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1. Introduction

Perovskite whentandemed with organic photovoltaics (OPV) for double-

junctions have efficiencypotentials over 40%. However, there is still room for
improvement suchas better current matching, higher fill factor, as well as lower
voltage and fill factor losses in the top perovskite cell. Here weaddress the
issue associated with the top perovskite cell by utilising anovel halogenated
polycyclic aromatic hydrocarbon compound, 1-naphthylammoniumchloride
(NA—CI) playing dual roles of surface modification for the hole selectivelayer
(HSL) and passivation of HSL/perovskiteinterface. Results of X-ray
photoelectron spectroscopy and density functionaltheory calculations reveal
that NA—Cl retains self-assembly property for the HSLwhile demonstrating
high dipole moment and polarizability. This induces asurface dipole at the
HSL/perovskite interface reducing the energetic barrierfor hole extraction by
210 meV thereby enhancing voltage output and fill factorof the device. Such
scheme when implemented in a high bandgap (1.78 eV)perovskite solar cell,
results in a respectable efficiency of 19.7% and thehighest fill factor of 85.4%
amongst those of 1.78 eV perovskite cells reported.We have also achieved 23%
cell efficient monolithic perovskite-OPV tandem withan impressive fill factor
of 84%, which is the highest for perovskite-OPVtandem cells reported to-date.

Next-generation solar cell based on
metal-halide perovskite solar cell is the
fastest-growing photovoltaic technology
in terms of efficiency improvement.
The Dbest laboratory cell efficiency has
reached 26.7% (certified) in 202401
from 3.8% (in-house measured) when
the first cell was reported in 2009.1]
The full advantages of perovskite solar
cells, such as their bandgap-tunability,
can be further utilized when they are
implemented in tandems, which have
higher efficiency potentials (x45%
for double junctions and =~51% for
triple-junctions) than single-junctions
(~33%).3] While perovskite-Si tandems
have the highest number of demon-
strations reported,’! the Si bottom cells
in these demonstrations are in bulk-
wafer-form which are rigid, making it
difficult, although not impossible, for
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flexible applications. Perovskite-CIGS (CIGS: copper indium gal-
lium selenide) tandems are in thin-film-form, suitable for flex-
ible demonstrations but the bottom CIGS cell has an irregu-
larly rough surface, posing challenges for perovskite top cell
fabrication.’] While a perovskite-perovskite tandem is also in
thin-film form and can be fabricated by solution processes, the
low bandgap Sn-Pb-based perovskite bottom cell is unstable due
to the tendency for Sn?* to oxidize into Sn**.*] This instabil-
ity has been observed in complete devices, during cell fabrica-
tion (e.g., during the crystallization of Sn-Pb perovskite film) and
even during the handling of perovskite precursor pre-fabrication.
This may cause a reliability issue for industrial production of
perovskite-perovskite tandem.

Perovskite-OPV tandem is promising, as OPV is also a
solution-processable photovoltaic technology, with a longer his-
tory of development than perovskite cell technology.®! In the last
5 years, OPV has gained a renewed interest, as the efficiency of
non-fullerene acceptor-based OPV rose from 11.2% (certified)
in 2016 to 19.2% (certified) in 2023.[11 Both the energy levels
and the bandgaps of OPV are tunable, rendering great flexibil-
ity for solution-processable tandem applications. In addition, low
bandgap (~1.3 eV) non-fullerene OPV cells are more stable than
low bandgap (1.25 eV) Sn-Pb-based perovskites. The former has
a projected lifetime of 22 years.l® Therefore, it is advantageous
to combine low-bandgap OPV with high-bandgap perovskite for
high-efficiency tandems, and to date, only few demonstrations
have been reported for perovskite-OPV tandems.”"1¢l To realize
the full potential perovskite-OPV tandems, it is imperative to
further increase the efficiency of high bandgap perovskite solar
cells.

