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Abstract— Transparent conducting electrodes (TCEs) combine high optical transmittance and
electrical conductivity, and are an essential component of optoelectronic devices, such as
solar cells. A major recent advance in photovoltaic (PV) technology is the integration of
industry-dominant crystalline silicon solar cells with metal-halide perovskite absorbers that
harvest a complementary part of the solar spectrum. These perovskite-silicon tandem cells
offer a pathway to power conversion efficiencies (PCEs) exceeding 40% at low cost, but
introduce new challenges for TCE design. In tandem cells, TCEs serve multiple roles: enabling
lateral charge transport as well as facilitating interface charge collection or recombination, all
while minimising parasitic absorption or reflection across a broad wavelength range. TCEs
must also remain compatible with diverse materials and delicate fabrication processes.
Achieving this balance of optical, electrical, and chemical properties has so far limited practical
TCEs in tandems to a small set of high-cost, indium-based oxides. Recent advances in
computational and experimental techniques have improved understanding of TCE solid-state
physics, revealing promising alternative materials. In this review, we examine the material
properties essential for TCEs in perovskite—silicon tandems, evaluate current candidates, and
highlight the key challenges and opportunities for next-generation TCE development. Our goal
is to bridge the gap between materials science and device engineering, providing a roadmap
to accelerate the integration of advanced TCEs in high-efficiency optoelectronic devices.
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1 Introduction

Single-junction crystalline silicon (c-Si) solar cells are approaching their theoretical power
conversion efficiency (PCE) limit of 29.4%"2, or up to 30.1% with single-axis tracking?®, with
LONG:i Solar recently reporting a certified PCE of 27.81% for a silicon heterojunction (SHJ)
hybrid back-contact cell*®. A major limit to the single-junction PCE is charge-carrier
thermalisation, where carriers generated through the absorption of photons with energy above
the absorber bandgap lose excess energy as heat. Tandem solar cells reduce such losses by
combining multiple absorbers with differing bandgaps, each converting a complementary
fraction of the spectrum into electricity. While 1ll-V tandems can reach 47.6% PCE under 600-
sun concentration, they remain too expensive for mass-production®. This can be mitigated by
exploiting lead-halide perovskite absorbers, hereafter “perovskites”. Their ABX3 stoichiometry
enables bandgap tuning through compositional variations that can be exploited to complement
silicon absorbers, increasing PCE, and reducing the levelised cost of electricity of PV7-'". In
perovskite-silicon tandems, a low-bandgap silicon cell (1.12 €V) is positioned beneath a wide-
bandgap perovskite cell (~1.6 to 1.8 eV). High-energy photons are absorbed by the perovskite,
while lower-energy photons pass through to be absorbed by silicon. Lab-scale (1 cm?)
perovskite-silicon tandem PCEs have risen from <14% in 2015, to 34.85% in 2025'2'3, though
this is far from their ~45% theoretical maximum under AM1.5G illumination'®-'7. Transparent
conducting electrodes (TCE) are a major source of loss, but are required for light transmission
and lateral charge transport. TCEs also interconnect sub-cells, enabling voltage addition.
TCEs contribute resistive, absorptive, and reflective losses, reducing PCE by >2% in absolute
terms (%abs) per TCE used” 825, In tandems, each absorber is interconnected by an additional
TCE, compounding losses?%?”. Commercial TCEs, such as tin-doped indium oxide (ITO), long
used in solar cells, touchscreens and organic light-emitting diodes, introduce significant losses
in tandems. Improved understanding of TCE physics in tandem devices is essential to realise
PCEs >40%.

The optimum trade-off between sheet resistance (Rsheet) and transmittance (Tx) is often
expressed as a TCE’s “figure of merit” (FoM)?428-32, However, the differing requirements in
tandems render simple two-parameter metrics insufficient. Fig. 1a depicts TCE placement in
two-terminal (2T) and four-terminal (4T) tandems. 2T cells require 2-3 TCEs, while 4T cells
may require four TCEs and an optical spacer between sub-cells. In 4T modules, additional
wiring for sub-cell connection to inverters increases the power-electronics, assembly, and
cabling costs, and their need for additional and thicker TCEs increases parasitic absorption33-
35, 2T cells are therefore the most promising for low-cost scalable manufacturing, and so will
be the focus of this review.

Fig. 1b summarises TCE-related resistive and optical losses in 2T tandems. Front-TCEs
require low Rsneet for efficient lateral charge transport to metal fingers (low R.), and high
broadband transmittance (requiring low absorptance Ax and low reflectance Ry) to maximise
absorption in both absorbers'%36:37. The mid-TCE requires higher lateral resistances ~200-
1000 Q/o to prevent shunting, and high transmittance >500 nm. The rear-TCE is electrically
similar to the front, but must reflect photons back into the silicon while minimising plasmonic
losses3®3%. In some architectures, the rear-TCE is replaced by a highly-doped silicon layer,
typically referred to as an emitter or back-surface field*°. Fig. 1c depicts TCE absorptance
overlaid on perovskite and silicon external quantum efficiency, highlighting the near-UV (<450
nm) and the near-IR (900-1200 nm) as primary loss regions. The varying requirements across
sub-cells render any single FoM inadequate, as TCE target properties depend on adjacent
layers, architecture, and position.

TCEs must have low transfer and contact resistance (R; Rc) and minimise interfacial non-
radiative, Shockley-Read-Hall (SRH) recombination*'-#5. Their refractive indices must match
adjacent layers to minimise reflection®. Processing requires that TCEs be deposited without

2



85
86
87
88

89
90
91
92
93
94
95
96
97

98

99
100
101
102
103
104
105
106
107

108
109
110
111
112
113
114
115
116
117
118
119
120
121

compromising adjacent-layer stability*6-48, and remain stable under long-term operation'%:49.50,
TCEs may also need to block ion migration and solvent permeation®'-53. Finally, TCEs must
be fabricable rapidly, at low cost, over large, often textured areas®. Few materials meet all
these demands.

Existing TCEs used in tandems include transparent conducting oxides (TCOs), metal
nanowires'®, and ultrathin metals. Fig. 1d presents front-TCE usage in 2T perovskite-silicon
tandems reported since 2015, highlighting reliance on zinc-doped indium oxide (1Z0), ITO,
and other doped indium oxides. But indium scarcity constrains the manufacturing capacity of
such devices to <200 GWl/y, well below the 3-4 TW/yr required to meet 2050 climate
targets’.%.11.20.54-56_ |ndium-based TCEs are also undesirable due to their high cost, and can
comprise >50% of the cost of perovskite cells®’. Indium reduction strategies include modifying
sputtering targets®® and multilayer TCEs®®-3, but indium-free tandem cells are yet to achieve
>20% PCE®4. Novel TCE development is therefore essential.

Recent advances in density functional theory (DFT) have revealed novel TCE mechanisms
such as resonant doping®®% and polaronic conduction®”:68, Simulations indicate that plasmonic
metamaterials and nanophotonics can improve TCE optical coupling®®-75. Additionally, 2D
materials such as MXenes, transition-metal dichalcogenides, and graphene may improve
passivation, stability, and charge-carrier extraction’®7°. Yet, these remain underutilised in
practical devices, where research has focused on improving perovskite stability and
passivation, texturing, and enhancing charge-carrier extraction using self-assembled
monolayers (SAMs)838538081  As tandems approach their limits using conventional TCEs,
progress will depend on the convergence of materials physics and device engineering to
develop sustainable, high-performance TCEs.

