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Semi-transparent perovskite solar cells (ST-PeSCs) have received great attention because of their excellent
performance and promising application in areas such as tandem devices and building integrated photovoltaics
(BIPVs). Critical across all these applications is achieving both high efficiency and stable photovoltaic perfor-
mance of such devices. Realizing both of these properties simultaneously has not been possible using device
architectures featuring the archetypal doped Spiro-OMeTAD as a hole transport layer (HTL). As such, in this work
we explore the use of a solution-processed cross-linked HTL formed from N4,N4’-di(naphthalen-1-y1)-N4,N4’-bis
(4-vinylphenyl)biphenyl-4,4’-diamine (VNPB) molecules as an alternative to the conventional Spiro-OMeTAD
within an FTO/SnO2/Ceo-SAM/Perovskite/HTL/MoOy/ultra-thin gold/MoOyx ST-PeSC device architecture.
Through an optimized multi-step thermal treatment process that maximizes charge extraction and reduces
recombination from these devices, we can achieve ST-PeSCs that exhibit record power conversion efficiencies for
Spiro-OMeTAD-free devices with average visible transmittance values between 10 and 30%. These devices
exhibit comparable efficiencies to their Spiro-OMeTAD counterparts, with the additional benefit that the use of
the poly-VNPB as the HTL material provides significant improvements in long-term device stability under both
continuous illumination and high humidity conditions.

improvements leading to power conversion efficiencies (PCEs) of opa-
que architectures now exceeding 25% [10-18]. Exhibiting excellent

1. Introduction

Solar energy is the most accessible and sustainable replacement for
conventional fossil fuels. While photovoltaic devices have become
commonplace in the market, a subset of this technology, semi-
transparent solar cells (ST-SCs), are now receiving significant atten-
tion because they can extend the application of the technology. In
particular, such devices have been earmarked for use in diverse areas,
spanning high-efficiency tandem solar cells [1-6], building-integrated
photovoltaics (BIPVs) [7], and vehicle-integrated photovoltaics [8].
Historically, many of these applications have been hindered by the low
efficiency of available solar cell technologies that maintain
semi-transparency, including those based on amorphous silicon, or-
ganics and thin-films [9]. However, this scenario has changed since the
advent of metal halide perovskites. In the past decade, perovskite solar
cells (PeSCs) have revolutionized the field, with continuous

optoelectronic properties and compatibility with low-temperature sol-
ution-based processing methods, perovskites have also emerged as
promising photoabsorbers for ST-SCs [9].

Critical to achieving high performance and stability of perovskite
solar cells is the appropriate selection of charge transport layers. Of
these, numerous electron transport layer candidates have been identi-
fied that possess suitable stability, electronic levels and charge transport
properties (e.g. TiO2, SnO2, PCBM). In comparison, hole transport ma-
terials (HTMs) are less developed, with 2,2',7,7'-tetrakis(N,N-di-p-meth-
oxyphenylamine)-9,9-spirobifluorene (Spiro-OMeTAD) being the most
widely used HTM in conventional PeSCs (Fig. 1a). However, its low hole
mobility necessitates doping, typically with a bis(trifluoroethane)sul-
fonimide lithium salt (Li-TFSI) and 4-tert-butylpyridine (TBP), in order
to yield high-performing devices. Unfortunately, Li-TFSI is highly
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hygroscopic [19] and TBP can cause degradation of the perovskite film
by the dissolution of Pbl, in TBP, which limits the stability of perovskite
solar cells [20].

