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The meteoric rise of perovskite single-junction solar cells has been accom-
panied by similar stunning developments in perovskite tandem solar cells.
Debuting with efficiencies less than 14% in 2014, silicon—perovskite solar
cells are now above 25% and will soon surpass record silicon single-junction
efficiencies. Unconstrained by the Shockley—Quiesser single-junction limit,
perovskite tandems suggest a real possibility of true third-generation thin-film
photovoltaics; monolithic all-perovskite tandems have reached 18% efficiency
and will likely pass perovskite single-junction efficiencies within the next

5 years. Inorganic—organic metal-halide perovskites are ideal candidates for
inclusion in tandem solar cells due to their high radiative recombination effi-
ciencies, excellent absorption, long-range charge-transport, and broad ability
to tune the bandgap. In this progress report, the development of perovskite
tandem cells is reviewed, with presentation of their key motivations and
challenges. In detail, it presents an overview of recombination layer mate-
rials, bandgap-tuneability, transparent contact architectures, and perovskite
compounds for use in tandems. Theoretical estimates of efficiency for future
tandem and triple-junction perovskite cells are presented, outlining roadmaps

growth has been the development of per-
ovskite tandem solar cells; debuting at less
than 14% in 2014, silicon—perovskite
four-terminal tandems now demonstrate
efficiencies above 25%l! with two-ter-
minal efficiencies of 23.6%.° Perovskite—
perovskite tandems utilising low-bandgap
perovskite materials for the bottom cell
now have four-terminal efficiencies above
20%l"l and two-terminal efficiencies above
189%") (Figure 1).

Tandem solar cells allow higher effi-
ciencies than single-junction solar cells by
better utilising the energy of short-wave-
length photons in the spectrum of sun-
light. Top cells comprising a high-bandgap
semiconductor generate photocurrent at
high voltage from the short-wavelength
part of the solar spectrum. Longer-wave-
length light, beyond the bandgap of the
top cell, is transmitted to an underlying

for future focused research.

1. Introduction

Perovskite solar cells have developed faster in efficiency than
any other photovoltaic (PV) technology in history.?l With sun-
shine-to-electricity conversion efficiencies below 4% in 2009,
single-junction perovskite solar cells now demonstrate certi-
fied efficiencies that rival all other thin-film PV technologies,
reaching above 22% in 2016.B] Accompanying this stunning
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bottom cell comprising a lower-bandgap

semiconductor with broad absorption

coefficient. The efficiency potential of

tandem cells makes them the most likely
candidate to continue the remarkable reductions in PV module
price for decades to come.[’)

Herein, we review the field of tandem solar cells based on
a new PV material class of inorganic-organic lead-halide per-
ovskites. Perovskites are an ideal candidate for inclusion in
tandem solar cells due to their high radiative recombination
efficiencies, excellent absorption and charge-transport charac-
teristics, and their broad ability to tune the bandgap.?*28 We
present these key motivations for the perovskite-tandem archi-
tecture alongside their challenges, outlining a roadmap for
future focused research.

This review article is organised as follows: In Section 2 we
outline the case for tandem solar cells in both two- and four-
terminal configurations, and present their efficiency evolu-
tion to date. Theoretical efficiency limits are discussed and we
review current record perovskite-tandem devices. Section 3
identifies possibilities for tandem cells that are unique to inor-
ganic-organic metal-halide-perovskite materials, particularly
due to their bandgap-tuneability and luminescence efficiency.
The section also presents the optical and electrical require-
ments of any future successful perovskite tandem solar
cell, and the challenges of stability and longevity. Section 4
reviews the critical role of transparent contacts and recom-
bination layers in tandem solar cells. It presents the state-of-
the-art transmittances and sheet resistances (with and without
metallization) of current transparent contact materials, and
reviews candidates for the intermediate recombination layer in
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two-terminal tandems. Section 5 outlines the progress and
potential of perovskite—perovskite tandems and presents a
roadmap for future investigation towards large-area, low-cost
solar electricity beyond 30% efficiency.

Perovskite tandems have been reviewed previously;! we
expand on these to include more detailed analysis of a range
of areas, including perovskite-perovskite tandems, mono-
lithic-tandem recombination layers, transparent contacts with
metallization, and a broader scope for future triple-junction
and commercial perovskite tandem solar cells.

In summary, this review highlights the following:

29,30]

1.1. Review Summary

e Perovskites are an outstanding material for tandem solar cells,
offering strong absorption, excellent charge-carrier transport,
tuneability in the bandgap from 1.2-2.2 eV, sharp absorption
band-edge, and low levels of parasitic absorption.

e Perovskite-silicon monolithic tandems have reached 23.6%[°l
efficiency with four-terminal tandem efficiencies beyond
25%.P1 A perovskite-silicon tandem surpassing the ‘break-
even silicon single-junction efficiency of 26% is likely to be
achieved by the year 2020.

e Perovskite-perovskite tandems have demonstrated 20.3%
four-terminal efficiency”! and monolithic efficiency of
18.1%.81 Perovskite-perovskite tandem efficiencies are ex-
pected to surpass record perovskite single-junction efficien-
cies before 2020, with efficiencies greater than 26% expected
before 2030.

e Critical issues for future progress are identified as:

= Fabrication of compatible recombination layers with mini-
mal voltage and optical losses, without the use of indium;

= Control of light within the device including transparency of
the top electrode, wavelength-selective light-trapping, and
reduced reflection;

= Cell stability that allows a performance guarantee of 80%
output-efficiency for 25 years, and the fabrication of cells
with non-toxic and earth-abundant materials.

e We identify the following areas for interest and targeted
future research:

» Reduction of V,. loss-in-potential for high-bandgap
perovskites.

= Efficient stable perovskite semiconductors with low
bandgap <1.1 eV

= Fabrication-compatible transparent conductors and recom-
bination layers without indium

= Wavelength-selective light-trapping techniques with excel-
lent long-pass transmission.

= Perovskite compounds for selective transport, transpar-
ent contact, and recombination layers in integrated multi-
junction perovskite devices.

2. Perovskite Tandem Progress and Scope

Solar photovoltaic installations have grown at a compound rate
of 44% per annum for the past 10 years, faster than any other
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Figure 1. Efficiency evolution of solar cells involving inorganic—organic metal-halide perovskites: 2T perovskite/perovskite tandems, "% 4T perovs-
kite/perovskite,"11 2T c-Si/perovskite,[812-14 4T c-Si/perovskite,[>15161 2T CIGS/perovskite,'”] 4T CIGS/perovskite, > 1820 2T CZTS/perovskite,?' 2T

organic-polymer/perovskitel?223l and perovskite single-junction solar cells.?!

energy technology in the world.?! This growth has largely
been with crystalline silicon PV modules, which now cost less
than 0.50 $US Watt™1,32l following Swanson’s Law for four dec-
ades—reducing 22% in price for every doubling of cumulative
installed capacity.”) The practical efficiency limits of silicon
solar cells are being rapidly approached by global manufac-
turers, and whilst there are pathways towards 25% module effi-
ciencies,>! there are clear price motivations for even higher
efficiencies beyond the one-junction limit.?

Inorganic-organic metal-halide perovskites are the first
thin-film, high-bandgap, and earth-abundant material to
1) demonstrate solar cell performance capable of increasing the
efficiency of silicon solar cells beyond 26% in a tandem con-
figuration,!'>3¢-38 and 2) raise the possibility of an all-thin-film
tandem solar cell with >30% efficiency, providing the first step
towards true third-generation photovoltaics.l*”!

