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ABSTRACT: The fabrication of back-contact electrodes with
micron-sized features by microsphere lithography is imple-
mented via a modified “natural lithography” approach. The
solution-based assembly of microsphere beads on a substrate
occurs via the electrostatic attraction between the molecular
monolayer-functionalized substrate and the micron-sized
polystyrene microbeads with carboxyl surface groups. Through
a modification of the original “natural lithography” method,
the density of the microbeads used as a lithographic mask can
be increased 5-fold. The resulting back-contact electrodes are used for the fabrication of perovskite solar cell devices and the
examination of their potential. Devices with electrodes fabricated using a modified “natural lithography” approach showed a 3.5-
fold increase in performance compared to the devices with electrodes made using the original method.
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1. INTRODUCTION

Back-contact electrodes (BCEs) are utilized in a wide variety of
applications, including electrochemical sensors for analytical
chemistry1−3 and biochemical4−8 studies, field effect transis-
tors,9,10 and high-performance optoelectronic devices (e.g.,
light-emitting diodes,11 photodetectors,12,13 and solar
cells14−17). Despite their broad application, the manufacturing
cost of BCEs remains high, as to date, they have been fabricated
using high-cost methods, like optical, electron-beam and X-ray
lithography. However, an alternative lithographic technique,
microsphere lithography (ML), permits facile, readily scalable,
and cost-effective patterning18,19 and has already been applied
to electrochromics,20 photonics,21,22 plasmonics,23−26 photo-
catalysis,27 and various electrode fabrications.28−31 Therefore,
extending the application of ML to BCE production potentially
confers considerable advantages over conventional lithographic
techniques and presents a pathway to large-scale production.
Traditionally, the contacts (anode and cathode) of BCEs are

arranged into an interdigitated array on a planar substrate, as
shown in Figure 1a. While the fabrication of interdigitated
electrodes (IDEs) via a top-down approach, such as photo-
lithography or electron-beam lithography, is well established, it
is yet to be achieved by ML. Recently, Jumabekov et al.32

reported a novel BCE architecture, in which one-half of the
interdigitated electrode is deposited onto a continuous layer of
the other electrode, as shown in Figure 1b. The finger-type
design for the “top” electrode (cathode in Figure 1b) allows for
a partially exposed “bottom” electrode (anode in Figure 1b),

with a thin layer of insulator separating the two electrodes and
preventing contact, which would cause short-circuiting. BCEs
with such a design are referred to as quasi-interdigitated
electrodes (QIDEs).32

A modification of this design, in which the finger-like shape
of the cathode is replaced by a grid-type electrode as shown in
Figure 1c (hereon quasi-integrated electrodes (QIEs)), presents
two major advantages. First, minor QIDE fabrication errors
result in electrode fingers that are either broken or entirely
disconnected from the base, which isolate these regions from
charge collection. In contrast, the QIE is less vulnerable to local
defects due to redundancy in the interconnections, making
QIEs more robust and defect tolerant. Second, the morphology
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Figure 1. Designs of back-contact electrodes (BCEs). (a)
Interdigitated electrodes (IDEs). (b) Quasi-interdigitated electrodes
(QIDEs). (c) Quasi-integrated electrodes (QIEs).
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of the top electrode in QIEs offers the possibility of using ML
for their fabrication.
In ML, the sacrificial lithographic mask (SLM) is formed

from a monolayer of monodisperse polymer microbeads
deposited onto a substrate (bottom-up approach). The
coverage and packing of the monolayer of microbeads are of
significant importance, as they determine the shape, size, and
quality of the resulting mask. There are a number of different
methods for depositing a monolayer of polymer microbeads on
a substrate: spin-coating,33 electrophoretic deposition,34 and
various self-assembly methods (chemical or electrochemi-
cal,35−37 template-guided,38 controlled evaporation,39 lift-up,40