Several excellent reviews have surveyed TCE physics in isolation'®7582-85  Here, we
emphasise that TCEs cannot be understood independently of the tandem cell architecture.
Interfacial effects, competing scattering mechanisms, plasmon resonances and band
transitions, must be considered alongside processing and operation constraints. Section 2,
overviews TCE material classes and the mechanisms governing their optoelectronic
properties. Sections 3 and 4 examine how interfaces dictate TCE functionality in tandemes,
from charge transport to optical coupling. We then review TCE properties for practical
integration in devices, and how these evolve when transferring from lab to industrial scales.
Finally, we discuss strategies to develop sustainable high-performance TCEs. We aim to guide
physicists, materials scientists, and engineers in benchmarking TCE properties in the context
of tandem solar cells. This understanding will be key in developing high-performance,
scalable, perovskite-silicon tandem devices with PCE >40%, delineating pathways to reach
>50% in multi-junction cells?!, and unlocking the full potential of TCEs for next-generation
devices beyond PV.
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Fig. 1: Transparent conducting electrodes in perovskite-silicon tandem solar cells: TCE Role,
optical response, and power conversion efficiency. a. TCEs in perovskite-silicon tandem solar cells
in 2T and 4T configuration. b. The role of TCEs in charge collection and transport, including losses
originating from absorption (Ax), reflection (Rx), carrier transfer resistance (R), lateral resistance and
carrier scattering (R.), metal contact resistance (Rc), and Shockley-Read Hall (SRH) recombination. c.
TCE absorptance (%) (coloured lines) with respect to wavelength overlaid with perovskite and silicon
external quantum efficiency (EQE) with respect to wavelength. d. Review of front-TCEs in 2T
perovskite-silicon tandem solar cells reported from January 2015 to August 2025. ITO and IZO refer to
tin-doped indium oxide and zinc-doped indium oxide respectively. Doped-InOx refers to indium oxide
doped with other elements: Ce, Zr, W, or H. The data used to plot ¢. and d. can be found in the

Supplementary Information, Tables S3, S7 and S8, with data for perovskite and silicon EQE c. extracted
from ref.88.



135

136

137

138
139
140
141
142

Box 1: Fundamental properties of TCEs

The resistivity of a uniformly doped material isp = 1/(q - N - u), where g, N, and u are the
majority-carrier charge (Coulombs), concentration (cm2), and mobility (cm?/Vs)887:88, The
sheet resistance is Rsheet= p/t, Where t is thickness. Mobility can be defined as u = gqt/m”,
where 7 is the carrier relaxation time, indicating the average time between two scattering
events, and m* is the carrier effective mass®®. Mobility therefore increases when scattering
sources are reduced, and m* is minimised®. Increasing carrier concentration can reduce
mobility via impurity scattering following Conwell-Weisskopf theory, so requires careful
Contro|19,85,90,91_

Transmittance (T, follows the Beer-Lambert law: T, (1) = (1 — R, (1))? - e *WMt where Ry
is reflectance, and a is the absorption coefficient®38’. Increasing t reduces Rsheet, but also
T, thus these properties must be balanced. Increasing N can lower Rsneet, but reduces T,
through free carrier absorption (FCA), following the Drude model of a'°8392;

A2q3N .

*= dm2egc3n(m*) pope 20
where A is wavelength, & is the permittivity of free space, c¢ the speed of light in vacuum,n
the refractive index, and popt the optical mobility (mobility not inclusive of grain-to-grain
scattering). The wavelengths absorbed depend on the natural frequency of oscillation of the
free electron gas, described by the plasma wavelength A,%:

m*ercg
» = 2TcC qu ) (2)

For incident light A < A, the real part of the dielectric function is positive, and the material
behaves as a dielectric: free electrons cannot respond fast enough to the oscillating
electromagnetic field, and light passes through. For A > A,, the real part of the dielectric
function becomes negative, and the TCE reflects or absorbs incident radiation®?3. For most
TCEs, A is in the near-IR: while visible and UV light pass through, near-IR and IR light is
lost®*®8. TCE materials with high A, are therefore necessary. This is achieved by reducing
N, and increasing m*, y and Erce. As a high m*increases aq, it is preferable to develop TCEs
with high M and 8TCE_

A

The most common TCEs are n-type TCOs. These are oxides of post-transition metals in (n
- 1)d"ns?np® configuration®®1%. Metal (M) s-orbital and the oxygen p-orbital interactions
generate a bandgap >3 eV. The conduction band (CB) is formed by antibonding M s-O p
states, while the valence band (VB) is formed by bonding and nonbonding states with
primarily O 2p character'®. In n-type TCOs, m* is determined by the curvature of the CB,
where high dispersion leads to low m*°. Conductivity is achieved by degenerately doping
TOCs beyond the Mott criterion, increasing their Fermi energy (Er) into the CB or VVB85101.102,
and widening the optical bandgap via the Burnstein-Moss effect®. The dopants perturb the
CB and increase m*, therefore shallow dopants which minimally disturb and do not hybridise
with the CB are preferred. An electron affinity (Ea) of >4 eV typically desired to more easily
dope degeneratively®885103. Doping density should be controlled, as increasing doping

reduces the work function (®rce), and increases scattering.

2 Material families and their optoelectronic properties

While there are many TCE materials, the most common are n-type metal oxides, referred to
as n-type TCOs. These wide-bandgap semiconductors are doped to introduce excess
electrons via lattice defects such as oxygen vacancies or substitutional impurities, which
create states near the conduction band (CB) minimum, E.8 1%, Fig. 2a illustrates the Fermi
level shifting above E. through n-type doping to achieve degeneracy'?. TCOs based on In20s,
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ZnO and SnO; are commonly used due to their wide bandgaps (3.37—4.3 eV)'06-198 which
suppress visible interband transitions and thus optical absorption'. Their highly-dispersive
conduction bands (CBs) minimise effective mass (m* from 0.18-0.28m)"'%-""5, Though
intrinsically insulating, doping enhances conductivity and transparency via increased carrier
concentration and the Burstein—Moss effect®®. Beyond carrier addition, dopants hybridise with
the metal ns states forming the host CB. Dopant orbital symmetry strongly influences CB
dispersion: s and p-orbital dopants (e.g., Sn**—In3* in Inp0382116, AI3*—Zn?* in ZnO'%, F-—0*
in Sn0O,""") introduce shallow donors that hybridise efficiently with the host metal ns orbitals.
This hybridisation modifies the density of states and enhances CB delocalisation. Shallow
donors thus preserve the CB dispersion and low electron effective mass (m*), enabling high
electron mobility82118.119  Hydrogen can also introduce shallow donors, although often with
poor stability'2°-122, Certain d-orbital dopants such as Mo®*—In3*in In,O3, form resonant donor
states that minimally perturb the CB, preserving low m*, and high mobility >100 cm?/Vs*®®.

Minimising ionic-radius mismatch between host and dopant reduces lattice distortion and
defect scattering, improving mobility'?3124, The low resistivity of ITO (<10 Q cm) partly arises
from the close match between Sn** (0.69 A) and In3* (0.80 A) radii'?®. This enables efficient
substitution with minimal lattice strain, and promotes oxygen vacancies formation, resulting in
carrier concentrations ~1020-102" ¢m3 119126127 _|n |ZO, Zn2?* (0.74 A) similarly matches In3*,
reducing scattering. Amorphous 1ZO dominates as the front-TCE in perovskite-silicon tandems
due to its high mobility at low deposition temperatures, and low FCA, although its blue-region
absorption remains high owing to its diffuse band edge'?®-'3°, motivating the search for
alternative dopants. Zr** and Ce** doped In,O3; have been recently demonstrated in tandems,
showing high mobilities >70 cm?Vs, reflecting their ionic radii of 0.86 A and 0.87 A
respectively*4.89.131.132,

Aluminium-doped ZnO (AZO) and gallium-doped ZnO (GZO) are attractive for their low-cost
and sustainability'®3. However, their lower mobilities (~5-15 cm?/V's for AZO, ~9-30 cm?/Vs for
GZO) limit conductivity'33-137_ Their low mobility arises from their polycrystallinity, causing high
grain-boundary scattering, exacerbated by defects and trapping. This scattering is dependent
on grain size, orientation, doping, and deposition conditions 313, These TCOs also have poor
damp-heat stability, as their numerous grain boundaries act as reactive sites and diffusion
pathways for moisture and oxygen. Under 1000 h at 90% relative humidity, resistivity can
increase by 3.5x due to accelerated defect formation'%-'44. Grain boundaries can also
facilitate deleterious metal-ion migration, e.g. copper'#. ZnO-based TCEs may also
chemically react with perovskites due to their basicity, necessitating buffer layers to prevent
perovskite decomposition'®. These factors have limited the long-term reliability and adoption
of AZO and GZO.