In recent years, the use of self-assembled monolayer (SAM)
type hole selective layers (HSLs) in perovskite solar cells for
perovskite-tandems!'317-2¢] have resulted in impressive power
conversion efficiencies (PCEs). The benefits of SAM HSLs are
wide-ranging.'”® They include improving morphology and
crystallinity of the perovskite layer when deposited onto a SAM;
changing the work function of the HSL or the perovskite layer
due to insertion of dipole moment thereby improving charge se-
lectivity or transport; improving conductivity; suppressing inter-
face recombination, and charge accumulation thereby improving
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voltage output and fill factor of the cells. SAM HSLs are also ul-
trathin (<5 nm), compared to conventional HSLs (x10-20 nm)
requiring less material usage, and therefore are potentially more
cost-effective.

Moving forward, the device performance of SAM HSL-based
high bandgap perovskite cell can be further enhanced by reduc-
ing the energetic barrier and/or by introducing surface passi-
vation at the perovskite-SAM interface. From the design princi-
ple, the additional surface passivation layer should also down-
shift the highest occupied molecular orbital (HOMO) level of
the SAM-HSL closer to the valence band (VB) level of per-
ovskite for carrier transport without compromising the enabling
properties of the SAM interfacing with the underlying trans-
parent conductive oxide (TCO) surface. In this regard, poly-
cyclic aromatic hydrocarbon (PAH) passivation is very promis-
ing. As the size of the PAH is substantial enough, it can
accommodate a large separation between positive and nega-
tive charges in itself resulting in a high dipole moment.[?’]
This causes a potential energy step or work function change
(A®) of the SAM-HSL which is proportional to its dipole mo-
ment (u) according to the Helmholtz relationship.?®] There-
fore, a large positive dipole moment of a PAH compound
can shift the Fermi level”] of HSL-SAM downwards (making
it more p-type) favoring hole extraction from the perovskite
layer. In addition, PAH compounds themselves have strong
self-assembling property due to the presence of z-conjugated
molecules.!?30] Their use for perovskite solar cells has been re-
ported for bulk perovskite doping,?!%2l and as hole transport
layers.[33-3]

Most recently, naphthylmethylammonium iodide (NMA-I), a
PAH, has been reported for double-sided surface passivation!*”’
in n—i-p mid-bandgap (1.52 eV) perovskite cells producing rea-
sonably good cell performance (23% PCE). They are yet to be
utilized for p—i-n devices which are more favorable than n—
i—p cells for perovskite-based tandem application, as the for-
mer typically have less optically absorptive transport layers on
the sun-facing side.[*!l In this work, we chose NA—ClI for their
novel use in perovskite cells because it exhibits high molecular
dipole moment (+8 debye) and polarizability (~106) confirmed
by density functional theory (DFT) calculations, which can in-
duce a surface dipolel*?! at the perovskite/SAM-HSL interface
while retaining its self-organizing surface property on an in-
dium tin oxide (ITO)/glass substrate. NA—Cl-induced surface
modification reduces the energetic barrier for hole extraction by
210 meV compared to pristine SAM-based cells by downshift-
ing the HOMO level of HSL closer to the perovskite VBM for
cascaded charge transfer. The perovskite bandgap is also slightly
blue-shifted due to the partial diffusion of Cl from NA—CI layer
into the perovskite film for bulk and interface passivation, as con-
firmed by time-of-flight secondary ion mass spectrometry (ToF-
SIMS), thermal admittance spectroscopy (TAS), light-intensity,
and temperature-dependent V. characterizations, transient ab-
sorption, and electrochemical impedance spectroscopy. As a re-
sult, NA—CI/SAM-HSL based single-junction high bandgap in-
verted devices produced significant V. (%80 mV absolute) and
FF (~4.5% absolute) improvement compared to control cells. The
champion cell produces a PCE of 19.7% and a FF of 85.4%. The
FF achieved in our work is the highest for a 1.78 eV single-
junction perovskite celll**! and for high bandgap cells used for
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Figure 1. High-resolution X-ray photoelectron spectroscopy (XPS) spectra of a,b). C 1s, ¢,d). P 2p, and e. Sn 3d for untreated (Control) and NA—Cl-treated

MeO-2PACz films.

perovskite-OPV tandem cells (Figure S1a,b and Table S1, Sup-
porting Information). This is due to the very low band-offset be-
tween perovskite VBM and HSL HOMO (Figure S1f, Supporting
Information).

