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The kesterite-structured semiconductor Cu,ZnSn(S,Se), (CZTSSe) is prepared by spin coating a non-hydrazine precursor and
annealing at Se atmosphere. Local electrical and optoelectronic properties of the CZTSSe thin-film are explored by Kelvin
probe force microscopy and conductive atomic force microscopy. Before and after irradiation, no marked potential bending
and very low current flow are observed at GBs, suggesting that GBs behave as a charge recombination site and an obstacle for
charge transport. Furthermore, CdS nano-islands are synthesized via successive ionic layer adsorption and reaction (SILAR)
method on the surface of CZTSSe. By comparing the work function and current flow change of CZTSSe and CdS in dark and
under illumination, we demonstrate photo-induced electrons and holes are separated at the interface of p-n junction and trans-

ferred in CdS and CZTSSe, respectively.
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1 Introduction

In the past decade, great attention has been focused on thin-
film chalcogenide photovoltaic devices [1] due to its high
power conversion efficiency (PCE) and low fabrication-cost.
Because of appropriate band gap and high absorption co-
efficient, thin-film chalcogenide photovoltaic devices such
as CdTe, Culn(S,Se),, CISSe, Cu(In,Ga)(S,Se), yield cell
efficiencies of greater than 15% (19.6% for CdTe [2],
20.8% for CIGSSe [3]). Despite the excellent performance
of CdTe and CIGSSe, their extensive application for desira-
ble energy production is limited due to the toxic elemental
composition (Cd) or scare elements in the earth’s crust
(Te,In,Ga). By replacing above inapposite resources with
zinc and tin, Cu,ZnSnS and Cu,ZnSn(S,Se) (CZTSSe)
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composed of earth-abundant, non-toxic elements have been
intensively studied, leading to continuous device perfor-
mance improvement and achieving PCE of up to 12.6% [4].

The most extensive work on chalcogenide photovoltaic
devices has been performed on the growth of CZTS (or
CZTSSe) thin film materials and corresponding device ar-
chitectures. In 1997, Katagiri et al. [5] firstly designed a
Al/ZnO/CdS/CZTS/Mo/Soda Lime Glass device, yielding a
PCE of 0.66% under AM 1.5 illumination. Over the past
decade, many efforts have been made to improve the crys-
talline quality of kesterite phase CZTS (or CZTSSe) using
various deposition methods, as well as to improve device
performance. Beyond sputtering and evaporation [6,7],
some non-vacuum approaches such as electrodeposition [8],
bath-based techniques [9,10], spray pyrolysis [11], ink-
based approaches [12,13] were developed and applied to
growth of CZTS, CZTSSe photovoltaic films.

In a typical Al/ZnO/CdS/CZTS(Se)/Mo/Soda Lime Glass
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device architecture, the n-type buffer layer CdS is applied to
eliminate the band gap discrepancy and lattice mismatching
between CZTS and ZnO and thus improves the devices’
output performance. As the photo-induced electrons pass
the CZTS (or CZTSSe)/CdS interface, the band alignment
at the interface is very crucial for devices performance
[14-16]. The positive conduction band offset (CBO) between
CZTS (or CZTSSe) and CdS increases the open circuit
voltage (V,.) [17] while the barrier blocks minority (electron)
transport from the absorber CZTS (or CZTSSe) to the buff-
er layer CdS can reduce the short circuit current (J). Con-
versely, the negative CBO gives rise to interface recombi-
nation can significantly lower the V. thereby reducing the
PEC of the device. Several groups have reported the band
alignments for CZTS(Se)/CdS [14-16,18,19] based on X-ray
photoelectron spectros-copy, optical absorption spectroscopy
and first-principles calculation. In addition to the energetic
alignment of the conduction band edges, the Fermi levels at
the heterojunction interfaces that reflect the chemical poten-
tials of electrons, are also useful for understanding the elec-
tronic structure, which is of paramount importance to study
the photovoltaic process of inorganic solar cell devices.

