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The influence of the duration of the KCN etching step on the efficiency of Cu,ZnSnSe,4 (CZTSe) solar cells and Post
deposition annealing (PDA) has been explored. CZTSe thin film absorbers prepared by selenization at 450 °C were
etched by 5 wt% KCN/KOH from 30s up to 360 s before solar cell processing. KCN etching times above 120 s re-
sulted in poor efficiencies. The fill factor (FF) and short circuit current density (Jsc) of these devices were affected

severely. After annealing the solar cells at 200 °C in N, atmosphere the best devices degraded and poor devices
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improved. Combined physical and optoelectronic characterization of the solar cells showed that PDA modifies
the bulk defect density and also surface composition which reflects in the solar cell performance.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Kesterite Cup,SnZn(S,Se)4 (CZTSSe) solar cells have promising poten-
tial to replace the well-known CIGS (CulnGaSe,) and CdTe solar cells in
the long-term not only due to their earth abundant and nontoxic con-
stituents (except Se which has low toxicity and also is readily available)
but also due an excellent p type conductivity, a high absorption coeffi-
cient (10* cm™!) and a direct band gap that can be tuned from 1 eV to
3.1 eV by simply adding or substituting the cation (Sn) with other ele-
ments (Ge, Si) or the anion (Se) by S [1]. The narrow region of stability
[2] of kesterites leads to the formation of different binary selenides of
the constituents elements such as Cu,(S,Se), Zn(S,Se), Sn(S,Se)y or
Cu,Sn(S,Se)s during the processing which dent the performance of the
solar cells in varying magnitudes [3,4]. Therefore getting rid of these un-
wanted phases from the active material is paramount to obtaining good
devices. The removal of these secondary phases traditionally requires
the use of a wet chemical step. The most widely adapted etching
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technique for obtaining high efficient CZT(SSe) is the KCN based solu-
tion [5,6]. In our previous work [7] we have shown that avoiding the
KCN etching step results in less efficient solar cells mainly due to the
presence of secondary phases thereby re instating the importance of
the KCN immersion step. However, due to persistent problems associat-
ed in processing as mentioned earlier the duration and the conse-
quences of KCN etching step also needs some revision and
understanding. Ever since IBM reported >10% efficiencies for CZTSe
solar cells [8] with the introduction of a low temperature annealing
step in their processing routine it has been used by many groups pro-
cessing CZTSe devices as a way to improve the efficiency. The reason
for this improvement has a variety of perspectives. Among them, the
formation of a Cu poor and Zn rich surface and grain boundaries [9]
and change in the concentration of Na in the bulk [10] are widely ac-
cepted. Since Post deposition Annealing (PDA) is carried out on our
samples after full processing to improve solar cell efficiency and not
much has been understood even at a qualitative level certain aspects
that help in the understanding of the consequences of PDA have also
been discussed in this work. Within this framework a few aspects that
will enable better understanding of the influence these two steps in pro-
cessing pure selenide kesterite CZTSe solar cells have been answered.
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2. Experimental methods
2.1. Processing procedure

All solar cells are fabricated on a 3 mm thick, 25 cm? soda lime glass
substrate covered by 400 nm of Molybdenum (Mo) as electrical back
contact. The constituent elements that make up the absorber layer are
deposited in the order Sn/Zn/Cu on top of Mo by electron beam evapo-
ration. The precursor films are then selenized at high temperatures
(450 °C) to form crystalline CZTSe thin films. During selenization the
sample is held on a square shaped graphite plate to which a thermocou-
ple is connected from the side wall. The temperature is measured from
the isolating glass substrate and not from the sample surface. Due to dif-
ference in the thermal conductivities one can expect the sample surface
to be slightly hotter than the glass substrate. The selenization takes
place in a rapid thermal annealing system under a Se rich atmosphere
created by a constant flow of H,Se in the chamber. The absorbers are
then immersed in KCN solution (5 wt% in aqueous KOH. The concentra-
tion of KOH is 0.5 wt% in the KCN solution.) for 30 or 360 s to remove
secondary phases, elemental selenium and native oxide from the ab-
sorber surface. The CdS buffer layer is deposited by chemical bath depo-
sition at 70° C using Cd(CH-CO,), and SC(NH,); as precursors in aqueous
NH; medium. The solar cells were finished by a transparent bi-layer of
RF magnetron sputtered i-ZnO (120 nm) and Al:ZnO (280 nm) followed
by the deposition of 1 um thick Al fingers as front contact. Individual
cells with an area of 0.5 cm? were laterally isolated by mechanical
scribing.

