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Abstract: Back-contact architectures for perovskite solar cells eliminate parasitic-absorption
losses caused by the electrode and charge collection layers but increase surface reflection due to
the high refractive index mismatch at the air/perovskite interface. To mitigate this, a ~85 nm
thick layer of poly(methyl methacrylate) (PMMA), with a refractive index between those of air
and perovskite, has been applied as an antireflective coating. Transfer matrix modelling is used
to determine the ideal PMMA layer thickness, with UV-Vis spectroscopy measurements used to
confirm the increase in absorption that arises through the application of the antireflective coating.
The deposition of a thin film of PMMA via spin coating onto a solar cell results in a 20-30%
relative increase in short circuit current density and stable power output density.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The power conversion efficiencies (PCEs) of perovskite solar cells (PSCs) have increased
tremendously over the last few years [1-3], with the record PCE for a certified PSC now exceeding
25% [4]. Perovskite solar cells typically employ a planar structure in which the perovskite
photoabsorber layer is sandwiched between two electrical contacts and their respective charge
selective layers. While this architecture allows for ease of fabrication, efficiencies are limited due
to light transmission losses caused by either reflection at material interfaces or parasitic light
absorption by the transparent conducting electrode or the charge selective layers [ Fig. 1(a)].

Recently, we reported a novel quasi-interdigitated back-contact (BC) architecture for PSCs [5,6],
in which both electrodes are located at the base of the device [Fig. 1(b)]. This structure allows for
the direct illumination of the perovskite photoabsorber layer, thus eliminating the aforementioned
transmission losses. The BC configuration further permits direct in-situ measurement of the
perovskite layer’s optoelectronic and spectroscopic properties during film formation [7], as well
as post-deposition treatments and operation. Numerical simulations performed by Ma et al.
show that BC PSCs can theoretically obtain a higher PCE than the standard sandwich structure
[8]. However, to date all reported BC PSC devices show significantly lower efficiencies than
conventional planar PSCs [9-12].

In the process of improving the efficiency of BC PSCs one needs to address another potential
source of light loss, namely the reflection of light by the perovskite layer that occurs due to a
high refractive index mismatch between perovskite and air.
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Fig. 1. Schematic cross-section diagrams of (a) planar and (b) quasi-interdigitated back-
contact perovskite solar cells. TCO — transparent conductive oxide. (c) Reduced reflection
from a top layer of perovskite solar cell after the deposition of the PMMA ARC. (d) Refractive
index dependence on wavelength for air, PMMA [22], and perovskite (methylammonium
lead iodide) [23].

The minimization of light reflectance in order to enhance the photovoltaic performance of
BC solar cells, for instance in Si-based devices, has already been explored for decades. The
reflection of light by the top surface of monocrystalline silicon solar cells is reduced by texturing
the front of the cell with a pyramid-shaped pattern, usually through anisotropic etching in alkaline
solutions [13]. However, this process is less effective for multicrystalline silicon solar cells, due
to the random orientation of the crystals. Therefore, the texturing of the top surface of these
devices is usually achieved through other techniques, such as reactive ion etching [14] or acidic
etching [15].

Another approach to increase light absorption, typically used in conjunction with surface
texturing in inorganic solar cells, is the application of an antireflective coating (ARC). This
addresses the mismatch of refractive indices at the photoaborber/air interface, thus decreasing
reflection at the surface of the solar cell. Due to the sensitivity of photoabsorber material, the
texturing techniques typically employed in minimizing reflective losses in conventional inorganic
solar cells cannot be directly transferred to hybrid organic-inorganic perovskite solar cells, leaving
the application of an ARC as the only facile route to minimize reflection losses. However,
conventional inorganic ARCs, such as SiNy, SiOx, SiOxNy and TiO; for c-Si solar cells or MgF
applied to glass in sandwich perovskite solar cells, are deposited by methods that may damage
the perovskite photoabsorber, leaving organic polymer coatings as viable ARC materials [16-21].
This still presents a challenge; the ARC and the solvents used in its deposition must be chemically
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compatible with the underlying perovskite layer. One candidate is poly(methyl methacrylate)
(PMMA), which has a refractive index of ~1.5 [22], which lies between the refractive indices of
air and methylammonium lead iodide [23] in the visible wavelength spectrum [Figs. 1(c)-1(d)].

