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Back-contact perovskite solar cells are fabricated by depositing methylammonium lead iodide perovskite
into micron-sized grooves, with opposite walls of each groove being coated with either n- or p-type
selective contacts. V-Shaped grooves are created by embossing a polymeric substrate, with the different
charge-selective electrodes deposited onto the walls of the groove using a directional evaporation
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technique. We show that individual grooves act as photovoltaic devices, having a power conversion
efficiency of up to 7.3%. By series-connecting multiple grooves, we create integrated micro-modules
that build open circuit voltages up to nearly 15 V and power conversion efficiencies over 4%. The
devices created are fully flexible, do not include rare metals, and are processed using techniques
applicable to roll-to-roll processing.
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Broader context

The remarkable performance of metal halide perovskites in photovoltaic (PV) devices have resulted in significant interest in their use as a competitive solar
technology. At present, the majority of perovskite PV devices are based on a multilayer configuration, in which charges are extracted normal to the plane of the
device. Such an architecture however comes with attendant losses, as light can be absorbed in the charge extracting layers before it reaches the active layer.
So-called back-contact devices can solve this problem, by instead using laterally-patterned electrodes that harvest photo-generated charges in an in-plane
direction. Here, we fabricate back-contact perovskite solar micro-modules using a directional deposition technique to deposit electron and hole-selective
contacts onto opposing walls of a series of micron-width grooves that have been embossed into a plastic film. By filling the grooves with a methylammonium
lead iodide perovskite, efficient back-contact perovskite photovoltaic devices can be created, which — when series-connected - function as an integrated back-
contact micro-module. Such micro-modules are flexible, paper-thin, lightweight and contain no rare-earth metals. They can also be fabricated using rapid, low-
cost roll-to-roll processes, and do not require expensive electrode patterning techniques. The development of such a technology opens significant opportunities

(cc)

for the high-volume, low-cost manufacture of perovskite PV devices.

Introduction

Both silicon and emergent thin-film photovoltaic (PV) devices
are designed with the primary goal of maximising the amount
of incident illumination reaching the absorbing layer and
maximising the efficiency by which photogenerated charges
are subsequently extracted. Typically, thin-film PV devices are
fabricated using a conventional planar architecture, whereby
stacks of semiconducting materials are deposited on top of a
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transparent conductive oxide (TCO) coated glass substrate, with
the absorbing layer positioned between charge-transporting
layers. In so-called ‘“back-contact” solar cells, the absorbing
layer is positioned at the front surface of the device (i.e. closest
to the source of illumination), with patterned n- and p-type
charge collection electrodes positioned behind the active absorber
layer."

Back-contact architectures have the advantage that they can
reduce parasitic absorption losses that otherwise occur in the
device substrate, in TCO layers, or in other charge-transport
layers that are used to extract photogenerated charges.”™
Ensuring that the active layer is directly exposed to the illumi-
nation source reduces reflection losses that otherwise occur in
a conventional planar PV device, and also allow anti-reflective
strategies to be directly engineered onto the active layer. Back-
contact designs also enable the use of non-transparent electrodes,
including highly conductive metals. This gives back-contact PV

This journal is © The Royal Society of Chemistry 2019
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devices an inherent advantage, as the loss of photogenerated
charges due to the series resistance of the electrodes can be a
significant issue in large-area solar modules, as the TCOs>™*
typically used often have a sheet resistance of 10-20 Q per square.
Thus replacing TCOs with metallic layers whilst using back-
contact architecture presents - in principle - a method to both
maximise light collection and minimise parasitic resistance losses
in PV devices. The open architecture that is inherent to back-
contact PV devices is also compatible with surface-sensitive
techniques that can be used to study material properties; for
example back-contact PV devices have previously been studied
using kelvin probe force microscopy and grazing-incidence wide-
angle X-ray scattering,™® allowing a unique in situ perspective to
be gained of the properties of an active semiconducting layer.

The emergence of metal halide perovskites as efficient
semiconductors for photovoltaic applications has transformed
the landscape of thin-film solar research. The near-ideal
semiconducting properties of perovskites has allowed single
junction perovskite PV devices to be created having power
conversion efficiencies (PCEs) in excess of 22%; a result that
has pushed such technologies towards commercialization.”®
For this reason, there is increasing focus on the development of
scalable techniques for perovskite solar cell (PSC) fabrication
that can be used to create large solar modules.”™* However, few
studies have attempted to fabricate back-contact perovskite
solar cells, and none have addressed the fabrication of back-
contact solar modules. So far, the few attempts to create PSCs
with an interdigitated back-contact (IBC) architectures have
utilized charge selective electrodes that have been selectively
patterned using electrodeposition, laser ablation, mechanical
etching, or photoresist templating.>®°™*'> To date, the best
IBC PSCs experimentally demonstrated have achieved a PCE
of ~4%, with devices utilising a honeycomb design for charge
selective layers.® Device simulations of IBC PSCs have shown
that charge-selective electrodes should be separated by a
maximum of 2 pm to match the performance metrics of
equivalent conventional planar cells.'® As such, an important
objective of previous work relating to the design and fabrication
of IBC PSCs has been to reduce this separation distance.>'” For
example it has been shown that by reducing the electrode
spacing in a quasi-interdigitated back-contact PSC from 9 pm
to 4 pm, it is possible to quadruple PCE.?