Langmuir−Blodgett technique41). As each of these methods
possess certain requirements for the type of substrate, namely,
its surface (planar or/and structured), plasticity (rigid or/and
flexible), electrical property (conducting or/and insulating),
wettability (hydrophilic or/and hydrophobic), and deposition
conditions (temperature, humidity, pressure of the buffer
atmosphere), it is preferable to explore methods that are largely
independent of these constraints, affording facile, large-area,
and cost-effective fabrication of BCEs.
In this regard, so-called “natural lithography”,35,42−44 a type

of electrochemical self-organization method,36 is a subcategory
of ML that largely fulfils these criteria. First reported by
Deckman et al.,35 SLM formation with “natural lithography”
relied on the electrostatic attraction between negatively charged
polystyrene microbeads (∼0.9 μm) and a positively charged
Al2O3 substrate at pH 5.0.31 However, the coverage of the
substrate surface with microbeads is sensitive to the pH value of
the electrolyte (usually between 5 to 6) in which the
microbeads are suspended (colloidal solution). If a substrate’s
surface reaches or is around its point of zero charge (pzc)
condition at the pH value of the colloidal solution (e.g., TiO2
and SnO2 have pzc values of around pH 6 and 5.5,
respectively),45,46 coverage is insufficient due to the negligible
electrostatic attraction between the substrate and the negatively
charged microbeads.35 This makes fabrication of good quality
SLMs using “natural lithography” on such substrates challeng-
ing. Herein, we demonstrate that this limitation in the original

“natural lithography” method is overcome effectively by using
self-assembled monolayers (SAMs) to functionalize the surface
of the substrates to boost the electrostatic attraction and
deposition of denser monolayer of microbeads on substrates. A
remarkable enhancement in coverage was obtained via modified
“natural lithography” as opposed to the original protocol. Using
modified “natural lithography”, we successfully fabricated novel
QIEs and demonstrated the potential of this concept by using
QIEs as BCEs in perovskite solar cells (PSCs).

2. RESULTS AND DISCUSSION

We started the fabrication of QIEs by preparing the anodes; a
thin layer of TiO2 (∼30 nm) was deposited via spray pyrolysis
onto 25 × 25 mm prepatterned fluorine-doped tin oxide
(FTO) coated glass substrates (Scheme 1a). Spray pyrolysis
yields a conformal and high-quality crystalline TiO2 layer, a
standard anode layer for many optoelectronic devices.16,31,47

Freshly made anodes were then functionalized with (3-
aminopropyl)triethoxysilane (APTES). Due to the hydrolysis
and subsequent condensation of APTES onto OH-bearing
TiO2 substrates, a SAM of APTES formed on the substrates
(Scheme 1b).48 In the next step, the functionalized substrates
were immersed into a colloidal solution for ∼8 h at room
temperature in order to deposit a monolayer of microbeads
(modified “natural lithography”) (Scheme 1c). The colloidal
solution with a pH value of 5.5 contains monodisperse 1-μm-
sized polystyrene microbeads with surface carboxyl groups.
In order to test the efficacy of modified “natural lithography”

in comparison to the original protocol,35 we performed
additional studies, in which substrates with a bare TiO2 layer
(glass/FTO/TiO2 substrates without APTES functionalization)
were also immersed into the same colloidal solution under
similar conditions to replicate the original method. A
comparison revealed that modified “natural lithography” yields
a higher deposition rate of polystyrene microbeads (Figure 2a).
The APTES-functionalized substrate appears to be more
opaque than the nonfunctionalized substrate, indicating a
more densely deposited monolayer of polystyrene microbeads
in the former. Figure 2b,c shows the corresponding photo-

Scheme 1. Fabrication Process for QIEs via Modified “Natural Lithography”a

a(a) Patterned glass/FTO/TiO2 anodes. (b) Surface functionalization of the anode’s surface with APTES SAM. (c) Assembly of a monolayer of
polystyrene microbeads on the anode. (d) Monolayer of polystyrene microbeads assembled on the surface of anode. (e) SLM on the anode. (f) The
anode with SLM after deposition of a cathode layer. (g) A QIE after lift-off. (h) Photographic image of a QIEs.
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micrographs that confirm much denser deposition of
polystyrene microbeads.
The disparity between the deposition rates of the polymer

microbeads on these two substrates can be rationalized as
follows: at a pH value of 5.5, the surface of the microbeads is
negatively charged due to deprotonation of carboxyl groups
(see Figure S1 in the Supporting Information);31,49 the surface
of an APTES-functionalized TiO2 substrate is positively
charged due to protonation of amine groups of the APTES
SAM,50,51 and the surface of a neat TiO2 substrate is close to its
pzc condition at a pH of 5.5, thus being only weakly positively
charged.45,46 This results in a higher electrostatic attraction
between the microbeads and the APTES-functionalized TiO2
than for the bare TiO2. Hence, the deposition rate of
microbeads on the APTES-functionalized substrate is higher
than the one without any APTES SAM functionalization,
ultimately resulting in a denser coverage of microbeads.
In Figure 3a, a micrograph obtained using scanning electron

