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Abstract:

Back-contact solar cells are a novel type of device architecture that have been used in
combination with both silicon and perovskite semiconductors. Since 2016, the efficiencies of
perovskite back-contact solar cells have risen from 6.5% to over 11%, with a wide variety of
fabrication methods and device structures employed. This Spotlight on Applications article aims
to highlight the benefits of back-contact solar cells over more routinely used planar counterparts
and reviews recent progress made using perovskite materials. In particular, we show how the use
of substrates patterned with embossed micro-grooves presents a facile route to back-contact
solar-cell scale-up, with this approach recently used to create perovskite solar-cell modules
consisting of hundreds of serially connected grooves having a stabilised efficiency of up to
12.8%. We conclude by discussing the challenges required to drive this technology towards high-

volume manufacture and commercialisation.

Introduction:

Perovskite solar cells have been the subject of world-wide research and development over the
last 12 years."? Perovskites are crystalline materials that have the general structure ABXs, and
due to their long charge-carrier diffusions lengths, high defect tolerance and direct band gap,
have been used to create single-junction solar cells achieving power conversion efficiencies
(PCEs) in excess of 26%.%* Indeed, the efficiency of single-junction perovskite solar cells now
matches that of the highest performing silicon devices.>® Perovskites, can also be processed into
thin-films from solution, allowing for a wide variety of scale-up deposition methods to be used
in low-cost device manufacture. Here, scalable techniques such as spray, slot-die and blade

coating have been used to fabricate devices, with PCEs in excess of 20% demonstrated.”"’


mailto:*d.g.lidzey@sheffield.ac.uk

Perovskite solar cells are usually fabricated from sequentially deposited planar films that are
deposited onto a Transparent Conducting Oxide (TCO) contact. This approach is used to realise
both n-i-p and p-i-n structured devices. Such a fabrication route combines the benefits of high
repeatability and uniform film thicknesses together with compatibility with a range of deposition
techniques. However, planar solar cell architectures come with some drawbacks; for example,
parasitic optical absorption of incident light in the TCO and transport layers limits the maximum
attainable short-circuit current (Jsc). Planar perovskite solar cells often make use of Indium Tin
Oxide (ITO) as it combines high optical-transmission and high electrical conductivity, making it
appealing for photovoltaic applications.’ However, indium is an expensive metal that is usually
obtained as a biproduct of zinc mining. In fact, at time of writing, indium is more valuable by
weight than uranium.™ Indeed, the supply chain and suitability of materials used for next
generation PV is often overlooked and this makes many of the advancements in academia
unlikely to become widely applied in practical energy technologies. Here, we highlight a recent,
comprehensive modelling study that has argued that for perovskite PV production to reach the
point where it could supply TW of electricity, there are severe supply chain risks involved with a
number of materials used; these include indium (used in transparent electrodes and in tandem
interconnects), caesium (used in perovskite alloys) and gold (used in device contacts).™ For
example, around 4,700 metric tons of indium would be required to generate 1 TW (peak) of
electricity from perovskite PV. This is a substantial fraction of our current known reserves of
indium (18,800 tons), and is larger than the annual indium production which (in 2019) was around
1000 tons. This leads to be a high supply criticality of indium with a 1 TW (peak) generation target

requiring a 200% increase in current production.™

There are alternatives to the use of ITO; for example Fluorine-doped Tin Oxide (FTO) is also
commonly employed as a conductive, transparent electrode, however the high sintering
temperatures required to process FTO into a thin-film greatly inflate its fabrication costs.
Furthermore, high-temperature processing conditions make it incompatible with thermally-
sensitive plastic substrates; an issue that limits its applications — particularly when light-weight,

flexible devices are required.

Back-contact solar cells are an alternative device architecture in which all charge-transporting
materials are situated on the rear-side of the device. Critically, this approach reduces parasitic
optical absorption, as the photoactive layer can be directly illuminated without light having to
pass through any absorbing charge-transporting layers. Back-contact devices can also be more
resilient to common pinhole defects that can often cause an electrical short-circuit in a solution

processed device. Furthermore — as we show below - back-contact devices can be constructed



without the necessity to include any costly TCOs that are utilised in conventional planar devices.
Taken together, back-contact devices represent an exciting new architecture for perovskite solar

cells.

Back-contact solar cell devices typically use some type of patterned electrode structure, with
the physical separation between electron and hole extracting contacts being on the order of the
carrier diffusion length. This is fairly straightforward to achieve in silicon-based cells in which
charge diffusion lengths can be on the order of hundreds of microns.™ This has led back-contact
silicon devices to currently hold the single-junction efficiency record of over 27%."® Silicon back-
contact devices also have improved aesthetics as they do not include metal grid lines, giving
them a uniform, sleek appearance that is of particular importance for building-integrated PV
(BIPV) applications. Back-contact devices often also include passivated contacts and
heterojunctions that also help to enhance their efficiency. It is clear however that the
manufacture of such devices is more complex, as precise alignment is required of the rear
contacts. Significantly, the wide-spread manufacture of silicon IBC devices will require some
displacement of PERC devices (Passivated Emitter Rear Cell) which currently accounts for 60 -
70% of global production, and growing competition with TOPCon (Tunnel Oxide Passivated

Contact) devices.