In this paper, we describe experiments to construct IBC PSCs
on polyethylene terephthalate (PET) substrates whose surfaces
were coated with acrylic and embossed with a series of
V-shaped micro-grooves. A directional coating process has been
developed to selectively deposit electron- and hole-extracting
contacts onto the two opposing walls of the grooves. Grooves
are then filled with a metal-halide perovskite by spin-coating a
precursor material onto the surface of the charge-selective
grooves, forming a horizontally spaced PV device. This groove
architecture has been developed and patented by Power Roll
Ltd, and has been previously combined with copper indium
diselenide nano-crystals as the active layer. Here, a champion
PCE of 2.2% was measured, with this value expected to under-
estimate the actual device efficiency by a factor of two due to
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non-uniform photocurrent generation across the microgroove.'®
Here we show that such perovskite-based groove devices achieve
a maximum PCE of 7.3%. Furthermore, embossing multiple
grooves in series can be used to create integrated micro-
modules, having PCEs of up to 4.4% and open circuit voltages
(Voc) of up to nearly 15 V. We characterise the solar grooves with
focussed ion beam-scanning electron microscopy (FIB-SEM) and
laser-beam-induced current (LBIC) mapping. These techniques
confirm the successful directional coating of the evaporated
layers, and demonstrate photocurrent generation is occurring
within each groove; a result that allows the active area of the PSC
grooves to be verified. Significantly, the width of these grooves
can be reduced to below 2 um, making them a promising
architecture for achieving optimal device performance as indi-
cated by IBC PSC simulations.'® Indeed, we show using a 2D
model that the ideal width of such PSC grooves is around
1.1 um. Our results indicate therefore that PSCs can be fabri-
cated using an IBC architecture, with the process developed
being directly scalable to large-area manufacturing.

V-Shaped micro-grooves having widths between 1.6 and
3 um were fabricated into an acrylic coated PET substrate using
an embossing process, with the angle between groove walls
being 55°. The grooves were then selectively coated with metal
electrodes and n-type and p-type transport layers using a
directional thermal or electron-beam evaporation process as
illustrated schematically in Fig. 1la. As the substrate was
mounted at an oblique angle, o, with respect to the directional
deposition source, the groove wall nearest to the deposition
source is left ‘in shadow’, with evaporated material being
deposited both onto the wall of the groove that faces the source

Directional Evaporation

Groove
Angle © /

Coating
Angle

PET & Acrylic

Fig. 1 (a) Schematic illustration of directional evaporation onto a groove
substrate creating selective electrodes on opposing groove walls. Con-
secutive layers can be deposited at different deposition angles to control
the filling depth of the groove. (b) Schematic of a coated groove after a
non-directional coating of ALOs followed by an n-type titanium & Cgo
electrode on one groove wall and a p-type Ni & NiO electrode on the
opposite wall. (c) A focussed ion beam-scanning electron microscope
image of a cross-section through a 2 um wide single groove after the
deposition of all evaporated layers. The inset and translucent shading
indicates the location of the selectively deposited metal electrodes and
charge-transporting layers. (d) An image of a flexible groove substrate after
the deposition of all evaporated layers.
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and on to the ‘flat’ area either side of the grooves (see schematic
in Fig. 1b). Fig. 1c shows a typical cross-section of a single
micro-groove obtained from FIB-SEM, where we colour-code
charge-selective materials using the same colours used in
Fig. 1b. We have routinely used FIB-SEM to confirm the thick-
ness and coverage of the electrode materials that were selec-
tively deposited on the groove walls.

Different charge-selective contact materials were coated
onto opposing walls of the groove by rotating the substrates
(relative to the position of the source) by 180° between deposi-
tion runs (see Fig. 1a). By adjusting the angle of incidence
between coatings, it is also possible to control the relative depth
over which each material was deposited into the groove. The
selection of appropriate hole- and electron-transport materials
(HTM) (ETM) has been critical in our development of efficient
devices. Indeed, the crystallisation of the perovskite layer
during deposition, perovskite defect density, surface non-
radiative recombination, and the resultant Fermi level position
within the bulk of the perovskite are all dependent on the
choice of transport layers."®*> For example, it has been shown
that ultra-thin layers of poly(triarylamine) (PTAA) or poly(4-
butylphenyldiphenylamine) (poly-TPD) can be used as HTMs
to achieve remarkable Vo and fill factor (FF).*>>> Here how-
ever, our architecture requires that the charge-transport layers
are easily evaporable.