When incorporated in a perovskite-OPV tandem cell structure,
the NA—CI treatment of HSL renders a champion power con-
version efficiency (PCE) of 23% and an outstanding FF of 84%,
the highest amongst those of perovskite-OPV tandem solar cells
reported (Table S1, Supporting Information). This work will en-
courage future developments of functionalized PAH compounds
for efficient high-bandgap perovskite and perovskite-based tan-
dem solar cells.
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2. Results and Discussion

To compare the surface properties of untreated (termed as
“Control”) and NA—Cl-treated (termed as “NA—Cl”) SAM
which is MeO-2PACz  ([2-(3,6-Dimethoxy-9H-carbazol-9-
yl)ethyllphosphonic Acid), we compared X-ray photoelectron
spectroscopy (XPS) spectra of both films. The atomic percent-
ages of C—C/C=C, C—N, C—P, and C—H bonds!*’! can be
deduced from the de-convoluted peaks of high-resolution C
1s XPS (Figure 1a,b)) and are listed in Table S2 (Supporting
Information). The atomic percentages of P 2p 1/2 and P 2p 3/2
can be deduced from the de-convolution of high-resolution P 2p
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Figure 2. Ultraviolet photoelectron spectroscopies (UPS) of a) ITO, b) the untreated SAM (Control), and c) NA—Cl treated SAM. d) Electrostatic surface
potential (ESP) plot of NA—CI. ) Energetic diagrams ITO/SAM/perovskite and ITO/SAM/NA—Cl/perovskite stacks. HOMO levels with respect to E,,,
are 5.61,5.78 eV, and 5.82 to 5.86 for the untreated SAM (Control), NA—Cl treated SAM, and the perovskite absorber, respectively.

XPS spectra (Figure 1c,d) and are listed in Table S2 (Supporting
Information) as well. As expected, there is evidence for the
presence of Cl on the NA—Cl treated SAM (Table S2, Supporting
Information) even after a post-deposition-anneal (details in Sup-
porting Information), the presence of C—C/C=C, C—N, C—P,
and C—H bonds!'”! (deduced from the de-convoluted peaks of
high-resolution C 1s XPS (Figure 1a,b)) in NA—CI treated SAM
is encouraging suggesting that NA—Cl treated SAM did not lose
its self-assembly property. Other evidence of surface modifica-
tion by NA—Cl is the observed changes of atomic percentages,
notably for C—C/C=C, C—P, C—N, P 2p 1/2, and P 2p 3/2 (Table
S2, Supporting Information). The higher atomic percentage of
C—C/C=C in NA—CI treated SAM compared to the control is
due to the additional carbon introduced. On the other hand,
the atomic percentages of C—P, C—N, and P 2p are lower on
the NA—CI treated SAM, as the addition of NA—CI reduces the
proportion of P atom in the final layer and the NA—CI treated
SAM has fewer proportion of C—N bonds compared to the SAM
layer. We also observed a peak shift in the Sn 3d spectra to
higher binding energy (Figure 1e) for NA—CI indicating higher
oxidation states of relevant species in NA—CI compared to the
Control. The presence of higher oxidation-state species in the
NA—CI film suggests a possible work-function increasel?®* with
respect to the Control. To confirm this, we conducted ultra-violet
photoelectron spectroscopy (UPS) characterization of an ITO,
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the Control, and NA—ClI films (Figure 2a,c). The work-function
for SAM was —4.74 eV vs —4.72 eV for the ITO (Figure 2e).
The work function was further shifted to —4.89 eV after NA—CI
treatment. We also observed a downshift of the HOMO level
from —5.61 for the Control to —5.78 for the NA—CI film (see
Supporting Information for details on calculation).

