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Abstract – Transparent conducting electrodes (TCEs) combine high optical transmittance and 17 
electrical conductivity, and are an essential component of optoelectronic devices, such as 18 
solar cells. A major recent advance in photovoltaic (PV) technology is the integration of 19 
industry-dominant crystalline silicon solar cells with metal-halide perovskite absorbers that 20 
harvest a complementary part of the solar spectrum. These perovskite-silicon tandem cells 21 
offer a pathway to power conversion efficiencies (PCEs) exceeding 40% at low cost, but 22 
introduce new challenges for TCE design. In tandem cells, TCEs serve multiple roles: enabling 23 
lateral charge transport as well as facilitating interface charge collection or recombination, all 24 
while minimising parasitic absorption or reflection across a broad wavelength range. TCEs 25 
must also remain compatible with diverse materials and delicate fabrication processes. 26 
Achieving this balance of optical, electrical, and chemical properties has so far limited practical 27 
TCEs in tandems to a small set of high-cost, indium-based oxides. Recent advances in 28 
computational and experimental techniques have improved understanding of TCE solid-state 29 
physics, revealing promising alternative materials. In this review, we examine the material 30 
properties essential for TCEs in perovskite–silicon tandems, evaluate current candidates, and 31 
highlight the key challenges and opportunities for next-generation TCE development. Our goal 32 
is to bridge the gap between materials science and device engineering, providing a roadmap 33 
to accelerate the integration of advanced TCEs in high-efficiency optoelectronic devices.  34 
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1 Introduction 35 

Single-junction crystalline silicon (c-Si) solar cells are approaching their theoretical power 36 

conversion efficiency (PCE) limit of 29.4%1,2, or up to 30.1% with single-axis tracking3, with 37 

LONGi Solar recently reporting a certified PCE of 27.81% for a silicon heterojunction (SHJ) 38 

hybrid back-contact cell4,5. A major limit to the single-junction PCE is charge-carrier 39 

thermalisation, where carriers generated through the absorption of photons with energy above 40 

the absorber bandgap lose excess energy as heat. Tandem solar cells reduce such losses by 41 

combining multiple absorbers with differing bandgaps, each converting a complementary 42 

fraction of the spectrum into electricity. While III-V tandems can reach 47.6% PCE under 600-43 

sun concentration, they remain too expensive for mass-production6. This can be mitigated by 44 

exploiting lead-halide perovskite absorbers, hereafter “perovskites”. Their ABX3 stoichiometry 45 

enables bandgap tuning through compositional variations that can be exploited to complement 46 

silicon absorbers, increasing PCE, and reducing the levelised cost of electricity of PV7–11. In 47 

perovskite-silicon tandems, a low-bandgap silicon cell (1.12 eV) is positioned beneath a wide-48 

bandgap perovskite cell (~1.6 to 1.8 eV). High-energy photons are absorbed by the perovskite, 49 

while lower-energy photons pass through to be absorbed by silicon. Lab-scale (1 cm2) 50 

perovskite-silicon tandem PCEs have risen from <14% in 2015, to 34.85% in 202512,13, though 51 

this is far from their ~45% theoretical maximum under AM1.5G illumination13–17. Transparent 52 

conducting electrodes (TCE) are a major source of loss, but are required for light transmission 53 

and lateral charge transport. TCEs also interconnect sub-cells, enabling voltage addition. 54 

TCEs contribute resistive, absorptive, and reflective losses, reducing PCE by >2% in absolute 55 

terms (%abs) per TCE used7,18–25. In tandems, each absorber is interconnected by an additional 56 

TCE, compounding losses26,27. Commercial TCEs, such as tin-doped indium oxide (ITO), long 57 

used in solar cells, touchscreens and organic light-emitting diodes, introduce significant losses 58 

in tandems. Improved understanding of TCE physics in tandem devices is essential to realise 59 

PCEs >40%.  60 

The optimum trade-off between sheet resistance (Rsheet) and transmittance (Tx) is often 61 
expressed as a TCE’s “figure of merit” (FoM)24,28–32. However, the differing requirements in 62 
tandems render simple two-parameter metrics insufficient. Fig. 1a depicts TCE placement in 63 
two-terminal (2T) and four-terminal (4T) tandems. 2T cells require 2-3 TCEs, while 4T cells 64 
may require four TCEs and an optical spacer between sub-cells. In 4T modules, additional 65 
wiring for sub-cell connection to inverters increases the power-electronics, assembly, and 66 
cabling costs, and their need for additional and thicker TCEs increases parasitic absorption33–67 
35. 2T cells are therefore the most promising for low-cost scalable manufacturing, and so will 68 
be the focus of this review.  69 

Fig. 1b summarises TCE-related resistive and optical losses in 2T tandems. Front-TCEs 70 
require low Rsheet for efficient lateral charge transport to metal fingers (low RL), and high 71 
broadband transmittance (requiring low absorptance Ax and low reflectance Rx) to maximise 72 
absorption in both absorbers19,36,37. The mid-TCE requires higher lateral resistances ~200-73 
1000 Ω/□ to prevent shunting, and high transmittance >500 nm. The rear-TCE is electrically 74 
similar to the front, but must reflect photons back into the silicon while minimising plasmonic 75 
losses38,39. In some architectures, the rear-TCE is replaced by a highly-doped silicon layer, 76 
typically referred to as an emitter or back-surface field40. Fig. 1c depicts TCE absorptance 77 
overlaid on perovskite and silicon external quantum efficiency, highlighting the near-UV (<450 78 
nm) and the near-IR (900-1200 nm) as primary loss regions. The varying requirements across 79 
sub-cells render any single FoM inadequate, as TCE target properties depend on adjacent 80 
layers, architecture, and position. 81 

TCEs must have low transfer and contact resistance (Rt, Rc) and minimise interfacial non-82 
radiative, Shockley-Read-Hall (SRH) recombination41–45. Their refractive indices must match 83 
adjacent layers to minimise reflection19. Processing requires that TCEs be deposited without 84 
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compromising adjacent-layer stability46–48, and remain stable under long-term operation19,49,50. 85 
TCEs may also need to block ion migration and solvent permeation51–53. Finally, TCEs must 86 
be fabricable rapidly, at low cost, over large, often textured areas53. Few materials meet all 87 
these demands. 88 

Existing TCEs used in tandems include transparent conducting oxides (TCOs), metal 89 
nanowires15, and ultrathin metals. Fig. 1d presents front-TCE usage in 2T perovskite-silicon 90 
tandems reported since 2015, highlighting reliance on zinc-doped indium oxide (IZO), ITO, 91 
and other doped indium oxides. But indium scarcity constrains the manufacturing capacity of 92 
such devices to <200 GW/y, well below the 3-4 TW/yr required to meet 2050 climate 93 
targets7,9,11,20,54–56. Indium-based TCEs are also undesirable due to their high cost, and can 94 
comprise >50% of the cost of perovskite cells57. Indium reduction strategies include modifying 95 
sputtering targets58 and multilayer TCEs59–63, but indium-free tandem cells are yet to achieve 96 
>20% PCE64. Novel TCE development is therefore essential.  97 

Recent advances in density functional theory (DFT) have revealed novel TCE mechanisms 98 
such as resonant doping65,66 and polaronic conduction67,68. Simulations indicate that plasmonic 99 
metamaterials and nanophotonics can improve TCE optical coupling69–75. Additionally, 2D 100 
materials such as MXenes, transition-metal dichalcogenides, and graphene may improve 101 
passivation, stability, and charge-carrier extraction76–79. Yet, these remain underutilised in 102 
practical devices, where research has focused on improving perovskite stability and 103 
passivation, texturing, and enhancing charge-carrier extraction using self-assembled 104 
monolayers (SAMs)8,38,53,80,81. As tandems approach their limits using conventional TCEs, 105 
progress will depend on the convergence of materials physics and device engineering to 106 
develop sustainable, high-performance TCEs. 107 