The final assessment of any energy technology is its level-
ised cost of electricity (in $§ kWh!), calculated by dividing the
total annualised cost of the system by the annual electricity
produced over the systems lifetime. For a PV module it is pro-
portional to the cost of the system and inversely proportional to
both module efficiency and system lifetime. These are the three
main performance indicators in PV research. Regarding system
cost, the actual solar cell itself comprises only 40% of the total
annualised cost of an installed PV system—the remaining 60%
is due to ‘balance-of-system’ expenses, which includes the cost of
inverters, wiring, and installation.l Efficiency improvements,
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however, directly reduce the levelised cost by increasing the
annual electricity produced. Similarly, increasing system lifetime
directly decreases the annualised cost of electricity. These are
the motivations for research into robust, durable solar cells with
efficiencies beyond the one-junction limit; they form the foun-
dations for the widespread interest in perovskite tandems.

The first perovskite tandem solar cells were published in
October 2014 in a two-terminal (2T) tandem configuration,
where the top and bottom cells are electrically connected
in series, with a perovskite-CZTSSe (CZTS) tandem with
efficiency of 4.4%.%! These were quickly followed with four-
terminal (4T) perovskite tandem solar cells, where top and bottom
cells are independently electrically connected, with bottom cells of
crystalline silicon*'® and CIGSSe (CIGS).I""! By the end of 2015,
the record 4T perovskite tandem cell had higher efficiency than
the record perovskite single-junction cell,l®! reaching 25.2% in
2016 with the cell fabricated by Werner et al. (Figure 1).5!

The current record for a two-terminal perovskite tandem cell
is with a perovskite-silicon tandem at 23.6%,° recently sur-
passing the published 21.2% from a perovskite—silicon tandem
fabricated by Werner et al., 2015."1 We discuss different pos-
sible tandem configurations further in the following section,
but highlight here the narrowing gap between four- and two-
terminal c-Si—perovskite tandems, and the remarkable progress
in achieving current matching in 2T c¢-Si—perovskite tandems,
which have recently surpassed the single-junction perov-
skite efficiency record. Two terminal tandems have also been
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fabricated with CIGS (10.9%!'7)), organic (16.0%2%)), and per-
ovskite low-bandgap bottom cells (18.1%%)), discussed further
below.

The most likely first route to market for perovskite solar cells
is predicted as an accompanying tandem layer for a premium
silicon solar cell module,?* though it is critical to note that
to improve the efficiency of an existing excellent silicon solar
cell requires efficiencies above =20% from the perovskite
cell.[1536-38] Serious questions should be asked about the long-
term feasibility of the approach of combining a PV technology
with excellent stability but high intrinsic material cost (crystal-
line silicon) with a PV technology with as-yet low stability but
cheap intrinsic material cost (perovskite)."!! When perovskite
materials demonstrate the efficiency and stability required for
inclusion in a commercial silicon tandem module, it is likely
they will be efficient and stable enough for deployment as
either a standalone perovskite solar module, or as a high-effi-
ciency perovskite-perovskite tandem.1:37

Perovskite—perovskite tandems were first fabricated in
2015 with a 2T configuration of identical top and bottom
cells.l% In mid-2016, the first 4T perovskite—perovskite
tandem was published with 19.1% efficiency,!!l and in late
2016, Eperon et al. demonstrated record 2T and 4T perovs-
kite—perovskite tandems with ideal matched bandgaps, at
17.0% and 20.3%, respectively.l”l This was recently furthered
by Forgics et al. in December 2016, demonstrating 18.1% 2T
perovskite/perovskite tandem efficiency, though we note here
that this efficiency was unstabilised and measured only in
the reverse-scanning direction from open-circuit to short-cir-
cuit.®l Whilst the efficiency under forward scanning still pro-
vides a new record (at 17.4%), further record cells will benefit
from adhering to the guidelines in correct perovskite cell-effi-
ciency measurement at steady-state, outlined by Christians et
al. in 2015.142

With conservative extrapolation of recent progress (>2%
absolute efficiency increase per year for the majority of per-
ovskite tandem technologies, Figure 1), we expect perovskite—
perovskite tandem efficiencies to surpass record perovskite
single-junction efficiencies before 2020. Whilst efficiency gains
are of course harder to achieve closer to the single-junction
limit, we note that perovskite single-junction development will
also benefit tandem development unconstrained by the single-
junction limit. Further extrapolation conservatively predicts
perovskite—perovskite tandem efficiencies greater than 26%
before 2030. We discuss the progress and opportunities for per-
ovskite—perovskite tandems in detail in Section 5, but note here
it is a future research area of significant interest to the photo-
voltaic community.

2.1. Tandem Configurations

Tandem solar cells allow higher efficiencies than single-junc-
tion devices by absorbing higher-energy solar photons in a
high-bandgap top cell material where it can generate photo-
current with higher voltage than the underlying solar cell with
lower bandgap but broader absorption coefficient.

There are four main tandem solar cell configurations, each
with varying degrees of optical and electrical independence.
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Four-terminal (4T) configurations comprise top and bottom
cells that are independently connected; both cells are required
to be complete devices (fabricated with front and rear con-
tacts), which are then connected externally to combine the
top and bottom cell power output. Four terminal tandem cells
are unconstrained by current-matching and have achieved the
highest perovskite tandem efficiencies to date (perovskite:c-Si
25.2%P)). 4T tandems include designs where longer-wavelength
sunlight passes through the top-cell to the bottom cell
(Figure 2a), or reflected to an adjacent bottom cell (Figure 2d).
Series-parallel tandem (SPT) configurations (Figure 2c) com-
bine strings of top and bottom cells separately before con-
nection of the voltage-matched strings in parallel, providing
a practical method for combining the two cell power outputs
at similar performance to 4T configurations in annual energy
yield.[#344]

The most desirable and challenging configuration is that
of series-connected monolithic tandems (Figure 2b); desirable
because they allow both simpler electrical connection and omit
the need for rear and front electrodes for the top and bottom cell,
respectively. Challenges to fabricate efficient 2T devices include
i) current-matching between the top and bottom cell, ii) fabrica-
tion of recombination layers with minimal losses between the
cells, and iii) optical management within the tandem. We dis-
cuss these challenges further in Sections 3 and 4.

2.2. Efficiency Progress and Limits

The theoretical efficiency limit for a tandem solar cell
under unconcentrated sunlight (AM1.5G spectrum) is 47%
(Figure 3a),[** markedly higher than the Shockley-Quiesser
limit of 31% for single-junction cells under unconcentrated
sunlight.*”*8] We examine both unconstrained 4T theoretical
efficiencies (Figure 3a) and 2T tandems (Figure 3b), using the
results from Kurtz et al. employing a GaAs top-cell with opti-
mised thickness for current-matching.[*’!

For both the four- and two-terminal tandem contour maps,
we see a broad peak in the theoretical maxima: 4T tandem effi-
ciencies peak at 47% for a top/bottom cell bandgap pairing of
1.62/0.95 eV, and 2T at 39% for 1.72/1.14 eV, but efficiencies
within 10% of the peak can be found +/-0.1 eV either side of
the peak in both directions. The reduced peak 2T efficiency of
39% compared to the 4T value of 47% is due to Kurtz's model-
ling of GaAs as the top-cell material of the 2T tandem, with
non-ideal J,;*! though the trend for perovskite cells remains
the same. We see particularly low sensitivity for 2T tandems
when the bottom cell thickness is allowed to be varied for
current-matching (Figure 3b). Connecting submodules of two
terminal tandems (SPT) also affords greater flexibility in cell
bandgap choice, with appropriate combinations matching
performance of fourterminal independently-connected
devices.[344]

Current prevalent inorganic—organic lead-halide perovskites
have bandgaps (1.55-2.2 eV) ideally suited to being the top cell
of a tandem with any of the lower bandgap cells comprising
crystalline silicon, CIGS or CZTS. Recent perovksite blends
incorporating tin, such as the FAg;5Csg 5510 5Pbg 513 blend fab-
ricated by Eperon et al. (1.2 eV)") and MA|sFAsPbg 75 Sngosls
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Figure 2. Tandem configurations with varying degrees of electrical/optical independence. a) 4T tandem with independent electrical connection to
both cells. b) 2T series-connected tandem. c) Series-parallel tandem, comprising voltage-matched series-connected strings of top and bottom cells.
d) Reflective tandem with IR reflector placed on the angled high-bandgap cell.

by Yang et al. (1.33 eV),l'] also demonstrate the ability to per-
form as the low-bandgap material of a tandem bottom cell. We
identify here also the significant potential for investigation of
perovskite compounds of even lower bandgap (0.95-1.15 eV) as
the bottom cell of a two or four terminal perovskite—perovskite
multijunction cell (Section 5). We discuss bandgap tuneability
of perovskite materials further in Section 3.