TCE fabrication methods determine film microstructure (see Boxes 2 and 3) and whether films
are amorphous or polycrystalline. Effective mass, however, remains a fundamental constraint
on conductivity. Evaluating TCOs requires distinguishing such intrinsic factors (band
dispersion, m*, ionic-radius mismatch) that set the mobility limit, from extrinsic factors
(crystallisation, device integration, grain boundary scattering) that can be improved. For optical
comparison, absorption coefficient should be used, as interference effects, such as Fabry—
Pérot oscillations, depend on thickness and can distort transmittance measurements'#’. The
absorption coefficient reflects the intrinsic optical material response, enabling thickness-
independent comparison. Fig. 2b illustrates the weighted-average absorption coefficient of
different TCOs in the 300-750 nm (perovskite) and 750-1200 nm (silicon) regions. Undoped
Zn0, SnO, and In203, exhibit low absorptance, but doping is required to achieve adequate
conductivity. When doped, AZO and FTO show high IR absorptance, largely driven by high
FCA, making integration challenging without imparting significant losses. By contrast, In2O3
can largely maintain or even reduce absorptance using certain dopants. The excellent
performance of 1ZO, 1ZrO and ICO as front-TCEs is a direct consequence of their low
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weighted-absorption coefficient across both spectral regions. But optical and electrical
properties must be balanced. Fig. 2c compares the carrier concentration and mobility of
various TCOs at different fabrication temperatures. The dominance of doped-InO3; TCOs is
clear from their clustering in the high-mobility, high carrier concentration region. This
combination is inaccessible for ZnO or SnO2-based alternatives due to challenges in stable
doping without substantial CB perturbation and scattering. Achieving high-performance ZnO
and SnO-based TCOs requires methods to incorporate dopants that promote high mobility.

Beyond TCOs, graphene, metal nanowires (NWs), and ultrathin metals have been used in
tandems'#®. Graphene offers high transmittance (>95%), and is an effective ion/moisture
barrier'?, but suffers from high Rsneet (~300 Q/E) and work function mismatching with
perovskite charge transport layers (CTLs)'4%150, Metal NWs provide low Rgheet (~0.01-10 Q/B)
and flexibility but face adhesion, stability, and surface roughness limitations''-1%3, Ultrathin
metals offer low-temperature processing, and are often used as interconnect TCEs in all-
perovskite tandems53.79.81.154-157  However, ultrathin films are difficult to fabricate due to their
low surface energy'®®'% and they can be unstable to oxygen, moisture, heat, and ion
migration57.160_ Despite multilayer dielectrics and seed layers improving growth, ultrathin
metals remain ultimately too absorptive to compete with TCOs in tandems%8.

These alternative materials for included for completeness but represent a small proportion of
TCEs used in reported tandem cells as they cannot yet match TCOs in terms of mobility,
transmittance, processing compatibility, and scalability. These limitations may be overcome
by combining nanomaterials with metal oxides to form hybrid nanocomposites. For example,
metal NWs coated with thin metal oxide layers to improve stability and band alignment'61.162,
These materials have not yet been implemented in tandems, but may become viable if
scalable fabrication yields high mobility and processing compatibility with adjacent layers. For
the foreseeable future, TCOs are expected to remain the dominant TCEs used in tandems. In
the following two sections, we discuss how these materials interface with adjacent layers,
focusing on improving electrical and optical transport.
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Fig. 2: Effect of doping on the material properties of wide bandgap transparent conducting
oxides. a. Schematic of the band structure of a transparent metal-oxide with wide bandgap (Eg) without
(left) and with (right) degenerate doping. In the latter, the Fermi level has shifted into the conduction
band by an energy AEsni#, via the “Burnstein-Moss Shift”, enabling conduction. Ec and E, refer to
conduction and valence band edges, respectively. Figure design adapted from Fig. 1, ref.'®. b.
Weighted-average absorptance <a> of TCOs to the AM 1.5 spectrum, separated into regions 300-750
nm and 750-1200 nm, with several deposition techniques compared: low-pressure chemical vapour
deposition (LP-CVD), atomic layer deposition (ALD), and physical vapour deposition (PVD). c. Carrier
mobility vs carrier density of a range of TCOs. The diagonal lines correspond to bulk resistivity in mQ
cm. Ball and stick models of the crystal structure of the wide bandgap oxide are given in the inset. The
data used to plot b. and c. can be found in the Supplementary Information, Tables S5, and S7 and S8.

Box 2: Manufacturing and Processing

In tandem solar cells, TCEs must be compatible with thermally-sensitive device layers.
Monolithic designs require low-temperature, low-damage deposition to avoid degrading the
perovskite absorber or charge transport layers. This limits TCE deposition to <110 °C for
perovskites (composition dependent)34, and <200 °C for a-Si'®3. In contrast, four-terminal
tandems allow high-temperature TCE deposition on the glass side of the perovskite top cell,
enabling improved TCE crystallisation.

TCE fabrication methods fall into three approaches: Physical Vapor Deposition (PVD),
Chemical Vapor Deposition (CVD), and solution processing. Each presents trade-offs in
thermal budget, film quality, and substrate damage—key factors that impact device power
conversion efficiency and stability. The panel below schematically summarises the main
deposition techniques, with spider plots comparing their attributes. The methodology and
assumptions behind this comparison are given in Supplementary Information, Section S.4.

Physical Vapour Deposition (PVD) uses vacuum-based systems and high-purity metal or
metal-oxide targets. Vaporisation sources include direct current (DC) or radio frequency
(RF) sputtering, ion beam or electron beam deposition/evaporation (IBD, EBE), and rapid
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plasma or pulsed-laser deposition (RPD, PLD) techniques. Vaporised species react with
background oxygen to form TCO films, with properties tuned by working pressure and
temperature. However, sputtering can produce highly energetic particles and plasma that
damage underlying layers'64. Mitigation strategies include using buffer layers such as ALD
SnO- or evaporated MoOy, and alternative deposition designs*6. Low power “soft” sputtering
can reduce damage but lowers mobility due to insufficient crystallisation energy. There is
therefore a trade-off between damage and film quality. We refer readers to detailed reviews
of PVD TCO deposition for PV where these processes are discussed comprehensively+6:165,

Chemical Vapour Deposition (CVD) introduces organometallic and oxidant gases (e.g.
02, O3 or H20) into a reactor to promote film formation via surface reactions on heated
substrates. Variants include atmospheric and low-pressure CVD (APCVD, LPCVD),
plasma-enhanced CVD (PECVD), aerosol-assisted CVD (AACVD) and hot-wire CVD
(HWCVD). Atomic layer deposition (ALD), a subset of CVD, allows atomic-scale control
through alternate precursor dosing and purging. Spatial ALD further enhances throughput
and manufacturing flexibility. CVD methods are generally gentler on substrates than PVD
but often require uniform -OH termination for uniform nucleation and film growth', and can
involve reactive precursors that may induce unwanted surface reactions'6”.168_ A key benefit
of ALD-based deposition is its ability to provide highly conformal coatings on textured, high-
aspect ratio structures'®”.169.170 This enables thinner, pinhole-free layers with reduced
absorptance and improved interfacial contact, such as on textured silicon'”"'72 or for
coating metal nanowires with TCOs to improve stability'7°.

Solution processing uses precursor salts or suspended metal oxide nanoparticles in
solvent, deposited via spin coating, spray coating, or screen-printing. Annealing then
promotes solvent evaporation and TCO formation. The final microstructure and
stoichiometry are largely defined by the post-deposition thermal treatment. While generally
rapid and low-cost, there is limited thickness control, and typically low mobility.