In order to address this issue, dopant-free triphenylamine (TPA)-
based compounds have been used as HTMs in PeSCs with reported PCE
over 16% [21-23]. Furthermore, cross-linked polymers that offer
excellent stability and mechanical durability have been suggested as
alternative HTMs in perovskite solar cells [23-25]. To be compatible
with a perovskite thin film, the polymer must undergo cross-linking at
low temperature to avoid damaging the thermally sensitive photoactive
layer. Li et al. reported the use of low-temperature cross-linkable 4,4',
4"-tris(N-carbazolytriphenylamine that was functionalized with two
vinylbenzyl ether (TCTA-BVP) groups via a thiol-ene reaction, with the
hydrophobic properties of the cross-linked TCTA-BVP significantly
improving the stability of the PeSCs [23]. Meanwhile, Xu et al.
demonstrated  that  thermally  cross-linked = N4,N4-di(naph-
thalen-1-yl1)-N4,N4'-bis(4-vinylphenyl)biphenyl-4,4’-diamine =~ (VNPB)
(Fig. 1b), could similarly improve stability and efficiency in opaque
PeSCs [24]. Despite the highest occupied molecular orbital (HOMO)
level of the polymerised-VNPB (poly-VNPB) being well matched to that
of the perovskite layer, electrical doping by MoO3 was found to be key to
achieving sufficient conductivity to be used as an effective hole trans-
port layer (HTL). Importantly, the poly-VNPB/MoOs film did not induce
degradation of the perovskite active layer, which ensured that it main-
tained good performance, even under harsh device testing conditions.
Collectively, these preliminary studies indicate that the use of thermally
cross-linked polymers create a viable pathway towards achieving stable
high efficiency opaque PeSCs. Adopting these methodologies to achieve
such characteristics within ST-PeSCs has to date remained unexplored.

In this work, we demonstrate the fabrication of highly efficient and
stable semi-transparent perovskite solar cells that replace the conven-
tional Spiro-OMeTAD layer with the thermally cross-linked poly-VNPB
as the HTL. Investigations show that following the initial cross-linking of
VNPB on the perovskite layer, with a secondary post-annealing treat-
ment of the completed devices is necessary to enhance charge extraction
and reduce the recombination of charge carriers. Using this strategy, we
achieve high PCEs of between 7.4% and 16.7% at an average visible
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transmittance (AVT, defined here between 400 and 800 nm) of over
30%-10%, respectively. Furthermore, the unencapsulated ST-PeSCs
with poly-VNPB exhibit significantly enhanced stability under humid
and elevated temperature conditions.

2. Material and methods
2.1. Materials

N,N-dimethylformamide (DMF, anhydrous, 99.8%), dimethyl sulf-
oxide (DMSO, anhydrous, 99.9%), 4-tert-butylpyridine (TBP, 98%), bis
(trifluoromethane)sulfonimide lithium salt (Li-TFSI), Cgo-SAM, MoO3
(99.97%), cesium iodide (Csl, 99.9%), toluene, and chlorobenzene were
purchased from Sigma-Aldrich. SnO5 nanoparticle solution (15 wt% in
water), lead iodide (PbIz, 99.9%), and lead bromide (PbBra, 99.9%) were
purchased from Alfa Aesar. Spiro-OMeTAD and VNPB were purchased
from Lumtec. Formamidinium iodide (FAI), methylammonium bromide
(MABr) and FK209 Co-TFSI salt were purchased from Greatcell Solar. All
materials were used as received without further purification.

2.2. Fabrication of semi-transparent perovskite solar cells (ST-PeSCs)

Devices were fabricated on fluorine-doped tin oxide (FTO)-coated
glass substrates (>86% transmittance, 15Q/sq) supplied by LATECH,
which were used after being cleaned sequentially by sonicating for 10
min in DI water, acetone and IPA, drying under a stream of nitrogen gas,
and then treating for 15 min under O,-plasma (Harrick Plasma). For the
fabrication of ST-PeSCs, a dilute SnO5 (3 wt% in DI water) nanoparticle
solution (80 pl) was spin-coated at 3,000 rpm for 30s onto a cleaned
FTO-coated glass substrate and annealed at 150 °C for 30 min. After
annealing, the samples were transferred into a Np-filled glovebox for
further processing. Cgo-SAM was dissolved in chlorobenzene (3 mg/mL)
and spin-coated at 3,000 rpm for 30 s and annealed at 120 °C for 10 min.
The perovskite precursor solution was prepared by dissolving FAI (190
mg, 1.1 mmol), Pbl, (548.60 mg, 1.19 mmol), MABr (21.83 mg, 0.195
mmol), PbBr; (77.07 mg, 0.21 mmol), and CsI (17.67 mg, 0.068 mmol)
in 1 mL DMF/DMSO (8:2 v/v). The perovskite precursor solution (80 pl)