The theoretical efficiency contour maps for varying top-
and bottom-cell bandgaps (Figure 3), provide incentive and
instruction for further optimisation of perovskite materials;
current record efficiencies (overlayed on the graph) are less
than 60% of their theoretical maxima. Even allowing for una-
voidable optical and electrical losses in nontheoretical systems,
there is significant space for further improvement.

With conservative extrapolation of the historical progress
of perovskite efficiencies over the past decade, we expect a 4T
perovskite—silicon tandem beyond the ‘break-even’ efficiency
of 26% to be achieved in the laboratory by the year 2020, with
2T perovskite-silicon cells following by 2025. Perovskite—per-
ovskite 4T tandem efficiencies are expected to surpass record
perovskite single-junction efficiencies before 2020, with 2T effi-
ciencies greater than 26% expected before 2030.

Adv. Energy Mater. 2017, 1602761
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2.3. Current Record Perovskite Tandem Devices

The first perovskite tandem cell to be published was a mono-
lithic CZTS-perovskite solar cell with an efficiency of 4.4%,
restricted mainly by the low transparency of the thin alu-
minium top-contact.?!l Higher efficiency four-terminal devices
were published soon after comprising silicon and CIGS bottom
cells,* with efficiencies rising to 25.2% in 2016 for a 4T
device,’! with an unpublished value of 25.5% reported in a
press release.”%

2.3.1. Four Terminal Perovskite Tandem Cells

High efficiency perovskite cells for four-terminal tandem devices
are typically fabricated on ITO/glass substrates, with multilayered
electron-transport/charge-selective layer, perovskite absorber
layer consisting methylammonium (MA) or formamidinium
(FA) lead iodide, Spiro-OMeTAD hole conductor, MoOj; buffer
layer, and ITO top contact with metallised grid®°! (Figure 4b).
Four-terminal thin-film tandem efficiency records are: perovs-
kite-CIGS at 22.1%,2% 20.3% for perovskite—perovskite based

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Four-terminal theoretical tandem efficiency as a function of cell bandgap with overlay of selected perovskite tandem solar cell efficiency
record-holders. Adapted with permission.[*>#648 Copyright 2016, Arizona State University. b) Two-terminal theoretical efficiency as a function of
bandgap with optimised top-cell thickness, using the absorptivity and dark current from a GaAs top cell,l**) overlayed with record-efficiency series-
connected tandem solar cells with perovskite materials (references as for Figure 2). Adapted with permission.l*?l Copyright 1990, American Institute
of Physics. Perovksite abbreviations are as follows: FAj 75Cs25Sno sPbgsls (FACSPI)! and FAgg3Cso17Pb(lg5Bros)s (FACPIBr),VI MAPbI; (MAPI), 513l

MAPb (1,Br(_)s (MAPIBr).[']

on FAg75Cs0,255105Pbo 513 (FACSPI) and FA( g3Cs0.17Pb(Io 5B 5)3
(FACPIB) systems,”) and 25.2% for MAPI-cSi (Figure 4d)."!

2.3.2. Two Terminal Perovskite Tandem Cells

The monolithic perovskite tandem record is currently 23.6%,
with efficiency certified by the National Renewable Energy Labo-
ratory, though with unpublished cell-structure at the time of
publication.l® The cell recently overtook the previous perovskite—
silicon 2T record of 21.2%!!*l with a silicon heterojunction cell
(SHJ) as the bottom cell (Figure 4a), having an indium-doped
zinc oxide (IZO) recombination layer between the p-type amor-
phous hole-conducting layer from the silicon cell and an elec-
tron-conducting layer comprising a blend of polyethyleneimine
(PEIE) and [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM).
The 2T perovskite—organic efficiency record is 16%
(Figure 4c),l”) 2T perovskite-perovskite at 18.1%,® 2T perovs-
kite-CIGS at 10.9%!!7] (Figure 4e), and 2T perovskite-kesterite
efficiency record is 4.4%/2!l (Figure 4e). The organic—perovskite
and perovskite—perovskite tandems both employ fullerene-
based electron transport layers for the high-bandgap perovskite
film. The 2T perovskite—perovskite tandem by Eperon et al.’l
employs a thin 4-nm tin oxide/2-nm zinc-tin-oxide layer stack
on top of the PCBM layer, deposited via atomic-layer deposition
(ALD), to serve as a buffer layer for the sputtering of the ITO
recombination layer. The cell by Forgics et al.lBl employs N4,-
N4,N4”,N4”-tetra([1,1-biphenyl]-4-yl)-[1,1":4",1-terphenyl]-4,4-
diamine (TaTm) doped with 2,2’-(perfluoronaphthalene-2,6-di-
ylidene) dimalononitrile (F6-TCNNQ) as the hole transport
material, and the fullerene Cg, as the electron transport mate-
rial co-deposited with N1,N4-bis(tri-p-tolylphosphoranylidene)
benzene-1,4-diamine (PhIm). Both CIGS- and CZTS—perovs-
kite tandems employ sputtered ITO as the recombination layer.
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In addition to detailed layer architecture, efficient 2T tan-
dems require close matching of current between the top and
bottom cells. This is achieved through careful optical design
of the integrated structure, and sensitive control of absorp-
tion layer thickness, often to within tens of nanometres.
We discuss the challenges of increasing the efficiency of 2T
tandems in more detail in Sections 3 and 4, in particular, the
transparent electrode and recombination layer materials, but
identify here the critical issues of current matching, voltage
and optical losses in the recombination layer, infra-red trans-
parency of the top electrode, and reduced reflection of the total
device.

3. Perovskite Materials for Tandem Solar Cells

The remarkable development of inorganic-organic metal—
halide perovskites for optoelectronics has previously been
reviewed in depth.?*3452-5 We review in this section the
advantages and challenges of perovskite materials that are par-
ticularly relevant to tandem solar cells: first, their advantages
of tunablility in bandgap, sharp bandedge cutoff and high
photovoltage; and secondly, the challenges to industrial applica-
tion, including stability over 25+ years, sensitivity to moisture,
and compatibility with various thin-film material deposition
techniques.