As an n-type contact, we therefore utilised a multilayer-
combination of Cg/Ti (deposited by thermal evaporation and
e-beam evaporation respectively), while the p-type contact con-
sisted of NiO/Ni. Here, the NiO was deposited by a reactive
electron-beam evaporation process, in which metallic Ni pellets
were heated by an electron-beam under vacuum in a partial
pressure of O,. (Note, we have measured the temperature of the
PET:acrylic substrate during a typical e-beam deposition, and
find that it does not exceed 100 °C.) To minimise the sheet-
resistance of the device, the metal contacts deposited had a
thickness of around 250 nm. We have previously demonstrated
the effectiveness of reactive e-beam to deposit NiO as a p-type
material in conventional planar perovskite solar cells - even
without the necessity for thermal annealing.*® Notably, we have
previously found that NiO films fabricated using reactive
electron-beam deposition are oxygen-rich; a property previously
shown to be promote efficient hole extraction in PSC devices.”*

As an n-type material, we have used Cg,. This material was
selected following a series of screening experiments, in which a
series of different evaporable ETMs were investigated. Here, Cg
was found to produce the most reproducible, lowest hysteresis
and, highest performance conventional planar PSCs, without
the need for a high-temperature anneal. The stabilised PCE
output of an ITO/Ceo/MAPbI;/spiro-OMeTAD/Au PSC is shown
in Fig. S1 (ESIt), demonstrating that thermally evaporated Ce,
can act as an effective electron transporting and hole blocking
layer below a MAPbI; perovskite active layer, allowing ~14%
PCE standard architecture PSCs to be created.

The flexibility of the coated, embossed substrate is clearly
evident from the image shown in Fig. 1d. Here, the grooves run
parallel to the long-axis of the flexible strip. To convert the
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Fig. 2 (a) A focussed ion beam-scanning electron microscope cross-

section image of a 2 pm wide MAPbls coated groove. (b) A laser-beam-
induced current map of a single MAPbIs filled groove, inset is cross-section
of the LBIC map. (c) Current—voltage curves of champion 1.6 um (black)
and 3 um (blue) wide single grooves. Solid lines and dotted line represent
reverse and forward sweeps respectively. (d) Stabilised power conversion
efficiency outputs for the same champion grooves. Performance metrics
of these devices are given in Table 1.

surface-coated charge-selective groove structures into back-
contact perovskite solar cells, flexible substrates (similar to
those shown in Fig. 1d) were first cut into pieces, creating
grooves whose length varied between 4 and 20 mm. These were
then spin-cast at 6000 revolutions per minute (rpm) with
acetonitrile-based methylammonium lead halide (MAPbDI;)
solution, resulting in the formation of a MAPbI; film. Here,
the perovskite material that filled the groove acted as the device
active layer, with the device having the multilayer structure
Ti/Cso/MAPDI;/NiO/Ni. To deposit the perovskite active layer,
we have used a precursor ink based on the low viscosity, low
boiling point solvent acetonitrile containing MAPbI; that had
been previously bubbled using methylamine gas.”” This per-
ovskite precursor ink combines the advantages that (i) the
acetonitrile solvent does not damage the PET:acrylic substrate,
and (ii) it does not require thermal annealing to generate the
final perovskite. Fig. 2a shows an SEM image of a focussed-ion
beam cross-section through a 2 pm wide groove filled with a
MAPDI; active layer. Interestingly, it can be seen that only very
limited amounts of perovskite are found on the flat surfaces
either side of the groove.

Results and discussion

To confirm that the structures created act as a photovoltaic
device, it was first determined that photocurrent could be
generated from the perovskite material that filled the V-shaped
groove. This was done by focussing a chopped 635 nm laser to a
2 um (near diffraction-limited) spot on the substrate surface.
This spot was then raster-scanned across the surface in steps of
0.5 pm while the photocurrent was recorded using a lock-in

This journal is © The Royal Society of Chemistry 2019
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amplifier. Fig. 2b plots a typical LBIC image of a 2 pm wide
device. Here it can be seen that even though the spot size is
approximately coincident with the width of the groove, the
majority of the photocurrent appears localised within the groove.
As might be expected, the flat regions either side of the groove
contribute very little photocurrent, with the peak of the photo-
current being located in the centre of the groove. It is also
apparent that there are variations in local photocurrent gener-
ated along the length of the groove; a result that most likely
indicates that the perovskite does not uniformly fill the groove.
We can use such a measurement to make a first estimation of
the total active area of each individual groove PSC device from
the product of the groove width (as measured using FIB-SEM)
and its length. Although this methodology is relatively crude and
open to error, we later describe the use of a self-masking
technique to demonstrate that such methods provide an
accurate measure of the device active area.

Having provided a first estimate of device active area,
we now proceed to measure device efficiency. Here, current-
voltage (JV) sweeps were measured for individual PSC grooves
when illuminated by simulated AM1.5 radiation calibrated to
100 mW cm™>. Fig. 2¢ plots JV sweeps for 1.6 and 3 pm wide
grooves; from this we determine that the 1.6 um wide groove
had a PCE of 7.0%, while the 3 pm wide groove had a relatively
high FF of 51%. We tabulate the performance metrics and
active area of the grooves in Table 1. Here the enhanced FF
and significantly higher shunt resistance of the wider groove
suggests a relative reduction in leakage pathways between the
opposing wall contacts. Stabilized power outputs of the grooves
are plotted in Fig. 2d, with the 1.6 and 3 pm wide grooves having
a stabilised efficiency of 7.3% and 5.1% PCE respectively.