Fig. 1. The chemical structure of (a) Spiro-OMeTAD and (b) VNPB. (c) Cross-sectional scanning electron microscopy (SEM) image of a semi-transparent perovskite
solar cell (ST-PeSC) and (d) relative energy levels of the device components in the ST-PeSCs.
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was coated onto the Cgo-SAM layer using a two-step spin-coating process
at 1,000 rpm for 10 s, followed by 6,000 rpm for 20 s [13]. During the
spin-coating step at 6,000 rpm, chlorobenzene (200 pl) was deposited
onto the surface after a delay of 15 s, with the substrates then annealed
at 100 °C for 1 h. The Spiro-OMeTAD solution was prepared according to
a previous report [26], while the VNPB solution constituted 3 mg/mL of
VNPB dissolved in toluene. The Spiro-OMeTAD or VNPB solution was
spin-coated onto the perovskite layer at 3,000 rpm for 30 s. In the case of
VNPB-containing devices, VNPB-coated substrates were annealed at
120 °C for 20 min and then maintained at 150 °C for 5 min to facilitate
thermal crosslinking. For opaque PeSCs, an 80 nm-thick layer of gold
was thermally evaporated under a baseline pressure of less than 5 x

107% Torr. For the ST-PeSCs comprising a dielectric-metal-dielectric
(DMD) top electrode, MoOy (10 nm), gold (10 nm) and MoOy (35 nm)
were deposited under similar evaporation conditions. For devices using
sputtered ITO as the top electrode, an identical device architecture was
used as for the DMD-based devices, except that the top Au/MoOy layers
were replaced by a single sputtered ITO layer (45 nm) (17 W, LBS500
Sputtering System). For the hole-only devices, a gold layer (80 nm) was
deposited onto FTO-coated glass substrates by thermal evaporation to
prevent the extraction of electrons from the devices. After an O3 plasma
treatment, a VNPB solution was spin-coated onto the Au-coated FTO--
substrates and then annealed at 120 °C for 20 min and then maintained
at 150 °C for 5 min to facilitate thermal crosslinking, replicating the
VNPB deposition and treatment process used in PeSC preparation.
Thereafter, MoOy (10 nm) and Au (10 nm) were successively deposited
via vacuum thermal evaporation. For devices with a post-annealing
thermal treatment, the complete devices were treated at an optimal
temperature of 90 °C for 10 min in a No-filled glovebox. The masked

active area of the ST-PeSCs and PeSCs was 16 mm?.

2.3. Characterization

The PCE of the ST-PeSCs was determined through J-V characteristics
using a VMP3 multi-channel potentiostat (BioLogic Science Instruments)
under an AM 1.5G solar simulator provided by ABET Technologies (Sun
3000 Class AAA). All the J-V characteristics of ST-PeSCs were measured
in air without encapsulation. The illuminating light intensity (100 mW/
em?) was calibrated before testing using a standard silicon reference
cell. Cross-sectional and top surface SEM images were obtained using a
Magellan 400 FEGSEM (FEI, USA) operated at 5 kV. The optical trans-
mittances of the ST-PeSCs were evaluated using a UV-Vis-NIR spec-
trophotometer (PerkinElmer Lambda 1050) using an integrating sphere
attachment. Impedance spectroscopy was performed using an imped-
ance analyzer (Zennium, ZAHNER-electrik GmbH & Co.) over a fre-
quency range from 0.1 Hz to 2 MHz under one-sun illumination (100
mW/cm?). The long-term stability of the ST-PeSCs was measured in a
solar simulation environmental chamber (SC 340, Atlas Material Testing
Tech.). The elemental composition and work function (WF) of the poly-
VNPB/MoOy was derived from X-ray photoelectron spectroscopy and
ultra-violet photoelectron emission spectroscopy, respectively (Instru-
ment Model: Nexsa, Thermo Fisher Scientific). Al K-alpha and He (I)
source (21.21 eV) with pass energy of 200 eV (50 eV for narrow scan)
and 3 eV were used to emit X-ray and UV photons, respectively. The
measurements were conducted with a chamber pressure below 5.0 x
1078 Torr. The work function was determined directly from the sec-
ondary cut-off energy through the relation: Work Function = 21.21 —
Secondary Cut-Off Energy. Optical constants of the layers used in the
modelling of the devices were obtained by characterization of individual
material layers deposited onto silicon and onto glass using an M2000
Spectroscopic Ellipsometer (J A Woollam).