2.2. Physical analysis

The cross section and chemical composition of the CZTSe thin films
used in this study were evaluated by Scanning electron microscope
(SEM) Nova 200 FEI tool, equipped with an energy dispersive X-ray
analysis (EDX) system. The accelerating voltage used for the EDX anal-
ysis was 20 kV. X-ray Diffraction (XRD) measurements were carried
out on a X'Pert Pro MRD X-ray diffractometer in the conventional
Bragg-Brentano »-26 geometry using the CuKot (1.5418 A°) radiation
as the incident beam. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed using a monochromatized AlKo X-ray source
(1486.6 eV) and a spot size of 400 um using a Theta300 system in AR-
mode. The XPS measurements were performed on identical CZTSe
thin film absorbers and not the solar cells that are discussed in the

manuscript. For this purpose the trilayer selenization followed by KCN
etching (both described previously) were performed on the same day
back to back. This was followed by Post deposition Annealing. The
Post deposition Annealing step was carried out for 10 min at 200 °C
after which the sample.

was allowed to cool down to <50 °C in roughly 15 min prior to the
XPS measurement of the respective sample. After this the samples
were vacuum packed and were taken for measurement.

2.3. Electrical and optical analysis

The processed solar cells were analyzed using Current-Voltage (IV)
measurements, using a 2401 Keithley Source meter, under standard
test conditions for Kesterite solar cells with a solar simulator
system using an AM1.5G spectrum with an illumination density of
1000 W/m? at 25 °C. The external quantum efficiency (EQE) has been
measured at room temperature using a laboratory-built system with a
grating monochromator-based dual-beam setup under chopped light
from a Xe lamp. The doping profile of the absorbers was measured by
capacitance voltage (CV) measurements, which were performed with
an Agilent 4980 A LCR-meter with frequencies varying from 10 kHz to
100 kHz. The excitation dependent photoluminescence analysis was
performed was measured using a Hamamatsu C12132 near infrared
compact fluorescence lifetime measurement system equipped with a
cryostat that can be cooled down to liquid N, (77 K) temperatures.
The tool uses 15 kHz, 1.2 ns pulsed 532 nm laser and the average laser
power was varied between 0.08 mW to 56 mW to illuminate an area
of 3 mm diameter on the measured solar cell.

3. Results and discussion
3.1. Influence of KCN immersion time on CZISe absorber and solar cells

Fig. 1a)-e) shows the X-SEM Images of CZTSe thin film absorbers
with different KCN immersion times. The CZTSe thin film layers were
prepared by the selenization of a Sn/Zn/Cu stack as explained in the pre-
vious section. The starting precursor composition is [Zn]/[Sn] = 1.07 +
0.06 and [Cu]/[Zn] + [Sn] = 0.69 £ 0.03. The absorber thickness is
somewhat higher in the case of the sample that had no KCN immersion
compared to the others. (The absorber thickness was calculated from
the SEM pictures with the micro marker from 5 different places and av-
eraged). The average thickness of the absorber for no KCN immersion is
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Fig. 1. X-SEM Images of CZTSe thin film with a) no KCN immersion step. b) & ¢) immersed in KCN for 120 s and 360 s. d) Mass of material removed from CZTSe thin film as a function of KCN
immersion time. e) Cation ratios of CZTSe thin films as a function of different KCN immersion times measured by SEM - EDX. f) XRD patterns of CZTSe thin films as a function of KCN

immersion time.
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1.25 um whereas for the 360 s KCN immersed absorber it is 1.04 um.
Suspecting a certain removal of mass from the thin films during the
etching process standard mass measurements were carried out using
a conventional mass balance in the laboratory. The least count of the
balance used is 10> g. The data reported in this figure was obtained
from the same absorber. The first point in the y-axis for 0 s (no etching)
is the difference in mass between the CZTSe thin film absorber on Mo/
SLG after selenization and bare Mo/SLG. The remaining points in the
y-axis represent the difference between the CZTSe absorbers immersed
in KCN for various times and the CZTSe absorber not subjected to KCN
etching. Hence, the reported mass change is positive. From Fig. 1f) we
see that with the increase in the immersion time the measured mass in-
creases steadily up to 240 s and marginally up to 360 s and shows no
change thereafter. Taking into account the change in mass, the initial
thickness and atomic density of CZTSe the removal of mass after 360 s
of KCN immersion corresponds to a thickness of 190 nm which is in
agreement with the X-SEM Images. The physical meaning behind this
was understood from the analysis of XRD and SEM-EDX measurements
shown in Fig. 1g) and 1 h). XRD patterns revealed that the selenized ab-
sorber contains small amounts of CuSe, SnSe and SnSe, secondary
phases [11]. KCN immersion up to 120 s appears to etch away most of
these secondary phases. The cation ratios measured by EDX vary within
this time.