Apart from traditional characterization methods for pho-
tovoltaic devices, scanning probe microscope (SPM) pro-
vides various powerful approaches to extract local mor-
phology and electronic properties of the electrode interface.
In particular, Kelvin probe force microscopy (KPFM) and
conductive atomic force microscopy (c-AFM) have been
broadly applied to study the phase separation, photovoltaic
properties of heterojunction solar cells [20-27], electronic
mapping of cross sections of solar cell devices [26,28-30],
band bending at Schottky junction interfaces[31,32], as well
as the surface photocatalytic activities of materials [33,34].
KPFM can determine local contact potential difference
(CPD) between sample and probe by nullifying the probe’s
amplitude (amplitude modulation [35], AM) or frequency
shift (frequency modulation [36], FM) when the compen-
sated DC voltage is applied to tip, while topographic images
are recorded simultaneously. C-AFM detects the current
flowing between samples and tips in contact mode and thus
shows local surface conductivity. KPFM and c-AFM have
provided useful insight into deep understanding the effects
of illumination, bias voltage and nanostructure on the per-
formance of organic or inorganic solar cells. For example,
using the KPFM, Jiang et al. [37] found that built-in poten-
tial on the grain boundaries (GBs) plays an important role in
CIGS thin film solar cells’ conversion efficiencies. Howev-
er, for CZTSSe thin film, reports on the local electronic
properties with a nanoscale resolution, especially photoe-
lectronic characters, are seriously rare. Moreover, there is
no SPM report of electric and optoelectronic structure of
CZTSSe/CdS interfaces because of the cell architecture.

In this paper, we present the combined KPFM and
c-AFM study of photoelectronic behavior of the kesterite-
structured CZTSSe thin film at the nanoscale. We fabricated
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highly crystalline CZTSSe thin films via a non-hydrazine
solution-based processing. A direct visualization of the car-
rier generation on the crystal planes under the illumination
is achieved through KPFM. C-AFM measurements on the
thin film under illumination and in dark demonstrate the
generation of photo-current. To investigate electronic prop-
erties of the p-n junction interfaces with sub-nanometer res-
olution, photo-response measurements on CZTSSe film
loaded with n-type CdS nanoislands via successive ionic
layer adsorption and reaction (SILAR) method were carried
out. Charge generation and separation were observed on the
p-n junctions, thus form potential difference under open
circuit condition.

2 Experimental

The growth and characterization (scanning electron micro-
scope, X-ray diffraction, Raman spectrum) for CZTSSe thin
film can be seen in Supporting Information online. Atomic
force microscopy experiments were carried out in a glove
box under argon atmosphere at room temperature and pres-
sure, using a Peak Force Mode AFM (multimode 8§,
Bruker). KPFM measurements were performed in dark (the
glove box was covered with light block curtains) and under
continuous visible light (400-800 nm) illumination provid-
ed by a commercial Sun Full Spectrum Light Source (NBet,
China) optical fiber at 100 mW/cm?, which is well matched
with natural spectrum in the range of visible light. Estimat-
ed irradiation power levels at the sample surface were about
30 mW/cm?. It is worth reminding that the AFM laser has
the wavelength of above 600 nm (E>2.07 eV) which is
above the band gap of CZTSSe (1.1-1.5 eV). However, the
intensity of laser is low and does not affect our measure-
ments significantly. In FM-KPFM, first scan is used for
topographic imaging with Peak Force Mode, then probe is
lift in interleave mode and measures the CPD. For
FM-KPFM, the frequency modulation (f;,oq) applied to the
tip is constant (about 2 kHz), giving rise to sidebands ap-
pearing at fotfi,oq and fox2f04 around the tip’s fundamental
resonance peak at f;. These sidebands originate from the
modulated force gradient between tip and local sample. The
amplitudes of sideband at fy+f;,,q are proportional to CPD
(Gip—Psample> Gip and Pumple represent the work function of
the tip and sample, respectively) and demodulated via
Lock-In Amplifier (LIA), and then nullified by the com-
pensating DC voltage (equal to CPD) applied to probe
through the controller. Thus, the CPD is achieved along
with the topographic recording. A silicon probe (force con-
stant: 0.4-1.2 N/m, tip radius: 12 nm) is used for CPD
measurement with the Lift Mode. For c-AFM, a conductive
probe coated with Au is used for recording the current be-
tween sample and tip when bias voltage is applied to sam-
ple. Figure 1 shows KPFM and c-AFM setup and device
structure.
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3 Results and discussion
3.1 KPFM and c-AFM of CZTSSe film

Topographic image in Figure 2(a) exhibits various crystal
planes on the surface of CZTSSe thin film, with a lateral
crystalline dimension of several hundred nanometers.
Figure 2(b) displays the topography of a small scan size,
and the corresponding CPD result is showed in Figure 2(c)
in dark (lower half) and under illumination (upper half). The
CPD is correlated to the work function of local surface. The
absolute surface work function of CZTSSe is about ~5.2 eV.
Upon illumination the average value of CPD increases
about 70 mV compared with that of in dark condition, indi-
cating that the work function of CZTSSe thin film is de-
creased. This increase in CPD corresponds to the presence
of additional positive charge carriers indicates that after
illumination free charge carriers are generated, and then
holes are transported to glass electrode and then the ground,
while electrons are accumulated in p-type CZTSSe thin film
layer, which leads to work function deceasing. In addition,
the CPD values of GBs are undistinguished compared to
that of adjacent crystal planes, suggesting that there is no
detected band bending at GBs. The measured CPD distribu-
tion and variation before and after illumination confirm the
intrinsic efficient transport of holes through CZTSSe grains.

