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The effects of Na on Cu,ZnSnS, (CZTS)-based solar cells have been examined with respect to surface
potential and carrier transport. The Mo back-contact was annealed in a furnace for 10 minutes under
a nitrogen atmosphere at different temperatures and CZTS thin films were subsequently grown by
sputtering and sulfurization. The thickness of MoS,, formed during the sulfurization process, decreased
as the Mo annealing temperature increased. Interestingly, the Na contents diffused from soda lime glass
has increased as well. The current and surface potential near CZTS grain boundaries were investigated by

Kelvin probe force microscopy (KPFM) and conductive atomic force microscopy (C-AFM) were used.
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1. Introduction

Owing to its low cost and high power conversion efficiency
(PCE), Cu,ZnSnS, (CZTS) is considered a promising material for
thin film solar cells. Its useful band-gap energy (E;) of 1.4-1.5 eV
additionally makes it an attractive material for use in solar
cells."® When compared with Cu(In,Ga)Se, (CIGS) thin film
devices, those made of CZTS show rapid progress in perfor-
mance.”'® The highest PCE of Cu,ZnSn(S,Se), (CZTSSe) thin
film solar cells, however, is 12.6% ' while that of CIGS
is 22.3%." To fabricate high efficiency CZTS-based thin film
solar cells, it is critically important to control the formation
of secondary phases like CuS and ZnS."*"** Moreover, interfacial
layers such as MoS, are additionally important in passivating
grain boundaries (GBs) and reduce electron-hole pair recom-
bination. To reduce the formation of MoS,, Yang et al.*® used
a Mo annealing process with three different annealing
temperatures (180, 370, and 550 °C). During the Mo annealing
process, Na from the soda lime glass (SLG) substrate diffuses
into CZTS GBs during the primary CZTS deposition stage. Shin
et al. also demonstrated that the thickness of MoSe, can be
controlled by managing the Se partial pressure or by using a TiN
diffusion barrier.*
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circuit voltage (Voc) and current density (Jsc).

Much is known about the role of Na on CIGS thin films.
Contreras et al”* demonstrated that Na passivates precursor
layers and increases conductivity. Additionally, work by Yan
et al.** suggests that Na acts as a shallow donor at GBs. Guo et al.*
also indicated that Na incorporation led to structural enhance-
ment, which led to inhibition of electron-hole recombination.
Rudmann et al.*** and Zhang et al.*® used different substrate
temperatures to induce Na diffusion and suggested that Na has
a positive effect on grain size and device performance.

Although the effect of Na on CZTS solar cells is less well
understood compared with CIGS solar cells, many groups have
nonetheless suggested ways in which Na affects CZTS. Oo et al.*”
revealed that the presence of Na enlarges the grain size of the
CZTS solar cells. Prabhakar et al.*® compared CZTS precursors
deposited on SLG and on Na-free glass substrates and suggested
positive effects of Na. Gershon et al.*® have shown that Na
increases grain size and passivates GBs, leading to a reduction
in electron-hole pair recombination. Moreover, Lin et al.*® re-
ported that Na incorporation increased carrier mobility thereby
reducing electron-hole recombination and increasing current
density. It has also been shown that Na diffusion decreased the
thickness of the MoS, layer and enhanced solar cell figures of
merit such as open circuit voltage (Voc), fill factor (FF) and short
circuit current density (Jsc).'> When the thickness of the
secondary phases decreased and the interfacial layers were
controlled, CZTS solar cells exhibited increased PCE owing to
increases in the figures of merit mentioned above.>***

The role of Na on CZTSe has also been investigated. Li et al.*?
prepared co-evaporated CZTSe on which Na increased the hole
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density and the built-in-potential of the junction, which resul-
ted in an improvement in the V¢ and FF of the solar cells. For
mixed sulfide/selenide films, CZTSSe, Sutter-Fella et al*
revealed that Na incorporation results in similar behavior
compared with either of the unmixed cases. Na enhanced the
grain size and the electrical properties as well. Kim et al**
investigated CZTSSe with NaF layers. These layers increased
the surface potential, which inhibited recombination in the
depletion layer. In thin films, Na has a positive effect by
passivating GBs. In solar cells, however, too much Na can act as
an impurity in the buffer layer, which consequently increases
recombination.*