3. Results and discussion

The ST-PeSC devices explored in this work possessed the following
device architecture: FTO bottom electrode, SnO5/Cgo-SAM electron
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transport layer, Csg 0s5(FAo.85MAg.15)0.95Pb(Ip 85Bro.15)3 perovskite
absorber layer, solution-processed Spiro-OMeTAD or poly-VNPB HTL,
and a thermally evaporated transparent DMD electrode (Fig. 1a and b).
The DMD electrode consisted of MoOy (10 nm)/ultra-thin gold (10 nm)/
MoOy (35 nm), as used in our previous report [27]. Meanwhile, the
thickness of poly-VNPB was 12+1 nm, as determined by spectroscopic
ellipsometry (see Supplementary Fig. S1). Cross-sectional and top sur-
face scanning electron microscopy (SEM) measurements of our ST-PeSCs
show that the poly-VNPB and DMD electrode uniformly cover the
perovskite, despite their low respective thicknesses (Fig. 1c and Fig. S2).

In accordance with published methods, the FTO/SnO3,Cgo-SAM/
Perovskite/poly-VNPB stacks were heated in a Na-filled glovebox at 120
°C for 20 min and 150 °C for 5 min to induce cross-linking of the VNPB
prior to electrode deposition [24]. Following the deposition of the DMD
electrodes, the as-fabricated ST-PeSCs showed modest PCE of less than
11%, with low short circuit currents (Jg.) and fill factors (FF) (Fig. 2b,
Table 1). These poor device characteristics can be attributed to charge
extraction limitations caused by the poor electrical properties of
poly-VNPB. It has been shown that these limitations can be overcome
within opaque perovskite devices by introducing an MoOy interlayer
between the VNPB and a thick Au electrode [24]. In that work, it was
suggested that doping of poly-VNPB by MoOy occurred simply by leav-
ing the devices within the evaporation chamber for 10 min following the
electrode deposition. We have found that this approach does not work
for DMD electrodes, likely due to the lower heat generated at the pol-
y-VNPB/MoOy interface from the condensation of Au clusters to form
the ultrathin gold layer as part of the DMD electrode. This hypothesis
arises from the many previous studies that have shown the importance
of thermal annealing in inducing doping when using MoOy surface
layers, including F8BT/MoOyx [28], NPB/MoOy [29] and graphe-
ne/MoOy [30]. Based on these findings, here we explored a
post-annealing thermal (PAT) treatment as a facile approach to opti-
mizing our poly-VNPB/MoOy interfaces that harness MoOyx/Au/MoOx
DMD electrodes.

Poly-VNPB-containing ST-PeSCs fabricated using different PAT
treatment times and temperatures were made in order to establish the
correlation between treatment conditions and device performance (see
Fig. 2a). As a baseline, poly-VNPB-containing ST-PeSCs were stored at
RT for periods of up to 1 h and exhibited no change in PCE. The PCE of
the ST-PeSCs that were annealed at 90 °C increased with an annealing
time of up to 10 min, with no further improvements observed with
increased annealing times of up to 1 h. In contrast, the ST-PeSCs
annealed at 120 °C and at 150 °C showed peak efficiencies at 5 min
and 1 min, respectively, which are notably lower than the PCE observed
at 90 °C, and then a rapid decrease at longer annealing times. Inspection
of the device characteristics indicates that at these longer times the
devices exhibited increasing shunt resistances and decreasing series
resistances (see Fig. S3). A statistical comparison between poly-VNPB-
containing ST-PeSCs processed under an optimized 10 min PAT treat-
ment at 90 °C to those without PAT treatment showed a dramatically
higher average PCE for the treated devices of 15.2%, compared to un-
treated devices of only 10.5% (see Fig. S5 for a more detailed
comparison).

To probe the origin of the detrimental effect on ST-PeSC character-
istics with PAT treatment at higher temperatures, we performed SEM
measurements to check the morphology of the MoOy (10 nm)/Au (10
nm) electrodes treated under various thermal annealing conditions
(Fig. S4). The electrodes annealed at 60 °C and 90 °C for 10 min showed
an unchanged surface structure compared to electrodes without PAT
treatment. In contrast, surface cracking and phase segregation were
observed for electrodes annealed at 120 °C and 150 °C, which is clear
evidence of the electrode configuration being detrimentally disrupted
due to MoOy and/or Au nucleation at these elevated temperatures
[31-33].

