence of the
peak position on excitation power, the unknown value of vy, the dependence on detection



energy in PLE measurements. Further experimental and computational studies are necessary to
provide clarity into the origin of the donors and acceptors involved in the PL processes.
Alternatively, the occurrence of three peaks in the PL spectra can be explained by essentially the
same @-DAP recombination mechanism in different phases in the absorber layer. The
differences in peak energy between P2 and P1, and P3 and P1 (see Table 1) might, indeed, be
related to the difference in band gap energy between the kesterite and disordered phase (0.04
eV [29]), and kesterite and stannite phase (0.12 eV [30] - 0.15 eV [31]), respectively. The
structural difference between these phases lies in the arrangement of the Cu and Zn atoms,
differently ordered for the kesterite and stannite phases, and random in the disordered phase.
Kesterite is thermodynamically most stable, but as energy differences between the phases are
small, it is very likely that the three phases can coexist [1]. If the peaks in the PL spectrum are
assigned to a g-DAP transitions between the same, or very similar types of defects in three
coexisting CZTS phases, one could consider that P3, P2 and P1 arise from stannite, the
disordered phase and kesterite, respectively. An inhomogeneous distribution of these three
CZTS phases may then explain the dependence of the PL spectrum on the excitation spot
position on the sample. The complex phase diagram of Cu, Zn, Sn and S predicts the formation
of still other phases during the absorber growth. In order to provide an explanation for the PL
peaks, their PLE onset (band gap) must be around 1.3 eV. Possible candidates that are likely to
be formed are tetragonal Cu,SnS;3 (Eg = 1.35 eV [32]) and SnS (E; = 1.3 eV [33]). The latter is
normally found at the back contact of the cell. Unfortunately, information about the exact
phase composition of the absorber is experimentally difficult to assess due to overlapping peaks
in X-ray diffraction and Raman spectra.

5 Conclusions

Photoluminescence spectroscopy has been performed to reveal the defect structure in Cu-poor,
Zn-rich CZTS thin film solar cells, grown by reactive sputtering. Three peaks could be
distinguished in the energy range from 0.9 -1.3 eV. The effect of potential fluctuations is clearly
seen on the PL spectra, by a broadening of the peaks and a strong blue shift as excitation power
increases. We were able to fit all spectra from two different cells, at different temperatures and
excitation powers, with three Gaussian contributions. Via PLE measurements the energetic
distance between the PL emission and band gap energy is estimated. As this distance is large,
the involvement of deep defects is very likely. A complete explanation of the contributions in
the PL spectra requires more information about basic defect properties in CZTS and about the
phase composition of the absorber in these samples. The fact that the relative peak
contributions exhibit considerable spatial differences strongly indicates that inhomogeneity in
phase composition and/or defect distribution is important for these cells.
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Figure 1: SEM images (a) CZTSsingte, (b) CZTSdouble
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Figure 2: Normalized EQE spectra show the effect of a double CdS buffer at the short
wavelength side.
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Figure 3:  (a) Comparison of CZTSsingle and CZTSgouble PL spectra (T= 10 K, Aexei = 550 nm), (b) fit
at normalized spectra of two sample positions for CZTSgouble Showing the same peaks (T= 10 K,
Xexci = 500 nm).
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Figure 4: Emission peak energy for P1 and P2 as a function of excitation power for CZTS gingle
(Aexci= 500 nm, T= 5 K).
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Figure 5: (a) Temperature dependence of PL and PLE for CZTSgjge, the arrow indicates
temperature decrease from 12 to 62 K, (b) Egpie and peak maximum P1 and P2 as a function of
temperature.



Table 1: Peak positions and differences for CZTSsingle at 12 K (Egpie = 1.418 + 0.045 eV).

P1 P2 P3
Emax (€V) 1.167 1.096 1.022
Egpie - Emax (€V) 0.251 0.322 0.396
P1-P2 P1-P3

AEmax (€V) 0.071 0.145