Several excellent reviews have surveyed TCE physics in isolation19,75,82–85. Here, we 108 
emphasise that TCEs cannot be understood independently of the tandem cell architecture. 109 
Interfacial effects, competing scattering mechanisms, plasmon resonances and band 110 
transitions, must be considered alongside processing and operation constraints. Section 2, 111 
overviews TCE material classes and the mechanisms governing their optoelectronic 112 
properties. Sections 3 and 4 examine how interfaces dictate TCE functionality in tandems, 113 
from charge transport to optical coupling. We then review TCE properties for practical 114 
integration in devices, and how these evolve when transferring from lab to industrial scales. 115 
Finally, we discuss strategies to develop sustainable high-performance TCEs. We aim to guide 116 
physicists, materials scientists, and engineers in benchmarking TCE properties in the context 117 
of tandem solar cells. This understanding will be key in developing high-performance, 118 
scalable, perovskite-silicon tandem devices with PCE >40%, delineating pathways to reach 119 
>50% in multi-junction cells21, and unlocking the full potential of TCEs for next-generation 120 
devices beyond PV.  121 
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 122 

Fig. 1: Transparent conducting electrodes in perovskite-silicon tandem solar cells: TCE Role, 123 
optical response, and power conversion efficiency. a. TCEs in perovskite-silicon tandem solar cells 124 
in 2T and 4T configuration. b. The role of TCEs in charge collection and transport, including losses 125 
originating from absorption (Ax), reflection (Rx), carrier transfer resistance (Rt), lateral resistance and 126 
carrier scattering (RL), metal contact resistance (RC), and Shockley-Read Hall (SRH) recombination. c. 127 
TCE absorptance (%) (coloured lines) with respect to wavelength overlaid with perovskite and silicon 128 
external quantum efficiency (EQE) with respect to wavelength. d. Review of front-TCEs in 2T 129 
perovskite-silicon tandem solar cells reported from January 2015 to August 2025. ITO and IZO refer to 130 
tin-doped indium oxide and zinc-doped indium oxide respectively. Doped-InOx refers to indium oxide 131 
doped with other elements: Ce, Zr, W, or H. The data used to plot c. and d. can be found in the 132 
Supplementary Information, Tables S3, S7 and S8, with data for perovskite and silicon EQE c. extracted 133 
from ref.86. 134 
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Box 1: Fundamental properties of TCEs 135 

The resistivity of a uniformly doped material is 𝜌 = 1/(𝑞 ⋅ 𝑁 ⋅ 𝜇), where q, N, and μ are the 
majority-carrier charge (Coulombs), concentration (cm−3), and mobility (cm2/Vs)85,87,88. The 
sheet resistance is Rsheet= 𝜌/𝑡, where t is thickness. Mobility can be defined as 𝜇 = 𝑞𝜏/𝑚∗ , 
where 𝜏 is the carrier relaxation time, indicating the average time between two scattering 
events, and m* is the carrier effective mass89. Mobility therefore increases when scattering 
sources are reduced, and m* is minimised85. Increasing carrier concentration can reduce 
mobility via impurity scattering following Conwell-Weisskopf theory, so requires careful 
control19,85,90,91.  

Transmittance (𝑇𝑥) follows the Beer-Lambert law: 𝑇𝑥(𝜆) = (1 − 𝑅𝑥(𝜆))2 ⋅ 𝑒−𝛼(𝜆)⋅𝑡, where Rx 
is reflectance, and α is the absorption coefficient83,87. Increasing 𝑡 reduces Rsheet, but also 

𝑇𝑥, thus these properties must be balanced. Increasing N can lower Rsheet, but reduces 𝑇𝑥 
through free carrier absorption (FCA), following the Drude model of α19,83,92: 

𝛼 =
𝜆2𝑞3𝑁

4𝜋2𝜀0𝑐3𝑛(𝑚∗)2𝜇𝑜𝑝𝑡
, (1) 

where λ is wavelength, Ɛ0 is the permittivity of free space, c the speed of light in vacuum,𝑛 
the refractive index, and μopt 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 λp

93: 

𝜆𝑝  =  2πc√
𝑚∗𝜀𝑇𝐶𝐸

𝑁 𝑞2
, (2) 

For incident light λ < λp, 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 λ > λp, the real part of the dielectric 
function becomes negative, and the TCE reflects or absorbs incident radiation92,93. For most 
TCEs, λp is in the near-IR: while visible and UV light pass through, near-IR and IR light is 
lost94–98. TCE materials with high λp are therefore necessary. This is achieved by reducing 
N, and increasing m*, μ and ƐTCE. As a high m* increases α, it is preferable to develop TCEs 
with high μ and ƐTCE. 
 
The most common TCEs are n-type TCOs. These are oxides of post-transition metals in (n 
- 1)d10ns2np0  configuration99,100. 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 character19,99. In n-type TCOs, m* is determined by the curvature of the CB, 
where high dispersion leads to low m*89. Conductivity is achieved by degenerately doping 
TOCs beyond the Mott criterion, increasing their Fermi energy (EF) into the CB or VB85,101,102, 
and widening the optical bandgap via the Burnstein-Moss effect85. 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 degeneratively68,85,103. Doping density should be controlled, as increasing doping 
reduces the work function (ΦTCE), and increases scattering.  

 136 

2 Material families and their optoelectronic properties 137 

While there are many TCE materials, the most common are n-type metal oxides, referred to 138 
as n-type TCOs. These wide-bandgap semiconductors are doped to introduce excess 139 
electrons via lattice defects such as oxygen vacancies or substitutional impurities, which 140 
create states near the conduction band (CB) minimum, Ec

85,104. Fig. 2a illustrates the Fermi 141 
level shifting above Ec through n-type doping to achieve degeneracy105. TCOs based on In2O3, 142 
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ZnO and SnO2 are commonly used due to their wide bandgaps (3.37–4.3 eV)106–108, which 143 
suppress visible interband transitions and thus optical absorption109. Their highly-dispersive 144 
conduction bands (CBs) minimise effective mass (m* from 0.18-0.28m0)110–115. Though 145 
intrinsically insulating, doping enhances conductivity and transparency via increased carrier 146 
concentration and the Burstein–Moss effect98. Beyond carrier addition, dopants hybridise with 147 
the metal ns states forming the host CB. Dopant orbital symmetry strongly influences CB 148 
dispersion: s and p-orbital dopants (e.g., Sn4+→In3+ in In2O3

82,116, Al3+→Zn2+ in ZnO106, F-→O2- 149 
in SnO2

117) introduce shallow donors that hybridise efficiently with the host metal ns orbitals. 150 
This hybridisation modifies the density of states and enhances CB delocalisation. Shallow 151 
donors thus preserve the CB dispersion and low electron effective mass (m*), enabling high 152 
electron mobility82,118,119. Hydrogen can also introduce shallow donors, although often with 153 
poor stability120–122. Certain d-orbital dopants such as Mo6+→In3+

 in In2O3, form resonant donor 154 
states that minimally perturb the CB, preserving low m*, and high mobility >100 cm2/Vs66. 155 

Minimising ionic-radius mismatch between host and dopant reduces lattice distortion and 156 
defect scattering, improving mobility123,124. The low resistivity of ITO (<10-3 Ω cm) partly arises 157 
from the close match between Sn4+ (0.69 Å) and In3+ (0.80 Å) radii125. This enables efficient 158 
substitution with minimal lattice strain, and promotes oxygen vacancies formation, resulting in 159 
carrier concentrations ~1020-1021 cm-3 119,126,127. In IZO, Zn2+ (0.74 Å) similarly matches In3+, 160 
reducing scattering. Amorphous IZO dominates as the front-TCE in perovskite-silicon tandems 161 
due to its high mobility at low deposition temperatures, and low FCA, although its blue-region 162 
absorption remains high owing to its diffuse band edge128–130, motivating the search for 163 
alternative dopants. Zr4+ and Ce4+ doped In2O3 have been recently demonstrated in tandems, 164 
showing high mobilities >70 cm2/Vs, reflecting their ionic radii of 0.86 Å and 0.87 Å 165 
respectively44,89,131,132.  166 