At present, there is a small but growing interest in the development of back-contact PV devices
based on perovskites. Here, significant challenges exist as the patterning of appropriate
electrode structures will require a higher resolution than is necessary with silicon, due to the fact
that charge-carrier diffusion lengths in perovskites are of the order of hundreds of nanometres to
1 micron.? Nevertheless, as we show below, patterning over such length scales is possible and
permits back-contacted devices to be realised in a way that would not be possible using other
materials with much shorter charge diffusion lengths such as organic semiconductors.”” For this
reason, the uptake of this technology in the thin-film PV sector has been relatively slow as the
significant fabrication challenges requires the creation of very finely spaced electrode grids over

relatively large areas.

In this Spotlight on Applications article, we firstly briefly discuss the development of back-
contact architecture devices based on silicon, before reviewing progress on back-contact
devices incorporating perovskite semiconductors. We focus attention on the various methods
used to pattern the contacts used to extract electrons and holes from the device. We also
discuss recent progress from a collaboration between researchers at the University of Sheffield

and the UK company Power Roll Ltd who have developed a new type of perovskite back-contact



device. Finally, we discuss prospects for the scale-up and manufacture of perovskite back-

contact solar cell technologies.

The Back-Contact Solar Cells Architecture



Solar-cells utilising an interdigitated back-contact (IBC) structure were first reported in the

1970’s by Schwartz and Lammert as an alternative architecture for silicon solar cells.'®' The

basic device architecture is shown schematically in Figure 1a. Here, the p- and n-type contacts

are arranged into an interdigitated ‘finger’ layout at the rear of the device, with these contacts

separated by 18 pm. The rationale for this approach is that by placing extraction contacts to the

rear of the device, any structures that would otherwise cast a ‘shadow’ over the light-absorbing

silicon active layer (thereby reducing device efficiency) are removed. This approach also allows

JBiEn

Figure 1: a) shows a schematic of the first
reported interdigitated solar cell (Schwartz
and Lammert); b) point-contact solar cell
(Swanson et al); c) general architecture of a
modern back-contact silicon solar cell. Not

to scale.

thicker contact materials to be employed,
thereby reducing series resistance. The main
focus of initial work was to evaluate the
effects of various factors on device
performance via modelling. Simulations
revealed that such structures had a high level
of tolerance to changes in contact width and
surface recombination velocity, but a low
tolerance to changes in photo-absorber
thickness for low bulk carrier-lifetimes.
Devices were then fabricated and
demonstrated PCEs between 11 and 15% at
varying light intensities; a value that matched
the highest performing certified efficiencies

of crystalline silicon in the 1970’s.°

In 1984, Swanson et al reported an alternative
back-contact design called a point-contact
solar cell, as shown schematically in Figure
1b.2° Here, the interdigitated contact
structure was replaced by n and p-type
materials that instead made contact to the
bulk silicon layer via a series of ‘points’
introduced through an insulating SiO, layer.
Here, the small points of contact between the
contacts and the silicon layer reduced the

effects of recombination caused by defects



at the semiconductor-contactinterface. Following further improvements, devices were reported

in 1988 having an active area of 8.5 cm? with a PCE of 22.3%.2"*

Since such early work, last few decades have witnessed a gradual increase in the efficiency of
silicon IBC devices. This has been driven by both the development of effective light management
strategies (optimisation of light absorption via Anti-Reflective Coatings (ARCs) (see Figure 1¢))**
% and a reduction in charge-carrier recombination.? *2° By combining both effective light-
management and amorphous silicon/crystalline silicon heterojunction approaches, IBC devices
now demonstrate a PCE in excess of 26% with an active area of 180.4 cm? have now been

demonstrated.®°

The IBC structure proposed by Schwartz and Lammert has now become the basis for some of the
highest performing silicon devices. Most recently, 2025 saw a new record for silicon solar cell
efficiency, with the company LonGi reporting in a press-release a hybrid interdigitated back-
contact (HIBC) device reaching certified PCE of 27.8% over an active area of 134 cm?. Readersin
interested in key stages in development of silicon-based IBC devices are referred to a full, recent

review.*

We note similar work to develop IBC devices based on different semiconductor technologies. For
example, significant performance has been demonstrated using Copper Indium Gallium
Selenide (CIGS) based IBC devices with a power conversion efficiency demonstrated at 23.6%.%
Devices based on a CdTe - CdS mix have been reported having efficiencies of around 5.9%.%%
Devices based on thin film technologies including organic and dye sensitized solar cells have
also been reported. Here efficiencies are generally lower, with organic devices based on a blend
of P3HT and PCBM demonstrating a PCE of 0.05%.%* IBC DSSC devices have also been reported
with typical efficiencies of 3.64%.% Rapid progress has also been made in the development of
back-contact technologies based on lead-halide perovskites. We will focus on such progress in

the following sections.



Back-Contact Perovskite Solar Cells

The last 10 years have witnessed rapid growth in the development of planar single-junction and
tandem perovskite solar cells.”*%* However, in contrast to silicon back-contact solar cells in
which layers can be deposited onto a silicon wafer, perovskites require a more sophisticated
approach to create back-contact devices. Here, a significant issue derives from the shorter
charge-carrier diffusion lengths in a

polycrystalline perovskite film than in a)

single-crystal silicon. For this reason,

efficient perovskite back-contact devices _

will likely require electrodes that are

patterned with spacings of around 1 um or _
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Perovskites were first explored (2016) in Botiom inilaaticn

back-contact solar-cell devices by
Figure 2: a) cross-sectional schematics of; a)

planar; and b) quasi-interdigitated back contact

based on the interdigitated electrode solar cells

Reproduced with permission from Jumabekov et
al. Copyright 2016 Royal Society of Chemistry