We can gain further insight into the operation of our groove
devices using a simple 2D model that accounts for charge
carrier generation and collection probabilities to simulate the
generation of a photocurrent. This model uses the accepted
values of MAPbI; minority (hole) carrier diffusion length (Lg)
and absorption coefficient (D) to determine the ideal groove
width (and depth) for a symmetric groove (see further details in
the ESIt). We have used this model to explore the dependence
of photocurrent generation on groove width, and find that there
is a trade-off between parasitic recombination and optical
absorption. As is shown in Fig. S3 (ESIT), our model indicates
that the ideal width of a MAPDI; filled groove should be ~1.1 um;
a value close to the width of the smallest grooves that can be
fabricated reproducibly (1.6 pm).

We have also simulated the effect of minority carrier diffu-
sion length on photocurrent generation and groove device PCE
as shown in ESL{ Fig. S3b and S4, and find that these

Table1l Solar cell performance metrics of the single MAPbI filled grooves
shown in Fig. 2. Both grooves were 4 mm in length. Stabilised power
outputs are given in parenthesis

Groove Jsc Active area
width (um) PCE [%] [mAcem™] Voc[V] FF[%] [em?]

1.6 7.03 (7.3) 22.33 0.91 34.8 6.4 x 10°°
3 4.83 (5.1) 10.33 0.92 51.0 1.2 x 1074

This journal is © The Royal Society of Chemistry 2019
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parameters increase with increasing values of Ly. Note however
that there are significant limitations in this simulation, as it
does not account for recombination effects at the grain boundaries
or electrode interfaces, nor does it include the effect of ion
migration and its associated effects on surface recombination.
Nevertheless, this model provides a practical approach to designing
groove architectures for all carrier diffusion lengths, and indicates
that grooves having a width of less than 2 pm should provide
optimum device performance when utilising MAPbI; processed
from acetonitrile. We note that wider grooves will also retain
functionality due to photon recycling effects; a phenomenon
that has been observed in metal-halide perovskite materials.
Here, long-lived free charges can recombine radiatively with
other free charges, with newly generated photons being
re-absorbed and thus resulting in further photo-excitation. This
effect has been shown to allow charge collection from MAPbI;
over length scales greater than reported charge diffusion
lengths, even when electrodes are as far as 50 pm apart.®

Our simulations indicate that narrower grooves have a
higher PCE. We can in fact fit the JV curves of single groove
devices to a simple diode model of a solar cell (see Fig. S5,
ESIt), and determine a crude estimate for the diode ideality
factor of ~5. We note that a Vo of over 0.9 V can be both
obtained experimentally and through simulation grooves
having a width of both 1.6 and 3 um. We note that this value
of Voc is lower than conventional planar-cell architecture PSCs
utilising NiO or Cgo.>° Indeed, we have previously reported a
Voc of 1.06 V using the same reactive electron-beam evaporated
NiO in inverted PSCs.>® The high ideality factor that we deter-
mine (due to high series resistance and low shunt-resistance)
and voltage loss suggest that there are additional non-radiative
mechanisms present in our PSC grooves. This could be due to
reduced quasi-Fermi level splitting in the perovskite, increased
surface recombination at the contact material interfaces, or
incomplete coverage of charge-transport materials, all of which
can be improved with further optimisation of device fabrication
processes. We note that PSCs commonly make use of additional
interlayers (e.g. phenyl-Cg;-butyric acid methyl ester, batho-
phenanthroline, bathocuproine) alongside the Cq, ETM, and
can employ metal doping of nickel oxide (with cobalt, magnesium
or copper) to lower the valence band energy of the resultant HTM
film.>°* We believe that further modification to the directionally
evaporated electrodes may allow us to further increase the Voc
of our devices.

We now discuss the construction of IBC micro-modules that
are created through the serial connection of adjacent PSC
grooves. Here we study structures in which 3, 4, 6 and 16
grooves were fabricated using the same embossing and direc-
tional coating techniques that were used to deposit n- and
p-type contacts onto the walls of a single groove. Fig. 3a
presents a schematic of a groove micro-module, illustrating
that the flat sections between the grooves constitute a series
connection between n- and p-type contacts on neighbouring
walls, creating a PV micro-module built from multiple solar
cells (here represented as simple photodiodes). Such a multi-
groove micro-module will in principle allow large open-circuit

Energy Environ. Sci,, 2019, 12, 1928-1937 | 1931
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Fig. 3 (a) Simple schematic demonstrating how multiple grooves form a
micro-module. (b) A focussed ion beam-scanning electron microscopy
image of a perovskite coated multi-groove. (c) Laser-beam-induced
current map across 16 multi-groove micro-module, recorded at a step
size of 1 pm. (d) Cross-section of the induced photocurrent map shown in
part (c). (e) Current—voltage curves of champion MAPbI; filled 3, 4 and 6
multi-groove micro-modules and, (f) current-voltage curves of a 16
groove micro-module. Solid lines and dotted line represent reverse and
forward sweeps respectively. PV device performance metrics of micro-
modules are shown in Table 2.

voltages to be built, with the voltage ideally scaling with the
number of grooves in the module. ESI, T Fig. S6 indicates that
both the spacing between the grooves and the groove widths
can be tuned.