A layer of PMMA ARC can be deposited simply by spin coating a dilute solution of PMMA in
chlorobenzene onto a perovskite film. It has been demonstrated that a PMMA layer deposited in
such way has no adverse effects on the underlying perovskite layer during its use as an encapsulant
in energy-dispersive X-ray [24] and surface photovoltage spectroscopy measurements [25], and in
microwave photoconductivity imaging [26]. Furthermore, in 2014 Habisreutinger et al. proposed
a charge selective layer made of carbon nanotubes and PMMA that sealed the perovskite layer,
thus retarding moisture-related degradation processes [27,28].

Here we present theoretical and experimental investigations into the use of PMMA as an
ARC for BC perovskite solar cell devices. Transfer matrix optical simulations are performed to
predict the performance enhancement of the solar cells and determine the optimal thickness of the
PMMA ARC. UV-Vis spectroscopic measurements are used to quantify the effect of the PMMA
ARC over the different areas of the BC PSC. The device measurements confirm an increase in
PCE with the use of the ARC.

2. Methods
2.1. Materials

Lead(II) iodide (99.9985%) was supplied by Alfa Aesar. Poly(methyl methacrylate) (average
Mw ~996,000 by GPC), titanium diisopropoxide bis(acetylacetonate) (75 wt. % in isopropanol),
N,N-dimethylformamide (anhydrous, 99.8%), chlorobenzene (anhydrous, 99.8%), dimethyl
sulfoxide (anhydrous >99.9%), 2-propanol (anhydrous, 99.5%), lead(I) bromide (99.999%)
and cesium iodide (99.999%) were supplied by Sigma-Aldrich. For cleaning, ethanol and
acetone from Univar, 2-propanol (EMPARTA) from Merck and Hellmanex III from Hellma were
used. FTO-coated glass was FTO-P003 (<15 ohm/sq). Methylammonium (MA) bromide and
formamidinium (FA) iodide were supplied by GreatCell Solar. High-purity nitrogen (99.999%;
0, <2 ppm, H,O < 0.1 ppm) was used in all operations and whenever N, is mentioned.

2.2. Device fabrication

Substrate Preparation: 2.5 X 2.5 cm patterned FTO-coated glass pieces were sonicated in baths
of Hellmanex (1% volume concentration in water), water, and ethanol, each for 10 min, and then
cleaned by an ozone plasma treatment step for 10 min. The glass pieces were then heated to
500 °C over 30 min, with this temperature then maintained for an additional 10 min to stabilize
the temperature of the substrate. A TiO; layer was formed via the spray pyrolysis of titanium
diisopropoxide bis(acetylacetonate) diluted in isopropanol (v/v 1:19). After the deposition, the
temperature of the glass was maintained at 500 °C for 10 min, and then allowed to cool to room
temperature while remaining on the hot plate.

Quasi-Interdigitated Electrode Fabrication: The back contact (BC) electrodes were fabricated
via the photolithography method developed by us [5,6]. Prior to photoresist deposition, a thin
adhesion layer of HDMS was spin coated onto the substrate for 30 s at 7000 rpm and baked for 2
min at 110 °C. Subsequently, an approximately 2 um thick layer of AZ1512HS photoresist was
spin coated using the same conditions and baked for 2 min at 110 °C. Samples were exposed to
UV light (specific power 10.4 mW cm~2 at 365 nm) through a patterned chrome photomask, with
an exposure time 7.6 s. The structure was then developed in an AZ726MIF and water solution
(v/v 3:1) for approximately 1 min.

120 nm of Al;O3, 30 nm of Al and 50 nm of Ni were evaporated using an electron beam
evaporator on top of the developed pattern. Subsequently, the photoresist was removed by
sonication in acetone (lift-off process). The substrates were rinsed with isopropanol and water
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and dried under a stream of nitrogen. The substrates were then annealed on a hotplate at 300 °C
for 15 min in order to oxidise the top layer of Ni to form a NiOy shell on top of the electrodes.