In solar cell devices, it is known that the performance of the
absorber layer is critical for efficiency as the absorber layer
converts light into electrical energy. Previous studies have
verified that GBs can positively affect the efficiency of thin film
solar cells.***® In CZTSSe cells, GBs can enhance minority
carrier collection by acting as a current pathway that allows
minority carriers to reach the CdS buffer and ZnO layers.*®
Furthermore, some studies have indicated that Na and O
passivate GBs in CIGS thin films.**** The interfacial composi-
tion of CZTS, including secondary phases, can also affect its
electrical properties. In particular, their thickness is inversely
proportional to Jsc.*?**** The Vo and the band alignment are
additionally influenced by the interfacial composition.>****

To develop a better mechanistic understanding of CZTS
electrical properties, we investigated electrical current and
potential on intra-grain (IG) surfaces and GBs with conductive
atomic force microscopy (C-AFM) and Kelvin probe force
microscopy (KPFM) measurements. Secondary ion mass spec-
trometry (SIMS), X-ray photoelectron spectroscopy (XPS), and
Raman scattering spectroscopy are also used to investigate
the CZTS films.

2. Experimental

The Mo back-contact layer was deposited on SLG with DC
magnetron sputtering with a thickness of ~600 nm. The Mo
target had a purity of 99.99%, and three samples were annealed
at 180, 370, and 550 °C for 10 minutes each in an N, atmosphere
at atmospheric pressure. For the deposition of the CZTS
absorber layers, we employed 99.99% pure Cu (150 W DC
power), SnS (200 W RF power), and ZnS (200 W RF power) with
the stacking order of Cu/SnS/ZnS/Mo by sputtering method.
These thin films were sulfurized together at atmospheric pres-
sure with nitrogen atmosphere at 570 °C for 30 min.* To
investigate the electrical properties of the precursor surfaces
and their GBs, a commercial atomic force microscope (AFM)
(Nanofocus Inc., n-Tracer) was used. We used a Pt/Ir-coated tip
(Nanosensor, PPP-EFM) for C-AFM and KPFM measurements.
For C-AFM, we applied a bias voltage to the sample surfaces
ranging from 0.1 to 0.5 Vin a 5 x 5 um? scanning area. The
conducting probe was connected to ground and current was
detected with a single terminal. Simultaneously, it is possible
to obtain morphological images in a contact mode. With KPFM,
the surface potential of the CZTS surfaces was obtained without
contact. The natural frequency of the tip was 68 kHz, the scan
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rate of the KPFM was less than 0.5 Hz, and the scan size was the
same as that for the C-AFM measurement.**->>

3. Results and discussion

Statistical data of the device characteristics of the samples used
in this study are given in Table 1 where the samples were
annealed at three different temperate. According to previous
research, the increase in V¢ in CIGS thin film solar cells is due
to trap energy levels becoming shallower.*® On the one hand,
the shunt resistance (Rgp) shows rather low in the 550 °C-
annealed sample. This can be because of the changes in the
Mo back-contact surface. As shown in Fig. S1,T 550 °C-annealed
Mo layer has the higher roughness, which can cause topo-
graphical defect near the interface. However, the improved
absorber layer compensates the loss and perform better. The
substrate temperatures are 180, 370, and 550 °C. We were able
to see that as the Mo annealing temperature increases Na
composition is also higher in Table 1 and Fig. S3.f At the
highest Mo annealing temperature, the MoS, layer has the
thinnest thickness. Herein, we will focus on the formation of
MoS, and the electrical properties incorporated by Na diffusion.

