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1. Introduction

Inverted perovskite solar cells (IPSCs) have
attracted worldwide attention owing to their
low-temperature processing and remarkable
compatibility with large-area and flexible
devices.[1–3] Driven by numerous recent
advancements including defect passivation,
interface engineering, and the introduction of
novel charge transport materials (CTMs), etc.,
the record power conversion efficiency (PCE)
of IPSCs (24.3%) is on par with that of the n-i-
p counterparts (25.7%) as of writing, and the
lifetimes of IPSCs also have been enhanced
considerably.[3–10] Reviewing the recent devel-
opment of high-performance IPSCs, CTMs are
of critical importance, because their fundamen-
tal properties including work function, conduc-
tivity, carrier mobility, etc. have direct impacts
on the performance of the resultant
devices.[11,12] For the typical p-type CTMs in
IPSCs, poly(triaryl amine) (PTAA), poly(3-
hexylthiophene-2,5-diyl) (P3HT), [2-(9H-
carbazol-9-yl) ethyl] phosphonic acid (2-PACz)
and nickel oxide (NiOx) are popular materials
used in high-performance IPSCs,[4,6–9] whereas

phenyl-C61-butyric acid methyl ester (PCBM), C60 and other organic
materials including n-type hexaazatrinaphtho[2,3-c][1,2,5]thiadiazole
(HATNT), perylene diimide (PDI)-based compounds have been widely
used as the n-type CTMs.[6–8,13–16]

Among the aforementioned CTMs, metal oxides are promising can-
didates owing to their extraordinary features such as good band align-
ment, ease of fabrication, low cost, no toxicity, and superior inherent
stability.[17–22] For p-type metal oxide materials, nickel oxide (NiOx)
has gained enormous attention recently in the best-performing IPSCs as
compared to other candidates such as Cu2O, VOx, MoOx etc,[23–25]

thanks to its versatile preparation methods, tunable work function, high
optical transmittance in visible wavelength range, excellent stability and
low cost.[26–28] More importantly, the fabrication protocols of NiOx are
various, including but not limited to sol–gel, sputtering, and atomic
layer deposition (ALD), etc.[29–31] By optimizing the interface between
perovskite and NiOx, the PCEs of the state-of-the-art IPSCs based on
NiOx have reached over 23%.[4,10,32] Comparatively, the choice of
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Metal oxide charge transport materials are preferable for realizing long-term
stable and potentially low-cost perovskite solar cells (PSCs). However, due to
some technical difficulties (e.g., intricate fabrication protocols, high-
temperature heating process, incompatible solvents, etc.), it is still
challenging to achieve efficient and reliable all-metal-oxide-based devices.
Here, we developed efficient inverted PSCs (IPSCs) based on solution-
processed nickel oxide (NiOx) and tin oxide (SnO2) nanoparticles, working as
hole and electron transport materials respectively, enabling a fast and
balanced charge transfer for photogenerated charge carriers. Through further
understanding and optimizing the perovskite/metal oxide interfaces, we have
realized an outstanding power conversion efficiency (PCE) of 23.5% (the
bandgap of the perovskite is 1.62 eV), which is the highest efficiency among
IPSCs based on all-metal-oxide charge transport materials. Thanks to these
stable metal oxides and improved interface properties, ambient stability
(retaining 95% of initial PCE after 1 month), thermal stability (retaining 80%
of initial PCE after 2 weeks) and light stability (retaining 90% of initial PCE
after 1000 hours aging) of resultant devices are enhanced significantly. In
addition, owing to the low-temperature fabrication procedures of the entire
device, we have obtained a PCE of over 21% for flexible IPSCs with enhanced
operational stability.
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n-type metal oxide materials is rather limited in inverted devices
because of either involving high-temperature treatment (>150 °C) or
incompatible solvents with the underlying perovskite layer.[33–36] One
demonstrated example is ZnO, however, its hygroscopic nature makes
it incompatible with long-term stable devices.[20,37,38] Additionally,
previous studies have unveiled that unstable or non-uniform n-type
material could accelerate the degradation process of the perovskite layer,
because they either are hygroscopic or fail to effectively block O2 and/
or H2O from entering into the active layer.[37,39,40] In this context,
more efforts have been hence dedicated to the exploration of suitable
n-type metal oxide materials. SnO2, a wonderful n-type metal oxide
that has been broadly used in the best-performing PSCs with n-i-p
structure, has rarely been explored in the IPSCs, due to the challenges
including high post-annealing temperature (>150 °C) and solvent
incompatibility (usually H2O) with perovskite. A few prior research
works have attempted to use SnO2 in IPSCs fabricated by either atomic
layer deposition (ALD) or spin-coating, but the device performances
are not ideal as compared to those using PCBM or C60 as the
CTM.[33,34,41–43] In addition to obtaining a compact and smooth CTM
layer, the main challenge towards realizing high-performance devices is
how to manage the interfaces between perovskite and metal oxides,
and achieve fast and balanced charge extraction/transfer.