Solution processing \
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3 Electronic Band Structure and Interface Charge Transport

Fig. 3a depicts the electronic band diagram of a typical 2T tandem, comprising a p-i-n-
perovskite device on a SHJ cell. The diagram highlights vertical transport mechanisms and
the junctions and interfaces that create barriers to energy flow. At each junction, different
charge-transport mechanisms operate. Energy barriers at junctions reduce charge-carrier
transport and increase the potential energies for extraction, causing voltage losses. Here we
discuss these transport mechanisms, targeting how TCE band structure influences carrier
extraction#®173,

3.1 Charge Collection from Perovskite Absorbers

After an electron-hole pair is photo-generated in the perovskite, carriers flow through the
absorber: electrons toward the electron transport layer (ETL), and holes toward the hole
transport layer (HTL). The energy barrier between these materials (AE), or band offset (BO),
determines the transport mechanism, and interface voltage loss. For lossless “band transport”
(BT), the TCE work function (®rce) must align to the conduction or valence band edges (E,,
E,) of the ETL or HTL, respectively. At the electron-transport side, the conduction band offset
(CBO) should be slightly negative to promote electron extraction, while a large valence band
offset (VBO) blocks hole injection. Conversely, at the hole-transport side, the TCE work
function @rce must be close to, but slightly positive compared to the HTL valence band edge
(Ey), to promote hole transport, with large conduction band offset (CBO) to block electrons.

If the energy barrier (AE) between TCE and ETL/HTL is £0.3 eV, alternative transport
mechanisms such as thermionic emission (TE) or trap-assisted-tunnelling (TAT) may be
required. These processes are relatively lossy compared to band transport, contributing to
thermalisation and recombination losses. Barriers as low as ~0.2 eV can induce significant
space-charge region formation across the device, depleting interface carriers and increasing
interfacial resistance“3. High barriers therefore increase Riand SRH recombination, reducing
FF by up to 12%abs*®. While heavily-doping CTLs can mitigate interface carrier depletion, this
increases parasitic absorption'74-76_ We therefore recommend designing TCEs with energy
barriers to CTLs ~0.1-0.2 eV. Fig. 3b compares the energy levels of typical tandem cell layers
with common TCEs. For ETL-TCE contacts, the TCE work function should be ~4-4.5 eV, while
at HTL-TCE contacts, it should be ~5-5.4 eV'77.178 Most TCOs have work function ~4.2-4.6
eV, necessitating modifications to their band structure or to cell design to reduce losses.
Additionally, TCO deposition (see Box 2) can degrade cell surfaces and induce Fermi level
pinning, further increasing recombination and R.*6:1%4. We next discuss specific perovskite sub-
cell interfaces, highlighting strategies to improve energy alignment with TCEs.

Introducing a buffer layer between the TCE and perovskite CTLs can improve band alignment
and protect against sputter damage*6-48.179.180_ Buffers must also provide good optical coupling
and remain stable to mobile ions'8'. Buffer thickness must balance multiple competing factors:
mechanical protection against sputter damage, parasitic optical absorption, and cell series
resistance (Rseries)?'18%18. In n-i-p perovskites, the most common hole-buffer is ~10 nm
thermally-evaporated molybdenum oxide (MoO)°"-187-18 Holes are extracted from HTLs to
MoOy primarily by band transport, but the large MoO,/TCO interface barrier results in transport
into the TCO dominated by lossy trap-assisted-tunnelling. MoOy absorptance also reduces J,,
and its stoichiometry renders it unstable to moisture/iodide migration®'.183.190-193 While there
has been progress developing more stable, less absorptive hole-buffers such as WO,, VO,
MgOx and CrO,3446:51.183,194 "the field is now concentrated on p-i-n architectures, where highly-
absorbing HTLs are at the buried rear interface.

At TCO/ETL interfaces in p-i-n perovskite top cells, ALD SnOy, and to a lesser extent
bathocuproine (BCP), are the most common electron-buffers. Ag-NPs in BCP introduce gap
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states at 3.74-5.03 eV, enabling efficient direct tunnelling (DT) transport from ETL to TCE'95-
199 However, BCP:Ag suffers from poor damp-heat stability, sputter vulnerability, and
delamination at elevated temperature3+53.200-202. Compared to BCP, ALD SnOy offers improved
stability to damp-heat, delamination, and ion migration34203204_ ALD SnOx ~5-10 nm is now
near-universal in 2T tandems'8".205-208 ' At SnQy, the energy difference Ep — E,, = 3.6 eV leads
to relatively high barriers to most TCEs, meaning transport likely involves lossy thermionic
emission and trap-assisted-tunnelling. SnOy also shows poor stability under strong reverse
bias or to solvents, and its ALD precursor (TDMASN) can interact with perovskite at elevated
temperatures*9.206.209  Alternatives require a higher E, to reduce barriers with TCEs, stability
and good optical coupling. Ultimately, achieving stable, high PCE devices may require TCEs
capable of direct, lossless CTL contact, potentially eliminating buffer layer requirements. Such
TCEs must combine a suitable ®+cg, interfacial stability, and low-damage deposition.

TCOs can be deposited without damaging underlying layers by tuning sputter power, chamber
pressure and temperature#’.164.179.210-214 hyt such “soft-deposited” TCOs typically have lower
conductivity and higher absorptance, leading to a trade-off between TCO quality and
damage'®4. Multilayers combining multiple TCEs may facilitate soft deposition, improved band
alignment, high conductivity and low absorptance and therefore offer potential to overcome
the damage-quality trade-off without using buffer layers'®81215, These multilayers may vary in
crystallinity’®, oxygen concentration?'6217,  doping®®2'8, composition'™, or deposition
technique?°®2'®. Examples include 1ZrO on lightly-doped 1Z0O, facilitating a >1.5%as PCE
improvement to 30.74% in a 2T tandem™, and sputtered ITO on e-beam evaporated In;0s3,
achieving >30% PCE in a 4T tandem?'®. Such improvements can be attributed to improved
energy alignment between TCEs and CTLs facilitated by TCE multilayers.

Once inside the TCEs, carriers must be extracted to metal fingers for current collection®220.221,
Field-emission transport dominates this interface, and the contact resistance, R, is
exponentially proportional to the interfacial energy barrier'®222, Fig. 3b shows that Ag and Al
have a ® of -4.2-4.5 eV??3-2%5 and -4.3 eV respectively??S, favourable for most TCOs. Cu,
however, has a @ of ~4.7 eV??, likely increasing R. with low-® TCEs such as AZO. This
mismatch presents a challenge for sustainable Cu-based metallisation??’. We therefore
recommend employing multilayer TCEs or thin metal interlayers to reduce resistance at these
interfaces 22228,

3.2 Recombination Junctions

2T tandem cells require a unique interconnection between sub-cells. For charge neutrality,
opposite carriers must recombine at the interconnect. In Fig. 3a this is exemplified where an
electron from the silicon recombines with a hole from the perovskite. While TCE-free
interconnection is possible via silicon tunnel junctions®:22° or p** emitter/ETL junctions?39231,
their low PCE and manufacturing complexity limit scalability. We therefore focus here on TCE-
interconnected tandems.

Most tandems use n-type TCOs to form recombination junctions. The energy barrier
between TCO and perovskite is often reduced using self-assembled monolayer (SAM) HTLs,
including 2PACz, (MeO/Me/Ph/Br)-2PACz, 4-PhCz and (a-Nap/B-Nap/Ph)-PAPT45174,178,232-
236 reviewed in refs?37-241. SAM phosphonic acid anchoring groups bind to TCO -OH groups,
while SAM terminal groups interact with perovskites?4>-244; the interfacial dipole formed
increases the TCO work function'74242.245_ The work function shift (A®) depends strongly on
TCO microstructure: TCOs with high atomic density, closely-packed planes and many -OH
groups such as amorphous 1ZO induce a higher A®?242.246-248 \While amorphous interlayers
such as NiOx improve SAM conformity on polycrystalline TCOs, they can reduce Vg% 177:246.249-
251 Larger shifts can also be achieved by improving SAMs-TCO adhesion using HF, UV-
ozone?%°, UV plasma®’, oxygen vacancy modulation?®?, annealing?%3, or SiO, nanoparticles
(NPs)?%4. However, SAMs tend to suffer from poor damp-heat and adhesion stability, and can
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be challenging to deposit on textured surfaces?%®, motivating the search for TCOs with
intrinsically better HTL band alignment.

