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A B S T R A C T

Back-contact electrodes have been broadly applied to silicon photovoltaics to enhance their performance and
avoid parasitic absorption from window materials and charge collection grids [1,2]. Here we introduce an in-
novative back-contact design for perovskite solar cells (PSCs) derived from our recently described quasi-inter-
digitated back-contact architecture [3]. The back contact consists of a top electrode, which has a honeycomb-like
grid geometry, that is separated from the underlying planar bottom electrode by a similarly shaped insulating
Al2O3 layer. This new design has higher structural robustness, as well as better defect tolerance, resulting in the
highest short-circuit current (~ 16.4mA/cm2) and stabilized power output (~ 4%) for a back-contact PSC to
date. The improved performance was attributed to an increased charge collecting efficiency, with photocurrent
mapping revealing what electrode dimensions are required for optimum efficiency.

1. Introduction

The field of hybrid organic-inorganic perovskites continues to ex-
pand at a prodigious rate [4–6]. Due to their remarkable light absorbing
properties, compatibility with readily scalable fabrication methods, as
well as the abundance of their elemental constituents, these materials
have been intensively explored as photoabsorbing layers in solar cells
[5–9]. The reported photoconversion efficiencies (PCEs) of perovskite
solar cells (PSCs) fabricated on a laboratory scale have increased ra-
pidly, with a PCE exceeding 22% reported in 2016 [8,10]. These record
efficiencies have been achieved using a conventional layered archi-
tecture, in which the thin perovskite film is sandwiched in between the
hole/electron collection layers and the electrodes. However, this device
configuration poses a number of inherent problems during fabrication,
namely the risk of pin holes in the perovskite thin film causing shorting
between the electrodes, and the deposition of the top contact damaging
the chemically sensitive perovskite layer.

These issues can be avoided by using a back-contact (BC)

architecture, in which both the cathode and anode are positioned on
one side of the photoabsorber layer. The back-contact architecture was
first realized with interdigitated back-contact (IBC) silicon solar cells,
and is now widely employed in commercial c-Si solar cells, with an
efficiency of 21% achieved as early as 1985 [1,2]. Although this device
configuration has also been employed in dye-sensitized solar cells
(DSSCs) that achieved PCEs of 3.6% [11] and 4.6% [12], experimental
[3,13–16] studies have only recently demonstrated back-contact PSCs,
with a stabilized power output of 3.2% reported [3]. Despite the rela-
tively low efficiencies reported to date, simulations predict the device
structure holds immense potential for PSCs, with theoretical calcula-
tions predicting PCEs of over 22% [17]. As the perovskite is the final
layer to be deposited during device fabrication, any losses through
parasitic light absorption by the top contact are avoided and damage to
the photoabsorber during subsequent fabrication steps is eliminated.
Therefore, the nature of BC electrodes also favors their application to
tandem solar cells, where the photoabsorbing layers can convert in-
cident photons more efficiently due to less parasitic absorption caused
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by electrode and charge extraction layers [8,18,19]. Additionally, in
contrast to conventional PSCs with a layered architecture, BC-PSCs
feature a fully exposed perovskite surface, which opens a window for
the in-situ study of perovskite surface treatment effects and their in-
fluence on device performance [2,20].

Despite these advantages, BC architectures present different chal-
lenges during fabrication. To date, the majority of BC solar cells use
interdigitated electrodes (IDE), in which the cathode and anode take
the form of separate, yet closely spaced, interdigitated fingers (Fig. 1a)
[11,13]. Any defects that arise during fabrication via photolithography
can cause contact between the two electrodes, which ultimately leads to
device failure due to catastrophic shorting [3]. This problem was
overcome by developing the quasi-interdigitated electrode (QIDE), in
which the top finger electrode is separated by an insulator layer from
the planar bottom electrode (Fig. 1a) [3]. Since the two electrodes are
no longer coplanar, defects in the electrode fingers will not cause short-
circuiting. However, a break in the fingers of the electrode will still
isolate a portion of the top contact, decreasing the charge collection
area and consequently reducing the efficiency of the solar cell. Our
group has recently taken first steps to replace the defect-prone finger
structure with a coplanar architecture featuring a partially perforated

top electrode, however control of the regularity of the hole pattern was
limited and efficiencies of devices were low [14].

In this communication, we address this issue through the develop-
ment of a honeycomb quasi-interdigitated electrode (HQIDE), in which
the top electrode adopts a honeycomb-like morphology. This back-
contact architecture not only preserves the benefit of decreased short-
circuiting observed in QIDEs, but also substantially increases defect
tolerance, as any discontinuity in the electrode does not result in iso-
lation.