In this work, we demonstrate highly efficient IPSCs with solution-
processed metal oxides as both n-type and p-type CTMs. In particular,
NiOx as the most successful p-type material in high-performance
IPSCs, will be used as the hole transport material (HTM). As for the
n-type CTM, we demonstrate that SnO2 nanoparticles (NPs) can be
directly deposited on top of the perovskite layer at room temperature
via a simple solution-based approach, without inducing the decompo-
sition of the underlying structures. We further modified the interfaces
of both NiOx/perovskite and perovskite/SnO2 to reduce the defects
and hence mitigate non-radiative recombinations at these interfaces,
enabling fast and balanced charge transfer across the entire device.
Moreover, after incorporating PCBM, the band mismatch between
SnO2 and perovskite could be minimized, thus, the accumulation of
charges at the perovskite/ETM interface can be alleviated. Another
benefit of PCBM is that the oxygen vacancies within the SnO2 layer
can be passivated, that is, compared with SnO2-only devices, electron
traps are fewer in the SnO2/PCBM-based counterparts. Conductivity,
which will be discussed later, is enhanced as well for the SnO2/
PCBM combination, providing smoother pathways for electrons com-
pared with a single SnO2 or single PCBM counterparts. As a result, a
remarkable short-circuit photocurrent density (Jsc) of 23.66 mA cm�2

was obtained (we note the Jsc limit is 24.83 mA cm�2 for the perov-
skite with a bandgap of 1.62 eV) by utilizing NiOx and SnO2 as the
main CTMs.[44] Consequently, the champion device delivers an out-
standing PCE of 23.5% (Voc = 1.20 V, Jsc = 23.66 mA cm�2, fill fac-
tor = 82.96%, efficiency = 23.53%), which is the highest efficiency
among PSCs based on all-metal-oxide CTMs. Additionally, with the
assistance of these compact metal oxides as internal encapsulation
layers, barriers against oxygen and water have been formed, contrib-
uting to the prolonged stability of the resultant IPSCs. Subsequently,
these all-metal-oxide-based IPSCs reserve 95% of their original PCEs
after 1-month storage (temperature = 25 °C, relative humidity = 45%,
dark, unencapsulated). Besides, these all-metal-oxide-based IPSCs have
demonstrated excellent thermal and photostability. Thanks to the low-
temperature fabrication protocols of all the functional layers, we
achieved flexible IPSCs with the same configuration, delivering an
exceptional PCE of over 21% with enhanced stability.

2. Results and Discussion

We note that the p-type properties NiOx are closely related to the
nickel vacancies (or self-doping of Ni3+),[45] and the conductivity of
pristine NiOx is limited due to the large ionization energy of the Ni
site.[46] In this context, we doped the pristine NiOx with a small
amount of copper (Cu:NiOx).