3.1. Perovskite Material Advantages
3.1.1. Material Flexibility

The most common perovskite structure for photovoltaics is based
on the family of materials with the ABX; three-dimensional
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Figure 4. Selected record perovskite tandem solar cells: a) 21.2% 2T perovskite/silicon solar cell. Reproduced with permission.l'3l Copyright 2015,
American Chemical Society. The cell structure of the new record 23.6% 2T tandeml®l was unavailable at the time of publication. b) Top perovskite
solar cell for a 25.2% 4T perovskite/silicon tandem. Reproduced with permission.’! Copyright 2016, American Chemical Society. c) 16.0% efficient 2T
organic/perovskite tandem solar cell. Reproduced with permission.[?3l Copyright 2016, American Chemical Society. d) 17.0% 2T perovskite/perovskite
tandem solar cell with stabilised efficiency. Reproduced with permission.”l Copyright 2016, American Association for the Advancement of Science.
The record 4T perovskite/perovskite tandem is from the same referencel’l and built with the same, but detached structure, with an efficiency of 20.3%.
e) 10.9% CIGS—perovskite tandem cell. Reproduced with permission.l'”l Copyright 2016, Wiley. f) 4.4% CZTSSe-perovskite tandem cell. Reproduced

with permission.2!l Copyright 2014, American Institute of Physics.

structural framework of the original perovskite material,
CaTiO;. For organic—inorganic hybrid perovskites, the ‘A’ ion
is typically one or a blend of methylammonium, formami-
dinium cesium, or rubidium.®! ‘B’ is a metal, most often lead
or tin, and ‘X’ is a halogen or blend of halogens (Cl, Br, or
I). The broader family of perovskite materials is rich in diver-
sity—from related 3D inorganic—organic hybrids, including
the A,BX; compounds, to various 2D layered perovskite
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system, such as the A,,;B,X3,,; Ruddlesden-Popper series, to
‘0D’ BX, octahedral clusters.>®=8 We note here the significant
future potential for monolithically integrated multijunction
cells where perovskite-family materials comprise each of the
absorber, selective-transport, and recombination layers, as is
done similarly with III-V multijunction solar cells. Of future
interest is current research focus into high-bandgap perovs-
kite-family materials as transparent conductors themselves.[6%
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Figure 5. a) Photographs of the FAPbI,Br;_, perovskite films with y increasing from 0 to 3 (left to right). Reproduced with permission.*®l Copyright 2014,
Royal Society of Chemistry. b) Photograph of (MA)Pb(Br,l;_,); photovoltaic devices from x =0 to x =1 (left to right). Reproduced with permission.[s°l
Copyright 2014, Royal Society of Chemistry. c) Absorption coefficient and d) calculated Beer-Lambert absorption of a 300-nm film of representative per-
ovskite materials with bandgaps spanning 1.2-2.2 eV. Material references: methylammonium lead iodide (MAPI),®] methyl ammonium lead bromide
(MAPB),!%% formamidinium lead iodide (FAPI),”"l caesium lead iodide/bromide (CPIB),"? methylammonium tin iodide (MASI).[5¢l

3.1.2. Optical Absorption and Bandgap Tunability

The most relevant property of inorganic—organic perovskites for
tandems is the ability to tune the bandgap between 1.2-2.2 eV
by varying the composition of the ‘A’, ‘B’, and ‘X’ ions. ‘A’ cations
vary the bandgap indirectly through the distortion of the per-
ovskite lattice, which in turn affects the B—X bond length and
angle.f%61-63] The ‘B’ cation is most commonly Sn%, Pb?, or
Ge?*, with bridging angles between the Bl octahedra of 155.2°,
159.6°, and 166.3°, respectively. Increasing angle decreases the
bandgap energy: APbX; > ASnX; > AGeX;3.P0¢+66] Similarly,
increasing electron-negativity of the ‘X’ halogen anion (from
bottom to top in the periodic table) increases the valence char-
acter of the B—X bond, leading to a higher bandgap: ABCl; >
ABBr; > ABI,.[2456]

Each of the ‘A, ‘B’, and ‘X’ ions can be blended with higher-
or lower-bandgap substitutes, allowing for controlled band-
gap tuning across the spectrum;?>867.%8] indeed, the majority
of high-efficiency devices blend one or more of the ions for
bandgap tuning and stability.

Tunability of the halide between bromine and iodine offers
the most straightforward method of adjusting the bandgap. In
both formamidinium-lead-halide (Figure 5a)% and methylam-
monium-lead-halide systems (Figure 5b),®! the alteration of
the iodine/bromine ratio presents striking and visible change
of the bandgap from 1.55-2.0 eV.
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It is critical to note that higher bandgap energies are not
automatically accompanied by higher cell voltages. Light
soaking at standard illuminations can cause halide segrega-
tion of the perovskite into iodide-rich domains, which act as a
recombination trap to reduce voltage.l®) This can be mitigated
in part by careful management of the cation blend, and in par-
ticular addition of Cs”'37% and Rb,P but remains an important
area of investigation for long-term stability.*!]

It is more difficult to continuously tune metal-halide per-
ovskites to bandgaps below 1.5 eV,[%87374 particularly via the
substitution of tin for lead due to antagonism between spin-
orbit coupling and steric effects.”1*737°] The inclusion of tin
provides further challenges for stability with the 2+ oxidation
state (Sn?*) in methylammonium tin iodide (CH;NH;Snl;)
being easily oxidized to the more stable Sn*!, where it acts as a
p-dopant to reduce solar cell efficiency.”®8 This too can in part
be mitigated through the inclusion of Cs,”®! but still remains
an area of active research, especially for all-perovskite tandem
devices.

We present here the absorption profiles of representative
blends of the inorganic-organic halide perovskite family with
absorption profiles that span the solar spectrum (Figure 5c¢):
methylammonium lead iodide (MAPI),[®) methyl ammonium
lead bromide (MAPB),I%” formamidinium lead iodide (FAPI),!
caesium lead iodide/bromide (CPIB),”? methylammonium tin
iodide (MASI). The selection presents representative mate-
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rials that allow for tuning across the spec- 2.5 \
trum. Each displays sharp optical absorption
cutoff at the band edge—a critical require-
ment for tandem cells to reduce parasitic
absorption for long-wavelengths that must
be transmitted to the bottom cell 36387980
and a prerequisite for low bandgap-V, loss-
in-potential.7®7% We additionally calculate
the single-pass Beer-Lambert absorption of
films 300-nm-thick using published absorp-
tion coefficients (Figure 5d), to highlight
the necessity of tailored light management.
Single-junction perovskite devices are rou-
tinely made with back-reflectors and thick-
nesses up to a micron®! in order to obtain
high photocurrents, but films employed as

qVe (eV)

05F"

qVOC =Eg- k+/q [In(Tr/QIS) + In((p)]I

®czTsse

the top layer in a tandem must allow excel-
lent transmission of sub-bandgap light to the 1
underlying bottom cell. Current matching is
currently achieved in practice through careful
control of thickness, usually kept below
500 nm, to allow partial transmission of
above-bandgap light to the underlying cell.>”]
It is clear that selective light management
must be employed to ensure optimal distri-
bution of short- and long-wavelength light
across the top and bottom cells of a tandem; single-pass absorp-
tion of a standard-thickness film is insufficient to completely
absorb all light above the perovskite bandgap,®38 discussed
further in Section 3.2.2.

3.1.3. Perovskite Photovoltage

A fundamental requirement of a successful tandem solar cell
is the extraction of current at higher voltage from the top cell
than the bottom cell. This in turn requires high radiative effi-
ciency,®>8283 a marked feature of the family of inorganic—
organic halide perovskites, with measured photoluminescence
(PL) radiative efficiencies of up to ¢ = 0.70.18

The high PL radiative efficiency allows certain perovskite
blends to have lower voltage differences between the bandgap
and V,. (Eg — qV,), than those of record thin-film devices made
of CdTe, CIGS, CZTS, or any of the organic or dye-sensitized
solar cells (Figure 6). The photovoltage difference for the recent
21.6% perovskite cell with incorporated rubidium cations
(RbCsMAFAPDI;) of 0.39 eV (Eg = 1.63, Voc = 1240 mV)>
is only tens of millivolts below that of the record crystalline
silicon solar cell,®! with future reductions expected in the near
term.