To further investigate the photogenerated charge recombination and
transfer properties of the ST-PeSCs with and without PAT treatment,
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Fig. 2. (a) Changes in PCE for PAT-treated VNPB-containing ST-PeSCs with respect to different annealing temperatures and time. The lines are showing a logistic fit
to the experiment data points. (b) Nyquist plots of VNPB-containing ST-PeSCs without and with PAT treatment. The inset figure shows the equivalent circuit model
for ST-PeSCs. (c) Transmittance spectra of whole Spiro-OMeTAD- and VNPB-containing ST-PeSCs. (d) Comparison of J-V curves of Spiro-OMeTAD- and VNPB-
containing ST-PeSCs without and with PAT treatment. (e) Steady-state power conversion efficiencies of VNPB-containing ST-PeSCs monitored at the Vppp of
0.88 V for 100 s. (f) External quantum efficiency (EQE) and integrated photocurrent density of VNPB-based ST-PeSCs.

Table 1
Summary of device performance of Spiro-OMeTAD-containing ST-PeSCs and
VNPB-containing ST-PeSCs without and with PAT treatment.

Device configuration Jsc [mA/ Voe FF n [%]
cm] vl

FTO/ETL/Perovskite/VNPB/DMD (FS) 19.746 1.013 0.546 1091

FTO/ETL/Perovskite/VNPB/DMD (RS) 19.865 1.010 0.521 10.46

FTO/ETL/Perovskite/VNPB/DMD, PAT ~ 20.352 1.084 0.758 16.72
treated (FS)

FTO/ETL/Perovskite/VNPB/DMD, PAT 20.436 1.081 0.743 16.41
treated (RS)

FTO/ETL/perovskite/Spiro-OMeTAD/ 20.522 1.052 0.745  16.07
DMD (FS)

FTO/ETL/perovskite/Spiro-OMeTAD/ 20.482 1.068 0.753 16.45
DMD (RS)

impedance spectroscopy measurements were performed under illumi-
nation (Fig. 2b). An equivalent circuit, which included the sheet resis-
tance of the electrode (Rg), the charge recombination resistance (Ryec)
and charge transfer resistance (Rcr) of the device, was used to fit the
Nyquist plots [34-36]. Rer values of 8,400 ©/cm? and 29,136 Q/cm?
were determined for ST-PeSCs with and without PAT treatment,
respectively. The smaller charge transfer resistance of the device with
PAT treatment is indicative of a more efficient charge extraction process
at the electrode. We ascribe this to the enhanced conductivity of the
poly-VNPB film arising from MoOy-induced doping. Meanwhile, the Rye.
of ST-PeSCs after PAT treatment shows a higher value of 4,696 Q/cm?
compared to devices without PAT treatment at 1,912 Q/cm?. This in-
dicates that recombination of charge carriers is favourably slower in
devices with PAT treatment. Collectively, the reduced charge transfer
resistance and enhanced recombination resistance of PAT-treated de-
vices qualitatively correlate to the observed improvements in Vo, Js¢, FF
and, ultimately, PCE.

To understand the origin of these improvements, J-V curves of the
hole-only devices (FTO/Au/poly-VNPB/MoOy/Au) without and with

PAT treatment were measured under dark conditions to compare the
charge extraction properties of the poly-VNPB layer after PAT treatment.
A sufficiently high hole conductivity of the hole transport layer is a
crucial factor in achieving efficient hole extraction [35]. It was
confirmed that PAT treatment gave an approximately two-fold increase
in the hole conductivity of the poly-VNPB layer (Fig. S6a), which
evidently allowed for a more efficient charge extraction at the DMD
electrode.

For completeness, steady-state photoluminescence (PL) quenching
experiments were also carried out. As shown in Fig. S6b, the PL of the
perovskites was reduced by 87% and 93% following the deposition of
poly-VNPB/MoOy without and with PAT treatment, respectively. This
indicates only a slight improvement in the hole transfer process for the
PAT treated poly-VNPB/MoOy device [37,38]; thus, suggesting that the
dominant enhancement to the charge extraction is the improved con-
ductivity of the poly-VNPB layer.

A key comparison of these optimized poly-VNPB-containing ST-
PeSCs is to their conventional Spiro-OMeTAD-containing counterparts.
In Fig. 2c, we show the transmittance spectra of both devices using 500
nm perovskite absorber layers. Evidently, the transmittance profiles are
similar, with partial light transmission being observed above ~550 nm
to yield AVT values of 10.1% and 10.2%, respectively. This expected
result arises because doped Spiro-OMeTAD absorbs below ~550 nm,
which is a spectral region dominated by the thick perovskite layers in
these cells [27].