Jumabekov et al.*' These devices were

structure  originally pioneered by
Schwartz and Lammert but featuring a
considerable update.' Rather than alternating digits of each transport material, digits consisting
solely of the hole-transport layer (HTL) NiO,/Ni were deposited and patterned by
photolithography. These were located on a continuous zinc oxide electron transport layer (ETL)

that was separated from the HTL digits using an aluminium oxide insulating layer, as shown in



figure 2b. A perovskite film was then coated on top of this structured film to form a Quasi-
InterDigitated Electrode (QIDE) device. The main rationale for replacing interdigitated contacts
with a single digit contact separated from a planar electrode by an insulator was that this would
reduce the possibility of structural defects formed during lithography. Such defects are expected
to create electrical short circuits in the final device. In the QIDE device developed, the individual
back-contact digits were separated by 2 ym, with champion devices achieving a PCE of 6.54%
under ‘Top illumination’ and 3.52% following ‘Bottom illumination’ (see figure 2b) when subject

to aJ-Vsweep.

In an attempt to emulate the
architecture of a silicon back-contact
solar cell in which contacts are directly
patterned onto a silicon wafer,
researchers have fabricated equivalent
devices using perovskite single
crystals.***®* Here, the photovoltaic
effect in such structures was first

reported by Dong et al (see Figure 3),

with  a full, so-called “lateral”

perovskite solar cell reported by Liu et Figure 3: Microscope image of perovskite with
evaporated gold electrodes forming a junction on

al in 2019. Briefly, a perovskite single one face of a single crystal (Dong et al)

crystal of 1-1.5 cm length was grown Reproduced with permission from Dong et al.
over the course of 30 minutes in an Copyright 2016 Wiley

aqueous solution of lead acetate

trihydrate and methylamine. A device with the architecture Au/BCP/Cq/MAPbI3/Au was then
created by thermally evaporating separate contacts through a shadow-mask onto the surface of
the crystal, with the separation between n- and p-type contacts being 50 um. The devices
realised had an active area of 0.05 mm? and a champion PCE of 5.9% recorded under 25 mW/cm?
white light illumination. Subsequent work on lateral single crystal perovskite devices have seen
efficiencies increase to 12.6% under AM1.5G illumination, with gains in efficiency resulting from
improvements in crystal growth methodologies.*® Single-crystal devices have also been reported

to maintain over 99.7% relative efficiency over 200 hours illumination under nitrogen.*



It is clear that an interdigitated or
quasi-interdigitated  back-contact
W S Perovskite

device architecture has a potential =
e~ Ni0,

weakness; if afracture that occursin
—Ni

a contact digit, this can lead to the A
273
formation of an electrically isolated 510,

region. Forthis reason, back-contact = TO/Glass

architecture devices are less

resilient to damage or fabrication

errors than their planar
600 nm
counterparts. This issue can
. 400
however be addressed using a so- -
called “honeycomb” back-contact 200nm
structure. This type of architecture is
0Onm
shown schematically in Figure 4a :
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and was first pioneered by Hou et al
in 2018.*° In Hou et al’s work, a
structure was constructed based on
a planar TiO, ETL layer deposited
onto a substrate. Optical lithography
was then used to template a

honeycomb-patterned electrode

onto the ETL consisting of a resistive

layer and AUNiICoO, HTL. Finally, a i
MAPbI; perovskite was spin-cast - 400 nm
onto the structure, filling the pores. —_—
Here, the filled pores define the

active area of the device asitisin this gnm
region that photogenerated charges Figure 4: a) Layers in a honeycomb-type back-

contact perovskite solar cell; AFM images of films
fabricated by b) microsphere lithography and c)

can be extracted via the HTL or ETL.

Champion PCEs of 5.4% and 1.5% photolithography; d) Schematic for the use of
were then reported in devices with polystyrene microspheres as a mask
pore diameters of 2.7 um and 8 pm Reproduced with permission from Deng et al.

respectively. Photocurrent mapping Copyright 2022 Elsevier



was also used to directly image the individual honeycomb features. However, subsequent
investigations found that the insulator layer in fact formed a “ring-like” structure around the
pores, as shown in figure 4b, which in places caused the insulator to block electrical contact to

the HTL. This led to a considerably rougher perovskite and likely obstructed charge extraction.*®

In 2022, Deng et al proposed a novel method to produce a honeycomb structure as illustrated
schematically in Figure 4c.*® Rather than using conventional photolithography to template the
electrode, a monolayer of 2.23 um diameter polystyrene nanoparticles were self-assembled into
a honeycomb structure on the surface of planar tin oxide film using a technique termed
‘microsphere lithography’. Note that such self-assembly techniques are generally less expensive
than photolithography, with practical manufacture processes based on solution self-assembly
of microspheres for applications in photonics already explored.” Reactive ion etching was then
used to reduce the size of the microspheres without modifying interparticle distances. The
particles were then used as a shadow-mask and were able to pattern a 120 nm thick insulating
film and a Ni/NiO4 HTL. Following the removal of the polystyrene microspheres by sonication in
toluene, an array of 1.43 pm diameter pores were created on a 2.23 pm pitch. Critically the
microsphere lithography process avoided the creation of “ring-like” defects formed when this
structure was manufactured by photolithography as discussed above (see Figure 4d). A mixed
cation perovskite was then spin-cast onto the patterned surface to fill the pores which formed a
parallel array of back-contact devices. Upon testing, devices having an active area of 0.75 cm?
reached a PCE of 8.98% (stabilising at 8.6%); a value that compared with 5.13% for controls in
which direct photolithography was used to pattern a honeycomb. The improvement in efficiency
of the microsphere patterned device over the photographically patterned control resulted from
an increase in Js.. Here it was speculated that the smaller pore pitch reduced the distance over
which charge-carriers needed to travel before extraction, thereby reducing recombination

effects.