Aluminium-doped ZnO (AZO) and gallium-doped ZnO (GZO) are attractive for their low-cost 167 
and sustainability133. However, their lower mobilities (~5-15 cm2/Vs for AZO, ~9-30 cm2/Vs for 168 
GZO) limit conductivity133–137. Their low mobility arises from their polycrystallinity, causing high 169 
grain-boundary scattering, exacerbated by defects and trapping. This scattering is dependent 170 
on grain size, orientation, doping, and deposition conditions138,139. These TCOs also have poor 171 
damp-heat stability, as their numerous grain boundaries act as reactive sites and diffusion 172 
pathways for moisture and oxygen. Under 1000 h at 90% relative humidity, resistivity can 173 
increase by 3.5× due to accelerated defect formation140–144. Grain boundaries can also 174 
facilitate deleterious metal-ion migration, e.g. copper145. ZnO-based TCEs may also 175 
chemically react with perovskites due to their basicity, necessitating buffer layers to prevent 176 
perovskite decomposition146. These factors have limited the long-term reliability and adoption 177 
of AZO and GZO. 178 

TCE fabrication methods determine film microstructure (see Boxes 2 and 3) and whether films 179 
are amorphous or polycrystalline. Effective mass, however, remains a fundamental constraint 180 
on conductivity. Evaluating TCOs requires distinguishing such intrinsic factors (band 181 
dispersion, m*, ionic-radius mismatch) that set the mobility limit, from extrinsic factors 182 
(crystallisation, device integration, grain boundary scattering) that can be improved. For optical 183 
comparison, absorption coefficient should be used, as interference effects, such as Fabry–184 
Pérot oscillations, depend on thickness and can distort transmittance measurements147. The 185 
absorption coefficient reflects the intrinsic optical material response, enabling thickness-186 
independent comparison. Fig. 2b illustrates the weighted-average absorption coefficient of 187 
different TCOs in the 300-750 nm (perovskite) and 750-1200 nm (silicon) regions. Undoped 188 
ZnO, SnO2 and In2O3, exhibit low absorptance, but doping is required to achieve adequate 189 
conductivity. When doped, AZO and FTO show high IR absorptance, largely driven by high 190 
FCA, making integration challenging without imparting significant losses. By contrast, In2O3 191 
can largely maintain or even reduce absorptance using certain dopants. The excellent 192 
performance of IZO, IZrO and ICO as front-TCEs is a direct consequence of their low 193 
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weighted-absorption coefficient across both spectral regions. But optical and electrical 194 
properties must be balanced. Fig. 2c compares the carrier concentration and mobility of 195 
various TCOs at different fabrication temperatures. The dominance of doped-In2O3 TCOs is 196 
clear from their clustering in the high-mobility, high carrier concentration region. This 197 
combination is inaccessible for ZnO or SnO2-based alternatives due to challenges in stable 198 
doping without substantial CB perturbation and scattering. Achieving high-performance ZnO 199 
and SnO2-based TCOs requires methods to incorporate dopants that promote high mobility.  200 

Beyond TCOs, graphene, metal nanowires (NWs), and ultrathin metals have been used in 201 
tandems148. Graphene offers high transmittance (>95%), and is an effective ion/moisture 202 
barrier149, but suffers from high Rsheet (~300 Ω/◻) and work function mismatching with 203 

perovskite charge transport layers (CTLs)149,150. Metal NWs provide low Rsheet (∼0.01–10 Ω/◻) 204 
and flexibility but face adhesion, stability, and surface roughness limitations151–153. Ultrathin 205 
metals offer low-temperature processing, and are often used as interconnect TCEs in all-206 
perovskite tandems53,79,81,154–157. However, ultrathin films are difficult to fabricate due to their 207 
low surface energy158,159, and they can be unstable to oxygen, moisture, heat, and ion 208 
migration157,160. Despite multilayer dielectrics and seed layers improving growth, ultrathin 209 
metals remain ultimately too absorptive to compete with TCOs in tandems158.  210 

These alternative materials for included for completeness but represent a small proportion of 211 
TCEs used in reported tandem cells as they cannot yet match TCOs in terms of mobility, 212 
transmittance, processing compatibility, and scalability. These limitations may be overcome 213 
by combining nanomaterials with metal oxides to form hybrid nanocomposites. For example, 214 
metal NWs coated with thin metal oxide layers to improve stability and band alignment161,162. 215 
These materials have not yet been implemented in tandems, but may become viable if 216 
scalable fabrication yields high mobility and processing compatibility with adjacent layers. For 217 
the foreseeable future, TCOs are expected to remain the dominant TCEs used in tandems. In 218 
the following two sections, we discuss how these materials interface with adjacent layers, 219 
focusing on improving electrical and optical transport. 220 
 221 
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 222 

 223 

Fig. 2: Effect of doping on the material properties of wide bandgap transparent conducting 224 
oxides. a. Schematic of the band structure of a transparent metal-oxide with wide bandgap (Eg) without 225 
(left) and with (right) degenerate doping. In the latter, the Fermi level has shifted into the conduction 226 
band by an energy ΔEshift, via the “Burnstein-Moss Shift”, enabling conduction. Ec and Ev refer to 227 
conduction and valence band edges, respectively. Figure design adapted from Fig. 1, ref.105. b. 228 
Weighted-average absorptance <α> of TCOs to the AM 1.5 spectrum, separated into regions 300-750 229 
nm and 750-1200 nm, with several deposition techniques compared: low-pressure chemical vapour 230 
deposition (LP-CVD), atomic layer deposition (ALD), and physical vapour deposition (PVD). c. Carrier 231 
mobility vs carrier density of a range of TCOs. The diagonal lines correspond to bulk resistivity in mΩ 232 
cm. Ball and stick models of the crystal structure of the wide bandgap oxide are given in the inset. The 233 
data used to plot b. and c. can be found in the Supplementary Information, Tables S5, and S7 and S8. 234 

Box 2: Manufacturing and Processing 235 

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-Si163. 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 layers164. Mitigation strategies include using buffer layers such as ALD 

SnO2 or evaporated MoOx, and alternative deposition designs46. 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 comprehensively46,165. 

 

Chemical Vapour Deposition (CVD) introduces organometallic and oxidant gases (e.g. 

O2, O3 or H2O) 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 growth166, and can 

involve reactive precursors that may induce unwanted surface reactions167,168. A key benefit 

of ALD-based deposition is its ability to provide highly conformal coatings on textured, high-

aspect ratio structures167,169,170. This enables thinner, pinhole-free layers with reduced 

absorptance and improved interfacial contact, such as on textured silicon171,172, or for 

coating metal nanowires with TCOs to improve stability170.  

 

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. 

 

 
 

 236 
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3 Electronic Band Structure and Interface Charge Transport  237 

Fig. 3a depicts the electronic band diagram of a typical 2T tandem, comprising a p-i-n- 238 
perovskite device on a SHJ cell. The diagram highlights vertical transport mechanisms and 239 
the junctions and interfaces that create barriers to energy flow. At each junction, different 240 
charge-transport mechanisms operate. Energy barriers at junctions reduce charge-carrier 241 
transport and increase the potential energies for extraction, causing voltage losses. Here we 242 
discuss these transport mechanisms, targeting how TCE band structure influences carrier 243 
extraction45,173.  244 

3.1 Charge Collection from Perovskite Absorbers  245 

After an electron-hole pair is photo-generated in the perovskite, carriers flow through the 246 
absorber: electrons toward the electron transport layer (ETL), and holes toward the hole 247 
transport layer (HTL). The energy barrier between these materials (Δ𝐸), or band offset (BO), 248 
determines the transport mechanism, and interface voltage loss. For lossless “band transport” 249 
(BT), the TCE work function (ΦTCE) must align to the conduction or valence band edges (𝐸𝑐, 250 

𝐸𝑣) of the ETL or HTL, respectively. At the electron-transport side, the conduction band offset 251 
(CBO) should be slightly negative to promote electron extraction, while a large valence band 252 
offset (VBO) blocks hole injection. Conversely, at the hole-transport side, the TCE work 253 
function ΦTCE must be close to, but slightly positive compared to the HTL valence band edge 254 

(𝐸𝑉), to promote hole transport, with large conduction band offset (CBO) to block electrons. 255 