Fig. 3b presents a FIB-SEM image of a multi-groove module
in which it can be seen that the MAPbI; perovskite fills each
groove while leaving the flat sections between the grooves
largely uncoated. Additional images of unfilled micro-module
groove arrays are provided in Fig. S7 (ESIT). We have performed
LBIC measurements on a micro-module composed of 16
grooves. The results of this measurement are shown in
Fig. 3c, with Fig. 3d displaying a cross-section across the
photocurrent map. It can be seen that 15 out of the 16 grooves
are clearly resolved, with one of the 16 grooves apparently
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generating very little photocurrent, indicating that it is likely
at short-circuit. This measurement indicates that higher effi-
ciencies from such micro-modules can be expected following
further groove embossing and device fabrication optimisation.

We have also tested the performance of the micro-modules
by measuring their JV response under illumination with AM1.5
radiation. Since the LBIC measurements indicate that the
regions between the grooves do not generate significant photo-
current, we use a geometrical fill factor to adjust module
efficiency to account for the inactive regions between the
grooves. Geometric fill factors (FFg) are thus calculated via a
ratio of total module area to usable groove active area using
eqn (1), where n is number of grooves, Wi groove width, and Wg
is the spacing between the grooves.

FFg (%)

PCECorrected = PCE x 100

[}’l X WG] (1]

= PO Wl + (1= 1) x W]

Fig. 3e plots champion current-voltage characteristics of
micro-modules consisting of 3, 4, and 6 grooves. Our measure-
ments indicate that the four groove micro-module has a PCE of
4.4% and a Vo of 3.5 V. The stabilised power output of this
groove is shown in ESILf Fig. S8. In Fig. 3f we present the
current-voltage response of a larger 2.6% PCE micro-module
consisting of 16 grooves which builds an impressive Vo of
14.6 V. This high V¢ groove micro-module also has a FF of
43.5% and generates an average voltage-per-groove of 0.91 V; a
value that matches the Vo of best performing single grooves.
The performance metrics of all these champion multi-groove
micro-modules are given in Table 2, which also lists device active
areas, geometric fill factors, geometrically corrected PCEs, and
the average voltage-per-groove built in each module type.

It is apparent that the efficiency of the solar grooves is
critically dependent on the value of the active area that is used
in the calculation. This problem is illustrated in Fig. 4; by
illuminating the top surface of a device, it is in principle
possible to generate carriers in the surrounding flat region
between the V-shaped grooves that are then able to diffuse to
the groove active region (see Fig. 4a). Such a diffusion process
will clearly result in an over-estimate of device efficiency; a
problem frequently encountered when testing PSCs without an
illumination mask.** Unfortunately, the width of the individual
grooves is too small to use an external illumination mask.
However, the thick metal contacts on the walls can be used
as an internal illumination mask provided that the device is
illuminated through its substrate (see Fig. 4b). Using FIB-SEM

Table 2 Solar cell performance metrics of the MAPblIs filled multi-groove micro-modules shown in Fig. 3. Here the geometrical fill factor is used as a
scaling factor to calculate a corrected power conversion efficiency (see text for details). Devices with * did not have an Al,Os layer below the electrodes

No of grooves PCE [%] Jsc [mA ecm 2] Voc[V] FF[%] Active area [cm®] Geometric FF [%] Corrected PCE [%] Voltage per groove [V]
3 3.27 2.61 2.74 45.7 2.88 x 107* 82.9 2.71 0.91
4 4.43 3.05 3.48 41.7 31 x10* 72.7 3.22 0.87
6* 2.51 1.18 5.26 40.6 2.4 x 1074 44.5 1.12 0.88
16* 2.63 0.42 14.56 43.5 9.6 x 10°* 41.6 1.09 0.91
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Fig. 4 Schematic indicating two methods used to determine the active
area of the grooves. Part (a) indicates the use of the physical width of the
groove to calculate active area, where the width is defined by the
embossing process. It is possible that photogenerated charges could be
diffusing to the charge selective groove walls from outside the groove
width. In part (b) the groove is illuminated through the device substrate.
Here, the thick electrodes act as internal illumination mask. The width of
the aperture at the bottom of the groove is determined from focussed ion
beam-scanning electron microscopy images, presented in part (c), where
the image of the device is orientated to show how it might look upon
illumination from the back. Here, there can be no photogenerated charges
diffusing from outside the defined illuminated area.

cross-sections of a groove as shown in Fig. 4c, we can measure
the width of the aperture subtended by the region at the bottom
of the groove that is uncoated with a metal. Note that we have
performed control UV-visible absorption measurements on
(un-embossed) PET:acrylic substrates both with and without
electrodes/charge-extraction contacts, and find that the optical
transmission through electrode coated films is negligible
(see Fig. S9, ESIt). Encouragingly, we find that the PCE of the
champion 4-groove micro-module is 4% when illuminated
from the front surface, and 4.4% when illuminated through

This journal is © The Royal Society of Chemistry 2019
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the underlying substrate (see Table S1, ESIT). We note that this
method indicates the PCEs reported here may even be an
underestimate to the true PCE, however we cautiously interpret
this as a relative error in device efficiency (determined on the
basis of groove area) of 10% at most.