In the silicon sub-cell, a low barrier between the TCO and silicon is critical. As in perovskite
cells, large barriers can cause space-charge region formation, increasing Schottky barrier
height, and SRH recombination?%6-2%¢_ Higher silicon doping narrows this region, but increases
Auger recombination?”2%, For n-type Si, ®rce <4.3 eV is optimal, making ZnO a strong
contender with ®~4.0 eV2%6.25. While increasing TCE doping can reduce ®rcg, it also
increases NIR FCA258.260.261 For p-type Si, the ®rce should be >5.1 eV?%7, yet most TCEs have
Prce~3.4-4.5 eV61-63, Achieving efficient TCE to p-Si contacts without excessive FCA remains
challenging?%8.260.261214 " Crycially, the TCO recombination junction needs to simultaneously
contact a perovskite-CTL and silicon-CTL with opposing ideal ®. An interconnection-TCE with
a graded ® across its thickness may therefore minimise interfacial losses by improving
alignment to both sub-cells.

For effective carrier transport, interfacial defect trapping must be minimised. TCO deposition
can induce traps?62-264 increasing interface recombination?#®264. Fortunately, these losses can
be partially mitigated through post-deposition annealing. In tunnelling oxide passivated contact
(TOPCon) silicon structures, a ~250 °C 10 min forming gas anneal partly re-passivates
interface defects after deposition?62265-269 while in SHJ, annealing at 200 °C for 10 mins can
re-passivate and reduce a-Si:H/TCO interface resistance via hydrogen dangling-bond
saturation?270-274_ But annealing can also filling oxygen vacancies, reducing TCO-doping?¢3,
motivating improved low-damage deposition. Interface losses can also be reduced using
TCEs that act as passivating contacts, such as ZnO:H?75-28 or TiO,?’%, which mitigate
recombination and enhance carrier selectivity. Such passivating functionalities may also
benefit front-TCEs, though this is not yet reported.

While modifying TCE properties can improve band alignment, there is a fundamental dilemma
in balancing the need for high lateral resistance to prevent shunting of the top cell, and the
need for efficient vertical charge transport for recombination. A relatively low-mobility
recombination layer TCE may be beneficial, allowing a wide tuneable range of carrier
concentrations to vary its work function without substantially reducing lateral resistance and
increasing the risk of shunting. Improved alignment with increased lateral resistance can also
be achieved using ultra-thin recombination layers (<5 nm)*>28°, Lateral conductivity can be
tuned in favour of vertical conductivity using TCOs with columnar grains. The relationship
between TCO microstructure and optoelectronic properties are discussed in Box 3. But the
trade-off goes beyond vertical vs lateral conductivity: target properties must also be balanced
in consideration of optical behaviour specific to each interface. The next section addresses
strategies to mitigate such optical losses at TCE interfaces across the tandem stack.
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Fig. 3: Energy and optical alignment of TCE interfaces in perovskite-silicon tandem solar cells.
a. Device band alignment in a two-terminal monolithic perovskite-silicon tandem with n-i-p perovskite
and TCE recombination layer. b. Energy level diagram of various materials used at each interface in a
perovskite-silicon tandem cell. ¢. Refractive indices of various materials used at each interface in a
perovskite-silicon tandem cell. The blue and red dotted lines correspond to the ideal refractive indices
at air-perovskite interfaces, depending on the anti-reflection coating (ARC) used. The green dotted line
corresponds to the ideal refractive index at the perovskite-silicon interface. The data used to plot these
figures can be found in the Supplementary Information, Tables S6, S7 and S8.

Box 3: Correlation between microstructure and properties

Microstructure, stoichiometry, and electrical properties are strongly interlinked. TCO films
can be amorphous?®', polycrystalline (nano and micro size grains)?*?, or less commonly,
epitaxial single crystals?®?2. Due to substrate constraints, most films used in devices are
amorphous or polycrystalline. Both film microstructure and stoichiometry determine the
optical and electrical properties, particularly conductivity, which depends on free-carrier
concentration and mobility283.

Larger grains reduce charge-carrier scattering at grain boundaries and lower defect density,
enhancing both mobility and transmittance?®42%5. However, achieving large grains typically
requires high-temperature processing (> 200 °C). Low temperature processing tends to
produce amorphous TCOs dominated by ionised impurity scattering. While defects such as
oxygen vacancies can increase carrier density, excessive concentrations can reduce
mobility and cause parasitic free-carrier absorption in the near-infrared. Therefore, careful
optimisation is needed to balance conductivity, transparency, and thermal compatibility for
TCOs in tandem solar cells.
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Crystal structure can also influence mobility anisotropy. Heavily-doped TCOs can form a

(400) columnar structure that promotes vertical transport, whereas lightly-doped films often

form (222) equiaxed grains, favouring lateral transport. Combining these orientations in a

multilayer can improve band transport, lateral conductivity and optical coupling, while

reducing damage and contact resistance to adjacent layers 860215286

Scattering mechanisms in TCO films (AFM images adapted from 242).
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4 Optical Coupling and Absorption Losses

4.1 Optical Matching

When photons are incident on tandem modules, they pass through the glass, encapsulation,
antireflection coating (ARC), front-TCE, buffer and CTL, before entering the perovskite
absorber. Lower-energy photons continue through the rear CTL and mid-TCE for absorption
in the silicon, while some photons are reflected back at the rear-TCE/metal. TCEs must hence
be engineered to maximise photon transfer across interfaces, enhancing absorption in both
sub-cells to increase short-circuit current densities (Jsc). Maximised photogeneration requires
consideration of adjacent layers and the distribution of optical fields within them.

In a single solar absorber, photogeneration follows Beer-Lambert’s law, with absorption 4, =
I,(1 —e~**) , where I, is the optical field strength at the sun-facing surface (x = 0), a is the
wavelength-dependent absorption coefficient, and x is the distance into the absorber.
However, in perovskite-silicon tandems, analysis of the optical field distribution (and thus
carrier generation profile) must also account for coherent interference of reflected and
transmitted waves within each layer and interface?8”.288, Mathematically, the transfer-matrix
formalism is used to calculate the electromagnetic field propagation through media, where
each matrix describes reflection, transmission, and phase shifts at individual interfaces and
layers, incorporating interference effects?8%2%. This approach requires knowledge of the
complex refractive index, A = n + ik, where the real component, n, governs interference.

Destructive interference at an interface (for a particular wavelength) can be optimised in

materials with refractive index n, satisfying:
ny = .,/ngny, (4.1)
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Where ny and n, are indices of the adjacent media in the device. Fig. 3¢ depicts the weighted-
average refractive indices (n) perovskite-silicon tandem layers. As TCE microstructure and
doping modify n, a range of values is shown?8. Particularly apparent is the significant
difference between perovskite and silicon (n), highlighting that optimal TCE refractive indices
strongly depend on position in the device.

The imaginary component k relates to the absorption coefficient, dictating parasitic absorption.
As n and k are linked by Kramers-Kronig relations, optimising one affects the other?®'-2%. For
example, varying doping concentration changes both n and k. TCE design therefore requires
balancing refractive-index matching, carrier concentration and absorption losses. Careful
measurement of both n and k is essential to identify and mitigate optical coupling losses.

Beyond /i control, absorption decreases with reduced thickness. But to minimise constructive
interference and thus reflection, TCE thickness should satisfy the quarter-wavelength
condition, drcg = 1/4n,%%4. As each sub-cell absorbs different wavelengths, the optimal TCE
thickness varies with interface, and must be carefully balanced with electrical requirements,
strongly limiting viable TCEs.