If the energy barrier ( Δ𝐸) between TCE and ETL/HTL is ⪆0.3 eV, alternative transport 256 
mechanisms such as thermionic emission (TE) or trap-assisted-tunnelling (TAT) may be 257 
required. These processes are relatively lossy compared to band transport, contributing to 258 
thermalisation and recombination losses. Barriers as low as ~0.2 eV can induce significant 259 
space-charge region formation across the device, depleting interface carriers and increasing 260 
interfacial resistance43. High barriers therefore increase Rt and SRH recombination, reducing 261 
FF by up to 12%abs

43. While heavily-doping CTLs can mitigate interface carrier depletion, this 262 
increases parasitic absorption174–176. We therefore recommend designing TCEs with energy 263 
barriers to CTLs ~0.1-0.2 eV. Fig. 3b compares the energy levels of typical tandem cell layers 264 
with common TCEs. For ETL-TCE contacts, the TCE work function should be ~4-4.5 eV, while 265 
at HTL-TCE contacts, it should be ~5-5.4 eV177,178. Most TCOs have work function ~4.2-4.6 266 
eV, necessitating modifications to their band structure or to cell design to reduce losses. 267 
Additionally, TCO deposition (see Box 2) can degrade cell surfaces and induce Fermi level 268 
pinning, further increasing recombination and 𝑅𝑡

46,164. We next discuss specific perovskite sub-269 
cell interfaces, highlighting strategies to improve energy alignment with TCEs.  270 

Introducing a buffer layer between the TCE and perovskite CTLs can improve band alignment 271 

and protect against sputter damage46–48,179,180. Buffers must also provide good optical coupling 272 

and remain stable to mobile ions181. Buffer thickness must balance multiple competing factors: 273 

mechanical protection against sputter damage, parasitic optical absorption, and cell series 274 

resistance (Rseries)51,182–186. In n-i-p perovskites, the most common hole-buffer is ~10 nm 275 

thermally-evaporated molybdenum oxide (MoOx)51,187–189. Holes are extracted from HTLs to 276 

MoOx primarily by band transport, but the large MoOx/TCO interface barrier results in transport 277 

into the TCO dominated by lossy trap-assisted-tunnelling. MoOx absorptance also reduces 𝐽𝑠𝑐, 278 

and its stoichiometry renders it unstable to moisture/iodide migration51,183,190–193. While there 279 

has been progress developing more stable, less absorptive hole-buffers such as WOx, VOx, 280 

MgOx and CrOx
34,46,51,183,194, the field is now concentrated on p-i-n architectures, where highly-281 

absorbing HTLs are at the buried rear interface.  282 

At TCO/ETL interfaces in p-i-n perovskite top cells, ALD SnOx, and to a lesser extent 283 

bathocuproine (BCP), are the most common electron-buffers. Ag-NPs in BCP introduce gap 284 
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states at 3.74-5.03 eV, enabling efficient direct tunnelling (DT) transport from ETL to TCE195–285 
199. However, BCP:Ag suffers from poor damp-heat stability, sputter vulnerability, and 286 

delamination at elevated temperature34,53,200–202. Compared to BCP, ALD SnOx offers improved 287 

stability to damp-heat, delamination, and ion migration34,203,204. ALD SnOx ~5-10 nm is now 288 

near-universal in 2T tandems181,205–208. At SnOx, the energy difference 𝐸𝐹 − 𝐸𝑣 = 3.6 eV leads 289 

to relatively high barriers to most TCEs, meaning transport likely involves lossy thermionic 290 

emission and trap-assisted-tunnelling. SnOx also shows poor stability under strong reverse 291 

bias or to solvents, and its ALD precursor (TDMASn) can interact with perovskite at elevated 292 

temperatures49,206,209. Alternatives require a higher 𝐸𝑐 to reduce barriers with TCEs, stability 293 

and good optical coupling. Ultimately, achieving stable, high PCE devices may require TCEs 294 

capable of direct, lossless CTL contact, potentially eliminating  buffer layer requirements. Such 295 

TCEs must combine a suitable ΦTCE, interfacial stability, and low-damage deposition. 296 

TCOs can be deposited without damaging underlying layers by tuning sputter power, chamber 297 
pressure and temperature47,164,179,210–214

, but such “soft-deposited” TCOs typically have lower 298 
conductivity and higher absorptance, leading to a trade-off between TCO quality and 299 
damage164. Multilayers combining multiple TCEs may facilitate soft deposition, improved band 300 
alignment, high conductivity and low absorptance and therefore offer potential to overcome 301 
the damage-quality trade-off without using buffer layers18,81,215. These multilayers may vary in 302 
crystallinity195, oxygen concentration216,217, doping59,218, composition18, or deposition 303 
technique209,219. Examples include IZrO on lightly-doped IZO, facilitating a >1.5%abs PCE 304 
improvement to 30.74% in a 2T tandem18, and sputtered ITO on e-beam evaporated In2O3, 305 
achieving >30% PCE in a 4T tandem219. Such improvements can be attributed to improved 306 
energy alignment between TCEs and CTLs facilitated by TCE multilayers.  307 

Once inside the TCEs, carriers must be extracted to metal fingers for current collection9,220,221. 308 
Field-emission transport dominates this interface, and the contact resistance, Rc, is 309 
exponentially proportional to the interfacial energy barrier19,222. Fig. 3b shows that Ag and Al 310 
have a Φ of -4.2-4.5 eV223–225, and -4.3 eV respectively225, favourable for most TCOs. Cu, 311 
however, has a Φ of ~4.7 eV226, likely increasing Rc with low-Φ TCEs such as AZO. This 312 
mismatch presents a challenge for sustainable Cu-based metallisation227. We therefore 313 
recommend employing multilayer TCEs or thin metal interlayers to reduce resistance at these 314 
interfaces122,228. 315 

3.2 Recombination Junctions 316 

2T tandem cells require a unique interconnection between sub-cells. For charge neutrality, 317 
opposite carriers must recombine at the interconnect. In Fig. 3a this is exemplified where an 318 
electron from the silicon recombines with a hole from the perovskite. While TCE-free 319 
interconnection is possible via silicon tunnel junctions38,229 or p++ emitter/ETL junctions230231, 320 
their low PCE and manufacturing complexity limit scalability. We therefore focus here on TCE-321 
interconnected tandems.  322 

Most tandems use n-type TCOs to form recombination junctions.  The energy barrier 323 
between TCO and perovskite is often reduced using self-assembled monolayer (SAM) HTLs, 324 
including 2PACz, (MeO/Me/Ph/Br)-2PACz, 4-PhCz and (α-Nap/β-Nap/Ph)-PAPT45,174,178,232–325 
236, reviewed in refs237–241. SAM phosphonic acid anchoring groups bind to TCO -OH groups, 326 
while SAM terminal groups interact with perovskites242–244; the interfacial dipole formed 327 
increases the TCO work function174,242,245. The work function shift (ΔΦ) depends strongly on 328 
TCO microstructure: TCOs with high atomic density, closely-packed planes and many -OH 329 
groups such as amorphous IZO induce a higher ΔΦ242,246–248. While amorphous interlayers 330 
such as NiOx improve SAM conformity on polycrystalline TCOs, they can reduce Voc

45,177,246,249–331 
251. Larger shifts can also be achieved by improving SAMs-TCO adhesion using HF, UV-332 
ozone250, UV plasma57, oxygen vacancy modulation252, annealing253, or SiO2 nanoparticles 333 
(NPs)254. However, SAMs tend to suffer from poor damp-heat and adhesion stability, and can 334 
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be challenging to deposit on textured surfaces255, motivating the search for TCOs with 335 
intrinsically better HTL band alignment.  336 

In the silicon sub-cell, a low barrier between the TCO and silicon is critical. As in perovskite 337 
cells, large barriers can cause space-charge region formation, increasing Schottky barrier 338 
height, and SRH recombination256–258. Higher silicon doping narrows this region, but increases 339 
Auger recombination257,259. For n-type Si, ΦTCE <4.3 eV is optimal, making ZnO a strong 340 
contender with Φ~4.0 eV256,257. While increasing TCE doping can reduce ΦTCE, it also 341 
increases NIR FCA258,260,261. For p-type Si, the ΦTCE should be >5.1 eV257, yet most TCEs have 342 
ΦTCE~3.4-4.5 eV61–63. Achieving efficient TCE to p-Si contacts without excessive FCA remains 343 
challenging258,260,261214. Crucially, the TCO recombination junction needs to simultaneously 344 
contact a perovskite-CTL and silicon-CTL with opposing ideal Φ.  An interconnection-TCE with 345 
a graded Φ across its thickness may therefore minimise interfacial losses by improving 346 
alignment to both sub-cells.  347 