[47] The concentration of Cu has been
optimized, as a result, the ratio of Cu/Ni is 5% here. Because a high
Cu ratio would sharply reduce the optical transmittance, while a low
ratio can not guarantee sufficient conductivity, this conclusion agrees
with many previous studies.[48–50] Compared with organic HTMs,
the resultant Cu:NiOx presents the best hole mobility (Table S1). To
further minimize the interfacial charge recombination and accumula-
tion, a thin layer of [2-(9H-carbazol-9-yl) ethyl] phosphonic acid (2-
PACz) was used to passivate the interface of Cu:NiOx/perovskite
because the 2-PACz has exhibited excellent hole selectivity and
reduced interfacial recombination.[51,52] We then carried out photolu-
minescence (PL) and time-resolved photoluminescence (TRPL) studies
to probe the HTM/perovskite interface. As shown in Figure 1a,
noticeable PL quenching can be observed after copper doping and 2-
PACz passivation, indicating enhanced hole collection ability of the
resultant HTM. And the TRPL result (Figure 1b) is in agreement with
PL data, where copper doping in conjugation with 2-PACz passiv-
ation led to a reduced decay lifetime from 19.74 to 4.88 ns
(Table S2). Afterwards, we studied the interface between the perov-
skite and solution-processed SnO2 layer. We note that the quenching
effect of the single SnO2 is rather limited (Figure 1c) because the
SnO2 prepared from the low-temperature process may contain
numerous defects, and the work function may not align well with
the photoactive layer.[53] We then tried to passivate the perovskite/
SnO2 interface by depositing PCBM either on top (perovskite/SnO2/
PCBM) or beneath the SnO2 layer (perovskite/PCBM/SnO2). We find
that the former is a better choice as the required post-annealing of
SnO2 layer (100 °C, 40 min) is likely to trigger the agglomeration
of the pre-deposited PCBM.[54,55] The TRPL data are, indeed, in
agreement with our speculation: the average decay time reduces from
~16 ns (perovskite/SnO2) to ~5 ns (perovskite/SnO2/PCBM)
(Figure 1d, Table S3), as compared to 12.77 ns (perovskite/PCBM/
SnO2). Combining with the TRPL data obtained for Cu:NiOx/2-
PACz/Perovskite, we confirm that a fast and balanced carrier-charge
transfer (4.88 ns for Cu:NiOx/2-PACz/Perovskite and 5.00 ns for
Perovskite/SnO2/PCBM, respectively) across these two interfaces has
been established.

To understand the origins of improved charge transfer at the perov-
skite/ETM interfaces, we first studied the morphology of various ETMs
via scanning electron microscope (SEM) and atomic force microscopy
(AFM). Compared with the pristine perovskite, the SnO2/PCBM shows
the lowest root mean square (RMS) roughness value among all candi-
dates (17.1 � 1.2 nm, Figure S1), indicating excellent film coverage
on the perovskite layer.

We further modified the interface energetics and band alignment
between the perovskite and CTMs. For the contact between perovskite
and Cu:NiOx/2-PACz, several positive impacts brought by 2-PACz
have been confirmed including enhanced interfacial contact, well-
aligned energy level with the perovskite, improved crystallization,
etc.[31,56] However, the contact between perovskite and SnO2 has
rarely been explored in IPSCs. Generally, The energy band mismatch
in PSCs is a major challenge that leads to poor device perfor-
mance,[57] and the exact bandgap of the resultant SnO2 is closely
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associated with the deposition routes. For instance, the conduction
band (CB) and valence band (VB) of SnO2 layer prepared by ALD are
�4.26 and �7.86 eV, respectively, while the CB and VB of the
SnO2 prepared by E-beam are �4.06 and �8.56 eV, respec-
tively.[58,59] To determine the band edge energies of SnO2, PCBM
and SnO2/PCBM, ultraviolet photoelectron spectroscopy (UPS) was
carried out (Figure 2a, full UPS data can be found in Figure S2),
and the results of each material are illustrated in Figure 2b, where an
assumed fixed Fermi level is presented.[60] Compared to the SnO2

and PCBM, the conduction band of SnO2/PCBM presents better band
alignment with the perovskite (Table S4). To further validate this
speculation, photoluminescence quantum yield (PLQY) was mea-
sured. As we show in Figure 2c, the PLQY value of 1.94% for the
SnO2/PCBM-based stack is the highest among these five semi-devices.
This observation is in good agreement with our speculation. More-
over, as depicted in the X-ray photoelectron spectroscopy (XPS) spec-
tra (Figure 2d), the intensity change is predominantly related to the
SnO2-PCBM interactions. Since the binding energies of the Sn 3d do
not shift too much, we speculate that the PCBM is likely to distribute
between the SnO2 NPs rather than form a continuous and compact
layer on top of the SnO2. We assign this reduction of intensity to the
decreased oxygen level of the SnO2/PCBM surface. Because the PCBM
is naturally hydrophobic, working as a O2 barrier, which prevents
direct contact between O2 and underlying SnO2, as a result, both Sn
intensity and O2 intensity are reduced (O1s XPS can be found in