We have performed some preliminary device optimisation
studies focussing on understanding the effect of the spin-
coating velocity used to coat the perovskite precursor ink. Here,
we have explored two perovskite deposition conditions in which
the perovskite solution was either spin-coated at 2000 rpm
or 6000 rpm. We find that the faster spin speeds lead to
the creation of semi-filled grooves with very little perovskite
material found between grooves. In contrast, the slower spin
speed results in the formation of a fully-filled groove, with the
flat surfaces either side of the groove being coated by a layer of
perovskite that is hundreds of nanometres thick. This can be
seen in ESL{ Fig. S10 that compares FIB-SEM cross-sections
of grooves coated with perovskite deposited using both spin
speed conditions.

We have explored the statistical variation in solar groove
efficiency as shown in Fig. 5. Here, we present boxplots of
device performance metrics for (N = 5) single groove devices
and 16-groove micro-modules when either coated by a thin

8 Thin MAPDI, N=5
6 :
= Thick MAPbI, s
w 4 Thir-—MAFRl,
- MAPbI, \
2 ==
ol
ol_16: 1G. 16G.  16G.
L S—
80.8 %
Q
06 } E e
04
1G.Thin 1G.Thick
12
S8 L.
)
o
>
4 I
16G.Thin 16G.Thick

[11 Groove Thin MAPbI,
[11 Groove Thick MAPbI,
[_116 Groove Thin MAPbI,
[ 116 Groove Thick MAPbI,

Fig. 5 Boxplots showing distribution of power conversion efficiency and
open circuit voltage for a batch of single grooves (black, blue) and 16
groove (red, orange) solar micro-modules. Here, the thickness of the
perovskite in the grooves is varied through control of the MAPblz deposi-
tion conditions. Devices based on thick MAPbls shown using blue and
orange lines, while the thinner MAPbI3 active later is indicated using black
and red lines.
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(conformally semi filling the groove) or thick (fully filling the
groove) MAPDI; absorbing layer. It can be seen that there is a
significant variation in performance metrics within each box-
plot; a result that most likely originates from variations in the
degree to which the perovskite fills each groove. It is also
apparent that device efficiency is dependent on the thickness
of the perovskite film. Interestingly, we find that the use of a
thicker perovskite film results in single-groove devices that
have slightly reduced average efficiency than comparable
devices containing a thinner perovskite film, being (3.8 + 0.5)%
and (4.8 £ 0.3)% respectively. This contrasts with multi-groove
modules that demonstrate a higher peak PCE of 3.8% when a
thicker perovskite is used relative to 2.2% for modules incorpor-
ating a thinner perovskite. This variation in efficiency results from
a loss in average Vo, with this effect apparent in both single-
groove devices and multi-groove modules. However, in the case of
multi-groove micro-modules, the photocurrent is apparently
higher when employing thicker perovskite active layers; an effect
that offsets the loss of PCE due to the lower Vic. We believe this
loss in Voc results from the presence of the thick layer of
perovskite between grooves that generates short circuit pathways
for photogenerated charges between the different grooves. This
suggests that for every groove shape, size and pattern, there is
likely to be an optimum perovskite coating thickness.

Successful commercialisation of perovskite solar modules
requires demonstration of efficiency, scalability, and stability.
As such, it has become a recent goal of the perovskite solar
scientific community to progress from focussing on one or two
of these requirements to tackling all three simultaneously.>
For this reason we have started to explore the operational
stability of MAPbI; micro-groove back-contact solar modules.
Indeed, we have determined the intrinsic stability of PSC
grooves when stored in the dark under a N, atmosphere for
150 days. Fig. 6 plots a JV sweep of a PSC groove before and
after this storage period, with its performance metrics listed in
Table 3. It can be seen that all performance metrics improve
over time, including a significant increase of 0.14 V in the open
circuit voltage.

Whist this initial result is promising, perovskite modules
will ultimately need to pass the relevant International Electro-
technical Commission (IEC) stability standard (IEC 61215);

<14
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Fig. 6 Current—voltage curves of a 2 um wide single groove after fabrica-
tion (red) and after 150 days stored in the dark under N, (black). Solid lines
and dotted line represent reverse and forward sweeps respectively.
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Table 3 Solar cell performance metrics of the 2 um wide single MAPbI3
filled groove shown in Fig. 6