For effective carrier transport, interfacial defect trapping must be minimised. TCO deposition 348 
can induce traps262–264, increasing interface recombination46,264. Fortunately, these losses can 349 
be partially mitigated through post-deposition annealing. In tunnelling oxide passivated contact 350 
(TOPCon) silicon structures, a ~250 °C 10 min forming gas anneal partly re-passivates 351 
interface defects after deposition262,265–269, while in SHJ, annealing at 200 °C for 10 mins can 352 
re-passivate and reduce a-Si:H/TCO interface resistance via hydrogen dangling-bond 353 
saturation27,270–274. But annealing can also filling oxygen vacancies, reducing TCO-doping263, 354 
motivating improved low-damage deposition. Interface losses can also be reduced using 355 
TCEs that act as passivating contacts, such as ZnO:H275–278 or TiOx

279, which mitigate 356 
recombination and enhance carrier selectivity. Such passivating functionalities may also 357 
benefit front-TCEs, though this is not yet reported. 358 

While modifying TCE properties can improve band alignment, there is a fundamental dilemma 359 
in balancing the need for high lateral resistance to prevent shunting of the top cell, and the 360 
need for efficient vertical charge transport for recombination. A relatively low-mobility 361 
recombination layer TCE may be beneficial, allowing a wide tuneable range of carrier 362 
concentrations to vary its work function without substantially reducing lateral resistance and 363 
increasing the risk of shunting. Improved alignment with increased lateral resistance can also 364 
be achieved using ultra-thin recombination layers (<5 nm)45,280. Lateral conductivity can be 365 
tuned in favour of vertical conductivity using TCOs with columnar grains. The relationship 366 
between TCO microstructure and optoelectronic properties are discussed in Box 3. But the 367 
trade-off goes beyond vertical vs lateral conductivity: target properties must also be balanced 368 
in consideration of optical behaviour specific to each interface. The next section addresses 369 
strategies to mitigate such optical losses at TCE interfaces across the tandem stack. 370 
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 371 

Fig. 3: Energy and optical alignment of TCE interfaces in perovskite-silicon tandem solar cells. 372 
a. Device band alignment in a two-terminal monolithic perovskite-silicon tandem with n-i-p perovskite 373 
and TCE recombination layer. b. Energy level diagram of various materials used at each interface in a 374 
perovskite-silicon tandem cell. c. Refractive indices of various materials used at each interface in a 375 
perovskite-silicon tandem cell. The blue and red dotted lines correspond to the ideal refractive indices 376 
at air-perovskite interfaces, depending on the anti-reflection coating (ARC) used. The green dotted line 377 
corresponds to the ideal refractive index at the perovskite-silicon interface. The data used to plot these 378 
figures can be found in the Supplementary Information, Tables S6, S7 and S8. 379 

Box 3: Correlation between microstructure and properties 380 

Microstructure, stoichiometry, and electrical properties are strongly interlinked. TCO films 

can be amorphous281, polycrystalline (nano and micro size grains)242, or less commonly, 

epitaxial single crystals282. 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 transmittance284,285. 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 layers18,60,215,286. 

Scattering mechanisms in TCO films (AFM images adapted from 242). 

 
 

 381 

4 Optical Coupling and Absorption Losses 382 

4.1 Optical Matching 383 

When photons are incident on tandem modules, they pass through the glass, encapsulation, 384 
antireflection coating (ARC), front-TCE, buffer and CTL, before entering the perovskite 385 
absorber. Lower-energy photons continue through the rear CTL and mid-TCE for absorption 386 
in the silicon, while some photons are reflected back at the rear-TCE/metal. TCEs must hence 387 
be engineered to maximise photon transfer across interfaces, enhancing absorption in both 388 
sub-cells to increase short-circuit current densities (Jsc). Maximised photogeneration requires 389 
consideration of adjacent layers and the distribution of optical fields within them. 390 

In a single solar absorber, photogeneration follows Beer-Lambert’s law, with absorption 𝐴𝑥 =391 

𝐼0(1 − 𝑒−𝛼𝑥) , where 𝐼0 is the optical field strength at the sun-facing surface (𝑥 = 0), 𝛼 is the 392 

wavelength-dependent absorption coefficient, and 𝑥 is the distance into the absorber. 393 
However, in perovskite-silicon tandems, analysis of the optical field distribution (and thus 394 
carrier generation profile) must also account for coherent interference of reflected and 395 
transmitted waves within each layer and interface287,288. Mathematically, the transfer-matrix 396 
formalism is used to calculate the electromagnetic field propagation through media, where 397 
each matrix describes reflection, transmission, and phase shifts at individual interfaces and 398 
layers, incorporating interference effects289,290. This approach requires knowledge of the 399 
complex refractive index, ñ = 𝑛 + i𝑘, where the real component, 𝑛, governs interference.  400 

Destructive interference at an interface (for a particular wavelength) can be optimised in 401 
materials with refractive index 𝑛1 satisfying: 402 

𝑛1 = √𝑛0𝑛2, (4.1) 403 
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Where 𝑛0 and 𝑛2 are indices of the adjacent media in the device.  Fig. 3c depicts the weighted-404 

average refractive indices 〈𝑛〉 perovskite-silicon tandem layers. As TCE microstructure and 405 

doping modify 𝑛, a range of values is shown286. Particularly apparent is the significant 406 

difference between perovskite and silicon 〈𝑛〉, highlighting that optimal TCE refractive indices 407 
strongly depend on position in the device. 408 

The imaginary component 𝑘 relates to the absorption coefficient, dictating parasitic absorption. 409 

As  𝑛 and 𝑘 are linked by Kramers-Kronig relations, optimising one affects the other291–294. For 410 

example, varying doping concentration changes both 𝑛 and 𝑘. TCE design therefore requires 411 
balancing refractive-index matching, carrier concentration and absorption losses. Careful 412 
measurement of both 𝑛 and 𝑘 is essential to identify and mitigate optical coupling losses.  413 

Beyond ñ control, absorption decreases with reduced thickness. But to minimise constructive 414 
interference and thus reflection, TCE thickness should satisfy the quarter-wavelength 415 
condition,  𝑑𝑇𝐶𝐸  =  𝜆/4𝑛1

264. As each sub-cell absorbs different wavelengths, the optimal TCE 416 
thickness varies with interface, and must be carefully balanced with electrical requirements, 417 
strongly limiting viable TCEs. 418 

4.2 Photocurrent Loss at the Front-TCE 419 

The front-TCE must maintain high transmittance from 300–1200 nm295. While thinner TCEs 420 
reduce absorption, this must be considered in conjunction with constructive interference and 421 
refractive index matching to adjacent layers and ARCs86,94,130,194,296. Following Equation 4.1, 422 
the front-TCE 𝑛 should approximate the geometric mean of the adjacent ARC (𝑛~1.4) and CTL 423 

(𝑛~1.6-2)211,286,297,298. Several strategies have been employed to reduce front-TCE 424 
photocurrent losses. Less absorptive TCOs, such as IZO or IZrO, can replace ITO or FTO, 425 
which dominated early 2T and 4T structures44,299,300. Mariotti et al. showed JSC increases by 426 
reducing IZO thickness from 100 nm to 40 nm86. Multi-layer TCEs allow independent tuning of 427 
optical and electrical properties. For example, Heydarian et al. showed that FCA losses can 428 
be reduced, without sacrificing carrier transport, using a thin, heavily-doped, low-oxygen TCO, 429 
under a thicker, lightly-doped, high-oxygen, TCO301,302. Finally, stacking TCOs with differing 430 
microstructures can produce a graded refractive index for improved light coupling286. 431 