A reason for the work-function change after NA—Cl treatment
is its increased dipole strength increasing the minimum ther-
modynamic energy required to remove an electron from its sur-
face. This is also consistent with the previous report of work-
function change associated with the treatment of SAM with a
PAH compound.!?] To illustrate this, we conducted a DFT simu-
lation for illustrating (Figure 2d) the electrostatic surface poten-
tial (ESP)[*] of NA (electronegative inorganic Cl~ not shown) for
showing the charge density distribution in its molecular struc-
ture. We observed a higher density of localized positive charges
near the NH,* group, while the charge density somewhat re-
duces near the polycyclic aromatic hydrocarbon ring due to their
larger interatomic spatial separation in the molecular structure
of NMA. From the DFT simulation, we calculated a high polariz-
ability for NA—CI (x106). This suggests that an external electric
field can easily distort the negative cloud of electrons in NA—CI
around its positive atomic nuclei in a direction opposite to the ex-
ternal field. This charge separation makes one side of the NA—CI
molecular structure positive and the opposite side negative,

© 2024 Wiley-VCH GmbH
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Figure 3. a) Schematic diagram of the high bandgap (1.78) single-junction perovskite p—i—n cell structure using NA—Cl-treated SAM-HSL. Distributions
of b) PCE, c) Vg, d) FF, and e) Jsc of the cells (10 cells of each kind) using untreated (Control) or NA—Cl treated SAM-HSL, f) reverse scan J-V curves,
and g) external quantum efficiencies (EQE) curves of the respective champion cells.
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Table 1. Photovoltaic parameters of single-junction high bandgap (1.78 eV) perovskite solar cells — averaged (from 10 cells) and measured for the
champion device in each category: “Control” (un-treated SAM (MeO-2PACz)), and “NA—CI” (using NA—Cl treated SAM).

Device Average/Champion Voc [mV] Jsc [mMAcm™?] FF [%] PCE [%]
Control Average 1248 + 18 16.6 + 0.2 80.0+0.7 16.6 + 0.4
Champion Reverse 1282 16.7 79.3 17.1
Forward 1244 16.7 79.3 16.5
NA—CI Average 1331+£17 17.0 £ 0.1 84.5+0.7 19.2+04
Champion Reverse 1352 17.1 85.4 19.7
Forward 1345 17.0 83.8 19.2

creating a surface dipolel*?] at the interface between perovskite
and SAM. This is also consistent with a strong dipole mo-
ment calculated for NA from the DFT simulation (+8 debye),
as the dipole moment quantifies the separation between posi-
tive and negative charges within a molecular system. The calcu-
lated dipole moment of NA—Cl is significantly higher than that
of MeO-2PACz (+0.2 debye) reported in previous literature.!”]

The NA-Cl-induced surface dipole formation at the interface
between perovskite and SAM corroborates to the downshift in
HOMO!*?l of NA—CI film compared to Control. The presence
of an electronegative halogen component (Cl) in NA—CI also
contributes to the deepening of HOMO.[##°l The downshifted
HOMO in NA—Cl will provide better band-offset with the valence
band of a 1.78 eV perovskite (Figure S2, Supporting Information),
for hole extraction by reducing the energetic barrier by 0.21 eV
with respect to Control (Figure 2e).

We therefore fabricated single-junction p—i—n structure high
bandgap (1.78 eV) perovskite solar cells (Figure 3a; Figure S3,
Supporting Information) using NA—CI treated MeO-2PACz and
compared their device performance without the treatment (Con-
trol). Details of device fabrication can be found in the Supporting
Information. The distributions of photovoltaic parameters are
presented in Figure 3b,e while reverse and forward-scanned [-V
curves and their parameters can be found in Figure S4 (Support-
ing Information) and Table 1, respectively. The best-performing
cell using NA—CI treated SAM-HSL produced a reverse scan
power conversion efficiency (PCE) of 19.7% (Table 1) represent-
ing 2.6% absolute efficiency enhancement compared to the Con-
trol due to enhancement in all parameters: V. (by 70 mV), FF
(by 6.1% absolute), and Jc (by 0.4 mA cm™2).

