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Metal-halide perovskite based solar cells are the most rapidly advancing photovoltaic technology in
terms of efficiency improvement. In 2023, the highest laboratory cell efficiency reached 26.1%,"! a
significant leap from the initial 3.8% reported in 20091. Perovskite solar cells offer several
advantages, including tunable bandgaps, which can be maximized in tandem solar cell
configurations. Perovskite based double-junction tandem cells have efficiency potential up to 45%.
While peovskite-Si tandems have been extensively demonstrated®, their rigid Si bottom cells pose
challenges for flexible applications. Perovskite-CIGS (CIGS: copper indium gallium selenide)
tandems are suitable for flexible applications, but the irregularly rough surface of the CIGS bottom
cell complicates perovskite top cell fabrication®. Additionally, perovskite-perovskite tandems face
instability issues due to the tendency for Sn?* to oxidise into Sn*" in low bandgap Sn-Pb based
perovskite bottom cell,

In contrast, organic photovoltaics (OPV) are a mature, solution-processable technology® with
significant efficiency improvements in recent years from 11.2% in 2016 to 19.2% in 20231, OPV
offers tunable energy levels and bandgaps, making it suitable for tandem applications. Furthermore,
low bandgap non-fullerene OPV cells are more stable than low bandgap (1.25 eV) Sn-Pb
perovskites, with a projected lifetime of 22 years!®. Therefore, it is advantageous to combine low
bandgap OPV (1.3 eV) with high bandgap (>1.7 eV) perovskite for high-efficiency perovskite-OPV
tandems. However, there have been limited demonstrations of perovskite-OPV tandems so farl”.

To realize the full efficiency potential perovskite-OPV tandems, it is necessary to further increase
the efficiency of high bandgap perovskite solar cells. Recent advancements in perovskite solar cells
have been achieved using self-assembled monolayer (SAM) hole selective layers (HSLs) in
perovskite-tandems!’® &, leading to impressive power conversion efficiencies. SAM HSLs offer
various benefits, including improved morphology and crystallinity of the perovskite layer, enhanced
charge selectivity and transport, improved conductivity, and reduced interface recombination. They
are also cost-effective due to their ultrathin nature (<5 nm) compared to conventional HSLs (~10-20
nm).

To further enhance the performance of high bandgap perovskite cells using SAM HSLs, reducing
the energetic barrier and introducing surface passivation at the perovskite-SAM interface is a
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promising strategy. From the design principles, it is also essential for the additional surface
passivation layer to lower the highest occupied molecular orbital (HOMO) level of the SAM HSL so
that it aligns more closely with the valence band (VB) level of the perovskite. Polycyclic aromatic
hydrocarbon (PAH) passivation layers hold significant promise in this context. PAHs, due to their
substantial size, can accommodate a substantial separation between positive and negative charges
within themselves, resulting in a high dipole moment®. This can lead to a potential energy shift or
change in work function of the SAM HSL, which is directly proportional to its dipole moment!?,
Therefore, a PAH compound with a substantial positive dipole moment can effectively lower the
Fermi level® of the SAM (making it more p-type), thus facilitating hole extraction from the perovskite
layer.

Table 1 Demonstrated perovskite-OPV tandems

Perovskite-OPV Tandem Perovskite Cell OPV Cell
Jsc Jsc Jsc
Voc FF PCE | Voc FF PCE Voc FF PCE | Ref.
(mA (mA (mA
V) (%) | %) | (V) (%) | (%) V) (%) | (%)
/cm?) /cm?) /cm?)

15 | 101 | 670 | 102 | 09 | 141 | 700 | 91 0.7 147 | 68.0 | 6.6 7el

16 | 131 | 751 | 160 | 1.0 | 156 | 706 | 11.4 Not reported (11]

1.9 13.1 | 83.1 | 20.6 11 16.1 | 83.1 | 14.7 0.8 251 | 77.0 | 16.3 [7a]

2.0 125 | 756 | 184 | 1.3 135 | 848 | 145 0.8 257 | 718 | 144 (7]

19 | 115 | 710 | 151 | 1.2 | 16.0 | 76.0 | 14.9 0.8 234 | 69.6 | 125 [12]

20 | 133 | 8.8 | 211 | 12 | 158 | 816 | 155 0.8 26.1 | 740 | 16.0 (71

21 | 148 | 772 | 236 | 1.3 | 179 | 789 | 17.8 0.8 26.8 | 748 | 16.8 (7

19 | 126 | 79.0 | 19.2 | 1.1 | 16.2 | 80.0 | 14.0 0.9 252 | 720 | 156 i

2.2 140 | 80.0 | 24.0 13 156 | 81.0 | 16.8 0.9 26.7 | 75.0 | 17.5 [7d]

1.9 138 | 70.5 | 18.0 1.2 18.1 | 67.1 | 143 0.7 249 | 628 | 111 [8c]

This

20 128 | 83.6 | 215 13 175 | 82.7 | 18.0 0.8 265 | 70.2 | 154 work

In this work, we have applied a novel halogenated PAH compound onto the SAM-HSL in perovskite
cells. More details of the compound and cell fabrication processes will be presented in the
conference. It was found that PAH induces a high surface dipole®*¥ at the perovskite-SAM interface,
and reduces the energetic barrier for hole extraction by 210 meV compared to cells with non-treated
SAM by downshifting the HOMO level of PAH-SAM-HSL closer to the perovskite VBM. This
modification also slightly blue-shifted the perovskite bandgap due to the partial diffusion of halide
anions from halogenated PAH layer into the perovskite film providing bulk and interface passivation.
The resulting single-junction high bandgap inverted devices showed significant improvements in
voltage output and fill factor (FF), achieving a champion efficiency of 18%. The efficiency is the
highest among the high bandgap cells used for perovskite-OPV tandem cells (Fig. 1a and Table 1).
Also, the FF achieved (82.7%) is the highest among the SAM-HSL-based-high-bandgap-perovskite-
cells for perovskite-OPV tandem (Fig. 1b), due to a low band-offset between perovskite VBM and
HSL HOMO (Fig. 1f).
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When incorporated into a perovskite-OPV tandem cell, the halogenated PAH treatment of HSL led
to a champion power conversion efficiency of 21.5% and an outstanding fill factor of 83.6%. This is
the highest fill factor reported in peer-reviewed reports of perovskite-OPV tandem solar cells (Table
1) and paves the way for further developments in functionalized PAH compounds for high-efficiency

perovskite and perovskite-based tandem solar cells.

Figure 1. a. PCE, b. FF, ¢. Voc, d. Jsc and e. Woc and f. HOMOutm — VByerovskite €V0IUtion for high bandgap perovskite
in this work and in previously reported perovskite-OPV tandem
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