4.3 Mid-cell TCEs 432 

Short wavelength photons are absorbed in the perovskite, therefore the mid-TCE transmits 433 
primarily ~700-1200 nm light, and its optical performance is dominated by its NIR response. 434 
As the refractive index of silicon is >3.5, the ideal mid-TCE 𝑛 is ~2.8-3, indicated by the green 435 

dotted line in Fig. 3c. Recent reports have replaced ITO (𝑛 ~1.8) with IZO (𝑛 ~2), likely 436 
improving optical coupling to silicon. IZrO-based multilayers have been investigated to 437 
improve 𝑛 matching at the front surface of single-junction SHJ cells, offering a promising route 438 
to minimise reflection at the perovskite-silicon interface303. Alternatively, modifying the 439 
underlying micro/nanocrystalline hydrogenated silicon (𝜇/nc-SiOx:H) passivation layers can 440 

improve 𝑛 matching304,177. Yet, this approach is limited by slow nc-SiOx:H deposition rates, 441 
manufacturing complexity and charge transport limitations305,306. Thus, the mid-TCE refractive 442 
index remains important for optical coupling at the perovskite-silicon interface. Mid-TCE 443 
thickness has steadily reduced to mitigate parasitic absorption, with most reports now using 444 
<20 nm TCOs8,44,130,194,246,269. Notably, Zheng et al. demonstrated that a 1.7 nm ITO layer could 445 
serve as an effective mid-TCE on planar surfaces, but precise thickness control <5 nm on 446 
textured surfaces remains challenging45,280. 447 

4.4 Rear-TCEs 448 

At the rear of the device, the TCE must either reflect photons back into silicon, or enable 449 
bifacial photoexcitation from rear illumination. Low-Eg TCOs such as AZO or IZO are suitable, 450 
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since the rear-side spectrum is primarily >500 nm. IZrO is also frequently used owing to its 451 
low IR absorption after ~200 °C annealing194,307,308. The rear-TCE is often capped with an 452 
aluminium or silver reflector, easing Rsheet requirements. However, the metal-TCO contact can 453 
introduce parasitic plasmonic absorption39,309. This can be alleviated using a low refractive 454 
index (n~1.4) dielectric interlayer, preventing the local electromagnetic field from evanescing 455 
at the back reflector69. Demonstrated approaches include thick MgF2 or SiOx layers 456 
interspersed with Ag fingers in contact with the TCE45,306,307,310–312, thin ZnO interlayers69, 457 
silicon nanoparticles181 and SiOx-based NPs254,307. These approaches require further 458 
optimisation for improved silicon IR response, and are difficult to fabricate uniformly on large 459 
areas. Developing a rear-TCE with gradient refractive index could further reduce reflection 460 
while reducing processing cost and complexity, eliminating the need for additional layers to 461 
improve optical coupling. 462 

5 Practical Integration of TCEs in Pvk-Si Tandems 463 

Due to the early stage of perovskite-silicon tandem research, most reported devices are 464 
laboratory-scale, with active areas ~1 cm2. Fig. 4a illustrates the relation between active area, 465 
PCE, and indium-based TCE usage in tandems. In research devices, metal contacts lie 466 
outside the active area, leaving the front TCO solely responsible for lateral transport313. As the 467 
active area increases, power losses due to the TCO (PLoss,TCO) increase, following: 468 

𝑃𝐿𝑜𝑠𝑠,𝑇𝐶𝑂 =
1

12
∙ 𝑅𝑠ℎ𝑒𝑒𝑡,𝑇𝐶𝑂 ∙

𝐽𝑀𝑃𝑃

𝑉𝑀𝑃𝑃
∙ 𝑊2 469 

where JMPP and VMPP are photocurrent density and voltage at the maximum power point, and 470 
W is device width299,313. For practical PV modules >200 cm2, TCE design must incorporate 471 
metal fingers that aid lateral conductivity but introduce shading losses. Thus, metal pitch must 472 
balance optical/resistance losses212,264,299,314–316. Fig. 4b summarises TCE design 473 
considerations for upscaling tandems.  474 

For front-TCEs: 475 

1. Addition of metal fingers introduces a trade-off between shading and resistive losses.   476 

2. Low temperature metallisation and TCE deposition are required due to perovskite 477 
sensitivity, potentially increasing metal-line resistance, TCE/metal contact resistance 478 
or limiting TCE mobility (see Box 2).  479 

3. Low-damage deposition to avoid CTL damage. 480 

4. Low Rsheet,TCE to enhance lateral transport and fill factor (FF), achieved with thicker 481 
TCEs or high mobility to avoid NIR parasitic absorption (see Box 1).  482 

For mid-TCEs: 483 

1. Low damage deposition, avoiding silicon de-passivation. Post-processing annealing 484 
may regenerate voltage losses. 485 

2. Reduced thickness, as lateral conductivity is unnecessary181. Thin, high Rsheet layers 486 
suppress shunts, which scale with area due to perovskite inhomogeneity and defects45.  487 

3. Band alignment to support recombination junction formation, minimising transfer 488 
resistance and SRH losses (Fig. 3a).  489 

4. Uniform adhesion to CTLs. 490 

For rear-TCEs: 491 

1. Addition of metal fingers again introduce shading-resistance trade-offs.  492 
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2. Integration with intermediate refractive-index layers to minimise plasmonic losses at 493 
rear metal reflector. 494 

Across all TCEs: 495 

1. Refractive-index matching with tuned thickness to optimise optical coupling. 496 

2. Reduced indium consumption: 3 TW/yr solar module production requires <0.064 mg/W 497 
7 (Fig. 4a). 498 

In tandems, the current density is lower compared to single-junction cells, reducing resistive 499 
losses and relaxing the Rsheet requirements for the top and rear-TCEs. However, optically, 500 
photocurrent losses have a larger relative impact on power output. To investigate the interplay 501 
between electrical and optical losses, we modelled the impact of TCE weighted-average 502 
transmittance and Rsheet on the ultimate practical perovskite-silicon tandem PCE. The resulting 503 
PCE is presented in Fig. 4c. The analysis follows Allen et al., who define a practical PCE target 504 
of 37.8%317. Chosen parameter details are provided in Supporting Information, Section S.1, 505 
following the formalism in ref.25. For a typical front-TCE Rsheet of 50 Ω/◻, a 5% decrease in 506 
TCE weighted-average transmittance can cause a > 2%abs PCE loss. This highlights a clear 507 
opportunity to increase PCE by developing TCEs with higher weighted-average transmittance.  508 

Another consideration for terawatt-scale tandem production is materials sustainability, 509 
particularly indium. Indium is scarce, and is produced almost exclusively as a by-product of 510 
other metal ores9. Over 70% of global indium is used for ITO production9, primarily in flat panel 511 
displays9, creating direct competition with the PV industry.  Fig. 4d summarises the materials 512 
used as the front or interconnection TCEs in perovskite-silicon tandems, showing that indium-513 
based TCEs dominate. Wang et al. calculated that a 3 TW/yr tandem manufacturing capacity 514 
requires <0.064 mg/W indium consumption7, as noted in Fig. 4a. Only a handful of reported 515 
devices meet this criterion, all at lab-scale dimensions with PCE <18%. Also shown in Fig. 4a 516 
is a target of 1.159 mg/W, corresponding to the ITRPV projection for 2030 tandem 517 
manufacturing, achieved by limited number of lab-scale tandems. To achieve <0.064 mg/W, 518 
the combined indium-containing TCE thickness should be <4 nm. This reliance on indium-519 
based TCEs represents a major bottleneck in scaling high-PCE tandems that must be urgently 520 
addressed. In the next section, we explore methods to develop improved low-indium, and 521 
indium-free TCEs, providing a roadmap for this bottleneck to be overcome. 522 
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 523 