Voc enhancement is consistent with the enhanced PL inten-
sity observed in the steady-state photoluminescence (PL) and PL
image of the perovskite film on NA—Cl-treated-SAM-HSL com-
pared to the Control (Figure S5, Supporting Information). This is
expected as PL intensity is related to the quasi-Fermi level split-
ting through the known Planck’s generalized emission law.[*’]

We also observed a very small blue-shift in the steady-state
PL peak of the perovskite film on NA—Cl-treated-SAM-HSL
(Figure 3g inset; Figure S5a, Supporting Information). The small
increase in the perovskite bandgap (by 0.05 eV) on NA—Cl treated
HSL was due to the diffusion of Cl into the perovskite evident
by its high-resolution Pb 4f XPS spectra showing peaks shift to
higher binding energies due to stronger electronegativity of Cl
(than 1)“81 (cf. Figure S6a,b, Supporting Information), indicat-
ing the presence of Cl in perovskite. This is further confirmed by
results of time-of-flight secondary ion mass spectrometry (ToF-
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SIMS) showing the presence of Cl~ in the perovskite in NA—CI
treated devices (Figure S6d, Supporting Information). However,
Cl~ was not found in the Control devices (Figure S6c, Support-
ing Information). Cl~ anion diffusion into the perovskite film
from NA—Cl is possible due to its small ionic radiil*-! although
its effect on its XRD is almost negligible (Figure S7, Supporting
Information).

Regarding ] enhancement, it is also shown in the external
quantum efliciency (EQE) curve of the NA—CI cell (Figure 3g).
This is due to the reduced reflectance (Figure S8a, Supporting In-
formation) of the cell across a relatively broad wavelength range
with the presence of the NA—Cl in the hole transport layer stack
possibly modifying its refractive index that better matches that of
the perovskite layer thereby reducing Fresnel reflection. The im-
proved IQE (Figure S8b, Supporting Information) across a rela-
tively broad wavelength range also contributes to higher Jq.. This
is due to better bulk film quality from increased grain size (Figure
S9c,d, Supporting Information) and smoother surface (Figure
S9e.f, Supporting Information).

FF improvement in NA-CI treated cells came from higher
Ry, (Figure S10b, Supporting Information) and reduced Ry
(Figure S10a, Supporting Information) due to faster extraction
times (Figure S10c, Supporting Information) resulting in lower
transport losses (1% in a NA—CI treated cell as opposed to 4%
in the Control) (Figure S11b, Supporting Information). This
is due to the more favorable band alignment''®! in the per-
ovskite/NA—CI/SAM stack compared to the Control. Therefore,
the NA—CI treatment reported here or its variant can be used for
future demonstrations of high bandgap (1.74-1.85 eV) perovskite
solar cellsl>%% to achieve higher fill factors than present values
(Figure S12, Supporting Information), crucial for obtaining high
efficiencies.

FF and V,, enhancement are also results of better carrier life-
time observed in the perovskite film after HSL-NA—CI treatment
compared to the Control (Figure 4a; Table S3, Supporting Infor-
mation). This is due to the suppression of trap-assisted Shockley—
Read-Hall recombination(®+%¢] in the NA—Cl device as shown by
the reduction in its ideality factor (n), to 1.2 from 1.8, as shown in
the light intensity-dependent V. plot in Figure 4b. While sup-
pressed recombination is evident in results from electrochemical
impedance analyses (Figure S13 and Table S4, Supporting Infor-
mation) of the solar cells, the reduction of traps is evident from
results of thermal admittance spectroscopy (TAS)!?7:%8] (Figure 4c)
of the cells showing larger reduction in trap state densities at
Et, (0.349 eV) and Et, (0.355 eV) and to smaller extent, a reduc-
tion of trap state density at Et; (0.369 eV) in the “NA—C]” device
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Figure 4. a) Time-resolved photoluminescence (TRPL) experimental and fitted curves of the same perovskite films, b) Light intensity-dependent Vo
plot for determining the ideality factors (n) (slopes of the fitted lines), c¢) Thermal admittance spectroscopy (TAS) of Control and NA—Cl based cells
showing their densities of defect states at energy levels with respect to their valence bands, and d) Temperature-dependent V¢ plot for determining the

activation-energies (E,) of recombination currents (y-axis intercept at 0 K).

compared to the Control. The Mott—Schottky plot for determin-
ing the built-in potentials is shown in Figure S14 (Supporting
Information). The energy level of the trap states is relative to the
valance band.[®®]

From the temperature-dependent V.. measurements
(Figure 4d), the recombination current activation-energy (E,)
of recombination current increased from 1.71 eV for the Con-
trol cell to 1.86 eV for the “NA—CI” device indicating that the
recombination mechanism shifted from surface-dominated
in the Control to bulk-dominated®+¢>676970] in the cell with
HSL-NA—CI treatment. This suggests that NA-Cl treatment
improved the SAM/perovskite interface.