The J-V characteristics of the best-performing poly-VNPB-containing
ST-PeSCs without and with PAT treatment, and Spiro-OMeTAD-
containing devices, are shown in Fig. 2d and summarized in Table 1.
Notably, due to the optimized electron extraction layer, none of the
devices exhibited significant variation between forward and reverse
scans. Stabilized power output measurements under maximum power
point tracking (MPPT) for a PAT-treated poly-VNPB-containing ST-PeSC
device provided further evidence of this fact (Fig. 2e). For reference, the
device integrated photocurrent density derived from the external
quantum efficiency (EQE) spectrum was 19.7 mA/cm? (see Fig. 2f),
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which is in good agreement with the Jy. derived from the J-V mea-
surement. The determined average PCEs of forward and back scans
across these different device architectures were 10.7%, 16.7% and
16.3%, respectively. For completeness, we also fabricated opaque de-
vices using 80 nm-thick gold with poly-VNPB. After PAT treatment,
these devices also exhibited negligible hysteresis and possessed average
PCE values of 19.0% (see Table S1 and Fig. S7). These results show that
the optimized poly-VNPB electrode configurations are as effective as
Spiro-OMeTAD for achieving high-efficiency opaque and semi-
transparent perovskite devices with a DMD electrode. To the best of
our knowledge, the optimized PCEs obtained here are the highest values
reported to date for ST-PeSCs made without Spiro-OMeTAD at an AVT of
~10%.

Given that DMDs form just one type of semi-transparent electrode
configuration, here we have also fabricated ST-PeSCs with 45 nm-thick
sputtered ITO as a transparent electrode. Fig. S8 shows the J-V charac-
teristics and transmittance of poly-VNPB-containing ST-PeSCs with RF-
sputtered ITO (FTO/SnO/Cgo-SAM/Perovskite/poly-VNPB/MoOy/
ITO). This device showed reasonable performance, with a J. of 20.85
mA/cm?, FF of 61.9%, V. of 1.06 V, and a PCE of 13.7% at an AVT of
11.7%. The lower device efficiency exhibited here compared to that for
the DMD electrode arises mainly due to a reduced FF. This can be un-
derstood based on the higher sheet resistance of the thin ITO (85 Q/[])
versus the DMD (20 Q/[]) electrodes, and could be readily overcome
through the use of a thicker ITO layer to yield comparable device effi-
ciencies. Importantly, the result indicates that the poly-VNPB/MoOy
layer is able to prevent damage to the perovskite layer during ITO
deposition by RF-sputtering, thus enabling its use as a stand-alone ST-
PeSC or within a perovskite tandem device architecture.

Regardless of the electrode configuration, the PAT treatment remains
the critical step to ensuring high efficiency device performance. To
probe the impact of this treatment on the poly-VNPB, we have used XPS
and UPS techniques to measure the Mo oxidation state and the WF of 10
nm MoOy deposited on ITO/VNPB films. The XPS spectra of these
samples both without and with PAT treatment are shown in Fig. 3a.
From these measurements it is evident that the deposited MoOy is sub-
stoichiometric (i.e. x < 3), which is characterised through the Mo>*
doublet being observed at the lower binding energies [39]. Secondly, the
characteristic Mo 3d doublets are shifted by ~0.3 eV to higher binding
energies after PAT treatment. This shift is consistent with UPS mea-
surements shown in Fig. 3b, which indicate that the WF of the MoOy
changes from ~4.87 eV to ~5.01 eV after PAT treatment. Close in-
spection of the valence bands further show that both samples exhibit
clear signatures of MoOy sub-gap states originating from reduced Mo 4d
species with an onset of ~0.4 eV versus the WF [39,40]. The interfacial
electronic properties between organic molecules and MoOy can be
strongly governed by these sub-gap states [41]. However, given that the
WF of MoOy can itself vary depending on fabrication conditions and
exposure to air [42,43], it is difficult to decouple any changes to the WF
arising from the buried interface and/or exposed surface induced by the
PAT. Further insight into the electronic evolution of VNPB/MoOy
interface and the role of the Mo®" sub-gap states requires more detailed
studies that are outside the scope of the current work [24].