4.2 Photocurrent Loss at the Front-TCE

The front-TCE must maintain high transmittance from 300—1200 nm?2%. While thinner TCEs
reduce absorption, this must be considered in conjunction with constructive interference and
refractive index matching to adjacent layers and ARCs86:94130.194.2% Following Equation 4.1,
the front-TCE n should approximate the geometric mean of the adjacent ARC (n~1.4) and CTL
(n~1.6-2)211.286297.298 = Geveral strategies have been employed to reduce front-TCE
photocurrent losses. Less absorptive TCOs, such as IZO or 1ZrO, can replace ITO or FTO,
which dominated early 2T and 4T structures*42%9:3%0 Mariotti et al. showed Jsc increases by
reducing 1ZO thickness from 100 nm to 40 nm?8®. Multi-layer TCEs allow independent tuning of
optical and electrical properties. For example, Heydarian et al. showed that FCA losses can
be reduced, without sacrificing carrier transport, using a thin, heavily-doped, low-oxygen TCO,
under a thicker, lightly-doped, high-oxygen, TCO?31302_ Finally, stacking TCOs with differing
microstructures can produce a graded refractive index for improved light coupling?28.

4.3 Mid-cell TCEs

Short wavelength photons are absorbed in the perovskite, therefore the mid-TCE transmits
primarily ~700-1200 nm light, and its optical performance is dominated by its NIR response.
As the refractive index of silicon is >3.5, the ideal mid-TCE n is ~2.8-3, indicated by the green
dotted line in Fig. 3c. Recent reports have replaced ITO (n ~1.8) with 1ZO (n ~2), likely
improving optical coupling to silicon. 1ZrO-based multilayers have been investigated to
improve n matching at the front surface of single-junction SHJ cells, offering a promising route
to minimise reflection at the perovskite-silicon interface®®3. Alternatively, modifying the
underlying micro/nanocrystalline hydrogenated silicon (u/nc-SiOx:H) passivation layers can
improve n matching3°4177, Yet, this approach is limited by slow nc-SiOx:H deposition rates,
manufacturing complexity and charge transport limitations3°5-3%. Thus, the mid-TCE refractive
index remains important for optical coupling at the perovskite-silicon interface. Mid-TCE
thickness has steadily reduced to mitigate parasitic absorption, with most reports now using
<20 nm TCQs844.130.194,246269 Notably, Zheng et al. demonstrated that a 1.7 nm ITO layer could
serve as an effective mid-TCE on planar surfaces, but precise thickness control <5 nm on
textured surfaces remains challenging*%-28°,

4.4 Rear-TCEs

At the rear of the device, the TCE must either reflect photons back into silicon, or enable
bifacial photoexcitation from rear illumination. Low-E4 TCOs such as AZO or 1ZO are suitable,
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since the rear-side spectrum is primarily >500 nm. 1ZrO is also frequently used owing to its
low IR absorption after ~200 °C annealing'®4397.3%8  The rear-TCE is often capped with an
aluminium or silver reflector, easing Rsheet requirements. However, the metal-TCO contact can
introduce parasitic plasmonic absorption3®3%. This can be alleviated using a low refractive
index (n~1.4) dielectric interlayer, preventing the local electromagnetic field from evanescing
at the back reflector®®. Demonstrated approaches include thick MgF, or SiOx layers
interspersed with Ag fingers in contact with the TCE#5:306:307.310-312" thin ZnO interlayers®®,
silicon nanoparticles’ and SiOyx-based NPs2%4307 These approaches require further
optimisation for improved silicon IR response, and are difficult to fabricate uniformly on large
areas. Developing a rear-TCE with gradient refractive index could further reduce reflection
while reducing processing cost and complexity, eliminating the need for additional layers to
improve optical coupling.

5 Practical Integration of TCEs in Pvk-Si Tandems

Due to the early stage of perovskite-silicon tandem research, most reported devices are
laboratory-scale, with active areas ~1 cm?. Fig. 4a illustrates the relation between active area,
PCE, and indium-based TCE usage in tandems. In research devices, metal contacts lie
outside the active area, leaving the front TCO solely responsible for lateral transport3'3. As the
active area increases, power losses due to the TCO (Pposs, 7co) increase, following:

1 ]MPP
— . LW
PLoss,TCO - 12 Rsheet,TCO %
MPP

where Juppand Viep are photocurrent density and voltage at the maximum power point, and
W is device width?°:3'3, For practical PV modules >200 cm?, TCE design must incorporate
metal fingers that aid lateral conductivity but introduce shading losses. Thus, metal pitch must
balance optical/resistance losses?1%26429.314-316  Fjg.  4b summarises TCE design
considerations for upscaling tandems.

For front-TCEs:
1. Addition of metal fingers introduces a trade-off between shading and resistive losses.

2. Low temperature metallisation and TCE deposition are required due to perovskite
sensitivity, potentially increasing metal-line resistance, TCE/metal contact resistance
or limiting TCE mobility (see Box 2).

3. Low-damage deposition to avoid CTL damage.

4. Low Rsneet 7ce to enhance lateral transport and fill factor (FF), achieved with thicker
TCEs or high mobility to avoid NIR parasitic absorption (see Box 1).

For mid-TCEs:

1. Low damage deposition, avoiding silicon de-passivation. Post-processing annealing
may regenerate voltage losses.

2. Reduced thickness, as lateral conductivity is unnecessary''. Thin, high Rskeet layers
suppress shunts, which scale with area due to perovskite inhomogeneity and defects.

3. Band alignment to support recombination junction formation, minimising transfer
resistance and SRH losses (Fig. 3a).

4. Uniform adhesion to CTLs.
For rear-TCEs:

1. Addition of metal fingers again introduce shading-resistance trade-offs.
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2. Integration with intermediate refractive-index layers to minimise plasmonic losses at
rear metal reflector.

Across all TCEs:
1. Refractive-index matching with tuned thickness to optimise optical coupling.

2. Reduced indium consumption: 3 TW/yr solar module production requires <0.064 mg/W
7 (Fig. 4a).

In tandems, the current density is lower compared to single-junction cells, reducing resistive
losses and relaxing the Rsneet requirements for the top and rear-TCEs. However, optically,
photocurrent losses have a larger relative impact on power output. To investigate the interplay
between electrical and optical losses, we modelled the impact of TCE weighted-average
transmittance and Rsree: ON the ultimate practical perovskite-silicon tandem PCE. The resulting
PCE is presented in Fig. 4c. The analysis follows Allen et al., who define a practical PCE target
of 37.8%3'". Chosen parameter details are provided in Supporting Information, Section S.1,
following the formalism in ref.?5. For a typical front-TCE Rskeet Of 50 Q/BI, a 5% decrease in
TCE weighted-average transmittance can cause a > 2%ans PCE loss. This highlights a clear
opportunity to increase PCE by developing TCEs with higher weighted-average transmittance.