Time stored in dark in N, PCE [%] Jsc [mA em %] Voc [V] FF [%]
0 days 3.99 11.40 0.81 43.26
150 days 5.04 12.20 0.95 43.54

here the most challenging tests include stress testing with
repeated thermal cycling (—40 to 85 °C), moisture storage
(80% RH), and extended damp heat storage (85 °C + 80% RH).>*”
Unfortunately, whilst MAPDbI; has proven easy to process, it is
thermally unstable within the expected maximum operating
conditions of a solar module.?” Indeed MAPbI; perovskites
have also been shown to be unstable due to moisture,*® and
oxygen in combination with light,*® so ultimately they will
require encapsulation to retard degradation. This encapsula-
tion must minimise moisture ingress and trap any volatile
components from escaping (to maximise any reversible refor-
mation of degraded perovskite),*® without causing delamina-
tion of any of the underlying layers. Our preliminary strategy for
encapsulation involves the use of 3 M barrier films (3 M UBF-512).
In Fig. S11 (ESIt) we present images of MAPDI; coated PET:acrylic
substrates that were either left unencapsulated or sealed with 3 M
barrier encapsulation and were stored at 80% relative humidity
for 3 weeks, with Fig. S12 (ESIT) quantifying the optical absorption
of the same samples. It can be seen that this preliminary
encapsulation technique clearly prevents the perovskite from
visibly degrading. However, at this stage we do not expect the
MAPDI; filled grooves to remain stable upon damp-heat storage
or long-term thermal cycling until an alternative composition
for the perovskite is utilised.

We have also performed preliminary measurements on a
series of different substrates that have been subject to thermal
stress before the deposition of the perovskite to characterise the
sensitivity of the flexible substrate and the charge extraction
materials. Here, we first compared the performance of PSC
grooves that were fabricated onto a substrate (before n and
p-type contact deposition) that was initially either stored at
room temperature in air or placed on a substrate at 110 °C
for one hour in air (see Fig. S13a, ESI{). Here, we find that the
PSC grooves fabricated onto the heat treated substrate exhibited
an improvement in all device metrics. This indicates that the
PET:acrylic groove substrate does not appear to have any
significant thermal stability issues.

We then explored the individual thermal stability of the
p-type and n-type contacts. This was done by first testing the
performance of devices fabricated onto PET:acrylic grooves that
had been heated after all electrodes and charge-transporting
materials had been deposited (see Fig. S13b, ESIt). This was
compared with devices fabricated onto heat-treated grooves
where all materials except the Cg, had been deposited (see
Fig. S13c, ESIt). Here, the remaining layers (Cg, and perovskite)
were then deposited after the heat treatment (110 °C for one
hour in air). We tabulate the average and standard deviation
performance metrics of 3 PSC grooves fabricated following each
of these treatments in Table S2 (ESIt). We find that the PSC

This journal is © The Royal Society of Chemistry 2019
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grooves in which all materials were thermally-stressed (includ-
ing the Cgy) underwent degradation with all performance
metrics dropping, leading to an overall relative reduction of
50% PCE. Conversely, the grooves that were thermally stressed
before the deposition of the Cg, (but with all other electrode
materials in place) underwent no significant change in perfor-
mance metrics. These preliminary studies indicate that the
Ni/NiO interface is thermally stable, whilst the Ti/Cs, interface
is not.

We note that Ni/NiO/MAPbI; and Cg,/MAPDbI; material
stacks have previously been successfully implemented into
flat-cell PSC architectures, achieving reasonable long-term
stability.*"*> However, our studies indicate that a Ti/Cg,/MAPbI,
multilayer has reduced thermal stability. Future work will
address the development of new n-type contacts, together with
the utilisation of perovskite alloys containing formamidinium
(FA), methylammonium and cesium cations which have been
shown to produce PSCs with enhanced stability.** We note that
FA has recently been incorporated into a roll-to-roll deposition
process utilising an acetonitrile-based perovskite precursor
solution, which may prove suitable for coating groove-based
devices.** Our simulations also indicate that new processing
routes, that lead to larger grain sizes as well as longer minority
carrier diffusion lengths are expected to further improve the
efficiency of micro-groove solar devices.

Conclusions

In conclusion, we have fabricated flexible MAPbI; micro-groove
back-contact solar cells reaching a PCE of 7.3%. Micro-modules
are also created through the serial connection of adjacent
grooves, with such modules achieving a champion PCE of
4.4%, with other modules building an open-circuit voltage of
up to 14.6 V. These back-contact micro-modules are fully func-
tional without the use of electrode patterning techniques such as
electrodeposition, laser ablation, mechanical etching, or photo-
resist templating. The techniques we have developed do not
require high temperature substrate conditioning, are free from
the complex cocktail of dopants that are often used to increase
the conductivity of charge-transport materials in PSCs** and do
not contain rare metals such as gold, silver or indium that are
commonly used in PSCs. We outline a framework of preliminary
stability measurements to demonstrate the viability of this
technology for commercialization. The process techniques we
have developed are conceptually similar to the low-cost metalli-
sation of plastic used in the food packing industry,*® and thus
the use of inexpensive metals, metal oxides, and flexible
polymeric substrates make the technology outlined suitable
for scalable, high throughput roll-to-roll processes.*”*® This
unique back-contact architecture (patented by Power Roll Ltd)
also presents an exciting opportunity to allow surface-sensitive
in situ studies of perovskites to be made during device operation —
for example - allowing the optoelectronic and crystal properties of
the perovskite active layer to be investigated as it is deposited or
during post-deposition treatments.

This journal is © The Royal Society of Chemistry 2019
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Methods

Device fabrication

Materials. All solvents used were purchased from Sigma
Aldrich and were anhydrous. All solvents and dry powders were
stored in a N, filled glovebox.