Figure S3). Another reason is that the XPS
intensity also depends on the depth distribu-
tion of atoms. With a PCBM layer on top,
the SnO2 layer is buried underneath, which
partially contributes to the reduced intensity
of the SnO2/PCBM sample.[61]

The formation of surface dipoles is primar-
ily responsible for the increase in the SnO2

work function after PCBM fabrication, which
is known as a strong electron acceptor with a
high electron affinity (3.90 eV).[62] Hence,
once deposited on a low work function sub-
strate, the PCBM layer withdraws electrons
from the photoactive material and creates
dipoles at the interface, contributing to the
elevated work function of the SnO2

layer.[63,64] Therefore, the SnO2/PCBM com-
bination can harvest photogenerated electrons
more efficiently from the perovskite active
layer.

We then integrated Cu:NiOx/2-PACz, a
perovskite layer with a bandgap of 1.62 eV
and different ETMs into IPSCs and measured
the device performance characteristics. The
cross-sectional SEM of a device architecture of
ITO/Cu:NiOx/2-PACz/perovskite/ETM/BCP/
Ag is shown in Figure 3a, where we iden-
tify the SnO2/PCBM forms a compact layer
on top of the perovskite. For the photovol-
taic performance of the devices, a champion
device equipped with Cu:NiOx/2-PACz and
SnO2/PCBM presents an outstanding PCE of
23.5% (Voc = 1.20 V, Jsc = 23.66 mA cm�2,
fill factor = 82.96%) (Figure 3b), which is

the highest PCE among all-metal-oxide-based PSCs so far (Figure S4).
Additionally, thanks to the fast and balanced charge transfer at HTM/
Perovskite and perovskite/ETM interfaces, the hysteresis was negligible
when using SnO2/PCBM as the ETM. The short-circuit current density
(Jsc) values derived from external quantum efficiency (EQE) spectra in
Figure 3c are close to those obtained from current density–voltage (J–
V) measurements (23.17 mA cm�2 for SnO2/PCBM-based devices,
while 21.05 mA cm�2 for the PCBM-only devices). The stabilized
power output (SPO) also implied exceptional performance of the
champion IPSCs (Figure 3d). Compared with the PCBM-only group,
SnO2/PCBM-based IPSCs stayed almost unchanged after operating for
~25 min under one sun illumination, while the PCBM-only devices
demonstrated a slight decrease in the first 4 min. Furthermore, the
environmental stability of SnO2/PCBM-based IPSCs has been enhanced
significantly (Figure 3f), which could preserve over 95% of their origi-
nal PCE after 1-month storage while the PCBM-only IPSCs could only
retain ~60% (temperature = 25 °C, relative humidity = 45%, dark,
unencapsulated). The enhanced environmental stability of the SnO2/
PCBM-based IPSCs is closely related to the formation of the dense and
compact SnO2/PCBM layer on top of the perovskite layer which pre-
vents the infiltration of oxygen and moisture, and the ion migration
can be suppressed as well.[41,61] As a result, both the thermal and
photostability of the resultant IPSCs have been boosted. As for the ther-
mal stability, SnO2/PCBM-based IPSCs reserved 80% of the pristine
PCEs after 2 weeks under 85 °C, while the PCBM-only counterparts

Figure 1. a) PL spectra of perovskite on different HTMs, (Glass/perovskite, Glass/NiOx/perovskite, Glass/
Cu:NiOx/perovskite, Glass/Cu:NiOx/2-PACz/perovskite), the inset picture demonstrates the semi-stack
HTM-based device. b) TRPL results of the perovskite with various HTMs (Glass/NiOx/perovskite, Glass/
Cu:NiOx/Perovskite, Glass/Cu:NiOx/2-PACz/perovskite). c) PL data of perovskite with different ETMs,
(Glass/perovskite, Glass/perovskite/SnO2, Glass/perovskite/PCBM/SnO2, Glass/perovskite/PCBM and
Glass/perovskite/SnO2/PCBM), the inset picture presents the half-stack ETM-based device. And d)
corresponding TRPL curves of perovskite with various ETMs (Glass/perovskite/SnO2, Glass/perovskite/
PCBM/SnO2, Glass/perovskite/PCBM and Glass/perovskite/SnO2/PCBM). (PVK = perovskite).