Another consideration for terawatt-scale tandem production is materials sustainability,
particularly indium. Indium is scarce, and is produced almost exclusively as a by-product of
other metal ores®. Over 70% of global indium is used for ITO production®, primarily in flat panel
displays®, creating direct competition with the PV industry. Fig. 4d summarises the materials
used as the front or interconnection TCEs in perovskite-silicon tandems, showing that indium-
based TCEs dominate. Wang et al. calculated that a 3 TW/yr tandem manufacturing capacity
requires <0.064 mg/W indium consumption’, as noted in Fig. 4a. Only a handful of reported
devices meet this criterion, all at lab-scale dimensions with PCE <18%. Also shown in Fig. 4a
is a target of 1.159 mg/W, corresponding to the ITRPV projection for 2030 tandem
manufacturing, achieved by limited number of lab-scale tandems. To achieve <0.064 mg/W,
the combined indium-containing TCE thickness should be <4 nm. This reliance on indium-
based TCEs represents a major bottleneck in scaling high-PCE tandems that must be urgently
addressed. In the next section, we explore methods to develop improved low-indium, and
indium-free TCEs, providing a roadmap for this bottleneck to be overcome.
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Fig. 4: TCE sustainability, scalability, integration losses, and material choices in perovskite—
silicon tandem solar cells. a. Indium content per watt of electricity generated in 2T perovskite-silicon
tandem cells reported in the literature. Dotted vertical lines at 0.064 mg/W and 1.159 mg/W correspond
to the sustainable manufacturing limit for 3 TW/yr and 170 GW/yr respectively. b. Losses induced from
TCEs in the context of scaling up 2T perovskite-silicon tandems from lab to fab scale. ¢. Predicted PCE
based on TCE weighted-average transmittance vs TCE sheet resistance, assuming other losses are
eliminated. Each TCE presented here is compared at different thicknesses at intervals from 20 nm on
the right, to 120 nm on the left, numerically shown over the 1ZrO data line in nm. d. TCE materials
reported at the front and interconnection in 2T monolithic perovskite-silicon tandem cells available
online from March 2015 to August 2025. Doped InOx refers to In20s doped with W, H, or another
undisclosed dopant. Si-based TJs refer to doped nano/micro/poly-crystalline silicon, while SiOx-based
refer to doped nc-SiOx:H. All other tunnelling junction strategies reported are listed under “Other TJs”.
The data used to plot these figures can be found in the Supporting Information, Tables S3, S5, S7 and
S8.

6 Outlook

6.1 Strategies for Reducing In Consumption

The reliance of high-PCE tandems on indium has motivated efforts to reduce indium usage in
existing TCEs, improve known indium-free TCEs, and develop entirely new indium-free TCEs.
Perovskite-on-TOPCon is an immediate route to reduce indium consumption, eliminating the
rear-TCE, and already achieving >30% PCE. Typical ITO and IZO sputter targets contain 90%
In203. A 35% PCE perovskite-on-TOPCon tandem requiring 35-60 nm indium-based TCEs,
therefore corresponds to ~0.7-1.1 mg/W In, enabling ~180-280 GW/yr sustainable
manufacturing. Recently it was shown that ZnsIn,Oe targets can reduce indium usage in 1ZO
by 50% without compromising optoelectronic properties®®, potentially increasing capacity to a
maximum of ~560 GW/yr. Achieving high PCE at TW-scale will therefore likely require
tandems using indium-free TCEs only.
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Existing indium-free TCEs, including AZO, GZO, and FTO have not been reported in high-
PCE tandems due to high FCA, low mobility, poor stability, poor band alignment or deposition
constraints. In the short term, multilayers combining indium-based with indium-free TCEs
could reduce In-consumption. AZO with high Rskeet could serve as an interconnect TCE, with
a thin indium-based interlayer to improve band alignment to the perovskite-HTL, inhibit ion
migration, and limit deleterious ZnO-perovskite reactions. At the front-TCE, achieving low
Rsreet indium-free TCOs with low absorptance remains challenging due to their low mobility.
While hybrid nanocomposites, 2D materials, and MXenes’>’® may offer scope to reduce
indium-consumption and provide passivation, they cannot yet be deposited conformally on
textured surfaces with sufficient optoelectronic quality, stability and processing compatibility
for high-PCE 2T tandems’6-78.161 There is therefore strong motivation to develop novel indium-
free TCOs, compatible with tandem-cell processing, stability and optoelectronic property
requirements.

6.2 Atomistic Modelling for Indium-Free TCO Development

Density functional theory (DFT) is central to indium-free TCO development, particularly with
recent improvements in high-throughput screening via deep learning, and treatments of
forbidden transitions and polaronic conduction87-88318_ However, predictions assume ideal bulk
crystals, while practical TCEs are thin films fabricated under non-equilibrium conditions with
often high defect densities. This can lead to properties deviating significantly from predictions
due to surface energies, strain, and microstructure. For example, bulk single-crystal
La:BaSnOs; exhibits >300 cm?/Vs mobility, yet thin films, requiring >700 °C deposition, achieve
only ~80 cm?/Vs319-321 Researchers often abandon materials after one unsuccessful synthesis
approach, highlighting the need to consider synthesisability when screening®. Machine
learning and artificial intelligence can guide materials design, but models remain limited by the
quality and completeness of training data. Progress requires more rigorous reporting of
experimentally-measured TCO properties, which is often lacking for less-studied materials.

DFT recently predicted several high-mobility indium-free TCEs exploiting resonant
doping®:6:322_In Ta:Sn0O-, the resonance of the Ta 5d states in the SnO, CB yields a low m*
of 0.23 mo. Ta:SnO;, thin films exhibit u~20 cm?/Vs, ®~4.66 eV, and Rsheet ~190 Q/0, enabling
SHJ integration with >25% PCE3®?2-324, Ta:SnO. could function as a perovskite-silicon
interconnect due to its high ® and moderate Rsneet, but requires controlled low thicknesses
deposition. Several promising predicted TCEs remain unfabricated as thin films:
Ga:ZnSb,06'%, F:Sb,05%?° and KSbOs. Ga:ZnSb,0Os shows promise as an interconnection
layer, where its high ®~6 eV could improve band alignment to the perovskite Ev without
SAMs'®. F:Sb,Os offers low absorptance and high mobility, potentially suited as a front-
TCE?®?5, Even if non-toxic themselves, the toxicity of intermediate antimony-based compounds
such as Sb,03should be considered during fabrication and lifetime degradation3?6. Additional
low m* materials unfabricated as thin films include BeSiP,, and GeO.3'®, but sustainability
considerations for Be and Ge may limit large-scale applicability327:328,

For perovskite-silicon tandems, modelling should prioritise band alignment and passivation,
reducing dependence on buffer layers and SAMs, while improving PCE and stability. Optically,
front-TCEs should have low n~1.5-1.75, but mid and rear-TCEs should have high n~2-3. Low
broadband absorptance should be prioritised over low Rsheet @S Rsheet CONstraints are relaxed
in tandems relative to single-junction cells. Crystallisation kinetics are a key bottleneck in
fabricating DFT-predicted TCEs as thin films. To support experimentalists, atomistic
simulations could be used to predict upper mobility limits and crystallisation mechanisms for
candidate materials. Improved structural understanding of TCEs deposited under different
conditions, via high-energy techniques such as x-ray absorption spectroscopy could provide
the needed data for improved predictions. As these mechanisms involve complex interatomic
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and microstructural interactions, Al-assisted modelling can provide valuable insights by
iteratively screening potential growth pathways across large datasets.

6.3 Exploiting Nanophotonics to Improve TCE Performance

Beyond developing new TCEs, nanophotonic structures can complement TCEs, providing
light-trapping beyond the Lambertian limit32°. At the front-TCE, reflection can be reduced by
embedding in it SiO,-NPs, lowering n33°, or incorporating Al-nanospheres, which enhance
local surface plasmon resonance’®. Although demonstrated for mid and rear-TCEs, the
stringent requirements of the front-TCE make integration challenging?%43%7.71, At the mid-TCE,
embedded plasmonic metamaterial Ag-NPs or nanocones can be tuned to increase reflection
<500 nm back to the perovskite, while transmitting near-IR to the silicon’?73. Such
enhancements may enable indium-free TCOs whose poor electrical and optical properties are
compensated by nanophotonics.