Therefore, HSL-NA—CI treatment contributed to cell perfor-
mance improvement mainly by improving the SAM/perovskite
interface (that led to the reduction of Et, and Et, trap states) and
to a smaller extent by Cl~ diffusion into the bulk,”*”2] evident by
the small in blue-shift in the bandgap.5®7374] The diffused Cl~
could possibly passivate defects in the perovskite film,737%! that
that led to the reduction of Et, trap states.

Transient absorption (TA) spectroscopy was also performed.
Results are shown in Figure S15 (Supporting Information) (for
excitation from the perovskite side), Figure S16 (Supporting In-
formation) (for excitation from the glass side), and Figure S17
(Supporting Information) (global analysis) for determining corre-
sponding decay times as listed in Table S5 (Supporting Informa-
tion). Results can be interpreted by tentatively assigning 3 compo-
nents (z,, 7; and z, in Table S5, Supporting Information) related
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to various carrier decay pathways (e.g. electron, hole, and bulk re-
combinations). Long decay lifetimes (for both 7, and ;) can be
observed in the presence of NA—Cl and especially when the sam-
ple was illuminated from the glass side, the side that is closest to
the SAM. 7, increased from 22 to 130 ps while 7, increased from
103 to 622 ps. This is an indicator of a better SAM/perovskite
interface. Even when the sample was illuminated from the per-
ovskite side, far from the SAM side, 7, and ; also increased al-
though by a smaller extent, from 38 to 50 ps and from 349 to
376 ps, respectively suggesting improvement in the bulk.

Inspired by the improved performance of the single-junction
high bandgap (1.78 V) p—i-n perovskite solar cells using HSL-
NA—Cl treatment, we employed these cells for the demonstration
of perovskite-OPV tandems (Figure 5a; Figure S18, Supporting
Information).

For the OPV cell (Figure S19a, Supporting Information),
(CesH76F,0,5;),: Cg,HgFyNgO,Ss (PM6:Y6) donor—acceptor
based binary!”! was used due to excellent absorption of near-IR
(infra-red) wavelengths. Details of OPV device fabrication can be
found in the Supporting Information. The distribution of pho-
tovoltaic parameters of single-junction OPV cells are presented
in Figure S19b,h and in Table S6 (Supporting Information). The
champion OPV cell demonstrated a PCE of 16.8% under reverse
scan (Figure S19b and Table S6, Supporting Information).

For interfacing between the perovskite and OPV sub-cells in
tandem, a LiF/Cg,/ALD SnO, /thin Au stack was used. The dis-
tribution of photovoltaic parameters for the tandem cells can be
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Figure 5. a) Schematic diagram of the p—i—n perovskite-OPV tandem solar cell structure consisting of low bandgap (1.33 eV) OPV and high bandgap
(1.78 eV) Pb-based perovskite using NA-Cl treated SAM. b) J-V curves of the champion tandem cell under reverse and forward scans. c) EQE curves of
OPV and perovskite subcells in a representative tandem. Distributions of d) PCE, €) V, f) FF, g) Jsc, h) Rs, and i) Ry of tandem solar cells (10 cells).

found in Figure 5d-i. The champion tandem cell produced a re-
verse scan efficiency of 23% with V- comparable to those of the
state-of-the-arts (Table S1, Supporting Information) and a record
FF of 84% (Table 2). We also fabricated larger area (1 cm?) tan-
dem solar cells achieving 20.2% efficiency with V., Jsc, and FF
values of 2.02 V, 79.3%, and 12.7 mA cm~2, respectively (Figure
S20, Supporting Information).