In 2022, a new type of back-contact perovskite devices based on cracked-film lithography was
developed by Prince et al.*® Critically, this technique allowed small inter-electrode distances to
be directly templated without the use of any photolithography. This process is shown
schematically in Figure 5 and involved spin-coating a tin oxide ETL onto an ITO electrode. Onto
this was then spin-cast a solution of 40 - 80 nm PMMA nanoparticles. The subsequent
evaporation of the casting solvent led to the creation of a nanoparticle film that contained a
dense mesh of “cracks”, having a width of around a micron (see Figure 5b). This film was then

exposed to an O, plasma treatment for 2 hours which widened the cracks to over 2 pm. An
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Figure 5: Schematic of the fabrication of back-contact perovskite solar cell by cracked-film
lithography. Here, part (a) shows the starting substrate (SnO, coated on ITO). Part (b) shows
the formation of a cracked network in a dried PMMA film deposited onto the SnO,. Cracks
are then widened by exposure to an O, plasma (part (c)). Part (d) shows the substrate then
sequentially coated with SiO,, Al;03, Ni and NiO,, with the Ni/ NiO, being electrically isolated
from the bottom SnO./ITO contact. In part (e), lift-off of the PMMA is used to create the
separated n and p-type contacts (SnO; and NiO, respectively). Finally, part (f) shows the final
structure, complete with a top perovskite active layer.

Deposit perovskite

Reproduced from Prince et al, Copyright 2022, American Chemical Society

electricalinsulator film was then evaporated onto the cracked surface, followed by a Ni/NiOHTL
transport layer. To create a back-contact structure, the PMMA nanoparticles were then washed
off using an NMP-based solution. As can be seen in Figure 5e, this left the surface covered by an
irregular mesh consisting of an insulator/HTL bilayer located on top of the ETL. A mixed cation
perovskite was then spin-coated onto the mesh, with the gaps in the mesh acting as the active
photocurrent-generating regions. Devices were fabricated from this structure having an active
area of 0.06 cm? and demonstrated a champion PCE of over 6%. Here, a low fill factor was

identified as being the primary efficiency loss.

In 2021, a new record efficiency for a perovskite back-contact perovskites was demonstrated by
Lin et al *° using the quasi-interdigitated structure first demonstrated by Jumabekov et al.*’ The
primary adjustment made to the structure was to use an ETL composed of both compact and
mesoporous TiO, which was deposited onto an FTO-coated glass substrate. A series of 2 um
wide ALOs/Ni/NiOy digits were then patterned onto the ETL using optical photolithography. A
mixed-cation perovskite was spin-cast on the structure, with devices having an active area of
0.04 cm? achieving a champion efficiency of 12.3%. However, such devices suffered from
considerable hysteresis which was attributed to interfacial recombination, with forward sweep
PCEs of 6.2% reported. Despite this hysteresis, the devices were a notable improvement on the

controls that simply utilised a compact TiO, ETL. Further work by Rietwyck et al then



characterised the diode ideality factor and photoluminescence emission from such devices
using a number of methods.*® Here, it was found that the mesoporous TiO, ETL significantly

reduced non-radiative recombination and increased average device V..

In 2023, Zhao et al demonstrated a highly efficient back-contact perovskite solar cell using a
compositional engineering approach.®’ Here, the objective was to increase charge-diffusion
lengths in a perovskite using molecular additives, making charge-extraction via the patterned
back-contact electrodes a more efficient process. Specifically, guanidine thiocyanate was
added at up to 20 mol% to a MAPbDI; perovskite with its effect on perovskite crystallinity and
conductivity characterised. Using XRD rocking-curve measurements, it was confirmed that the
(110) plane in the perovskite underwent a significant degree of out-of-plane alighment, with this
effect being most prominent at 12.5 mol% additive concentration. It was found that this
perovskite had increased charge-carrier lifetimes which was accompanied by an increase in
grain size as measured by SEM. Back-contact devices having an active area of 0.04 mm? were
fabricated using this perovskite and demonstrated a champion PCE of 11.2%. This efficiency was
higher than control devices that did not incorporate the additive which had a PCE of 3.81%. This
enhancement in PCE mainly occurred due to a large improvement in Jsc which occurred as a

result of increases in charge-carrier lifetimes.

Non-radiative trap-assisted recombination is a major source of losses in perovskite solar cells,
with such traps typically located at interfaces and grain boundaries. In a back-contact solar cell,
itis expected that charge-carriers will need to traverse a number of grain boundaries before being
extracted, with recombination at grain-boundaries a key loss mechanism. An investigation into
the effect of grain size on device performance was carried out by Lin et al, making use of a solvent
annealing approach to create back-contact devices incorporating perovskites having varying
grain sizes.*? Interdigitated devices comprising digits having 5 um separation were fabricated by
photolithography using gold contacts and two different thiophenol-based self-assembled
monolayers (SAMs) as the electrodes and transport materials respectively. A MAPbI; perovskite
was then spin-coated on top of the patterned electrodes to complete the device. A solvent
annealing step was applied to the perovskite using a DMSO/NMP vapour, tuning the average size
of perovskite grains between 0.23 and 6 um. As expected, it was found that devices based on
materials having the largest grain sizes had the highest efficiencies, with devices having an active
area of 0.04 cm? achieving a champion PCE of over 2%, compared to ~ 1.5% and ~ 1.25% for
devices based on medium and small sized grains respectively. Time-resolved
photoluminescence measurements identified an increase in the lifetime of a slow decay

component associated with charges that had been extracted before recombining, and a



decrease in the lifetime of the fast component (associated with radiative decay in the perovskite)
observed as the grain size increased. This implied that larger perovskite grains lead to more

efficient charge extraction.