The photovoltage difference for higher-bandgap (E, > 1.6 eV)
perovskites, however, is markedly larger. This is due to a number
of reasons, including photoinduced phase-segregation of the
mixed-halide blend into trap-forming iodine-rich domains and
greater energetic disorder in the bromine-containing perovs-
kite blends evidenced by higher Urbach energies.’®’° There
are various routes towards increased voltage, including cation
blending to reduce energetic disorder,”® surface passiva-
tion of grain boundaries,®” and closer energy-level alignment
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Figure 6. qV,. comparison with Eg (eV) for record cells of various semiconductors. Pink lines
indicate ideal V,, adapted from refs. [83,86] as the bandgap subtracted by the log of the ratio
of solid angles of the solid hemisphere (7) and the sun (), and the log of luminescence effi-
ciency (¢). Record V,. values for nonperovskite cells;® perovskite values: FACSPI,/l FAPIB, 7]
MAPI,P'T RCFAMAPIPY (RbCsFAMAPDI;), FACPIB,I7% MAPB. (28]

with charge-extraction layers.’” There are significant gains
to be made; reducing the photovoltage-bandgap difference
of bromine-containing perovskites to that of record FAPbI;
devices would result in relative efficiency gains of greater than
15%. We note it here as a richly rewarding area for future con-
centrated research effort.

3.2. Perovskite Material Challenges
3.2.1. Perovskite Stability

The levelised cost of electricity (LCOE) of an electricity source
is calculated by dividing the annualised cost of the system by
the average amount of electricity generated each year. For solar-
PV electricity, the panel cost only comprises 40% of the total
annualised cost of an installed PV system—the remaining 60%
is due to ‘balance-of-system’ expenses, such as inverters, wiring,
and installation,3! largely independent of cell material and con-
figuration; the inverter is oblivious to whether the electricity
comes from a silicon, CdTe, tandem, or single-junction solar
cell. Ninety percent of worldwide PV installations are based on
crystalline-silicon, with module performance typically guaran-
teed to 80% output after 25 years.**l Perovskite materials for
silicon/perovskite tandem solar cells must be able to match
this performance guarantee if they are to compete with silicon-
only modules. Perovskite-only solar cells without >10 year per-
formance guarantees may perhaps be afforded market entry
for low-cost, throwaway, or niche applications, but global GW
installations would be unlikely.

The stability of perovskite solar cells is a topic of current
research—it is dependent on a range of factors: perovskite
material composition and preparation, hole and electron

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED

ADVANCED
ENERGY
MATERIALS

SCIENCE NEWS

www.advancedsciencenews.com

transporter choice and deposition, metal contacts, surface
and interface states and encapsulation techniques, amongst
others.NM#4.7L91-98] The field of perovskite solar cells is too
young to demonstrate >80% performance after 5 years of
operation under ambient conditions, but progress is rapidly
occurring: 20% efficient devices now show >98% power output
after a month in ambient environment, albeit with small-area
uncertified devices.l?l Similar stability of low-bandgap perovs-
kite materials has also been shown under inert atmospheres.['!

The choice of transparent electrode material and method of
deposition further influences stability. Bush et al. demonstrated
that sputtered ITO effectively improved perovskite-solar-cell
thermal stability compared with a thermal evaporated metal
electrode.”® The ITO capping layer prevents the egress of
methylammonium iodide, effectively sealing in the perovskite.
We note that there is strong evidence from literature that the
ITO layer has also prevented moisture ingress, as well as pre-
vented halide corrosion of the metal electrodes.!

Whilst further demonstrations of stability are expected at
the laboratory scale in the coming decade, significant progress
will need to occur before PV modules incorporating perovs-
kite materials are able to guarantee >80% performance after
25 years of exposure to standard outdoor operating conditions.

3.2.2. Optics

The perovskite material layer is not the only critical optical layer
in a perovskite solar cell. Particularly for tandems, the transmit-
tance of the contacts, charge-selective layers, and recombination
layers have a significant effect on overall efficiency.'>36389] We
review these in depth in the following section, but note here
that the transparency of the total device also influences the
optimum top-cell band-gap of a perovskite cell in a tandem.*®
Further critical to high-efficiency perovskite tandems is the
ability to selectively control the absorption of different wave-
lengths in the tandem stack; absorption of short wavelengths in
the top cell and long wavelengths in the bottom cell.

Current record single-junction perovskite devices all utilise
a rear reflector that delivers at least 2x enhancement in optical
path length through the absorber material. Building the same
cell with an equivalent transparent rear contact detrimentally
reduces current in the top cell. A simple planar Bragg long-
pass filter is typically sub-optimal—any short-wavelength
light that escapes through the top of the tandem cell carries
a large penalty in efficiency.3638190-192] Optical components
that enable scattering of short-wavelength light in the top cell
whilst allowing long-wavelength light to travel unimpeded to
the bottom cell have not been extensively developed. We note it
here as a field that deserves further investigation.

3.3. Summary

The ABXj; three-dimensional structural framework of perov-
skites offers broad flexibility in material design. Tailoring each
of the components in organic—inorganic metal-halide hybrid
perovskites allows bandgap tuning across an exceptionally
wide range of the solar spectrum from 1.2-2.3 eV (Figure 5).
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There exist further fruitful opportunities for exploration within
the perovskite family of materials including the A,BX; com-
pounds, various 2D layered perovskite system such as the
A, 11B1X3,:1 Ruddlesden-Popper series, and ‘0D’ BX octahedral
clusters.>6=)

Two key issues stand out for further detailed investigation for
perovskite materials in tandem solar cells; i) stability under illu-
mination, temperature, and time, and ii) reducing the bandgap—
Vo loss-in-potential for high-bandgap perovskites (Figure 6).

There are several well-identified routes towards progress for
both. The inclusion of formamidinium and caesium into the
perovskite blend can play a significant part in increasing sta-
bility and energetic order, and reducing the tendency towards
phase-segregation for high-bandgap mixed-halide perovs-
kites.”") Astute choice of transparent contact material and dep-
osition techniques can prevent ingress of moisture and assist
stability under environmental testing.®® There are various
routes towards increased voltage, including surface passivation
of grain boundaries®” and closer energy-level alignment with
charge-extraction layers.’” Research efforts in this area are
likely to be rewarded with large efficiency gains.

We further note the future potential of high-bandgap perovs-
kite materials to act individually as transparent conductors or
recombination layers themselves as a step towards the develop-
ment of all-perovskite monolithically integrated multijunction
cells similar to I1I-V multijunction devices.[**!

4. Transparent Contacts and Recombination
Layers for Perovskite Tandems

There are two critical requirements for transparent contacts
and recombination layers in a tandem device: high transmit-
tance and minimal electrical losses. The two are interrelated
and the choice of material depends on tandem configuration,
layer sensitivity to various deposition methods, and the choice
of adjacent charge-selective transport layers. For transparent
contacts, the material requirements also vary according to the
ability to metallise a narrow grid on top of the contact-layer.[13]
In this section we outline the requirements, state-of-the-art, and
future challenges for the transparent contact of a tandem top
cell (Section 4.1), and the recombination layer of 2T tandems
(Section 4.2), before reviewing the candidate materials individ-
ually (Section 4.3).

4.1. Requirements and Metallization for Transparent Contacts

The top contact of a tandem solar cell must display excellent
transparency across the whole solar spectrum. For a four-ter-
minal tandem, the rear contact of the top cell and the front
contact of the bottom cell need only be transparent for sub-
bandgap light from the near-infrared onwards (see Figure 2a).
All contacts must minimise voltage losses.