Fig. 1(a)—(d) are 2-dimensional AFM topography images of the
absorber surfaces for the various Mo annealing temperatures.
Fig. 1(e)-(h) display current map images taken while applying an
external bias of 0.5 V. In Fig. 1(e)-(h), more current is exhibited at
higher annealing temperatures. We analyzed their line profiles in
Fig. 2 to compare the current formation near the GBs and the IGs.
As the sample bias becomes larger and the Mo annealing
temperature becomes higher, we find more and larger current is
generated, particularly near the GBs. Additionally, Fig. S41 shows
the I-V curves of the samples, showing that the conductivity near
the GBs are higher. This is because the surface current starts to
flow near the GBs with the smaller external bias. Topography-
surface current line profiles displayed in Fig. 2 reveal the
current increased as the bias voltage is bigger, which corresponds
to the I-V curves. In Fig. 3(a), we compared Voc and Jsc as
a function of the Mo annealing temperature. From the Mo
annealing temperature of 370 °C, V¢ and Jg¢ increased sharply,
so that we can expect higher PCE of the solar cells. Fig. 3(b) is
a graph showing the relationship between the average current on
local surfaces, the current ratio and the Mo annealing tempera-
ture. Seeing the average current and the current ratio are pro-
portionally related to the Mo annealing temperature, it is
expected that the conductivity of the absorber surface increases
overall. Azulay et al*” reported that near GBs negative band
bending occurs and photo-generated electron-hole pairs are
separated by chemical and electrical gradients. Moreover,
downward band bending around GBs creates a positively charged
surface potential near GBs, leading to the concentration of
minority carriers. This phenomenon improves Jsc.** Locally,
based on the line profiles in Fig. 2, we can see the relationship
between current, the external bias, and the Mo annealing
temperatures. We compared positive average current at the GBs
and the IG regions in Fig. 3(c). More current is generated near the
GBs compared to the IG regions. This means that current path is
developed near the GBs. It is observable that surface current is
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Table1l Device parameters of the CZTS thin-film solar cells with and without annealing the Mo back-contact layers and Na component. Rse and
Rs, were obtain by /-V curves in our previous report,*® where the composition of Na was determined by an inductively coupled plasma method

Mo annealing

temperature [°C] 7 [%] FF [%] Voc [mV] Jsc [mA cm™?] Rs. [Q cm?] Rgp [Q cm?] Na [%]

As-grown 1.49 £ 0.08 56.2 £+ 2.55 494 £+ 0.01 5.36 £ 0.23 0.44 457 1.84 £+ 0.06
180 °C 1.32 £ 0.11 55.3 + 2.37 473 + 0.02 5.06 + 0.11 1.05 520 2.08 £ 0.17
370 °C 2.23 + 0.26 60.1 £+ 4.89 535 £ 0.02 6.95 £+ 0.35 1.17 593 2.87 £ 0.13
550 °C 4.07 + 1.15 51.3 +17.32 576 £ 0.17 13.76 + 3.48 0.77 295 3.13 £ 0.05

made the place which does not seem as GBs. It can be thought
that the current is developed near the GBs which is located inside
the thin film. Moreover, we could recognize which carriers -
major or minor - pass the GBs through surface potential
measurement. Then, it is possible to comprehend the carrier
transport on the absorber surface.

Bias :0.5V
(a) As-grown (e) As-grown
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Fig.1 (a)-(d) AFM topography images of the absorber surfaces for the
various Mo annealing temperatures or the as-grown sample. (e)—(h)
Current map images from C-AFM measurements with an external bias
0.5V.
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KPFM results further confirm the presented C-AFM data.
Fig. 4 shows topography, KPFM and their line profiles of IG
regions and GBs. Fig. 4(a)-(d) are the topography images of the
absorber layers. Fig. 4(e)-(h) are the surface potential mapping
images from KPFM measurements. Topography-surface poten-
tial line profiles along GBs and IG regions are shown in
Fig. 5(a)-(d). Near GBs, the positive surface potential tends to be
larger. On the IG regions, however, a negative surface potential
is likely to be formed. With the surface potential maps, we could
see that positive potential is formed near the GBs. With the line
profiles, we can more clearly determine the potential as a func-
tion of spatial location on the film, i.e. for GBs vs. IG regions.
Fig. 6 shows the potential histograms for the IG regions and
GBs. While Fig. 6(a)—(d) display the potential histograms in the
IG regions as a function of Mo annealing temperature, Fig. 6(e)-
(h) indicate that near the GBs, a more positively charged
potential is observed. From the potential maps, we can extract
the potential value near the GBs and the IGs over 50 points
respectively and produce potential histograms for both regions.
As the Mo annealing temperature is higher, with more Na
diffusion, GBs would have more negative band bending and
therefore more positive surface potential. This is because Na
became distributed along GBs and passivates them. By reducing
the electron-hole pair recombination, V¢ will increase as the
electron concentration is higher near the GBs, which ultimately
increases solar cell PCE.*