Perovskite Deposition: Prior to perovskite deposition the substrates were cleaned by an ozone
plasma treatment step for 10 min and masked with Scotch tape. The perovskite precursor solution
was prepared in a Nj-filled glove box by dissolving FAI (172 mg, 1 mmol), Pbl, (507.1 mg,
1.1 mmol), MABr (23.4 mg, 0.2 mmol) and PbBr; (73.4 mg, 0.22 mmol), CsI (16.9 mg, 0.065
mmol) in 1 mL of mixed solvent of DMF:DMSO (v/v 4:1) to achieve a final composition of
Cs0.0sFA9.70MA(.16Pbl> 49B1( 51 With a concentration of 1.32 M. Deposition of the perovskite
was achieved by spin-coating 50 pL of the precursor solution using a two-step program: 10 s
at 1000 rpm (1000 rpm s~! ramp) and then 20 s at 6000 rpm (6000 rpm s~! ramp). 200 L of
chlorobenzene was deposited onto the spinning substrate 5 s prior to the end of the second step.
The substrates were then annealed in the dark at 100 °C for 1 h and then allowed to cool to room
temperature naturally. All procedures were carried out in a Nj-filled glove box.

PMMA Deposition: Poly(methyl methacrylate) was dissolved in chlorobenzene (concentration
0.1 M) by stirring overnight at 70 °C. 70 pL of the PMMA solution was spin coated at 1000 rpm
for 45 s on top of the perovskite layer. All procedures were carried out in a Nj-filled glove box.

2.3. Device characterization

The J-V characteristics of the solar cells were measured under a nitrogen atmosphere with a
computer-controlled Keithley 2400 Sourcemeter. The cells were illuminated with a 150 W Xenon
lamp (Newport) coupled with an AM 1.5G solar spectrum filter through a quartz window. The
light intensity was adjusted and monitored using a secondary reference photodiode (Hamamatsu
S1133, with KG-5 filter, 2.8 x 2.4 mm of photosensitive area), calibrated by a certified reference
cell (PVMeasurements, certified by NREL) under 1000 W m~2 AM 1.5G illumination from
an Oriel AAA solar simulator fitted with a 1000 W Xenon lamp. The samples were measured
through a shading mask with a photo active area of 0.015 cm?. The voltage was changed between
—0.1 and 1.1 V with an interval of 0.02 V.

Cross section SEM images of the solar cells were obtained using a Zeiss Merlin Scanning
Electron Microscope with 5kV beam energy. Surface SEM images were obtained using a Nova
NanoSEM 450 Scanning Electron Microscope operated at 3 kV and spot size 2.0. UV-Vis spectra
of the solar cells and the separate layers were measured using a Perkin Elmer Lambda 1050
spectrometer fitted with an integrating sphere attachment in an ambient atmosphere. Diffuse
reflection was determined as the total reflection with the specular reflection component removed.

3. Results and discussion

Transfer matrix (TM) optical modelling was performed for the previously reported BC PSC. For
the purpose of the calculations, the anode of the quasi-interdigitated BC electrode was assumed
to be a continuous layer of fluorine doped tin oxide (FTO) on a glass substrate, coated with 50
nm TiO,. The cathode rested on the anode separated by a thin Al,O3 insulating layer, and was
made of comb-shaped Ni coated with a thin NiOy oxide layer. The BC PSC was completed by a
thin layer of MAPbI3 perovskite photoabsorber layer, covering both the anode and cathode in a
conformal manner with thicknesses of 600 nm and 370 nm, respectively.

The TM modelling was performed for the device without and with a PMMA ARC over the
perovskite photoabsorber. The calculations were undertaken in MATLAB with bespoke software
based on the formalism of Pettersson et al. [29]. Figure 2(a) shows the calculated transmission
and reflection spectra of the BC PSC based on literature refractive index values [22,23,30-34],
without (red line) and with the PMMA ARC (green line). The absorption spectra of the perovskite
photoabsorber layer in both cases were calculated through simulation of the full optical field via
the Transfer Matrix method [Fig. 2(b)]. All presented graphs are a result of an average over both
electrode regions.
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Fig. 2. Transfer matrix optical simulation of a BC PSC with (green line) and without (red
line) the 85 nm thick PMMA ARC. (a) Transmission and reflection spectra based on the
refractive indices data acquired from the literature, calculated as the weighted average over
both contacts. (b) Calculated absorption spectra of the perovskite layer. (c) Simulated
active charge carrier generation through the photoactive area of the device. (d) Calculated
maximum Jgc value, assuming 100% charge carrier collection efficiency, as a function of
PMMA thickness, with an optimum at 85 nm.