In summary therefore, a wide range of novel fabrication methods have been reported that can be
utilised to template smallinter-electrode distances commensurate with charge-carrier diffusion
lengths. This has led to devices reaching champion efficiencies at time of writing of over 11%.
However, whether the electrodes are templated by photo-, cracked film- or microsphere
lithography, or evaporated directly onto a perovskite crystal, none of these methods have as yet,
been demonstrated at scale or for solar modules. Here, fabrication has instead relied on the use
of non-scalable deposition techniques (such as spin-coating) to deposit the active perovskite
material. This both limits the maximum size of the devices realised and also leads to a degree of
solution wastage. Some previous approaches have also required the application of high process
temperatures or lengthy post-deposition processes that would add to both the cost and speed
of manufacture should these devices scaled up. Clearly, further work is required for back-
contact perovskite solar cells to be manufactured on a large scale. We address this issue and

offer potential solutions later in this article.

Simulation Studies of interdigitated back-contact devices

Much of the work reported on back-contact perovskite solar cells discussed above dealt with
unique device architectures, with researchers focusing on novel methods to template the
necessary electrode structures. It is clear however that experimental work on back-contact
devices is limited by fabrication challenges. For this reason, device simulation studies have also
been carried out to explore the effects of various factors on the performance of such types of

solar cell.



In 2018, the effect of a series of fabrication factors on the performance metrics of an
interdigitated perovskite back contact device were numerically simulated by Ma et al.*® It was
found that while open circuit voltage (V,.) and Fill Factor (FF) were largely independent of
electrode width and separation, increases in either would lead to a reduction in Jsc and thus
device PCE. Devices having simulated contact widths of 1 pm and inter-electrode distances of
0.1 um corresponded to the highest efficiency devices explored in this computational study. The
results of extensive simulations are shown in Figure 6, where device efficiency was explored as
a function of varying electrode contact widths. Here, part (a) shows the effect of carrier lifetime
on device efficiency, while part (b) shows the effect of simulated carrier mobility. The effect of
the perovskite defect density and surface recombination rate was also established through
modelling J-V curves. Here, it was found that for a defect density of < 10" cm™, there was little
change in the shape of the J-V curve or device performance metrics. However, as the defect
density increased above this value, significant losses in V,c were observed; an effect attributed
to band narrowing induced by the high defect concentration. In contrast, as the surface
recombination velocity was increased from 1to 10,000 cm s, the Jsc decreased dramatically as

(a) - would be expected. Finally, the effects of
7 » charge-carrier lifetime and mobility were
explored as a function of the width of the
contacts. It was found that for a contact width
of 1 ym and current density of between 4.7
and 23.6 cm™, a reduction in carrier lifetime
below 10 s, or a reduction in carrier mobility
below 10 cm?V"'s™ had a dramatic effect on
PCE, reducing it by over 70%. Indeed, to
maintain a high PCE, it was necessary to
increase both carrier lifetime and carrier
mobility as the contact width increased; a
result consistent with carriers having to

diffuse over longer distances before being

Mobilty (em*V"’s"") Contact width (um) extracted. Interestingly, the PCE appeared to
Figure 6: Variation in simulated PCE as a saturate in all cases below the detailed
function of contact width and a) charge balance limit, implying that additional loss

carrier lifetime or b) charge carrier mobility.
Reproduced from Ma et al. Copyright 2018
American Chemical Society devices.

processes must limit the efficiency of such



Further investigations into photocurrent generation in back-contact perovskite devices were
reported in 2020 by Shalenov et al.>* Simulations were performed to model a quasi-interdigitated
back-contact solar cell, with the effects of perovskite thickness, inter-electrode distance and
insulating layer thickness explored. From an experimental viewpoint, it would be expected that a
perovskite deposited over a substrate that has been patterned with interdigitated electrodes is
likely to be characterised by significant variations in perovskite thickness over regions above the
digits and between digits. Fortunately for device efficiency, however, simulations suggested that
varying perovskite thicknesses over the interdigitated region between 0.5 and 2 pm had very little
impact on performance metrics. However, for very thin films it is likely that insufficient light
would be absorbed by the perovskite, leading to a low short-circuit current. Back-contact devices
based on very thick perovskite films are also likely to have low efficiency, as charge carriers
would be generated a significant distance from the back-contact electrodes, with recombination

effects leading to a low short-circuit current.