Annealed and unannealed Mo layers were sulfurized
together to the Mo-S reaction level.” Fig. 7 shows SIMS data of
the as-grown and the annealed Mo and MoS, layers. We believe
that the differences in the surface morphology and grain size
can be attributed to the difference in the heat transfer path and/
or the diffusion of Na into the Mo layer from the SLG substrate
during the annealing process. Consequently, gone through the
sulfurization, the absorber layer can be affected by the diffused
Na. SIMS depth profiles were therefore obtained to investigate
the effects of Na diffusion from the Mo/SLG substrate into the
MosS, layers. Also, we can obtain that the Na is diffused into the
CZTS thin films by XPS measurement (Fig. S3(c)). As shown in
Fig. 7(a), the Na, O and S concentrations are rather constant
with respect to film depth. After annealing the samples at 180
and 370 °C (Fig. 7(b) and (c)), the O and Na concentrations are
slightly increased. At an annealing temperature of 550 °C
(Fig. 7(d)), the Na and S concentration increases more notice-
ably in the MoS, layer. These results indicate that some of the S
evaporated at high temperature remained at the surface of the

RSC Adv., 2016, 6, 103337-103345 | 103339
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Fig. 2 (a)—(d) Line profiles of current depending on grain boundaries
(GBs) as a function of the Mo annealing temperature. As the sample
bias voltage is higher, larger current is exhibited near the GBs.
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Fig. 3 (a) Comparison between open circuit voltage (Voc), current
density (Jsc) and Mo annealing temperature. (b) The proportional
relation of average current and current ratio with the Mo annealing
temperature. (c) Comparison of average current near the GBs.

MosS, layers during the cooling process. As shown in the SIMS
profile results, the Na concentration in the MoS, layer of the
samples annealed at 180 and 370 °C increased slightly to
around 2 x 10° cps (Fig. 7(b) and (c)) compared with that of the
as-grown sample (Fig. 7(a)), whereas that of the sample
annealed at 550 °C (Fig. 7(d)) was over 10” cps. The addition of
Na during the CZTS and CIGS deposition is known to increase
grain size, free carrier concentration, and electrical conduc-
tivity.>>** In this research, Mo coated SLG was annealed, and we
could check Na contents were diffused upper layers like Mo/
MoS,. As you can see in the SIMS depth profiles (Fig. S27), the
highest annealing temperature of 550 °C make the Na diffused
most. From this result, the Na is expected to have most effect on
the sample annealed at 550 °C during the CZTS deposition and
the post-sulfurization process. This is because its MoS, layer

This journal is © The Royal Society of Chemistry 2016
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(a) As-grown

300 nm

Fig.4 Topography, surface potential maps and line profiles in IGs and
GBs. (a)-(d) Topography images of the absorber layers. (e)-(h) Surface
potential mapping images by KPFM measurements.

surface could have more Na then any samples and the Na
contents will be moved into the absorber layers. According to
the previous report, the higher the annealing temperature was,
the more the Na was diffused into ZnS.” The effects of the
incorporation of Na on the electrical properties of CZTS are
similar to the case of CIGS, with an increase in the free carrier
concentration due to a lower number of compensating
donors.**?*?® The addition of Na is also known to enhance cell
performance by improving the Vo, FF, Jsc, and thus PCE of the
cells. Thus, we can say that the Mo annealing process before the
deposition of the absorber plays a significant role in growth of
CZTS thin-film solar cells. The Na dose, however, must be
optimized because excessive or insufficient doping produces
a detrimental effect on the cell performance. The incorporation
of too much Na results in small grain sizes and porous films.*®
The poor structural properties of the front-annealed CZTSe thin
film were therefore likely caused by the relatively large amount

This journal is © The Royal Society of Chemistry 2016
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Fig.5 (a)—(d) Line profiles from the KPFM measurement both near the
GBs and on the IGs. Near the GBs, the positive surface potential tends
to be increased. On the IGs, however, negative surface potential is
likely to be formed as the Mo annealing temperature is higher.
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Fig. 6 Potential histograms in IGs and GBs. (a)—(d) Potential histograms in the IGs for the various Mo annealing temperatures. (e)—(h) Potential
histograms near the GBs, more positively charged potential tends to develop.

of Na diffused from the Mo/SLG substrate which led to the
degradation of the film's electrical properties.