Fig. 4: TCE sustainability, scalability, integration losses, and material choices in perovskite–524 
silicon tandem solar cells. a. Indium content per watt of electricity generated in 2T perovskite-silicon 525 
tandem cells reported in the literature. Dotted vertical lines at 0.064 mg/W and 1.159 mg/W correspond 526 
to the sustainable manufacturing limit for 3 TW/yr and 170 GW/yr respectively. b. Losses induced from 527 
TCEs in the context of scaling up 2T perovskite-silicon tandems from lab to fab scale. c. Predicted PCE 528 
based on TCE weighted-average transmittance vs TCE sheet resistance, assuming other losses are 529 
eliminated. Each TCE presented here is compared at different thicknesses at intervals from 20 nm on 530 
the right, to 120 nm on the left, numerically shown over the IZrO data line in nm. d. TCE materials 531 
reported at the front and interconnection in 2T monolithic perovskite-silicon tandem cells available 532 
online from March 2015 to August 2025. Doped InOx refers to In2O3 doped with W, H, or another 533 
undisclosed dopant. Si-based TJs refer to doped nano/micro/poly-crystalline silicon, while SiOx-based 534 
refer to doped nc-SiOx:H. All other tunnelling junction strategies reported are listed under “Other TJs”. 535 
The data used to plot these figures can be found in the Supporting Information, Tables S3, S5, S7 and 536 
S8. 537 

6 Outlook  538 

6.1 Strategies for Reducing In Consumption  539 

The reliance of high-PCE tandems on indium has motivated efforts to reduce indium usage in 540 
existing TCEs, improve known indium-free TCEs, and develop entirely new indium-free TCEs. 541 
Perovskite-on-TOPCon is an immediate route to reduce indium consumption, eliminating the 542 
rear-TCE, and already achieving >30% PCE. Typical ITO and IZO sputter targets contain 90% 543 
In2O3. A 35% PCE perovskite-on-TOPCon tandem requiring 35-60 nm indium-based TCEs, 544 
therefore corresponds to ~0.7-1.1 mg/W In, enabling ~180-280 GW/yr sustainable 545 
manufacturing. Recently it was shown that Zn3In2O6 targets can reduce indium usage in IZO 546 
by 50% without compromising optoelectronic properties58, potentially increasing capacity to a 547 
maximum of ~560 GW/yr. Achieving high PCE at TW-scale will therefore likely require 548 
tandems using indium-free TCEs only. 549 
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Existing indium-free TCEs, including AZO, GZO, and FTO have not been reported in high-550 
PCE tandems due to high FCA, low mobility, poor stability, poor band alignment or deposition 551 
constraints. In the short term, multilayers combining indium-based with indium-free TCEs 552 
could reduce In-consumption. AZO with high Rsheet could serve as an interconnect TCE, with 553 
a thin indium-based interlayer to improve band alignment to the perovskite-HTL, inhibit ion 554 
migration, and limit deleterious ZnO-perovskite reactions. At the front-TCE, achieving low 555 
Rsheet indium-free TCOs with low absorptance remains challenging due to their low mobility. 556 
While hybrid nanocomposites, 2D materials, and MXenes75,76 may offer scope to reduce 557 
indium-consumption and provide passivation, they cannot yet be deposited conformally on 558 
textured surfaces with sufficient optoelectronic quality, stability and processing compatibility 559 
for high-PCE 2T tandems76–78,161. There is therefore strong motivation to develop novel indium-560 
free TCOs, compatible with tandem-cell processing, stability and optoelectronic property 561 
requirements. 562 

6.2 Atomistic Modelling for Indium-Free TCO Development  563 

Density functional theory (DFT) is central to indium-free TCO development, particularly with 564 
recent improvements in high-throughput screening via deep learning, and treatments of 565 
forbidden transitions and polaronic conduction67,88,318. However, predictions assume ideal bulk 566 
crystals, while practical TCEs are thin films fabricated under non-equilibrium conditions with 567 
often high defect densities. This can lead to properties deviating significantly from predictions 568 
due to surface energies, strain, and microstructure. For example, bulk single-crystal 569 
La:BaSnO3 exhibits >300 cm2/Vs mobility, yet thin films, requiring >700 °C deposition, achieve 570 
only ~80 cm2/Vs319–321. Researchers often abandon materials after one unsuccessful synthesis 571 
approach, highlighting the need to consider synthesisability when screening84. Machine 572 
learning and artificial intelligence can guide materials design, but models remain limited by the 573 
quality and completeness of training data. Progress requires more rigorous reporting of 574 
experimentally-measured TCO properties, which is often lacking for less-studied materials. 575 

DFT recently predicted several high-mobility indium-free TCEs exploiting resonant 576 
doping65,66,322. In Ta:SnO2, the resonance of the Ta 5d states in the SnO2 CB yields a low m* 577 
of 0.23 m0. Ta:SnO2 thin films exhibit µ~20 cm2/Vs, Φ~4.66 eV, and Rsheet ~190 Ω/□, enabling 578 
SHJ integration with >25% PCE322–324. Ta:SnO2 could function as a perovskite-silicon 579 
interconnect due to its high Φ and moderate Rsheet, but requires controlled low thicknesses 580 
deposition. Several promising predicted TCEs remain unfabricated as thin films: 581 
Ga:ZnSb2O6

100, F:Sb2O5
325 and KSbO3. Ga:ZnSb2O6 shows promise as an interconnection 582 

layer, where its high Φ~6 eV could improve band alignment to the perovskite EV without 583 
SAMs100. F:Sb2O5 offers low absorptance and high mobility, potentially suited as a front-584 
TCE325. Even if non-toxic themselves, the toxicity of intermediate antimony-based compounds 585 
such as Sb2O3 should be considered during fabrication and lifetime degradation326. Additional 586 
low m* materials unfabricated as thin films include BeSiP2, and GeO2

318, but sustainability 587 
considerations for Be and Ge may limit large-scale applicability327,328.  588 

For perovskite-silicon tandems, modelling should prioritise band alignment and passivation, 589 
reducing dependence on buffer layers and SAMs, while improving PCE and stability. Optically, 590 
front-TCEs should have low n~1.5-1.75, but mid and rear-TCEs should have high n~2-3. Low 591 
broadband absorptance should be prioritised over low Rsheet as Rsheet constraints are relaxed 592 
in tandems relative to single-junction cells. Crystallisation kinetics are a key bottleneck in 593 
fabricating DFT-predicted TCEs as thin films. To support experimentalists, atomistic 594 
simulations could be used to predict upper mobility limits and crystallisation mechanisms for 595 
candidate materials. Improved structural understanding of TCEs deposited under different 596 
conditions, via high-energy techniques such as x-ray absorption spectroscopy could provide 597 
the needed data for improved predictions. As these mechanisms involve complex interatomic 598 
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and microstructural interactions, AI-assisted modelling can provide valuable insights by 599 
iteratively screening potential growth pathways across large datasets.  600 

6.3 Exploiting Nanophotonics to Improve TCE Performance 601 

Beyond developing new TCEs, nanophotonic structures can complement TCEs, providing 602 
light-trapping beyond the Lambertian limit329. At the front-TCE, reflection can be reduced by 603 
embedding in it SiO2-NPs, lowering n330, or incorporating Al-nanospheres, which enhance 604 
local surface plasmon resonance70. Although demonstrated for mid and rear-TCEs, the 605 
stringent requirements of the front-TCE make integration challenging254,307,71. At the mid-TCE, 606 
embedded plasmonic metamaterial Ag-NPs or nanocones can be tuned to increase reflection 607 
<500 nm back to the perovskite, while transmitting near-IR to the silicon72,73. Such 608 
enhancements may enable indium-free TCOs whose poor electrical and optical properties are 609 
compensated by nanophotonics.   610 

6.4 p-type TCEs 611 

All TCEs used in tandems are currently n-type. p-type TCOs could simplify device design, 612 
replacing the HTL/n-TCO/buffer with a single p-TCO aligned to the perovskite Ev

84, as well as 613 
reducing dependence on indium-based n-TCEs. However, p-type TCO design faces a 614 
contradiction in requirements: achieving high p-type conductivity via hole mobility and low 615 
ionisation potential, while maintaining transparency via a wide bandgap. In most metal oxides, 616 
the VB consists of localised oxygen 2p orbitals. This VB character, along with oxygen’s 617 
electronegativity, leads to a flat dispersion and large hole effective mass, limiting hole 618 
mobility88,103,331,332. We refer readers to comprehensive reviews on p-type TCEs84,331,333, but 619 
briefly highlight the most promising materials. DFT predicts promising p-type oxides (Ta2SnO6, 620 
Ba2BiTaO6 and K2Sn2O3) but they remain difficult to fabricate with good microstructure and 621 
low defect density at low-temperatures84. Several p-type oxides have been used as HTLs 622 
(NiOx or SnO2:Sb334) thanks to their high work function, but their Rsheet is insufficient for TCE 623 
application. Conversely, Cu2O films offer moderate conductivity, but insufficient transmittance, 624 
reducing Jsc in PV devices335–337. 625 