microscopy (SEM) shows the arrangement of as-deposited
polystyrene microbeads on the surface of an APTES-function-
alized glass/FTO/TiO2 substrate. The micrograph reveals that
the arrangement of the microbeads is relatively dense but
somewhat clustered and irregular in nature. In order to
complete the microfabrication of the SLM, the substrates were
heat treated on a hot plate at 110 °C for 5 min in order to
firmly fix the positions of the microbeads to the substrate by
slightly melting the base of the microbeads to the substrate,
thus preventing the microbeads from local migration (see
Figure S2 in the Supporting Information). The substrate was
then subjected to an air plasma treatment in order to shrink the
size of the microbeads and separate them from each other
(Scheme 1e). Figure 3b shows a micrograph of successful SLM
deposition on a glass/FTO/TiO2 anode substrate, i.e., isolated
and shrunk submicron (between 600 and 900 nm) polymer
beads.
In the next step, an Al2O3 insulator (120 nm), an Al wetting

layer (30 nm), and a NiCo alloy (50 nm, 1:1 ratio) were
sequentially evaporated onto the substrates (Scheme 1f) using
an electron-beam evaporator to form the cathode layer (see the
energy dispersive spectroscopy (EDS) map in Figure S3 in the
Supporting Information). The SLM was then removed by
washing the substrates in toluene or tetrahydrofuran (THF) to

expose the bottom TiO2 anode layer (Scheme 1g). Figure 3c,d
shows SEM micrographs of the active area (anode and cathode
regions) of electrodes for modified and unmodified “natural
lithography” methods.
In order to estimate the area of the exposed anode (circles in

Figures 3c,d) we performed UV−vis−NIR transmission
measurements on QIEs with and without APTES functionaliza-
tion (Figure 3e). The reference plain glass/FTO/TiO2
substrate (neat anode) shows an ∼75% transmission value for
the majority of the visible spectrum, while the complete QIEs
with and without APTES functionalization demonstrate around
28 and 6% over the same region, respectively. This indicates
that relative to the reference glass/FTO/TiO2 substrate, the
overall anode area for QIEs with and without APTES
functionalization is around 40% and 9%, respectively (see
Figure S4a in the Supporting Information). Hence, a relative
gain in SLM coverage through modified “natural lithography”
can be estimated from the UV−vis−NIR transmission
measurements by calculating the ratio of the spectra for QIEs
with and without APTES functionalization (see Figure S4b in
the Supporting Information). This yields a value 4.4 ± 0.5 for
the relative increase in transmission across the 300−1000 nm
wavelength range, revealing an almost 5-fold increase in surface
coverage of the anode with polymer microbeads with an
APTES-functionalized substrate.
The electrode fabrication process is completed by heat

treating the QIEs at 300 °C for 15 min in an ambient

Figure 2. Anodes with SLM of microbeads. (a) Photographic image of
glass/FTO/TiO2 substrates with SLM formed via modified (left) and
unmodified (right) “natural lithography” methods. Optical micro-
graphs of glass/FTO/TiO2 substrates with SLM formed by (b)
modified and (c) unmodified “natural lithography” methods
(magnification: 50×).

Figure 3. Modified “natural lithography” vs original “natural
lithography”. (a) Polystyrene microbeads on the surface of an
APTES-functionalized glass/FTO/TiO2 substrate. (b) SLM on a
glass/FTO/TiO2 substrate. (c) A QIE with APTES functionalization.
(d) A QIE without APTES functionalization. (e) UV−vis−NIR
transmission spectra of a neat anode, and QIEs with and without
APTES functionalization. All scale bars are 4 μm.
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atmosphere in order to form oxide shells (NiCoOx and Al2O3)
around the exposed metallic components of the cathode.32

Here, NiCo with its NiCoOx layer forms the cathode of the
QIEs, with Ni-doped CoOx previously being shown to be an
efficient HTL in perovskite solar cells.52,53 The work function
and ionization potential of NiCo and NiCoOx, respectively,
were measured with photoelectron spectroscopy in air (PESA),
with the latter found to be a suitable hole acceptor for
methylammonium lead iodide (CH3NH3PbI3, MAPbI3) due to
their desirable band alignment (see Figure S5 in Supporting
Information). A photographic image of a complete QIE is
shown in Scheme 1h. A more detailed description of the
fabrication process is given in the Supporting Information.
The QIEs, both made using modified and unmodified