While the lower current flow inherent in tandem cells due to
the “sectioning” of the solar spectrum helps to reduce Rq, the

Table 2. Photovoltaic parameters of perovskite-OPV tandem solar cells —
averaged (from 15 cells) and measured for the champion device.

Average/Champion Voc [mV] Jsc[mAcecm™2]  FF[%] PCE [%]

Average 2122 +23 126+£0.1 833+04 223+04
Champion Reverse 2147 12.8 84.0 23.0
Forward 2123 12.4 83.4 221
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lower Ry demonstrated also shows the effectiveness of the ALD-
SnO,/Au as an interlayer stack integrating the perovskite and
OPV cells for tandems. Another contributor to high FF is the
current mismatch between perovskite and OPV subcells. Prelim-
inary work was then subsequently conducted attempting to over
the current mismatch by increasing the OPV blend concentration
from 15 to 17 mg mL~! while keeping the donor and acceptor ra-
tio the same as before (1:1.5). 24.2% efficiency was achieved for
a perovskite-OPV tandem (Figure S21, Supporting Information).
In the future, current mismatch between subcells can be further
overcome for even higher efficiency by widening the bandgap
of the perovskite top celll2}23247677] or lowering the bandgap of
OPV subcell bandgap (to 1.2 eV) although not-trivial and also by
replacing the highly absorptive metal (Au) interconnection layer
with a more transparent ultra-thin (1 to 4 nm) indium tin or in-
dium zinc oxide layer!'>'> to reduce optical loss thereby increas-
NG Joc tandem- 1t is anticipated FF,, 4., can further be improved
if Rq from the OPV cell can be further reduced (c.f. Figure S19g
with Figure S10a, Supporting Information).
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Figure 6. a) Thermal cycling (between —40 and 85°C), and b) maximum power point tracking under 1 sun illumination of an encapsulated perovskite-

OPV tandem solar cell.

Unencapsulated tandems (Figure S22, Supporting Informa-
tion) of both types suffer from poor durability even under am-
bient (20-25 °C, dark, 20-30% relative humidity) storage due
to more rapid degradation in the OPV cell (cf. Figures S23 and
S22, Supporting Information). However, an encapsulated tan-
dem cell retained 83% of initial efficiency after 200 thermal cycles
(Figure 6a). This is the first time a perovskite-OPV tandem is as-
sessed by the International Electrotechnical Commission (IEC)
thermal cycling test. A tandem cell also demonstrated >80% of
initial efficiency after 540 h of maximum power point tracking
under continuous 1 sun illumination (Figure 6b). Clearly, there
is room for improvement in terms of durability. One approach
may involve replacing MoOy hole transport layer in the OPV cell
with an alternative that does not degrade under thermal stress at
~60 °C as seen in MoOy.l”®]

3. Conclusion

In summary, we reported the use of a novel polycyclic aro-
matic hydrocarbon-based surface modifier and passivation layer
(NA—CI) for SAM-based HSL for the demonstration of high
bandgap (1.78 eV) inverted perovskite and perovskite-OPV tan-
dem solar cells. While NA—CI retained the self-organization
property of SAM, it exhibited high polarizability and dipole mo-
ment forming a surface dipole at the perovskite/HSL interface.
This downshifted the HOMO level thereby reducing the ener-
getic barrier for hole extraction by 210 meV relative to the per-
ovskite valence band. While solar device performance improve-
ment was mainly due to the improvement of the perovskite/HSL
interface, Cl~ diffusion from the NA—CI to the bulk in the vicin-
ity of the surface also contributed to bulk passivation. This HSL-
NA—CI treatment is therefore highly effective and is compati-
ble for p—i-n and high bandgap solar cell resulting in V., FF,
and J. enhancements. When implemented in a perovskite-OPV
tandem, the champion NA—Cl-based tandem cell demonstrated
a PCE of 23% with an outstanding FF of 84%, which was the
highest for perovskite-OPV tandem cells at the time of report-
ing. These results are highly relevant to future developments
of high-efficiency single-junction high bandgap perovskite and
perovskite-based tandem solar cells by the functionalization of

Adv. Energy Mater. 2024, 14, 2400691
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polycyclic aromatic hydrocarbon-based compound for interface
engineering.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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