Based on the calculated absorption spectra, we estimated the maximum achievable short-circuit
photocurrent density (Jsc) under incident AM1.5G solar irradiation to be 18.8 and 22.9 mA cm™>
for the device without and with a PMMA ARC, respectively. The >20% gain in photocurrent
caused by the ARC results from a greater impedance matching to the absorbing perovskite layer
and an increase in the photo-generation near the front of the cell [Fig. 2(c)]. The TM optical
modelling revealed that such a significant increase in photocurrent can be achieved with an
optimum thickness of 85 nm for the PMMA ARC [Fig. 2(d)].

As anext step, a ~400 nm thick perovskite film was characterized through UV-Vis spectroscopy
measurements, with and without the PMMA ARC. Due to the small active area (2 X 2mm) of the
photovoltaic devices prepared in this study, a direct optical characterization of a BC PSC could
not be achieved with satisfactory accuracy. Therefore, the experiments were performed on glass
substrates covered with fluorine-doped tin oxide (FTO). The thickness of the PMMA ARC layer
(~85 nm) was chosen according to the results of the TM modelling.

We observed that the application of the PMMA ARC resulted in a negligible change in
transmission below 750 nm wavelength. The presence of the PMMA layer caused a reduction in
average reflection from ~21.5% to ~12.5% over the visible part of the spectrum (400-750 nm),
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yielding a ~40% relative decrease in reflection [ Fig. 3(a)]. This is attributed to a reduction in both
specular and diffuse reflection, which suggests a random orientation of the perovskite crystals
on the film surface [Fig. 3(b)]. The significant change in the optical properties of the sample
resulted in ~11.5% relative increase in photo-absorption of the perovskite film, as calculated
as an average over the visible component of the absorption spectra [Fig. 3(c)]. We speculate
that the difference between the anticipated gain (calculated through TM modelling) and the gain
observed in the acquired absorption spectra is caused by irregular coverage of the perovskite
surface by the ARC due to surface roughness. However, the UV-Vis spectroscopy results clearly
demonstrate that a beneficial increase in absorption can be achieved by coating PMMA onto a
perovskite photoabsorber layer deposited onto a BC electrode.

In order to validate the predictions of the TM modelling, we fabricated BC PSCs and recorded
their solar cell performance without and with a PMMA ARC. The SEM cross-section image
of the device shows that the thickness of the PMMA ARC layer varies between 80 and 90 nm
across the sample surface [Fig. 3(d)]. This is caused by the random crystal orientation of the
perovskite layer deposited on top of the BC electrodes. Moreover, a top view SEM picture of the
sample further reveals numerous imperfections in the perovskite film, referred to as ‘pin holes’
elsewhere, and the wave-shaped nature of the photoactive layer resting on the electrodes (Fig. 4).

In order to distinguish photovoltaic performance improvements resulting from the antireflective
PMMA layer from those resulting from solvent exposure at the perovskite/air interface, all solar
cells were tested in the following sequence: (a) BC PSC as fabricated, (b) the same device after
pure chlorobenzene was spin-coated on the surface and (c) the same device after an additional
spin-coating step with PMMA in chlorobenzene to apply the ARC. We observed that the neat
chlorobenzene treatment only brought about very minor changes in photovoltaic performance
and no noticeable difference in the UV-Vis spectra (Fig. 5). Short circuit currents (Jsc) and
open-circuit voltages (Voc) recorded in forward and reverse bias scan directions varied by less
than 2% as a result of the treatment. All devices showed a strong hysteresis behavior, with a
scan-direction dependent efficiency variability of more than a factor of 2. We therefore used
maximum power point tracking to determine stabilized power outputs as a more meaningful
estimate for the energy conversion efficiency of these solar cells.