/
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Figure 1 Schematic diagram of setup and device structure (color online).
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Figure 2 (a) AFM topographic image (3 umx3 um) of the CZTSSe film;
(b) AFM topographic image (0.84 umx1.2 um); (c) corresponding CPD
image recorded in dark (bottom half) and under illumination (upper half),
as indicated by the text in white (color online).
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To further investigate the role of crystal planes and GBs in
collection and transport of carriers, we have performed
c-AFM measurements on the CZTSSe thin film. Figure 3(a)
shows the topographic image of polycrystalline CZTSSe. In
combination with Peak Force Error image (Figure 3(b)), it
clearly shows that conductivity of GBs is poor than that of
crystal planes both in dark (Figure 3(c)) and under illumina-
tion (Figure 3(d)). Figure 4 presents the line profiles of
Figure 3(c, d) that were obtained along the white lines.
The dramatically increased current is located at the crystal
planes under illumination while no significant change takes
place at the GBs where detective current is nearly equal to
zero. It means that both electrons and holes cannot be
transported at GBs. Because measurements were performed
at same bias voltage, the higher current mapping obtained
under illumination must be a combination of injected cur-
rent from bias voltage [38] and photocurrent gain [39]. The
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Figure 3 AFM topographic image (5 umx5 pm) of the CZTSSe film (a)
and corresponding Peak Force Error image (b); conductive atomic force
microscopy image in dark (c) and under illumination (d), with a conductive
gold-coated tip, sample bias voltage 4 V (color online).
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Figure 4 Current variation along the cross-section along the white lines
marked in Figure 3(c, d) (color online).
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photocurrent gain demonstrates the incremental carrier
concentration and collection under illumination occurring at
crystal planes rather than GBs. These results are incon-
sistent with previous literatures showing that higher current
flowed through GBs [40-42]. Our observation can be at-
tributed to that GBs act as recombination sites. Li et al. [43]
reported that GBs create high density of localized defect
state which promote the combination of photo-excited elec-
trons and holes by first-principles calculations. Similarly,
Yin et al. [44] suggested that wrong bonds in GBs create
the defect states where the Fermi level is pinned and thus
the GBs act as Shockley-Read-Hall recombination centers.
Our KPFM measurements reveal that there is no change of
CPD in GBs compared to the surface of the grains. These
results imply that for the non-hydrazine solution-based
CZTSSe thin films, the generation and transport of photo-
induced carriers take place on the grains but not on GBs.

3.2 KPFM and c-AFM of CZTSSe/CdS interface

Since the finite thickness of the thin films, it is hard to di-
rectly observe the electronic properties of the cross section
especially p-n junctions for CIGS, CZTS and CZTSSe solar
cells. We loaded the n-type CdS quantum dots on the
CZTSSe films via successive ionic layer adsorption and
reaction (SILAR) method (see Supporting Information
online) to expose the p-n junctions, as shown in Figure 5(a,
b). By reducing the reaction time, CdS quantum dots with
low coverage are loaded on the surface of grains. Due to the
aggregation of CdS quantum dots, the CdS islands with di-
ameter ranges from 20-120 nm are formed. Thus these CdS
nanoparticles should have the similar electric properties
compared to corresponding bulk materials. Figure 5(c) and
(d) reveals the CPD measurements of p-type CZTSSe load-

(a)
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09V
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Figure 5 (a, b) AFM topographic image (2 umx2 pum) of the CZTSSe
film (a) and corresponding Peak Force Error image (b); (c, d) CPD image
in dark (c) and under illumination (d), with an uncoated silicon tip (color
online).
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ed with n-type CdS islands before and after illumination,
respectively. The CPD of CdS is slightly lower than that of
CZTSSe, implying a good Fermi level alignment exists in
the interface between CZTSSe and CdS. In dark, the aver-
age CPD of the whole scan area is —0.430 V (Figure 5(a)),
while under illumination, there is a shift of the CPD toward
larger values, yielding an average value of —0.354 V, eluci-
dating the presence of excess electron carriers on the sur-
face.