The effect of inter-electrode distance was also simulated, with values between 0.42 and 1.05 pm
explored. Interestingly, devices fabricated using electrodes with a 0.42 pm separation were
characterised by lower Ji values, although the reason for this was not discussed. Electrode
separations above this value had little effect on the performance metrics. The insulating layer

thickness (assuming constant combined perovskite and insulator thickness) was also found to

o 02 05 o075 Hm 0 0125 025 0375  Hm
Figure 7: Simulated Electric field distributions for interdigitated back-contact perovskite

solar cells with inter-electrode distances of; a) 4 um; b) 2 um; c) 1 um; d) 0.5 um.
Reproduced with permission from Shalenov et al. Copyright 2020 Elsevier



have rather little impact on device efficiency for
values between 0.05 and 0.2 ym. However, when
this was increased to 0.4 pym, devices were
characterised by a marked drop in Js.. This was
attributed to the reduced thickness of the
perovskite layer above the digits leading to
reduced light absorption. Simulations also
investigated the effect of inter-electrode
distance on the distribution of electric potential
around the electrodes as shown in Figure 7.
Here, it was found that for inter-electrode
distances of <1 ym, regions of highest potential
occurred at the edge of the HTL and underwent
considerable reduction towards the ETL. This
implied that most efficient charge separation
and collection occurs near the edge of the HTL.
However, for larger separation distances, the
distribution of electric potential varied
considerably, with the region corresponding to
the maximum being considerably larger. This
suggests that a complex optimisation process is
likely required for interdigitated devices, and that
simply reducing inter-electrode distances may

not be enough to maximise efficiency.

Groove-based back-contact perovskite solar-

cells

The company Power Roll Ltd have developed a

Figure 8: a) schematic of a single groove
device; b) and c) SEM of patterned PET
substrate; EDS SEM images of d)
aluminium, e) gold, f) cadmium and g)
sulphur respectively. Reproduced from
Pernik et al. Copyright 2016 American
Chemical Society

type of back-contact perovskite solar cell based on flexible, plastic substrates embossed by

micron-width grooves. Note that the first experiments performed on this type of structure did not

incorporate a perovskite photoactive layer, however for completeness we briefly describe such

work as it provides important context for follow-up studies.



Micro-groove back-contact structures were first reported in 2016 by Pernik et al on a patterned
polyethylene terephthalate (PET) substrate that was embossed with a series of V-shaped grooves
(see schematic in Figure 8a and an SEM image in part b.*® Following embossing, electron and
hole transport layers were sequentially deposited via thermal evaporation onto the opposing
walls of the grooves by evaporating different materials at a shallow, oblique angle with respect
to the sample plane. This allowed one side of the grooves to be coated with a material, with the
opposing wall remaining in shadow. By repeating this deposition and instead coating the
opposing groove wall, it is possible to coat the two groove walls with separate ETL and HTL

contacts.

Initial experiments explored grooves whose walls were coated with either Al/CdS (ETL) or Au

(HTL), which were sequentially thermally evaporated. Into these grooves, a copper indium
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Figure 9: a) Schematic of a single groove and several grooves connected in series; b) FIB
SEM cross sectional image of a cascade of coated grooves; c) Laser-Beam Induced Current
image of a 16-groove cascade; d) integrated LBIC intensity across cascade in c; e) J-V curves

of two different widths of groove for a single groove device; f) stabilised efficiency for
champion single groove devices whose JV curves are reported in part e.

Reproduced from Wong-Stringer et al, available under CC-BY 4 licence.



selenide (CIS) photoactive layer was deposited by spray-coating, with devices created having the
structure ANCdS\CulnSe,/Au. The directionality of the evaporation process was verified by EDS
SEM measurements (see Figure 8d to g) that were able to demonstrate that each of the contact
materials were primarily deposited on one of the groove walls for most of the materials

evaporated, although the gold contact was not particularly visible within the grooves.

A mini-module consisting of three series-connected grooves was then constructed. Here, series
connectivity between the grooves occurred via an overlap in the ETL and HTL at the apex of each
groove. The grooves constructed each had an active area of 2.3 x 10 cm?, with the module tested
by recording a J-V curve. Devices were found to have a champion PCE of 2.2%, with a lower PCE
of 0.19% recorded when devices were instead illuminated through the substrate. A larger module
consisting of 15 grooves was also tested; here the module efficiency was found to drop to
0.013%. It was suggested that the reduction in device performance resulted from the poor
uniformity of the CIS across the grooves. It was proposed that by reducing the distance between
the grooves, it should be possible to reduce the series resistance of the module and thereby

increase device efficiency.

In 2019, our group reported back-contact groove-based solar cell containing a perovskite.*® In
these experiments, we used a device architecture consisting of Ti\Cgo\perovskite/NiO/Ni, with
devices formed within micron-width ‘V-shaped’ grooves embossed into a plastic film. The
structure of the devices fabricated are shown schematically in Figure 9a, with an SEM image of
the perovskite-filled grooves shown in Fig 9b. Again, grooves were connected in series via the

overlap between the ETL and HTL at the apex of each groove.

In these structures, electron-beam (E-beam) evaporation was used to deposit all metal layers;
this reduced the processing temperatures to less than 100°C and helped to limit any damage to
the sensitive groove structures. A reactive E-beam deposition technique was also used to
deposit metal-oxide films whereby the evaporated metal reacted with a low partial pressure of
oxygen introduced into the deposition chamber. This allowed the stoichiometry of the metal
oxide film to be controlled.®”*® After the deposition of the device contacts, a MAPbI; perovskite
based on a formulation developed by Noel et al was spin coated onto the substrates.®® This
material precursor was chosen owing to its low processing temperature and compatibility with

the plastic substrate material.