The choice of material for each contact is dependent on a
number of factors, including band-gap alignment, tempera-
ture/impact sensitivity of the underlying cell layers, and loca-
tion in the tandem stack. Each of the record silicon—, CIGS-,
CZTS—, and perovskite—perovskite tandem solar cells employ
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Figure 7. a) Transmittance vs sheet resistance for transparent contacts for both full (A =400-1100 nm) and half (1 =2800-1100 nm) spectrum (AM1.5G).
b) Calculated transmittance and effective sheet resistance after metallization (100-nm-thick gold fingers, 35-um-wide, 1-mm pitch, 1-cm cell) following
references.[131%4] ¢) Standalone transmittance of transparent contacts and d) perovskite solar cells as the top cell in a tandem stack, with varying top
contact materials: graphene,'%! silver nanowires (Ag NW),['> hydrogenated indium oxide (10:H),[" indium tin oxide (ITO),8 ITO with metal grid,"%4
indium doped zinc oxide,'%! and thin metal (gold).['®l Substrates are glass for each, except for AgNWs (PET substrate), and graphene (fused silica).

sputter-deposited indium-doped oxides as either one or both
of the top contact and recombination layer. When used as a
substrate contact or when deposited on top of robust inorganic
material layers, sputtered oxides are simple to incorporate in
a tandem device. However, deposition on top of perovskite or
polymer layers requires the use of a buffer layer to protect from
the high impact energies of sputtering. We additionally review
these buffer layers in Section 4.3.

The typically quoted requirement of transparent conductors
for thin film solar cells is a sheet resistance of 10 Q sq~! and

Adv. Energy Mater. 2017, 1602761 1602761

transmittance of 80% for wavelengths between 400-1100 nm.
This requirement has recently been revisited in light of the
ability to routinely deposit narrow metal grids on top of thin
transparent conductors, dramatically reducing their effective
sheet resistance (up to several orders of magnitude) with little
cost to transparency (<5%).'%31 We present the transmittance
and sheet resistance of state-of-the-art transparent contacts in
Figure 7, both as-fabricated (Figure 7a) and with their predicted
effective sheet resistance after metallization (Figure 7b) with a
gold grid consisting of fingers 100-nm-thick and 35-um-wide,
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spaced with a 1-mm pitch running along the length of the cell
to (lossless) busbars 1 cm apart.

These dimensions follow those in Duong et al.l'®l and
Jacobs et alll%l and represent the present capability of
industrially-relevant deposition techniques for solar cell manu-
facturing. We review individual transparent conductor mate-
rials (without metallization) in Section 4.3, but note that, where
possible, it is nearly always beneficial to reduce the thickness
of the transparent conducting layer and incorporate metal-wire
grids into the transparent electrodes of tandem solar cells.'%%]

The transparency values in Figure 7 are presented for elec-
trodes on transparent substrates (glass, PET, and fused silica)
as is conventionally the case,'%*1% but we note that reflec-
tions from the rear of the electrode are reduced considerably
when contacts are deposited on high-refractive index substrates
typical of solar cell absorbers. Rear reflections additionally con-
tribute to thin-film interference, which influences total trans-
mission and reflection. The transparency values are hence
included as lower bounds for each particular material at the
specific sheet resistances of the presented films. Each of the
TCOs demonstrate transmission within a narrow range, with
the higher resistance materials (graphene, 1Z0) dramatically
reducing in effective sheet resistance when overlaid with a
metal-wire grid. The transparency of the top cell in 4T tandems
(Figure 7d) are similarly included as lower bounds for each
particular transparent contact architecture, where total device
transparency depends strongly on each of the composite layers.
We note the ability of metal grids to contribute at least in part to
the 20% higher transparency in the long-wavelength region of
the spectrum (>800 nm) of the top perovskite tandem cells fab-
ricated by Duong et al.'% compared to those by Loper et al.l%l
(Figure 7d).

4.2. Recombination Layers for 2T Tandems

Amongst the most challenging layers to design and fabricate
in two-terminal tandems are the recombination layers between
the top and bottom cell. Bridging between two different cell
architectures, the layers must efficiently recombine electrons
and holes with minimal loss of voltage and minimal reduction
in transparency.

Whilst the requirements for resistivity are not as strict for
recombination layers as for contacts (charge-carriers need only
travel vertically through the material, not horizontally), recom-
bination layers must still provide low electrical resistance to
charge-carriers with excellent transparency to the underlying
bottom cell.

Silicon—perovskite tandem solar cells typically employ
recombination layers based on a transparent conducting oxide,
with hole and electron charge-selective layers on either side.
The 2T silicon—perovskite tandem fabricated by Werner et al.
employs a thin intermediate recombination layer of indium-
doped zinc oxide (IZO) sputtered on top of the p+ a-Si:H layer
of the heterojunction silicon solar cell.®) A blend of poly-
ethyleneimine (PEIE)®) and phenyl-Cg;-butyric acid methyl
ester (PCBM), forms the electron-selective layer above the I1ZO,
before deposition of the top perovskite cell.'*l Mailoa et al.
demonstrated the first 2-T tandem with an all-silicon tunneling
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junction, with further developments expected in reducing
voltage loss compared with TCO-Si tunneling junction.>”!

The recombination layer for the perovskite—perovskite 2T tan-
dems fabricated by Eperon et al. in 2016/ is formed of ITO, with
SnO,/PCBM as the electron transporting layer on one side and
PEDOT:PSS as the hole-collecting layer on the other” A thin
4-nm tin oxide/2-nm zinc-tin-oxide layer stack, deposited via
atomic-layer deposition (ALD) on top of the PCBM layer, serves
as a buffer layer for the sputtering of the ITO recombination
layer. The ITO layer subsequently forms a physical barrier during
deposition to allow the spin-coating of PEDOT:PSS on top of the
previous perovskite layer without exposing it to moisture.

Forgacsetal [Blinstead employ N4,N4,N4” N4”-tetra([1,1-biphenyl]-
4-yl)-[1,1"4’ 1-terphenyl]-4,4-diamine (TaTm) doped with 2,2
(perfluoronaphthalene-2,6-diylidene) dimalononitrile (F6-TCNNQ)
as the hole-transport material, and the fullerene Cq as the electron-
transport material codeposited with N1,N4-bis(tri-p-tolylphosphora-
nylidene) benzene-1,4-diamine (Phlm).

Sputtered ITO is also used for the recombination layer of
the record Kesterite— and CIGS-perovskite tandem solar cells
(Todorov et al. in 2014 and 2015072Y), with CdS via chemical
bath deposition and spun PEDOT:PSS forming the electron-
and hole-selective transport layers, respectively.

Whilst indium-doped metal oxides are currently the material
of choice for perovskite-tandems, a range of candidate materials
are available and deserve further attention for future commer-
cial devices that avoid the use of indium. We review the choice
of materials next.

4.3. Candidate Materials
4.3.1. Transparent Conducting Oxides

The most common transparent conductors for perovskite
tandem solar cells are those formed by transparent conducting
oxides (TCOs), typically indium tin oxide (ITO),!*70-98.194 hydro-
genated indium oxide (I0:H),P' aluminium-doped ZnO
(AZO)® and indium zinc oxide (1Z0).'% TCOs have been
reviewed in depth for a broad variety of applications;!'"’! we out-
line here their properties relevant for tandem solar cells before
reviewing other material families in addition to the choices
available for buffer and charge-selective layers.

4.3.1.1. Indium Tin Oxide: Indium tin oxide is the most com-
monly used TCO for perovskite tandem solar cells,*70.98104]
employed in each of the current record perovskite tandems
(Figure 1) as either the top contact and/or recombination layer.
ITO is typically deposited via magnetron sputtering with accom-
panying high kinetic energies of the material when ejected from
the target surface,'®! though lower impact energies can be
obtained through e-beam evaporation.'%! Potential damage from
deposition can be mitigated through several techniques, most
commonly with careful use of additional buffer layers, typically
comprised of molybdenum oxide (MoOx), Sn,0, or ZnO, dis-
cussed further below. ITO offers excellent transparency (>80% T)
in the visible range, though free carrier absorption in the
infrared, especially for layers >100-nm-thick, can reduce overall
tandem efficiency. We also note here that indium-doping of the
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titanium oxide electron transport layer has been recently shown
to improve both the conductivity of the transport layer and band
alignment of the perovskite/TiO, layer compared to pure TiO,.P!