“natural lithography” methods, were incorporated into back-
contact perovskite solar cells (PSC) in order to examine the
potential of the new concept as well as the efficacy of the new
protocol over the original process. In this lateral p-i-n device
structure, the perovskite is the i-type photoabsorber, while the
NiCox and TiO2 act as the p-type and n-type charge transport
layers, respectively. Al/NiCo and FTO are the contacts. The
ETL and HTL and their respective contacts are separated by
the insulating Al2O3 layer (see Figure 1c). A thin layer of the
perovskite was deposited via spin-coating a perovskite precursor
solution onto freshly made QIEs in an inert atmosphere with
subsequent annealing at 100 °C for 10 min. Figure 4a shows a

cross section SEM micrograph of a QIE-based back-contact
PSC, with Figure 4b partially color-coding the different
functional layers of the back-contact PSC device in a high-
magnification cross section SEM micrograph (the section in
Figure 4a enclosed with a red rectangle).

J−V characteristics of the devices were recorded in the dark
and under simulated sunlight (AM1.5G; 1000 W m−2) to
evaluate the performance of the solar cells. The cell with the
electrode prepared using modified “natural lithography” shows
a better rectifying J−V curve in the dark, indicating better diode
behavior than that of the reference cell prepared using the
original “natural lithography” protocol (Figure 4c). Under
illumination, both devices exhibited a photovoltaic effect, with
the device with APTES functionalization exhibiting much better
solar cell performance. The J−V curve under illumination for
the reference device shows a power conversion efficiency
(PCE) value of 0.5% with 2.8 mA cm−2, 0.62 V, and 29% for
the short-circuit current density (JSC), open-circuit voltage
(VOC) and fill factor, respectively, while the device prepared
using modified “natural lithography” shows significantly
improved performance, with a PCE value of 1.75% and JSC,
VOC, and fill factor values being 7.2 mA cm−2, 0.9 V and 27%,
respectively (see Figure S6 in the Supporting Information).
Examination of the resistances of the devices also reveals an
improvement with the use of ML, with a comparison of the
device fabricated with modified “natural lithography” to the
reference device showing a decrease in the RS from 28.0 to 18.5
Ω·cm2 and an increase in the RSH from 1.16 to 16.35 kΩ·cm2,
respectively. The 3.5-fold increase in PCE for the PSC prepared
using modified “natural lithography” can be attributed to a
more balanced contact between the anode and cathode surfaces
and perovskite photoabsorber layer, which facilitates enhanced
charge injection at the electrode/perovskite interfaces and
ultimately improves the photovoltaic performance of the device.

3. CONCLUSIONS

We have presented an implementation of a facile ML technique
through the modification of “natural lithography” to prepare
low-cost BCEs. We demonstrate that functionalizing TiO2

substrates with APTES SAMs significantly enhances the
electrostatic attraction between the glass/FTO/TiO2 anode
and the polystyrene colloidal microbeads with carboxyl groups
on their surfaces. Hence, this provides a way to effectively
overcome the limitation of the original “natural lithography”
method, in which the formation of the SLM is hindered due to
insufficient electrostatic attraction between the substrate and
microbeads when the pzc value of the substrate coincides with
the pH value of the colloidal microbeads solution. We
anticipate that further fine-tuning of the modified “natural
lithography” method, for instance, through employing SAMs
that can induce an even higher positive charge at the substrates’
surface, can result in the formation of a monolayer of
microbeads, as well as SLMs, with higher order. This offers a
versatile approach to designing QIEs with the desired anode-to-
cathode surface ratio by simply choosing SAMs with the
appropriate functional groups. Additionally, novel BCEs with a
new quasi-integrated design are robust and have a higher
intrinsic defect tolerance compare to common finger-type
interdigitated1−17 or quasi-interdigitated32 BCEs. This, com-
bined with an inexpensive and facile fabrication method, offers
immense potential for large-scale, and potentially roll-to-roll,
industrial production of BCEs. As a proof of concept, we
demonstrated the use of QIEs as an electrode for PSCs with a
back-contact design. However, we expect this general concept
to be adaptable to a wide range of applications.

Figure 4. Back-contact PSCs. (a) Cross section SEM micrograph of a
PSC (low magnification, scale bar is 1 μm). (b) Color-coded cross
section SEM micrograph of a PSC (high magnification, scale bar is 500
nm). (c) J−V characteristics (reverse scans) of QIE-based PSCs with
electrodes made via modified and unmodified protocols for “natural
lithography”.
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