Fig. 8 shows the schematic images of Na diffusion and
a band bending diagram of the samples without and with Na.
Fig. 8(a) and (b) show Na have benign effect on the CZTS
precursor layer if the Mo annealing temperature is higher.
Fig. 8(a) has less Na in the absorber layer and the thickness of
MoS, is greater. The Mo annealing process, however, encour-
ages the Na to diffuse into the CZTS layers and little MoS, is
formed. Previously we reported that Mo annealed samples have
less MoS,. This is because oxygen deactivates the reaction
between S and Mo." Though we cannot directly determine the

103342 | RSC Adv., 2016, 6, 103337-103345

relation between the thickness of the MoS, and the electrical
properties from the data presented here, we propose that less
MoS, leads to the enhancement of the solar cell performance as
observed in previous research. MoS, is formed by sulfurization.
As excessive MoS, has a negative influence on the energy band-
gap because it can make a band gap barrier between Mo back
contact layer and the absorber layer. If the barrier is too high or
too sharp, carrier transport would be interrupted and deterio-
rate electrical properties of the solar cells. That is why control-
ling its formation is important to prevent reaction with Zn and
Sn.”**” From the results of the C-AFM and KPFM measurements,
we can derive the schemas of band bending near GBs, as shown

This journal is © The Royal Society of Chemistry 2016
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Fig.7 SIMS composition profiles of annealed Mo back contact layers after sulfurization process. Each component shows its intensity differences
in Mo and MoS; layers depending on the Mo annealing temperatures. The Na concentration of the sample annealed at 550 °C increased sharply.

in Fig. 8(c) and (d). Since the Mo annealing temperature is
higher, surface potential is increased to ~50 mV while the as-
grown sample exhibits a surface potential of ~10 mV. This
indicates that Na diffused along GBs, thus passivating them. As

(a) As-grown
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S&da Lime Glass

(b) 550°C

aan
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Na is always positively charged, higher and positively charged
potential is observed near GBs, which leads to downward band
bending. This band bending will repel the majority carriers
from the GBs.”” Simultaneously, a stronger electric field is
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Fig. 8 Schematic images of Na diffusion and suppression of the thickness of MoS; layers. (a) and (b) Show the difference in Na content between
the as-grown sample and the 550 °C annealed sample. (c) and (d) Show the corresponding band bending near GBs with and without Na on the

surface.

This journal is © The Royal Society of Chemistry 2016

RSC Adv., 2016, 6, 103337-103345 | 103343


https://doi.org/10.1039/c6ra22563b

Published on 25 October 2016. Downloaded on 11/16/2021 6:55:02 AM.

RSC Advances

created at the GBs, which draws minority carriers toward the
GBs and improves Jsc.*® This stronger electric field can increase
the concentration of electrons near the GBs. Under these
conditions, electron-hole pair recombination is suppressed.
The GBs will then act as the dominant current path, which is
governed by the minority carriers. This behavior leads to the
improvement of solar cell figures of merit like Vo and Jsc and
thus PCE. These results are in agreement with previous research
that has investigated the role of CZTS GBs.***

4. Conclusions

We verified that solar cell performance improves with a Mo
annealing process. We investigated the electrical and compo-
sitional properties of the absorber surfaces with C-AFM, KPFM
and SIMS measurement. At higher Mo annealing temperatures,
the current at the absorber surface is increased, and the surface
potential is improved near GBs. Positive surface potential
develops near GBs whereas it is negative in IG regions. From
SIMS measurements, we determined that more Na is diffused
Mo layer and passivate the GBs into the CZTS absorber layers at
the highest annealing temperature (550 °C). In particular, Na
that diffuses enough into the Mo/MoS, can lead to the
suppression of MoS, and is expected to be diffused into the
CZTS absorber layer during the precursor deposition and post-
sulfurization process. This could improve hole transport across
the CZTS/Mo interface to the Mo layer. Additionally, as the
electron-hole pair recombination is reduced, Jsc increases,
causing the solar cell performance to improve. The Mo
annealing process thus improves device performance and
enhances the electrical properties of CZTS thin film solar cells.
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