The [Cu]/[Zn] + [Sn] ratio which is initially 0.71 before KCN immer-
sion increases to 0.78 after 120 s due to removal of Cu and Sn related
secondary phases whereas [Zn]/[Sn] ratio climbs from 1.14 to 1.25
strongly due to the removal of Sn related phases. Above 120 s the
[Cu]/[Zn] + [Sn] ratio drops to 0.76 and [Zn]/[Sn] ratio drops to 1.22.
Change in the ratios above 120 s of KCN immersion cannot be explained
by secondary phases. Correlating this information with the data obtain-
ed from mass measurements it can be concluded that longer immersion
times of CZTSe in KCN based solution (5 wt% in aqueous KOH in this

case) might result in preferential etching of CZTSe itself preferably
from the free surfaces exposed to the solution. In a previous work it
was shown that when the KCN (same conc.) duration was varied for
Cu poor, Zn rich CZTSe absorbers the preferential etching of the ele-
ments during long immersion times is due to KOH in the solution mix.
This was explained due to the presence of stable hydroxide-based com-
plex ions with Sn and Zn, which can be easily formed because of their
relatively high oxidation states in CZTSe (+ 1V and +II for Sn and Zn, re-
spectively) compared to Cu(+1) [12].

Fig. 2a) shows the efficiencies of the solar cells with different KCN
immersion times. The solar cell “0 s” (no KCN immersion) has the low-
estaverage efficiency (2.15 4 0.55)% in the series. The IV measurements
were performed on solar cells fabricated on a 2.5 x 5 cm? Mo/SLG sub-
strate. After full solar cell processing (including grids) each sample had
8-10 functional cells with an area of 0.5 cm?. Best IV parameters were
obtained for the solar cell with 120 s (5.66 4 0.44) % of KCN etching
with a champion efficiency of 6.1%. An immersion time above 120 s re-
sulted in degradation of efficiencies primarily due to the decrease in fill
factor (FF) and low short circuit currents (Js's). Fig. 2b) shows the dop-
ing profile of the solar cells deduced from CV measurements. It can be
seen that the doping of the CZTSe absorber increases roughly by 1
order of magnitude when increasing the immersion time in the KCN/
KOH solution from 0 to 360 s, thereby decreasing the apparent space
charge region (SCR) width in the absorber.

The change in doping density could also be due to the modification
of the content of alkali elements by the KCN solution in the CZTSe ab-
sorber [12]. The external quantum efficiency (EQE) curves of these
solar cells shown in Fig. 2c) measured without light bias reveal that
the maximum EQE value (at 520 nm) increases up to 120 s of treatment,
and decreases abruptly for longer immersion times. This wavelength
corresponds to photons generated near the CdS/CZTSe interface. The
evolution of the EQE curves for longer immersion times can be due to
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Fig. 2. a) llluminated IV curves under AM 1.5G spectrum b) Doping density as a function of the profiling distance from the p-n junction for different KCN immersion times c) External
quantum efficiency (EQE) curves for solar cells with different KCN immersion times d) Plot of Voc vs Temperature deduced form temperature dependent IV measurements as a

function of KCN immersion time.
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the modification of the SCR width or an unfriendly band alignment e.g.
“spike” like band offset between CdS and CZTSe [13] resulting in poor
carrier collection. Temperature dependent IV measurements show
that the extrapolation of the Open circuit voltage (V,.) progressively de-
creases as the etching duration increases from 30s to 360 s, implying
that the main location of the limiting recombination mechanism is mov-
ing from bulk to interface. Considering the findings from physical and
electrical analysis of the absorber and the solar cells the loss of FF of
the devices with longer immersion times is expected to be a conse-
quence of the preferential etching of Se, Sn, and Zn from the CZTSe sur-
face by the KOH solution (maybe) in combination with an interface
barrier which arises due to the systematic damage of the free surface
of CZTSe.