Embossed, cleaning & substrate preparation. V-Shaped
grooves were patterned into a poly (methyl methacrylate)
(PMMA/acrylic) coated polyethylene terephthalate (PET) by
embossing. Here, a diamond turned nickel master was coated
using a UV-curable acrylic that was cured and then removed to
produce a mother-tool, which is the mirror image of the desired
pattern (ridges instead of grooves). The mother tool was then
used to emboss individual PET:acrylic sheets. The embossed
sheets were rinsed with isopropyl alcohol (IPA) before deposi-
tion. Before evaporation a 50 nm film of Al,0; was coated over
the entire substrate via electron beam evaporation to help
protect the PET:acrylic from the process solvents used to
deposit the perovskite.

Substrate mounting. Embossed substrates were mounted
onto a plate so that a groove wall was almost facing the e-beam
source (see Fig. 1). Deposition was performed at an oblique
angle, o. The groove substrates were then rotated 180° between
evaporations to permit n-type (titanium/Csgg) and p-type (nickel/
NiO) contacts to be deposited onto the opposing groove walls.

Directional electron beam evaporated titanium, nickel and
nickel oxide (Ti, Ni and NiO). Titanium or nickel (Kurt Lesker, 1
by 1 inch pellets, 99.995% purity) were either placed inside a
carbon crucible or directly inside a copper hearth respectively.
Under a high vacuum (1 x 10 ° mbar) the metals were
preconditioned by exposure to a high power and wide pattern
electron beam to create a pool of molten material. A 250 nm
thick film of Ni and Ti were then deposited at a rate varying
between 4 and 20 A s™*. Following the deposition of Ni, an O,
gas stream was fed into the chamber, raising the pressure of the
chamber to 1 x 10~ * mbar, enabling the reactive evaporation of
25 nm NiO on top of the Ni. Typically, the NiO was deposited at
an evaporation rate of between 2 and 10 A s,

Thermally evaporated Cgo. 100 nm of fullerene Cg, (purity
>99.5%) was thermally evaporated at a rate between 0.5
and 2.5 As™".

Acetonitrile-based perovskite spin coating. An acetonitrile
perovskite solution containing a 0.5 M suspension 1:1.06 lead(u)
iodide (Pbl,, TCI, perovskite precursor) and methylammonium
iodide (MAI, dyesol) was mixed at a ratio of 1:1.06 MAIL:Pbl, to
obtain a black powder suspension. As described by Noel et al.,>”
the suspension was then bubbled with dry methylamine until a
clear (yellow) solution was obtained. This solution was then
filtered through a 0.2 pm polytetrafluoroethylene filter, with
40 pl of the resultant solution spin coated onto the groove
substrates at a speed between 2000 and 6000 rpm in a N, filled
glovebox. The resultant PSC grooves were not thermally annealed.

Device and film characterisation

Device characterisation. Before testing, a NREL certified
silicon reference cell was used to adjust light from a Newport
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92251A-1000 solar simulator to an intensity of 100 mW cm ™. Light
from the solar simulator was first used to generate a stabilised
photocurrent from the groove micro-modules. The photocurrent
produced by the groove micro-modules were first characterised at
short circuit. This measurement was designed to check that the
current produced did not result from electrochemical or capacitive
artefacts. A source-measure unit was used to sweep the voltage
across devices from 0 to n V, where n was the number of grooves
present in the micro-module. The current-voltage sweep rates for
micro-modules with 1, 4, 6 and 16 grooves were: 0.2, 0.4, 0.4, and
0.8 Vs~ respectively. During most characterisation measurements,
the top (groove-side) of the substrates were illuminated without the
use of an illumination mask. Champion devices were then illumi-
nated through the substrate (upside down) to effectively mask the
illumination area (see text for details). Stabilised power conversion
efficiencies were obtained by holding devices at their Vipp.
All measurements were performed in air.

Focussed ion beam-scanning electron microscopy (FIB-SEM).
Samples were mounted on carbon adhesive discs and sputter
coated with 10 nm of gold-palladium using a Cressington 108
auto coating unit. Samples were then examined using an FEI
Helios 600 Nanolab SEM. Cross-sections were milled using a
30 kV gallium ion beam at a currents between 2.8 and 6.5 nA.
Electron beam imaging of the milled cross-section was per-
formed at 3 kv and 0.17 nA using the in-lens imaging mode.

Laser-beam-induced current (LBIC). The LBIC mapping
system comprised of a mechanically chopped laser that was
passed through a spatial filter before being focussed to a spot
size of around 2 pm onto the sample via a 100x objective
(Mitutoyo, infinity-corrected long working distance). The sample
was mounted on a XY-stage and moved in a sawtooth pattern in
steps of 0.5 um. A 4.5 mW, 635 nm diode laser (Thor labs,
CPS635) was used to generate the photocurrent which was
measured using a lock-in amplifier (Stanford Research Systems,
SR830) referenced to the chopped laser.

UV-vis transmission. A HR2000+ES spectrometer and Ocean
Optics DH-2000-BAL UV-VIS-NIR light source were used to
determine the transmission of uncoated PET:acrylic substrates
and fully coated PET/acrylic/Al,O5/Ti/Ni/NiO/Cg, substrates.
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