Coating of the perovskite top surface with a thin layer of PMMA resulted in a significant
improvement in the photovoltaic performance [Figs . 3(e)-3(f), Fig. 6]. Short circuit currents
measured in reverse scan mode improved by ~21.5% to an average of 16.21 mA/cm? while
stabilized power conversion efficiencies improved by ~31% to an average of 3.07%. The
measured short circuit current is lower than the predicted ideal value due to the anticipated (but
not modelled) recombination losses inside of the perovskite material and at the interfaces. The
observed improvements in fill factors (< 6%) and open circuit voltages (4%) were only marginal.

The best performing BC PSC with a PMMA ARC exhibited a Jsc of 18.6 mA/cm? and a
stabilized power output of 4.41%, which is to date the highest reported efficiency for a BC PSC
with a quasi-interdigitated back-contact electrode (Fig. 7).

The relative increase in short circuit current being greater than the increase in light absorption
would suggest that the application of the PMMA layer may also have a passivating effect on
the surface of the perovskite layer [35-38]. In order to elucidate this effect, we performed
time-resolved photoluminescence (PL) measurements on perovskite films before and after PMMA
layer coating to examine the influence of the PMMA layer on carrier lifetime (Fig. 8). The results
of our measurements show that PL decay for a perovskite film with a PMMA layer is considerably
slower compared to the PL decay measured for the same perovskite film prior to coating with the
PMMA layer. We performed fitting of the experimental time-resolved PL data with a double
exponential decay function to evaluate the decay time constants 7| and 7,. Fitting results show
that for pristine perovskite #; = 1.04 £ 0.09 ns and t, = 777.31 + 13.42 ns, whereas for a perovskite
with a PMMA coating #; and #, are 4.26 = 0.67 ns and 1616.88 +71.65 ns, respectively. This
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Fig. 3. (a) Transmission and reflection spectra of the perovskite layers on an FTO-coated
glass substrate. (b) Calculated absorption spectra of the perovskite layers. (c) Cross-section
SEM image of the back-contact perovskite solar cells covered with PMMA layer, scale bar
400 nm. (d) Typical J-V characteristic of BC PSCs under AM1.5 (1000 W/m?2) simulated
solar irradiation in reverse and forward scan directions before and after the deposition of
the PMMA antireflective coating. (e) Typical time evolution of stabilized maximum power
output and (f) corresponding maximum power point photocurrent. Red line — samples
without anti-reflective coating, green line — samples covered with the anti-reflective PMMA
coating.
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Fig. 4. (a) High magnification SEM images of perovskite layer deposited on top of BC
electrodes. Scale bar 1 um. (b) Lower magnification image of the same structure. Scale bar
10 um.
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Fig. 5. Reflection and transmission spectra of a perovskite layer on Glass/FTO substrate
before and after spin coating chlorobenzene on its surface.
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Fig. 6. Relative percentage change of solar cell parameters after the deposition of PMMA
ARC. Bars show standard deviation.
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Fig. 7. (a) Current voltage characteristic of the champion BC PSC. (b) Power density and
corresponding current density tracking.

indicates that the charge carriers’ lifetime in perovskite films with the PMMA layer are longer
when compared to neat films. Combined with the J-V measurements for complete devices this
result suggest that the PMMA layer indeed has a passivation effect on the surface of perovskite
film, although determination of the mechanism of this passivation is beyond the scope of this
study.
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Fig. 8. Time-resolved photoluminescence (PL) spectra of a perovskite film before and
after PMMA coating. The excitation wavelength of the laser was fixed at 510 nm and the
PL maximum around 780 nm was monitored using time-correlated single photon counting
(TCSPC).

4. Conclusion

Employing a back-contact architecture is predicted to give perovskite solar cells with efficiencies
that exceed those possible with a conventional sandwich structure. However, achieving these
efficiencies requires minimization of reflection at the photoabsorber/air interface. To this end, we
demonstrated that PMMA makes an effective ARC on back-contact perovskite solar cells due
to its optical properties, chemical compatibility with the photoabsorber material, passivating
properties, and its ease of deposition. With the optimal PMMA ARC thickness determined by
transfer matrix modelling, back-contact cells demonstrated an increase in photocurrent, resulting
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in a ~30% average relative increase in the stabilized power output. This surface treatment
yielded a champion solar cell with a stabilized power output of 4.41%, the highest reported for a
back-contact perovskite solar cell.
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