To confirm that the groove array was capable of producing a photocurrent, LBIC measurements
were performed using a 635 nm laser focussed to a spot size of around 2 um. A typical LBIC image

recorded from a mini-module consisting of 16 series-connected groove devices is shown in



Figure 9c. It was found the photocurrent generation was fairly uniform across the grooves (see
cross-section through the photocurrent image shown in Figure 9d, with negligible current
generation recorded from the flat sections on either side of the grooves. Interestingly one groove
near the middle of the mini-module generated a lower photocurrent, possibly indicating that it
was operating near to short current. The photocurrent generated by the rest of the module

verified the resilience of the device to non-functional grooves.

The efficiency of single grooves and mini-modules containing a different number of grooves was
established by recording their J-V characteristics. A single 1.6 um-wide groove was able to
demonstrate a PCE of 7% (see Figure 9e) having a stabilised efficiency of 7.3% (see figure 9f)).
This reduced to 2.6% when fabricated into a module consisting of 16, 1.6 ym-wide grooves. A
brief investigation was conducted into the shelf-life stability of the single-groove devices. It was
found that following 150 days in dark storage under nitrogen, devices actually increased in
efficiency from 4.0% to 5.0%. Taken together, these results indicated the potential of this type of

back-contact architecture.

Following device development and optimisation, we have recently reported an improvement on
previous work and have fabricated back-contact perovskite solar modules with each part of the
process performed using fully scalable techniques.® Here, the ETL device contact additionally
incorporated a tin oxide layer between the titanium and Cg. This was included as a result of a
reported instability of the Ti/Ce interface which can undergo a reaction to form carbides even at

room temperature in the solid state.®

The embossing pattern was also updated to reduce the width of grooves to 1.5 um and change
their shape from being ‘V-shaped’, to ‘U-shaped’. This was done primarily to make grooves easier
to emboss with high fidelity and enhanced yield. The grooves were also organised into so-called
‘cascades’, each consisting of 362 series connected grooves. These cascades were separated
from one another on the substrate by deep track-like features patterned on the surface termed
‘delineation features’ which acted as high-resistance pathways — see figure 10a. This electrically
isolated adjacent cascades from one other without requiring any scribing steps that would
typically add time and cost to the manufacturing process. Adjacent cascades could additionally
be connected in parallel, with holes being extracted via a busbar at one edge of the substrate and
electrons from the other edge. This allowed a module to be created consisting of 10’s of parallel-

connected cascades, each made up of 362 series-connected grooves.

One component of our work is that modules are fully fabricated using roll-to-roll techniques. This

approach has the benefit of a high throughput design that allows for a large number of devices to



be fabricated in a single coating run. The flexible substrates can also be spooled and unrolled
with no detriment to device performance. To fabricate devices, several evaporation sources were
directed at different angles to the substrate, allowing the opposing walls of the grooves to be
sequentially coated with the ETL or HTL contacts. This both reduces the processingtime required
to coat the surface and reduces the energy costs associated with breaking vacuum between
each deposition step. The perovskite active layer was also deposited by slot-die coating the

substrate on a moving web.

The coated substrate was then characterised using a humber of different techniques. Nano-
focus X-ray fluorescence (XRF) mapping was used to image the grooves to explore the uniformity
and directionality of the evaporation processes (see Figure 10b). Here, the presence of nickel
(HTL) and titanium (ETL) located on opposite walls was verified, with a lead signal (corresponding
to the perovskite) localised within the grooves. This confirmed cross-sectional SEM
measurements (shown in Figure 10c), which was also able to reveal an overlap between the
transport materials at the apex of the grooves. Interestingly, the integrated intensity of the lead

fluorescence fluctuated across the grooves and indicated a higher lead concentration towards

Ti/Sn0,/C60

Figure 10: a) schematic showing charge-extraction in a groove device (not to scale); b) XRF
mapping of several elements over a cascade of grooves (scale bar 2 um); c) cross-sectional
SEM of a groove cascade (scale bar 2 um); d) Photocurrent mapping of a series of cascades

(scale bar 500 um)
Reproduced from Blackburn et al. Copyright 2025 American Chemical Society



the nickel-coated wall; this both suggested the presence of sub-surface voids, and also a varying

efficiency of wetting of the groove walls during the precursor solution deposition process.

The photocurrent across a series of parallel connected cascades was imaged using a
photocurrent mapping technique. Here, a typical current map is shown in Figure 10d. This was
constructed by projecting a series of pixelated optical patterns at the substrate, with post-
processing used to reconstruct a map of photo-current generation. Although the individual
grooves cannot be observed owing to the relatively low magnification of the microscope, a
relatively uniform photocurrent generation was observed across each cascade. However, one
cascade, identified by the white dashed lines in Figure 10d, is clearly generating no measurable
current. This was attributed to either poor electrical contact during measurement or to a short
circuit within the cascade. Nevertheless, the rest of the cascades appear unaffected, suggesting

that such groove mini modules are resilient to manufacturing defects.

Individual cascades from the coated web were tested and demonstrated an impressive
champion PCE of 11.3% (device active area of 0.0689 cm?), which stabilised at 12.8% (having
champion values of V,. and Js; of 373 V and 0.056 mA/cm? respectively). Interestingly, this high
efficiency was achieved through back-illumination (i.e. light was directed at the groove through
the plastic substrate). We note that this is not only the highest reported efficiency for a back-
contact perovskite solar cell reported to date, but also the first demonstration of a back-contact
perovskite device fabricated using fully scalable techniques. We emphasize that the laterally
contacted transport materials and plastic substrate also allow for illumination from either side
of the device, providing an inherently bi-facial device. We discuss the opportunities for bi-facial

operation below.
The Future

The steady growth in the efficiency of both silicon and perovskite back-contact solar cells is
charted in Figure 11. It is clear that there has been continued growth in the efficiency of
perovskite devices over the last decade, however such devices are still to demonstrate the high

efficiencies and stabilities routinely demonstrated by silicon-based technologies.