Chemical modulation of the VB has been explored to increase hole mobility and facilitate p-626 
type doping, as demonstrated in low-temperature fabricated CuI and S-doped or alloyed 627 
CuI338–340. BP and CaCuP are also proposed dispersed-VB p-TCEs, but require deposition 628 
temperature >400 °C341,342. While the performance of p-TCEs still lags that of n-TCEs, these 629 
dispersed-VB halide, sulphide and phosphide materials show promise. Bridging the gap 630 
between prediction and fabrication through more robust structural analysis may be the key to 631 
achieve practical integration of p-TCEs in high-PCE tandems82,325,327 632 

6.5 Research Roadmap for Next Generation TCEs for Tandems 633 

Table 1 summarise the target TCE properties for tandem cells, highlighting opportunities 634 
across optics, electronics, processing and sustainability. We focus on p-i-n lead-halide 635 
perovskite on silicon structures, the dominant and most commercially relevant architecture, 636 
though the underlying analysis extends to future multi-junction tandems with many, differing 637 
absorbers. This provides a roadmap for next-generation TCE development for rapid 638 
translation and application to optoelectronic devices. We emphasise the importance of 639 
examining the physics of each interface in developing TCEs, where the ideal properties and 640 
trade-offs may diverge substantially. Careful consideration of these requirements will be key 641 
to achieve multi-junction tandem cells with efficiency approaching their theoretical limits >40%. 642 

  643 
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Table 1: Strategies for TCE development for high efficiency sustainable p-i-n lead-halide perovskite on silicon tandem cells.  644 

  TCE Location 

  Front Middle Rear (SHJ only) 

 Current 
materials 

IZO, ITO, IZrO ITO, IZO ITO, IZO 

 Thickness (nm) 20-50 5-15 50-150 

     

O
p

ti
c
s

 

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

Weighted 
absorptance (%) 

Ideal: <0.01%, 300-1200 nm. 
 
Actual: ~0.5-3%. 

Ideal: <0.01%, 750-1200 nm. 
 
Actual: ~0.01-0.05%. 

Ideal: <0.01%, 750-1200 
nm. 
Actual: ~0.1%. 

Weighted real 
refractive index 

(𝑛) 

Ideal: 1.5-1.75 (depending on 
ARC used), 300-1200 nm. 
 
Actual: ~1.8-2.2. 

Ideal: 2.8-3, 750-1200 nm. 
 
Actual: ~1.8-2.2. 

Bifacial: 1.9-2.3, 750-
1200 nm. 
Monofacial: 2.8-3.0, 600-
1200 nm. 
 
Actual: ~1.8-2.2. 

Challenges Near-UV, IR absorption, 
reflection. 

IR absorption, reflection. IR absorption, albedo 
reflection. 

Development 
opportunities 

Graded refractive index. 
Nanophotonic structures. 
High mobility TCOs. 

Graded refractive index. 
Plasmonic materials. 
Metamaterials. 

Variable refractive index 
interlayers. 

     

E
le

c
tr

ic
a
l 

Role Low vertical and lateral Rseries Recombine carriers from both sub-
cells, and high Rshunt 

Low vertical and lateral 
Rseries 

Rsheet (Ω/□) Ideal: <20. 
Actual: ~50-100. 

Ideal: ~200-1000. 
Actual: ~1000. 

Ideal: <50. 
Actual: <50. 

𝛷 (eV) Ideal: 4.0-4.7. 
Actual: 4.2-4.6. 

Ideal: >5.0 (Pvk-HTL),  <4.3 (n-Si ). 
Actual: 4.2-4.6. 

Ideal: >5.1. 
Actual: 4.2-4.6. 

Challenges Lateral resistance. 
ETL band alignment. 
Cu band alignment (ideal 4.7 
eV). 

Perovskite HTL band alignment. 
Conformality, uniformity and 
shunting resistance. 
Si interface de-passivation. 

Silicon p-type band 
alignment and lateral 
conductivity. 

Development 
opportunities 

High mobility TCOs. 
TCEs with graded work 
function to align with both ETL 
and metal fingers. 

p-type TCEs. 
Buffer layers. 
Multilayer with graded work function 
for electrical coupling. 

p-type TCEs. 

     

P
ro

c
e
s
s
in

g
 

Deposition 
conditions 

Low deposition energy, <150 
̊C. 

<250 ̊C, SHJ. 
<500 ̊C, TOPCon. 
Conformality on textured 
substrates. 

<250 ̊C 

Chemical barrier Prevent metal ingress (Ag, 
Cu), halide ion egress. 

Prevent halide ion egress. 
 

Prevent metal ingress 
(Al, Ag, Cu). 

Interface 
stability 

challenges 

Stable to perovskite 
degradation, metal contacts. 

Stable to perovskite degradation. Stable to metal contacts. 

Challenges Perovskite instability to Zn. 
Low temperature, low-damage 
deposition of high-mobility 
TCOs. 
Compatibility with metallisation 
techniques. 

Perovskite instability to Zn. 
Low temperature, low-damage 
deposition of high-mobility TCOs. 
Si interface passivation. 

Temperature limitations. 
Contact stability. 

Development 
opportunities 

Soft deposition by RPD, ALD, 
etc. 
2D material ion barriers 

2D materials ion barriers. 
Buffer layers. 

Buffer layers. 

     

S
tr

a
te

g
ie

s
 f

o
r 

im
p

ro
v
e
d

 

T
C

E
s

 

 

Sustainable 
alternatives 

AZO, GZO, Ga:ZnSb2O6, 
F:Sb2O5 perhaps in multilayer 
with thin (<4nm) In2O3 layer. 
Metal NWs with ALD TCO 
coatings. 
 
Nanophotonic structuring 

Low-temperature SnO2-based TCO, 
or doped ZnO such as Ga:ZnSb2O6 
with suitable buffer layer. 

AZO, GZO with variable 
refractive index 
interlayers. 
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Short term  
↓ 
↓ 
↓ 

Long term 
application 

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

6.6 Conclusions 645 

Currently available TCEs remain a significant source of energy loss in perovskite-silicon 646 
tandems, while also increasing cost and limiting sustainability. High-efficiency tandems remain 647 
dependent on ITO and IZO, restricting deployment to <0.2 TW/yr due indium reliance, and 648 
introduce losses including parasitic UV/IR absorption, reflection, and interfacial band 649 
misalignment. Existing indium-free alternatives such as AZO and FTO face challenges in band 650 
alignment, stability, and optical losses. Addressing these issues will likely require moving 651 
beyond single-material TCEs towards multi-pronged strategies to better balance the trade-off 652 
between TCE requirements at different interfaces. We highlight opportunities to engineer 653 
graded-property multi-layers that minimise reflection while improving energy level alignment. 654 
Developments in low-damage, conformal deposition, such as spatial ALD, pulsed laser and 655 
reactive plasma deposition may improve dopant control, hydrogen concentration and 656 
crystallisation at the nanoscale, and could enable stable metal NW integration with appropriate 657 
band alignment.  658 

In the longer term, integrating TCOs with 2D materials that provide ion barrier and passivation 659 
properties such as graphene and MXenes may prove beneficial, if they can be deployed 660 
economically across large areas. Looking forward, we expect optoelectronic simulation and 661 
machine learning to accelerate discovery of suitable materials and precursors. Improved, high-662 
throughput DFT screening, spectroscopic analysis and soft-deposition methods may expand 663 
the accessible material set for deposition on delicate perovskite and a-Si layers. Overall, we 664 
recommend closer examination of interface physics within the tandem stack when designing 665 
new TCE materials, to accelerate translation of theoretically predicted indium-free TCEs to 666 
practical devices. This improved understanding can be directly applied to multi-junction all-667 
perovskite, perovskite/CIGS and organic PV tandems, as well as other optoelectronic devices 668 
such as LEDs and photodetectors.  669 
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