6.4 p-type TCEs

All TCEs used in tandems are currently n-type. p-type TCOs could simplify device design,
replacing the HTL/n-TCO/buffer with a single p-TCO aligned to the perovskite E,?, as well as
reducing dependence on indium-based n-TCEs. However, p-type TCO design faces a
contradiction in requirements: achieving high p-type conductivity via hole mobility and low
ionisation potential, while maintaining transparency via a wide bandgap. In most metal oxides,
the VB consists of localised oxygen 2p orbitals. This VB character, along with oxygen’s
electronegativity, leads to a flat dispersion and large hole effective mass, limiting hole
mobility88103.331.332 \We refer readers to comprehensive reviews on p-type TCEs84331.333 put
briefly highlight the most promising materials. DFT predicts promising p-type oxides (TazSnOs,
BazBiTaOs and K;Sny0s3) but they remain difficult to fabricate with good microstructure and
low defect density at low-temperatures®*. Several p-type oxides have been used as HTLs
(NiOx or Sn02:Sb33*) thanks to their high work function, but their Rsneet is insufficient for TCE
application. Conversely, Cu,0O films offer moderate conductivity, but insufficient transmittance,
reducing Jsc in PV devices335-33%7,

Chemical modulation of the VB has been explored to increase hole mobility and facilitate p-
type doping, as demonstrated in low-temperature fabricated Cul and S-doped or alloyed
Cul338-340_ BP and CaCuP are also proposed dispersed-VB p-TCEs, but require deposition
temperature >400 °C3*':342, While the performance of p-TCEs still lags that of n-TCEs, these
dispersed-VB halide, sulphide and phosphide materials show promise. Bridging the gap
between prediction and fabrication through more robust structural analysis may be the key to
achieve practical integration of p-TCEs in high-PCE tandems82.325.327

6.5 Research Roadmap for Next Generation TCEs for Tandems

Table 1 summarise the target TCE properties for tandem cells, highlighting opportunities
across optics, electronics, processing and sustainability. We focus on p-i-n lead-halide
perovskite on silicon structures, the dominant and most commercially relevant architecture,
though the underlying analysis extends to future multi-junction tandems with many, differing
absorbers. This provides a roadmap for next-generation TCE development for rapid
translation and application to optoelectronic devices. We emphasise the importance of
examining the physics of each interface in developing TCEs, where the ideal properties and
trade-offs may diverge substantially. Careful consideration of these requirements will be key
to achieve multi-junction tandem cells with efficiency approaching their theoretical limits >40%.
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Table 1: Strategies for TCE development for high efficiency sustainable p-i-n lead-halide perovskite on silicon tandem cells.

TCE Location

Front Middle Rear (SHJ only)
Current 1ZO, ITO, 1ZrO ITO, 1ZO ITO, 1ZO
materials
Thickness (nm) 20-50 5-15 50-150

Role Optical coupling from air-Pvk. Optical coupling from Pvk-Si. Bifacial: Si-air coupling.
Monofacial: Si back-
reflector, minimise
plasmonic losses.

Weighted Ideal: <0.01%, 300-1200 nm. Ideal: <0.01%, 750-1200 nm. Ideal: <0.01%, 750-1200

absorptance (%)

Actual: ~0.5-3%.

Actual: ~0.01-0.05%.

nm.
Actual: ~0.1%.

Weighted real

Ideal: 1.5-1.75 (depending on

Ideal: 2.8-3, 750-1200 nm.

Bifacial: 1.9-2.3, 750-

7]
2 refractive index | ARC used), 300-1200 nm. 1200 nm.
8- (n) Actual: ~1.8-2.2. Monofacial: 2.8-3.0, 600-
Actual: ~1.8-2.2. 1200 nm.
Actual: ~1.8-2.2.
Challenges Near-UV, IR absorption, IR absorption, reflection. IR absorption, albedo
reflection. reflection.
Development Graded refractive index. Graded refractive index. Variable refractive index
opportunities Nanophotonic structures. Plasmonic materials. interlayers.
High mobility TCOs. Metamaterials.
Role Low vertical and lateral Rseries Recombine carriers from both sub- Low vertical and lateral
cells, and hlgh Rshunt Riseries
Rsheet (Q/0) Ideal: <20. Ideal: ~200-1000. Ideal: <50.
Actual: ~50-100. Actual: ~1000. Actual: <50.
d (eV) Ideal: 4.0-4.7. Ideal: >5.0 (Pvk-HTL), <4.3 (n-Si). | Ideal: >5.1.
§ Actual: 4.2-4.6. Actual: 4.2-4.6. Actual: 4.2-4.6.
= Challenges Lateral resistance. Perovskite HTL band alignment. Silicon p-type band
9 ETL band alignment. Conformality, uniformity and alignment and lateral
w Cu band alignment (ideal 4.7 shunting resistance. conductivity.
eV). Si interface de-passivation.
Development High mobility TCOs. p-type TCEs. p-type TCEs.
opportunities TCEs with graded work Buffer layers.
function to align with both ETL | Multilayer with graded work function
and metal fingers. for electrical coupling.
Deposition Low deposition energy, <150 <250°C, SHJ. <250°C
conditions C. <500C, TOPCon.
Conformality on textured
substrates.
Chemical barrier | Prevent metal ingress (Ag, Prevent halide ion egress. Prevent metal ingress
Cu), halide ion egress. (Al, Ag, Cu).
o Interface Stable to perovskite Stable to perovskite degradation. Stable to metal contacts.
= stability degradation, metal contacts.
e challenges
8 Challenges Perovskite instability to Zn. Perovskite instability to Zn. Temperature limitations.
o Low temperature, low-damage | Low temperature, low-damage Contact stability.
deposition of high-mobility deposition of high-mobility TCOs.
TCOs. Si interface passivation.
Compatibility with metallisation
techniques.
Development Soft deposition by RPD, ALD, 2D materials ion barriers. Buffer layers.
opportunities etc. Buffer layers.
2D material ion barriers
. Sustainable AZO, GZO, Ga:ZnSb,0s, Low-temperature SnO,-based TCO, | AZO, GZO with variable
L5 alternatives F:Sb,05 perhaps in multilayer or doped ZnO such as Ga:ZnSh,0s | refractive index
29 @ with thin (<4nm) In,O; layer. with suitable buffer layer. interlayers.
> g_U Metal NWs with ALD TCO
BE L coatings.
»

Nanophotonic structuring
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Short term Improved deposition for multilayer TCEs with gradient properties at the nanoscale (doping,
l crystallinity) and hydrogen doping control.
! Novel ALD precursor and sputter target development for reduced In use.
l Al-assisted prediction and deposition of novel TCE materials.
Long term Modelling crystallisation dynamics to improve fabrication of predicted TCE materials.
application

6.6 Conclusions

Currently available TCEs remain a significant source of energy loss in perovskite-silicon
tandems, while also increasing cost and limiting sustainability. High-efficiency tandems remain
dependent on ITO and 1ZO, restricting deployment to <0.2 TW/yr due indium reliance, and
introduce losses including parasitic UV/IR absorption, reflection, and interfacial band
misalignment. Existing indium-free alternatives such as AZO and FTO face challenges in band
alignment, stability, and optical losses. Addressing these issues will likely require moving
beyond single-material TCEs towards multi-pronged strategies to better balance the trade-off
between TCE requirements at different interfaces. We highlight opportunities to engineer
graded-property multi-layers that minimise reflection while improving energy level alignment.
Developments in low-damage, conformal deposition, such as spatial ALD, pulsed laser and
reactive plasma deposition may improve dopant control, hydrogen concentration and
crystallisation at the nanoscale, and could enable stable metal NW integration with appropriate
band alignment.

In the longer term, integrating TCOs with 2D materials that provide ion barrier and passivation
properties such as graphene and MXenes may prove beneficial, if they can be deployed
economically across large areas. Looking forward, we expect optoelectronic simulation and
machine learning to accelerate discovery of suitable materials and precursors. Improved, high-
throughput DFT screening, spectroscopic analysis and soft-deposition methods may expand
the accessible material set for deposition on delicate perovskite and a-Si layers. Overall, we
recommend closer examination of interface physics within the tandem stack when designing
new TCE materials, to accelerate translation of theoretically predicted indium-free TCEs to
practical devices. This improved understanding can be directly applied to multi-junction all-
perovskite, perovskite/CIGS and organic PV tandems, as well as other optoelectronic devices
such as LEDs and photodetectors.
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