4.3.1.2. Hydrogenated Indium Oxide (I0:H): Koida et al.'1% have
shown the possibility of doping indium oxide with hydrogen by
introducing water vapor during deposition, and thus growing
amorphous 10:H films. These films are crystallized in a post-
deposition annealing step in vacuum at 200 °C, reaching charge
carrier mobilities of 130 cm? Vs~ 1.[111]

Fu et al.l% employed high-mobility hydrogenated indium
oxide as transparent rear electrode by room-temperature radi-
ofrequency magnetron sputtering, yielding a semitransparent
solar cell with steady-state efficiency of 14.2% along with 72%
average transmittance in the near-infrared region. A low free-
carrier absorption and high-mobility of In,05:H result in much
less free carrier absorption in the rear infrared region and a
lower parasitic absorption in the perovskite top solar cell.!]

The use of indium poses a challenge for future GW pro-
duction of perovskite tandem solar cells. Indium is a rare ele-
ment in the earth’s crust and is commercially mined as a trace
byproduct of zinc mining; it is difficult to extract because of
its natural occurrence alongside toxic heavy metals. The use of
indium in solar cells will have to compete with that in screens,
phones, and various other optoelectronic applications.'?!

4.3.1.3. Doped ZnO: Zinc oxide doped with aluminium (AZO)
or indium (IZO) offers an amorphous TCO that can be depos-
ited at low power, low temperature, and without the addition
of oxygen, while maintaining excellent electrical and optical
properties. Werner et al. demonstrated perovskite solar cells
featuring a sputtered IZO as broadband transparent rear
electrode, 1%l absorbs less than 3% of light in the 400~1200 nm
wavelength range, while having a sheet resistance of 35 Q sq.
Sputtered IZO films also serve as the recombination layer of
the record 2T silicon—perovskite tandem cell.!

4.3.1.4. Buffer Layers for Sputtered TCO Layers: In order to mini-
mise damage from the high impact energies of sputtering, a
buffer layer is often deposited on perovskite cell layers before
TCO deposition. For hole-selective oxide layers the most
common choice is MoOx, which has good band alignment with
ITO, can be deposited at low temperature, and does not require
a post-anneal, making it the candidate buffer layer of choice
for the majority of high-efficiency semitransparent perovskite
devices employing ITO. There are disadvantages however;
MoOx has strong extinction coefficient in the infrared and its
deposition has detrimental impact on fill factor.}13 The absorp-
tion properties of MoOx are themselves affected during sputter
deposition of the TCO layer,M4 and whilst the layer can be
replaced with tungsten oxide and a CO, plasma pretreatment
to dramatically reduce parasitic absorption,l''*l the long-term
stability of the buffer layer solution is uncertain, with evidence
that the iodide in the perovskite can chemically react with the
metal oxide to form an extraction layer.*®!

For electron-selective layers such as TiO, or ZnO, thermal
evaporation of these layers requires high temperatures during
deposition, post annealing, and often forms rough surfaces or
nanowires rather than planar surfaces.P®
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4.3.1.5. Solution-Processed Oxide Nanoparticles: Solution-pro-
cessed oxide nanoparticles made of doped zinc and tin oxides
can form a simple and effective hole-blocking layer that is also
able to act as a buffer to allow ITO deposition without degrada-
tion of the layers underneath.’®115] The nanoparticles are typi-
cally prepared by a solution process, which is more convenient
and cost-effective than MoOx layers deposited via vacuum
thermal evaporation. Bush et al.’® spin coated 50-nm films
of doped zinc oxide nanoparticles with 15-nm average particle
diameter to create a highly transparent (>95%) buffer layer
to enable subsequent ITO sputtering with excellent thermal
stability.%®]

4.3.2. Organic and Solid-State Charge-Selective Layers

The most commonly used hole-transporter material in efficient
single-junction perovskite solar cells is Spiro-OMeTAD, 2428l
typically deposited after the perovskite absorber layer and before
evaporation of the final contact. For a single-junction device,
the parasitic absorption from the Spiro-OMeTAD layer has
little impact on the generation of current, but for an inverted
perovskite cell the perovskite absorber is illuminated through
the Spiro-OMeTAD layer, where any parasitic absorption of
short-wavelengths has a significant impact on cell efficiency.!'!6l
For tandem solar cells, the broad parasitic absorption of the
Spiro layer further reduces current in the bottom cell. Spiro-
OMEeTAD has been identified as the most problematic layer of
perovskite tandem solar cells, and should be the first on the list
for replacement with more transparent materials,>!”! indeed,
none of the record-efficiency 2T tandem perovskite solar cells
include Spiro.

Furthermore, its intrinsic stability issues make Spiro-
OMEeTAD an improbable candidate for the commercial applica-
tion of perovskite tandems.['118:119]

For silicon—perovskite 2T tandems, the silicon heterojunction
(SH]J) cell is an excellent candidate for the bottom cell owing
to its high open-circuit voltages.®) A major limitation, how-
ever, is the thermal stability of the hydrogenated amorphous
silicon passivating layer, which becomes mobile at =200 °C and
effuses. This reduces the passivation quality of the a-Si:H/c-
Si interface and thus the device performance.'”l Options for
alternative electron-transport materials with low processing
temperatures include SnO, (via atomic layer deposition!!?%),
Cgo (thermal evaporation at room temperaturel'?!l), and poly-
ethyleneimine (PEIE) and [6,6]-phenyl-Cg;-butyric acid methyl
ester (PC;BM) blends.’! PCBM can further serve as a surface
modifier of fulleropyrrolidinium iodides (FPIs) used with PEIE
to simultaneously facilitate the crystallization of perovskite and
the charge extraction at the FPI-PEIE/CH;NH;PbI; interface.
FPI-PEIE can also tune the work function of ITO and dope
PC4;BM to promote efficient electron transport between ITO
and PCy;BM.[122]

4.3.3. Thin Metal

Ultrathin metal films (<10-nm-thick) deposited by thermal evap-
oration are occasionally employed as alternative transparent
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electrodes or recombination layers that do not require buffer
layers due to the low impact of evaporation compared to sput-
tering.l'®l Whilst metal-based electrodes have high conductivity,
they suffer from inherent absorption especially in the infrared
region.! Chen et al. fabricated a semitransparent electrode
of Cu (1 nm) and Au (7 nm) with an additional layer of BCP
to further improve the transmittance of the electrode, but not
beyond 60% of transmission in the IR.['®]

4.3.4. Silver Nanowires

Silver nanowire (AgNW) transparent electrodes can be prepared
on the perovskite solar cells by either mechanically transferring
from a flexible polyethylene terephthalate (PET) film!" or by
directly spin-coating on perovskite solar cells with an inverted
structure.l'?)l AgNWs display high transmittance from 300 to
1200 nm and achieve excellent conductivity <20 Q sq7!, but
cause poor stability in perovskite solar cells, displaying degrada-
tion even when kept in a nitrogen atmosphere. This degrada-
tion is most likely induced by chemical reactions between the
sublimed I- and Ag+ with formation of an insulating AgI layer.
The resulting Agl adversely increases the series resistance of
the devices as well as the sheet resistance of the AgNW elec-
trode, thereby impairing the charge extraction.[!?’]