3.2. Effect of post deposition annealing

The CZTSe solar cells seen in the previous section were annealed in
N, atmosphere at 200 °C for 10 min. The performance of the solar cells
after annealing is shown in Fig. 3b) in comparison with the Fig. 3a)
without annealing. The annealing has resulted in degradation of the
good devices (30 s and 120 s) and has also improved the poor devices
(05,240 s &360 s). For the purpose of discussion solar cells without an-
nealing will be referred as “As processed” (AP) and solar cells annealed
will be referred as “Post deposition annealed” (PDA).

In order to understand what the annealing might have done to the
CZTSe solar cells, a solar cell (6.1%) which suffered degradation (4.7%,
case A) after PDA and a solar cell (2.7%) which improved (5.2%, case
B) after PDA were analyzed in more detail. Fig. 4 a) show small changes
in the doping density and c) shows reduced carrier collection in the vis-
ible region for case A after PDA. The decrease in the band gap of CZTSe
(seen from PL inset) after PDA could be related to an increase in the dis-
order of CZTSe [ 14], whereas for case B after PDA there is a change in the
magnitude of doping density by an order leading to a wider SCR width
(Fig.4c) in the CZTSe. This is also reflected in the enhanced carrier col-
lection in this device (Fig. 4d). However, there is no change in the
band gap. The real reason for no change in the band gap of the 2.7%
cell is not known and it is beyond the scope of this work to understand
that. Therefore it is safe to say that the change in the device performance
after PDA might not be necessarily related only with the order - disorder
transitions reported for Kesterites.

To understand further, excitation dependent PL analysis was con-
ducted on these 4 devices. The recombination dynamics for CZTSe ex-
plained by the Quasi Donor to Acceptor Model (Q-DAP) was best
suited for these absorbers as well. Using the concepts and equations ex-
plained by Gershon et al. [15] the Q-DAP pair density was calculated for
all 4 devices. The Q-DAP density was plotted against the V. of these de-
vices as shown in Fig.4e). From the plot it is clear that higher defect den-
sities were accompanied with a low V. and vice versa. Larger defect
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densities can result in the reduction of V, (via formation of tail states)
[16] thereby explaining the change in the device performance which
also clearly illustrates that PDA modifies the bulk defect density of the
CZTSe absorber.

Since few reports [17], discuss surface related compositional chang-
es after PDA, XPS measurements were performed to observe similar
changes. The procedure for performing the measurements has been ex-
plained in the Experimental methods section. The absorbers without
and with KCN immersion show a significant change in the measured ox-
ygen content and it keeps reducing with increased immersion time
which could be most likely due to removal of native oxide from the sur-
face by KCN/KOH solution.

However, there is no trend in the oxygen content measured by XPS
and the device efficiency. Alkali elements (Na and K) were also not de-
tected by XPS. Hence, these results are not shown. The relative concen-
tration of the cations at the surface of the absorber has been plotted
against the condition of the solar cell (Fig.4f). In case A, it can be seen
that after PDA at the surface Cu decreases, Sn increases & Zn does not
change resulting in a Cu depleted and Sn rich conditions at the surface
whereas in case B, the change in concentrations result in Cu depleted
and Zn rich conditions. Thus PDA can result in the movement of the cat-
ions away from and towards the surface. However, when there is Cu dif-
fusion towards bulk and Zn diffusion towards the surface forming a Cu
poor, Zn rich surface creation of [V¢, + Znc,] defect clusters in surface
region will take place [9]. The formation of [V, + Zng,] defect pairs
on surface has been reported to be beneficial for junction formation
and device performance [18]. This could be one of the reasons that ex-
plains the improvement of the 2.7% device after PDA. The XPS measure-
ments were performed on CZTSe absorbers identical to the ones
discussed thus far. The purpose of these measurements is to verify
whether surface related composition changes take place or not in the
absorber after PDA. Hence strict correlations between the surface relat-
ed composition changes and the device performance after PDA are not
attempted.

4. Conclusions

Overall a KCN immersion step is required to make CZTSe devices
with optimum efficiencies at least for our samples. When a KCN solution
along with KOH is used in the immersion step then it is best to limit the
duration to below 240 s as further immersion would result in the degra-
dation of CZTSe affecting both the bulk and the interface which results
in poor solar cell poor efficiencies. Involving an annealing step in the
processing does not always result in the improvement of efficiencies.
The extent of changes (defect density, composition changes) caused
by annealing in the bulk and at the surface of the absorber could deter-
mine the performance of the solar cell.
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Fig. 3. a) llluminated IV curves under AM 1.5G spectrum before annealing at 200 °C b) Illuminated IV curves under AM 1.5G spectrum after annealing at 200 °C.
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