To clearly reveal the CPD change occurred on CdS, the
CPD variation cross-section along white lines marked in
Figure 5(c, d) is reproduced in Figure 6. The sunken posi-
tions in the CPD curve marked by red arrows correspond to
the two CdS islands. It is obviously found that the CPD of
CdS also increases after illumination. In addition, the dif-
ference of CPD between CZTSSe and CdS under illumina-
tion is much higher than (about 30 mV) that of in dark con-
dition, as see the darker contrast in Figure 5(d), which
means CZTSSe is more electronegative than CdS. The
wavelength of incident visible light is below the band gap of
CdS (about 2.4 eV). On the other hand, the intensity of the
incident light is low. Therefore, the CdS cannot be excited
significantly. KPFM were performed under the condition of
open circuit. Therefore electrons cannot be transferred to
probe. This suggests that after generation of photo-induced
electrons and holes, holes are transported from CZTSSe to
the Mo/glass electrode while electrons are accumulated on
CZTSSe. After illumination the more electronegative
CZTSSe compared with CdS reveals a small percentage of
photo-electrons are transported to CdS. In other word, a low
barrier exists in the conduction band edges between
CZTSSe and CdS, as shown in the band alignment and
charge transfer model in Figure 7 (assume the CBO is posi-
tive). Our observations agree with the fact that n-type CdS
blocks holes but separates and collects electrons. It is the
first time to directly observe electronic properties and pho-
tovoltaic effect process for CZTSSe/CdS heterojunction in
the nanometer range.
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Figure 6 CPD variation along the cross-section along the white lines
marked in Figure 5(c, d) (color online).
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Finally, we also closely performed c-AFM measurements
on CZTSSe thin-film loaded with CdS, as depicted in Fig-
ure 8. Figure 8(c) reveals the current flow from to sample to
probe under relatively large bias voltage (2.5 V). With no
illumination, the current flow through CZTSSe and CdS
reaches several pAs. In contrast to the dark condition, we
found that for the same bias voltage the current going
through the CZTSSe and CdS increased steeply under illu-
mination due to photo-induced electrons and holes as shown
in Figure 8(c, d). As discussed above, the higher current
flow through CdS islands compared to the dark condition
indicates that excess electrons come from CZTSSe layer.
Moreover, under illumination, the current through the
CZTSSe distinctly exceeds that through CdS islands. At
positive sample bias voltages, holes are transported from
CZTSSe to high work function Au-coated tip, while elec-
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N
= & 0o U 200 -
Ec & m
hv | excitation
[——
Er e e By
8 T ssses
Ey
® ®
EE— ——
@ hole (= electron

Figure 7 Schematic diagram of band alignment of a CZTSSe/CdS inter-
face before and after illumination (color online).
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Figure 8 (a, b) AFM topographic image (3 umx3 pm) of the CZTSSe
film loaded CdS (a) and corresponding Peak Force Error image (b); (c)
conductive atomic force microscopy image in dark (half bottom, as indi-
cated by the word D in white) and under illumination (half upper, as indi-
cated by the word I in blue), with a conductive gold-coated tip, sample bias
voltage 2.5 V; (d) the variation along the cross-section along the red lines
marked in (c) (color online).
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trons are transported to from CdS to CZTSSe, finally to
glass electrode. It is generally known that CdS layer block
holes transfer. Thus the lower current flow through CdS
islands stem from relatively low electron concentration. At
a large positive bias applied to sample electrons injections
from tip contributes to detect current at V=2.5 V. At such a
condition, the observed current also should be a combina-
tion of photocurrent gain and injected current under illumi-
nation. Under light exposure, photo-induced holes and elec-
trons are collected and transferred by CZTSSe and CdS
respectively, resulting in current increasing greatly under
the same bias compared to the dark condition. Our c-AFM
experimental results are well consistent with KPFM meas-
urements.

4 Conclusions

In summary, we have demonstrated the applications of
KPFM and c-AFM for nanoscale characterization of solution-
processed kesterite solar cells thin-film materials. For the
non-hydrazine route synthesized CZTSSe thin-film, KPFM
and c-AFM measurements confirm the photovoltaic effect
of crystalline grains. At the same time, GBs reveal non-
conspicuous difference in work function and very low elec-
trical conductivity compared to grains. The two measure-
ments illustrate holes and electrons are collected and trans-
ferred directly in grains rather than GBs that are almost in-
evitably acting as recombination centers due to the exist-
ence of defects. After growth of n-type CdS on p-type
CZTSSe thin-film, we can observe directly that holes are
collected and transferred through CZTSSe while minority
electrons are collected by CdS under illumination by KPFM
measurements. A low conduction barrier exists in the
CZTSSe/CdS interface. In the c-AFM studies, the drastic
increasing of current gain under illumination at bias voltage
occurring both at CZTSSe and CdS also confirms the effec-
tive charge separation taking place at the p-n junction inter-
face. The present work demonstrates that direct microscopic
study of optoelectronic characterization of p-n junction can
help understanding local properties of polycrystalline thin-
film photovoltaic materials, which is pivotally important for
the engineering of hetero-junction structures in solar cells.
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