2. Results and discussion

The structure of a PSC incorporating a HQIDE is shown in Fig. 1b.
Under illumination, charge carriers are generated in the perovskite
photoabsorber layer, with the TiO2 layer and the NiCoOx grid acting as
the electron and hole transport materials, respectively. The Al2O3 layer
insulates the top contact from the underlying TiO2, with the Al layer
enhancing the conductivity of the NiCo layer in the hole-collecting
electrode.

The HQIDE is fabricated through a series of photolithography and e-
beam evaporation steps (Fig. 1b). Briefly, photolithography was used to

Fig. 1. a) Schematic diagram of a variety of electrode architectures employed in back-contact PSCs; b) Flow chart of the HQIDE device fabrication process; c and e)
AFM images of the S-HQIDE with the axis unit scale as 2.5 µm and L-HQIDE with the axis unit scale as 5 µm; d and f) SEM images of the surface of an S-HQIDE and an
L-HQIDE.
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generate a photoresist negative of the honeycomb-like grid pattern on
the TiO2-coated FTO glass. Al2O3, Al and NiCo were evaporated se-
quentially onto the substrate, followed by lift-off of the photoresist,
yielding the top electrode grid (optical images can be found in
Supporting information, Fig. S1). Finally, the substrate was annealed at
300 °C for 15min to oxidize the surface of the NiCo layer. The oxidation
process resulted in a work-function increase of 230meV as verified by
photoelectron spectroscopy in air (PESA) measurements (see
Supporting information, Fig. S2), indirectly confirming the formation of
a NiCoOx layer. Device fabrication was completed by depositing a
CH3NH3PbI3 thin-film with a gas-assisted spin-coating method [21].
Complete details of the fabrication procedure can be found in Section 4.

Atomic force microscopy (AFM) and scanning electron microscopy
(SEM) were used to investigate the topology of the HQIDE prior to the
deposition of the perovskite layer. Two types of HQIDE were fabricated
over the course of this study; a HQIDE with smaller exposed areas of
TiO2 (S-HQIDE) and a HQIDE with larger exposed areas of TiO2 (L-
HQIDE). The diameter of the circular gaps in the top electrode for S-
HQIDE is about 2.7 µm, with a 1.3 µm spacing between the edges
(Fig. 1c, d), while the L-HQIDE had circular gaps and spacing between
the edges of around 8.0 µm and 1.5 µm, respectively (Fig. 1e, f).

The photovoltaic performances of PSCs employing HQIDE elec-
trodes were measured via photocurrent (PC) density – voltage char-
acterization under AM1.5 G simulated sunlight under reverse (from
open circuit voltage (Voc) to 0 V) and forward scan (from 0 V to Voc)
conditions (see Fig. 2a). The corresponding values of Voc, short circuit
current (Jsc), fill factor (FF) and power conversion efficiency (PCE) for
the best performing devices and a batch of 6 cells are given in Table 1.
Generally, all BC-PSCs showed strong hysteresis, while maximum
power point (MPP) tracking revealed stabilized power outputs of 4.0%
and 0.72% for the best performing S-HQIDE and L-HQIDE BC-PSCs,
respectively (Fig. 2b). This suggests that the performance values ob-
tained under forward scan conditions are a good indication of the BC-
PSCs actual power output under operation. Compared to BC-PSCs in-
corporating IDEs or QIDEs [3,16], our device (S-HQIDE) demonstrates
the highest stabilized PCE and photocurrent ever reported for a BC-PSC
(Jsc = 16.4mA/cm2 under reverse scan).

As previously postulated [16], the electrode dimensions have a
dramatic impact on device performance. Reducing the centre-to-centre
pitch of our honeycomb-electrode structure from 9.5 µm (L-HQIDE) to
4 µm (S-HQIDE) increased the stabilized power output by a factor of 5.7
and the stabilized photocurrent density at the maximum power point by
a factor of 4.5 (see Supporting information, Fig. S3). The pitch reduc-
tion also resulted in a significant FF increase, indicating that charge
transport in PSCs with micron-sized electrode features is limited by the
ohmic resistance of the perovskite layer itself.

The existence of grain boundaries in CH3NH3PbI3 films has been
reported to have a detrimental effect on the open circuit voltage of PSCs
[22], and is potentially problematic in BC-PSCs where photogenerated
charges typically have to travel several microns before reaching their
respective collection electrodes. We have therefore investigated the
morphology of perovskite thin films grown on FTO/TiO2 (TiO2), FTO/
Al2O3/Al/NiCo/NiCoOx (NiCoOx) and complete HQIDEs (Fig. 3). SEM
and AFM images reveal that while the perovskite grains have an
average size of 450 nm when deposited onto TiO2, they decrease in size
to 320 nm on NiCoOx, and shrink further to 250 nm on the HQIDE. This
may be a result of the different surface energies of TiO2 and NiCoOx

layers, causing a difference in the wettability of the perovskite pre-
cursor solution on the surfaces, as confirmed by contact angle mea-
surements in Fig. S4 (see Supporting information). The poorer wett-
ability of NiCoOx compared with TiO2 resulted in the decrease of the
perovskite grain size [23–25]. Finally, the smallest grain size found on
the HQIDE may be attributed to its topological structure, which provide
a significant number of nucleation sites during thin film formation.