4.3.5. Graphene

Graphene shows exceptional promise as a transparent con-
ductor material, though it is not trivial to fabricate in large
area with temperatures low enough to be directly compatible
with perovskite cell fabrication. Graphene is typically grown
at temperatures of >1000 °C, though it can be mechanically
transferred onto a perovskite solar cell without deteriorating
the interface and bulk properties of the layers in the perovs-
kite solar cell.'”*) Graphene demonstrates excellent (>90%)
transmittance across the whole solar spectrum with little free
carrier absorption.'%! From 600 nm to 1200 nm, the trans-
mittance remains almost a constant with the magnitude of
1- Nzo, where N is the number of graphene layers, 7 is the
constant, and o is the absorption coefficient of single-layer
graphene.'?] The disadvantage of graphene is its native sheet
resistance (in the several hundreds of Q sq7!), and the diffi-
culty of deposition directly onto perovskite materials, though
several transfer techniques have proved successful.l'%120] We
note here the significant potential for graphene as an inter-
mediate recombination layer, and as a standalone top-contact
if metallised with a grid of narrow metal lines (Figure 7);
the pairing of graphene with a gold grid, 100-nm-thick, with
a width of 35 pm, and a pitch of 1 mm, would reduce the
effective sheet resistance from 350 Q sq! to less than
20Q Sq—l.[103,104]

5. Outlook for Perovskite Tandem Solar Cells

In this final section we summarise our key findings in the pro-
gress of perovskite tandem solar cells and present avenues of
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future research areas of interest to the photovoltaics research
community. We begin with a discussion of perovskite—perovs-
kite tandems.

5.1. Perovskite—Perovskite Tandem Solar Cells

“However, tandems involving compound semiconductors on
top of thin-film silicon would not make a great deal of sense.
There would be no compelling reason for using silicon in such
a device, but rather compound material similar to that in the
overlying device.”—Martin Green.*"]

The photovoltaics researcher, who has consistently seen far-
ther than most, identified the potential for all-thin-film tandem
solar cells in 2003.3% Whilst this has since been tempered by
the remarkable progress and commercial uptake of silicon
solar cells (Green, 2016),34 the underlying potential of such a
technology remains. Perovskite—perovskite tandems present
the possibility of solar cell efficiencies beyond the one-junction
limit, comprising earth-abundant materials and the ability to be
manufactured at scale via solution-processing without the need
for large thermal budgets or vacuum processing. Previously
hindered by the stability of low-bandgap perovskites, perovs-
kite—perovskite 2T tandems now demonstrate 18.1% efficiency,
with 4T tandem efficiency at 20.3%.]

Neglecting the current market dominance of silicon PV,
perhaps an interesting question for the photovoltaic research
community is: when perovskites become efficient and stable
enough to be included in a Si—perovskite tandem, would they
be efficient and stable enough to either be more viable/cheaper
than silicon cells as a stand-alone PV technology? Or have had
sufficient development of lower and higher bandgap perovskite
materials for perovskite—perovskite tandems to be more viable/
cheaper than Si—perovskite tandems?

Following the key developments in low bandgap perovs-
kites,[2:67.70.127-129] we explore what might be expected of future
perovskite tandem solar cells under modest assumptions. We
employ a bottom cell of CH3;NH;Sn,Pb;_T; with bandgap of
1.16 eVl to model tandem and triple-layer perovskite solar
cells under AM1.5G illumination. We assume 95% transpar-
ency for both the top-contact and internal recombination layers,
ideal above-bandgap absorption and collection, a loss-in-poten-
tial (Eg-qVoc) of 390 mV and fill-factors of 80% from current
record cells.P>®]

Under these simple assumptions we find potential for
2T perovskite tandems beyond 31% efficiency at a matched
current of 18.7 mA cm™ with top cell bandgap of 1.75 eV
(Figure 8a), and triple-layer perovskite cells with >33% effi-
ciency, with Eg, = 1.53 eV, Eg; = 2.00 eV, and a matched cur-
rent across the device of 11.9 mA cm? (Figure 8c,d). A gain
of only =2% absolute efficiency is found for a three-layer
cell compared to a two-layer cell under these assumptions,
limited strongly by the 95% transparency of recombination
layers, further underscoring the importance of sub-bandgap
transmission for all non-cell layers in tandem architectures.
Whilst the real dependence of voltage and current on cell
bandgap and architecture is subtler than what we have simu-
lated, we present these simple modelling results as incentive
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Figure 8. a) Modelled current and efficiency of a perovskite—perovskite 2T tandem with a bottom cell of bandgap 1.16 eV. b) Schematic of all-perovskite
tandem and triple-junction solar cells. c¢) Current density and d) efficiency map of simulated triple-layer perovskite solar cells, showing the intersec-
tion of bottom, middle, and top cell currents at 11.9 mA cm™2 and 33.8% efficiency for the bandgap combination of: Eg; = 1.16 eV, Eg, = 1.53 eV, and

Eg; =2.00 eV.

for further detailed investigation, noting the rapid progress
in the field in the past two years from 10-18.1%.1"1% Specific
areas for further investigation include the selection and depo-
sition of recombination layers between the two cells,”:130-132
further probing of the intermediate band-gap optoelectronics
of perovskite materials,['*3134 and possibilities of hot-carrier
transport.[13>130]

5.2. Future Research
The extraordinary progress of perovskite single-junction solar

cells has been accompanied by remarkable progress in perov-
skite tandem solar cells. Just as organometal-halide perovskite
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solar cells have risen from below 4% in 2009 to above 22% in
2016, so too have tandems; debuting below 14% in 2014 to
reach above 25% in 2016. The efficiencies for tandem solar cells
are not constrained by the single junction limit, and we expect
this trend in increasing efficiency to continue in the decade to
come, predicting a perovskite-silicon 4T tandem beyond the
‘break-even’ efficiency of 26% by the year 2020, and 2T tandems
breaking even by 2030.

Perovskite—perovskite tandems present the first real candi-
date for third-generation photovoltaics; solar cell efficiencies
beyond the one-junction limit, comprising earth-abundant
materials with the ability to be manufactured at scale via solu-
tion-processing without the need for large thermal budgets or
vacuum processing. They too have dramatically increased in
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efficiency, doubling in their first year with perovskite—perovskite
2T tandems now at 18.1% efficiency and 4T efficiency at
20.3%.781 Further improvements in low-bandgap perovs-
kite materials, recombination layers, and contacts will see
efficiencies continue to improve. We expect perovskite—
perovskite tandems to surpass record perovskite single-junc-
tion efficiencies before 2020, with efficiencies greater than
26% expected before 2030. Simple modelling under modest
assumptions suggests 2T tandem efficiencies above 30% are
eminently achievable.

Whilst laboratory cell efficiency records are expected to con-
tinue to tumble, it is hard to see significant market potential for
solar cells containing perovskite materials before 2030 without
significant advances in stability and development of alternative
hole-conductor materials. Perovskite/silicon tandems will have
to meet the performance guarantee of silicon panels of 80%
performance after 25 years. These lifetime constraints could
perhaps be reduced for niche markets (such as flexible devices),
for which a device shelf time of 5 to 10 years might suffice, but
large scale deployment of GW-scale perovskite photovoltaics
will not occur before robust demonstration of stability in envi-
ronmental testing.

Alongside the issues of material composition and stability
that are common to perovskite single junction solar cells, we
identify the following key areas of future investigation for
perovskite tandem solar cells:

e Reduction of V.
perovskites.

e Efficient perovskite semiconductors with low bandgap <1.1 eV

¢ Fabrication-compatible transparent conductors and recombi-
nation layers without indium

e Graphene-based transparent contacts overlayed with metal
grids.

e Wavelength-selective light-trapping techniques with excellent
long-pass transmission.

e Perovskite compounds that can serve as selective-transport,
transparent contact, and recombination layers in integrated
multijunction perovskite devices.

loss-in-potential for high-bandgap

Perovskite materials are the most exciting development to
occur in photovoltaic research in the past 20 years. As they tran-
sition from the laboratory bench to commercial application, we
see clear development pathways toward a future of truly third
generation photovoltaics—solar cell efficiencies beyond the
one-junction limit, comprising earth-abundant materials man-
ufactured at scale, enabling the continuation of Swanson's Law
for decades to come.
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