As we have outlined, one of the key challenges in creating high efficiency back-contact perovskite
solar cells is creating surfaces patterned by electrodes whose separation approaches perovskite
charge carrier diffusion lengths which are typically on the order of 100’s of nanometres.? Such
patterning must be achieved over large areas without introducing shorting pathways which

otherwise limit efficiency. Although various approaches have been made to template such



structures, none of these have yet reached sub-micron length-scales. Evidently, further work
should focus on the development and improvement alternative of fabrication methods to enable

more efficient charge-extraction in these devices.

Itis also clear that very few of the methods so far used to fabricate back-contact perovskite solar
cells are consistent with scaled-up manufacture. Many of the techniques explored require
lengthy solution processing steps to template the back-contact structures and are thus
impractical to implement at scale. They also require time-consuming scribing steps to create
device modules.
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module efficiency (12.8%
stabilised PCE), with a fully
scalable fabrication processthatincorporated roll-to-roll slot-die coating. Critically, devices can
be entirely constructed without the use of expensive and scarce metals such asindium. The light-
weight nature of the fully-flexible plastic substrate should also allow modules to be applied to
surfaces that cannot bear the weight typical of relatively heavy silicon-PV installations. This will
be of particular importance for potential application in developing countries. As discussed
above, our devices are bifacial. Here we expect opportunities for applicationin the emerging field
of Agrivoltaics. For example, part of the surface of a glasshouse used for growing plants could be
covered with PV modules. Here, part of the light entering the glasshouse that is not absorbed by
the plants is expected to be scattered and then absorbed through the back-side of the PV
modules. Whilst bifacial silicon photovoltaic panels could offer a similar yield in energy

generation when used in this way, the often rigid and heavy panels may not be as easily interfaced



with non-load bearing structures (such as a polytunnel) and thus light weight flexible perovskite

technologies are likely to find an advantage.

However, significant challenges remain before commercialisation. At present, the groove
devices we have reported correspond to single cascade measurements that have been
sectioned from a larger roll-to-roll coated web.® To create a commercial product, itis necessary
to realise high efficiencies consistently and uniformly over a large area. Power Roll is nhow
undertaking scale-up, creating 10 x 10 cm, fully roll-to-roll coated devices. We expect these to

act as the building blocks of full-scale commercial modules.

Device stability is not a widely reported metric in many published reports of back-contact
perovskite solar cells. For commercialisation, devices must clearly demonstrate an appropriate
level of stability consistent with their intended application. At present, work is being undertaken
at Power Roll to enhance device stability, with activity focusing on materials compatibility,
intrinsic stability, surface passivation and encapsulation. Indeed, recent experiments have
identified a number of routes to enhance operational stability; these include incorporating ultra-
thin films of molecular materials at the ETL/perovskite and HTL/perovskite interfaces, together

with capping the surface of the perovskite using a polymer barrier layer.

In addition to our recent work, we note other reports on the use of scalable methods (such as
slot-die coating) to deposit the perovskite in a back-contact architecture.’? We emphasize that
future work must focus on the use of scalable methods to fabricate back-contact electrodes with
high precision and yield, with this being a critical step in the development of device modules. It
will also be interesting to explore the use of other scalable techniques to deposit the perovskite
active layer. Here, spray coating is of particularinterest as it combines both high device efficiency

and enhanced processing speeds.®

We suggest the following development activities should be explored to raise the current state-of-
the-art power conversion efficiency from around 10% to over 20%. Such activities should also
focus on improving operational stability to meet International Electrotechnical Commission

(IEC) standards. We believe the following to be necessary;

1. Increased densification of interdigitated and back-contacted patterns, allowing greater
geometrical fill factors to be realised.
2. Adoption of the most efficient, narrow band gap, stable perovskite formulations such as

FAPbIs. This will both help to improve device efficiency and stability.



3. The use of improved charge extraction layers and contacts to minimize charge carrier
recombination and reduce unwanted electrochemical interactions.

4. Develop precise but scalable coating techniques allowing highly uniform thin films to be
created. This is a critical part of increasing operational yield.

5. Utilise effective light management strategies such as anti-reflection coatings and surface
layers to improve light harvesting.

6. Develop effective encapsulation strategies to prevent the ingress of moisture and oxygen.

7. Increase the conductivity of the electrodes to reduce series resistance and improve fill

factor.

Conclusions

The development of back-contact perovskite solar cells is a growing research area that is likely
to reach commercial viability in the coming years. Through reduced material costs and high-
speed, low-cost processing via roll-to-roll coating and compatibility with flexible substrates,
back-contact perovskites could find an important niche in the solar-cell market. There is however
significant scope for further advances; here a promising architecture is that of micro-groove
devices which we show can be fabricated using roll-to-roll processing and achieve efficiencies
in excess of 12%. These devices potentially circumvent some of the issues that face traditional
planar architecture devices, such as parasitic optical absorption in the charge transporting
layers, a reliance on indium TCOs, an absence of the time-consuming scribing steps and the
potential to increase energy yield through their inherent bi-faciality. Further work is however

needed to enhance device efficiency and operational stability.
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