Photocurrent mapping was used to determine the influence of
electrode dimensions on the HQIDE's photovoltaic performance (Fig. 4).
The photocurrent maps were obtained with a confocal microscope
setup, and normalized relative to the average photocurrent across the
scan area in order to facilitate a direct comparison of the uniformity of
the photocurrent generation within the two different structures. The
photocurrent variability is significantly larger for L-HQIDEs than S-
HQIDEs, which is in general agreement with the higher photocurrent
densities measured for S-HQIDEs. For photocurrent generation to be
highest two requirements must be met; the location of light absorption
needs to be above a TiO2 collection electrode and within about 1 µm of
a hole collecting NiCoOx electrode. Regions of perovskite that are long
distances from an electrode for at least one of the two carrier types,
such as the centre of the exposed circular TiO2 electrode, exhibit low
PCs. Although there are differing opinions on the diffusion lengths of
free charge carriers in CH3NH3PbI3 [26–28], the locations of PC
maxima in Fig. 4b and d may suggest that holes can diffuse a longer
distance before recombining, compared with electrons in both S-HQIDE
and L-HQIDE, which was in line with observations from the charge
mobility studies of CH3NH3PbI3 [29,30].

3. Conclusion

In summary, we have presented a novel electrode design for back-
contact solar cells. By applying this new architecture to the field of
back-contact PSCs we were able to fabricate solar cells with un-
precedented photocurrent densities above 16mA/cm2 under solar il-
lumination. This is significantly higher than previously reported

Fig. 2. a) Photocurrent density–voltage curves of the best-performing PSCs based on S-HQIDE and L-HQIDE recorded under different scan directions under simulated
AM1.5 G (1000W/m2) irradiation; b) Time dependent measurements of stabilized power density at the maximum power point for the best-performing S-HQIDE and
L-HQIDE PSCs.
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photocurrents [3,14–16], proving the superior charge collection effi-
ciency of this novel electrode structure. The application of the HQIDE
design, along with the further miniaturization of the electrode features,
optimization of the contacts, and the formation of perovskite films with

higher crystallinity, will help to close the present efficiency gap be-
tween back-contact and conventional sandwich-structure PSCs.

Table 1
Photovoltaic performances of BC-PSCs based on S-HQIDE and L-HQIDE under reverse and forward scanning conditions and simulated AM1.5 G (1000W/m2)
irradiation. Scan speed: 100mV/s.

Champion Scan Voc [V] Jsc [mA/cm2] FF [%] PCE [%]

S-HQIDE Reverse 0.70 16.4 46.9 5.39
Forward 0.64 15.6 40.1 4.01

L-HQIDE Reverse 0.66 8.09 27.4 1.46
Forward 0.60 5.13 24.7 0.76

Statistics
S-HQIDE Reverse 0.71 ± 0.02 15.3 ± 1.37 44.4 ± 2.97 4.87 ± 0.68

Forward 0.65 ± 0.02 14.5 ± 1.46 37.0 ± 3.97 3.52 ± 0.67
L-HQIDE Reverse 0.64 ± 0.03 7.04 ± 1.35 27.1 ± 0.67 1.23 ± 0.30

Forward 0.57 ± 0.03 4.40 ± 0.97 24.0 ± 1.36 0.62 ± 0.18

Fig. 3. a–c) SEM images of perovskite films deposited on FTO/TiO2, FTO/Al2O3/Al/NiCo/NiCoOx and FTO/TiO2/HQIDE, respectively (scale bars: 500 nm); d–f) AFM
images of perovskite films deposited on FTO/TiO2, FTO/Al2O3/Al/ NiCo/NiCoOx and FTO/TiO2/HQIDE, respectively (scale bars: 2 µm).
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4. Experimental section

4.1. Materials

Unless specified otherwise, all materials for perovskite precursor
preparation were purchased from either Alfa Aesar or Sigma-Aldrich
and used as received. AZ1512HS photoresist and AZ726MF developer
were purchased from MicroChemicals. FTO-coated glass was purchased
from Kaivo with a sheet resistance of less than 15Ω/sq.