The long-term stability of ST-PeSCs is a critical factor for gauging
their commercial prospects. We compared unencapsulated ST-PeSCs
containing Spiro-OMeTAD and PAT-treated poly-VNPB as HTLs over
30 days under humid conditions (60% relative humidity, 25 °C), with
the results shown in Fig. 4a. During this time the Spiro-OMeTAD-
containing ST-PeSC showed significant degradation in PCE, dropping
to less than 10% of its initial PCE within 6 days. In contrast, the ST-PeSC
with the poly-VNPB showed superior long-term stability, maintaining
~60% of its initial PCE. The ST-PeSCs were also measured under 360 h
of continuous one-sun illumination (100 mW/cm?) at low humidity in
an environmental chamber (50 °C, 10% relative humidity). The device
performance of the Spiro-OMeTAD-containing ST-PeSCs showed a 1/e
PCE reduction in ~33 h. Meanwhile, the poly-VNPB-containing ST-
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Fig. 3. XPS surveys of a 10 nm MoOy film on a VNPB film on an ITO-coated
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spectra of MoOy on a VNPB film without and with PAT treatment, modelled
using CasaXPS software. (b) UPS spectra of MoOy on a VNPB film without and
with PAT treatment (inset figure showing detailed spectra of secondary electron
cut-off (red arrow) and the sub-bandgap state (blue arrow) region, respec-
tively). (c) Energy level diagram with respect to vacuum level for the VNPB/
MoOy film without and with PAT treatment.

PeSCs maintained >80% of their initial PCE after the full 360 h test
(Fig. 4b). These results clearly demonstrate the superior stability of poly-
VNPB-containing devices stored under high humidity or continuous
light illumination.

It is well known that perovskite solar cells that use Spiro-OMeTAD as
an HTL suffer from heat-induced performance degradation due to the
crystallization of Spiro-OMeTAD and outgassing of the TBP additive
[44-47]. In contrast, the poly-VNPB has a very high thermal stability,
which dramatically increases the thermal stability of ST-PeSCs. This is in
agreement with previous work on its use in opaque PeSCs [24]. To
determine the origin of the enhanced long-term stability of
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poly-VNPB-containing ST-PeSCs under humid conditions, we performed
contact angle measurements on HTL-coated perovskite films (Fig. 4c-f).
The initial contact angle of water droplets on the
perovskite/Spiro-OMeTAD and perovskite/poly-VNPB films were 72°
and 88°, respectively. After a residence time of 10 min, the contact angle
on the Spiro-OMeTAD film decreased significantly to 55° due to the
hygroscopic nature of the Li-TFSI in the Spiro-OMeTAD film. In contrast,
the contact angle of the poly-VNPB/perovskite film remained almost
constant (~87°). This provides definitive evidence that the cross-linked
VNPB layer serves to prevent the penetration of water into the perov-
skite film, which leads to an increase in the long-term stability of the
device under humid conditions.

Achieving high photovoltaic performance at high AVT is an over-
arching technical requirement for semi-transparent building-integrated
solar cell applications, such as windows. Having shown the effectiveness
of the optimized poly-VNPB/DMD electrode configuration for achieving
ST-PeSCs, we now turn our attention to improving the light trans-
mittance through the device. Transfer matrix optical modelling provides
a convenient approach for simulating the absorption, transmission and
reflection properties of such devices prior to their fabrication [48],
including an estimation of the effective current that each of the layers
contributes either through loss or in the case of the perovskite genera-
tion. In Fig. 5a, we show a representative breakdown of these spectrally
resolved contributions for a typical ST-PeSC with a 500 nm-thick
perovskite layer. Evidently, the parasitic and reflective contributions
account for <15% of the total optical losses across the visible spectrum,
with the perovskite layer itself responsible for the majority of the ab-
sorption. Therefore, the most facile approach towards achieving high

AVT is simply through decreasing the thickness of the perovskite layer.
We prepared a series of ST-PeSCs with perovskite film thicknesses of
500, 350, 220, and 120 nm by changing the concentration of the
perovskite precursor solution (1.3 M, 1.0 M, 0.7 M, and 0.4 M, respec-
tively). The transmittance spectra of the completed devices using these
perovskite layers are shown in Fig. 5b. As expected, a clear increase in
transmittance was observed as the perovskite layer thickness was
reduced. To understand the impact of this on the overall transmitted
color of the device, we converted the measured transmittance spectra to
color coordinates and located them on the CIE 1931 color chromaticity
diagram (see Fig. 5c). Evidently, the devices are brown in color at
thicker perovskite thicknesses, then progressively change to orange,
yellow and then towards color-neutrality as the thickness is reduced.
These variations in transmittance and color chromaticity have been
adequately modelled using the transfer matrix approach (see Fig. S9)
[48]. The good agreement between predicted and measured trans-
mittance spectra and color coordinates provides a high-level validation
for the suitability of such simple optical models to describe ST-PeSCs.
The photovoltaic performances of the ST-PeSCs with various thick-
nesses of perovskite film are shown in Fig. 5d and summarized in
Table S2. The results show that devices with AVTs ranging from 10.1%
to 29.5% result in PCEs of 16.1%-7.4%, respectively. A large component
of this reduced efficiency for the higher AVT devices arises from the
decreased J. owing to lower total light absorption. This is confirmed by
the good agreement between the observed and predicted Jg. derived
from the above-mentioned transfer matrix modelling (see Fig. 5Se).
Assuming that the device V,. and FF are equivalent to that of the 500
nm-thick perovskite sample, i.e. 1.06 V and 0.744, respectively, this
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Fig. 5. (a) Optical simulation results based on the transfer matrix optical model for ST-PeSCs and the equivalent current density from each layer is shown on each
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simulated Jsc can be converted to a predicted PCE as a function of
perovskite thickness (see Fig. 5f). This trend is in good agreement at
perovskite thicknesses of 220 nm and above, while for 120 nm-thick
perovskite layers it shows a major deviation. The efficiency reduction
arises from a comparative decrease in V,, and FF at such low thicknesses,
which suggests a variation in the underlying device physics. Previous
work has indeed indicated that such reductions may arise from inter-
facial and film inhomogeneities at low perovskite thickness [49]. This is
likely due to the rough nature of the glass/FTO substrates that are
employed in our devices.

Finally, in Fig. 5f we show the PCE as a function of AVT for our poly-
VNPB-containing ST-PeSCs and state-of-the-art Spiro-OMeTAD-free ST-
PeSCs. This comparison has been made with inverted and normal type
devices (doped PTAA-containing ST-PeSCs) [49-56]. The
VNPB-containing devices exhibit record PCEs across most AVT values
reported for Spiro-OMeTAD-free ST-PeSCs in the literature to date, with
the only exception being the ultra-high AVT device reported by the
group of Brabec for an inverted ST-PeSC device architecture [49]. This is
clear evidence that optimized VNPB/MoOy interfaces provide a stable
and high-efficiency charge transport layer configuration for ST-PeSCs.
Nonetheless, a comparison of these results to the predicted theoretical
efficiencies based on a 90% Shockley-Queisser (S-Q) limit (Vo 1.25 V
[571, FF: 90% [58]), clearly shows that further efficiency enhancements
to between 23% at an AVT of 10% and 9% at an AVT of 45% should be
achievable through further material and device engineering advances
that act to increase V, and FF.

4. Conclusions
In summary, we have successfully demonstrated highly stable ST-

PeSCs by introducing the thermally cross-linked polymer formed by
the polymerisation of VNPB as an alternative HTL to Spiro-OMeTAD. It

was found that to achieve high efficiency, post annealing of the
completed devices featuring the poly-VNPB and an MoOy/Au/MoOy
dielectric-metal-dielectric transparent electrode was essential. In this
process, the overall photovoltaic performance of the ST-PeSCs was
improved from 10.7% to 16.7% at an average visible transmittance of
~10%. This improvement was attributed to enhanced charge extraction
and suppressed recombination of photo-generated charge carriers in the
devices, which likely arise from the improved conductivity of poly-
VNPB following doping by the MoOy. These optimized poly-VNPB-
containing devices exhibited comparable efficiencies to those made
using Spiro-OMeTAD, while offering dramatically improved stability
under both continuous illumination and high-humidity conditions.
Furthermore, ST-PeSCs made using different thicknesses of the perov-
skite absorber yielded color-tunable devices with record efficiencies
across most measured AVT values. These findings show that the use of
thermally cross-linked polymers within ST-PeSC devices provides a
facile approach towards improving their performance and long-term
stability, which are critical factors towards progressing such devices
towards commercialization.
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