4.2. Electrode fabrication

FTO-coated glass substrates (10 cm×10 cm) were cleaned by se-
quentially sonicating for 15min in baths of Hellmanex®III solution,
water, and ethanol. After cleaning, the FTO-coated glass was placed on
a hotplate and heated to 500 °C, at which point a diluted 75wt% tita-
nium-diisopropoxide bis(acetylacetonate) (75 wt% TAA) in isopropanol
(IPA) solution (75 wt% TAA:IPA=1:19 v/v) was deposited by spray
coating, resulting in the formation of a uniform TiO2 thin film. The
temperature of the substrate was maintained at 500 °C for 10min, and
the substrate was then allowed to cool down on the hotplate. The
substrate was subsequently cut into ~ 2.5 cm ×2.5 cm squares prior to
photolithography. An adhesion promoter, hexamethyldisilazane
(HMDS), was spin-coated at 7000 rpm for 30 s on the FTO/TiO2 sub-
strate, which was subsequently baked at 110 °C for 1min. The
AZ1512HS photoresist was then spin-coated using the same deposition
conditions, followed by annealing at 110 °C for 2 min. The sample was

then mounted to a photomask and placed on the holder of a UV flood
light source (UV Exposure System from ABM-USA, power 10.4 mW/cm2

at 365 nm) for exposure. The substrate was exposed to the light source
for 7.5 s to develop the pattern. Subsequently, the exposed sample was
immersed into a solution of AZ726MF developer in water (2:1 v/v) for
~ 25 s to selectively remove the part of the photoresist that had been
exposed to UV light. An e-beam evaporator was used to sequentially
deposit Al2O3 (135 nm), Al (30 nm) and Ni-Co (50 nm, Ni:Co ratio of
1:1) onto the substrates. The deposition rates were ~ 0.6 Å/s, 0.5 Å/s
and 0.5 Å/s, respectively. After the deposition was completed, the
samples were immersed in acetone to lift off the layers that were de-
posited onto the photoresist. Samples were then sequentially sonicated
for 10min in baths of IPA and DI water.

4.3. Device fabrication

Before perovskite thin-film deposition, the electrodes were annealed
at 300 °C for 15min to oxidize the surface of the NiCo to NiCoOx. A
CH3NH3PbI3 precursor solution was prepared by dissolving CH3NH3I
and PbI2 in dimethylformamide (DMF) at 50 wt% in a 1:1M ratio. The
perovskite precursor solution (~ 50 µL) was spin coated onto the
electrodes at 6500 rpm for 30 s, with an N2 stream introduced after 3 s
of spin-coating to assist in uniform thin-film formation [21]. The sam-
ples were then annealed at 100 °C for 10min.

4.4. Characterization

Surface SEM images were obtained using a Magellan scanning

Fig. 4. PC maps (with photocurrent normalized to average) of perovskite solar cells based on a) S-HQIDE, c) L-HQIDE; b and d) normalized photocurrent profiles for
the devices with S-HQIDE and L-HQIDE along the green dashed lines in a) and c).
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electron microscope operated at 2 or 5 kV. A cross-section of the sample
was prepared by a Helios NanoLab 600 Focus Ion Beam system. AFM
measurements were obtained with a Dimension Icon (Veeco) in air
using tapping mode. Water contact angle data were collected on a PGx
portable contact angle measurement meter using a 1.5 µL droplet at
equilibrium. Reported values are an average of 3 measurements. The
work functions of the samples were measured using a Riken Keiki
Photoelectron Spectrometer (Model AC-2) with a UV intensity of
20 nW. The data is fitted as the square root (n=2) of the emission yield
for NiCo, and as the cube root (n=3) of the emission yield for NiCoOx.
The J-V characteristics of the devices were measured in an inert at-
mosphere with a computer-controlled Keithley 2400 Sourcemeter. A
150W Xenon lamp (Newport) coupled with an AM 1.5 G solar spectrum
filter was used as the light source. Light was passed through a quartz
window of the glove box and the intensity was calibrated and mon-
itored using a secondary reference photodiode (Hamamatsu S1133,
with KG-5 filter, 2.8× 2.4 mm photosensitive area), which was cali-
brated by a certified reference cell (PVMeasurements, certified by
NREL) under 1000W/m2 AM 1.5 G illumination from an Oriel AAA
solar simulator fitted with a 1000W Xenon lamp. Devices were mea-
sured at the same position as the secondary reference cell. Photocurrent
mapping was performed on a custom-built setup based on a modified
WiTec Alpha 300 R confocal Raman/PL microscope operating in re-
flection mode. The system used a Nd:YAG diode laser (wavelength:
532 nm) chopped with a C995 optical chopper (Terahertz Technologies
Inc.). Amplifier settings were chosen to achieve the synchronous de-
tection of the PC signal. To acquire a two-dimensional spectral map, the
device under testing was moved with the X-Y piezo stage of the mi-
croscope. The photocurrent image was acquired by recording the drain
current at zero drain–source bias while a focused green laser (spot size:
≈ 300 nm, power: 2 µW) was scanned in a defined area (20×20 µm).
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