Energy Environ. Mater. 2023, 0, e12595 3 of 9 © 2023 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

 25750356, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eem

2.12595 by T
est, W

iley O
nline L

ibrary on [20/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



have turned yellowish entirely (Figure S5). Regarding photostability,
SnO2/PCBM-based devices reserved the highest performance among
all the devices after being exposed to 1 sun for 1000 h (SnO2/PCBM-
based IPSCs maintain over 90% of their initial PCE, while the PCBM-
only IPSCs can only retain ~60%) (Figure S6). In addition, the SnO2/
PCBM-based IPSCs illustrated higher PCEs and smaller deviations than
other groups, highlighting improved reproducibility (Figure 3e).

We summarized the champion photovoltaic performances of IPSCs
based on different ETMs in Table 1. The origins of such an impressive
PCE enhancement can be ascribed as follows. The primary source is
associated with improved charge transfer behavior. Normally series
resistance (Rs) and shunt resistance (Rsh) are used to reveal the charge
transfer behaviors directly.[65] Note the devices presented are in an
identical configuration except for the ETMs. Consequently, the changes
of Rs and Rsh can be attributed to the choices of ETMs. As illustrated in
Figure 4a (20 devices for each configuration), we record a reduction
in Rs ~ 160 Ω to ~55 Ω upon the addition of PCBM ontop/beneath
the SnO2 layer. This result indicates the charges flow more efficiently in
the SnO2/PCBM structure compared to that of the single ETM, which is
consistent with the PL and TRPL data presented in Figure 1a–d. The rel-
atively high Rs value recorded for SnO2-only IPSCs is consistent with
metal oxide films prepared at lower temperatures which exhibit high
defect densities and poor crystallinity, reducing the conductivity.[53] In

contrast to the SnO2-only IPSCs, the low Rs
recorded for PCBM-only films can be attrib-
uted to the better contact between perovskite
and PCBM. The roles of PCBM in IPSCs are
mainly twofold: 1) suppressing the ionic
migration caused by the external electric field
and immobilizing the iodine ions or vacancies
in the bulk of the perovskite layer, and 2) the
high electron extractability of PCBM could
facilitate the electron transfer at the perov-
skite/PCBM interface.[66] We infer that com-
bining the PCBM which has high electron
extractability but low electron mobility,[67,68]

with inorganic SnO2 which has high electron
mobility, could help facilitate charge transfer
at the perovskite/ETM interface. Interestingly,
we find that the PCE of the PCBM/SnO2-based
IPSCs was lower than that PCBM-only IPSCs.
As the PCBM is deposited prior to the SnO2

layer for PCBM/SnO2-based IPSCs, the post-
annealing of SnO2 layer (40 min at 100 °C)
is likely to shrink the predeposited PCBM
layer.[54,55] The negative impact of thermal
annealing could be avoided while adopting
SnO2/PCBM as the ETM where the annealing
of SnO2 layer is conducted prior to the deposi-
tion of PCBM. Moreover, the direct contact of
fullerene and perovskite could introduce deep
traps at the interface,[69,70] contributing to the
higher non-radiative recombination rate and
PCE drop in the PCBM/SnO2-based
devices.[71] In addition, conformal coating an
ultrathin (<10 nm, estimated from the XPS
data, Figure 2f) PCBM layer on top of a rela-
tively rough perovskite layer is still challeng-
ing. Therefore, we expected that SnO2 NPs

could help to smooth the surface of the perovskite layer, providing a
comparatively flat substrate to deposit the following layers, which is
supported by the AFM analysis (Figure S1a–e). Furthermore, dark J-V
curves also demonstrated the current leakage was minimized for SnO2/
PCBM-based IPSCs, indicating the efficient charge transfer and mitigated
current loss (Figure 4b), which is in agreement with the trend of the
Rsh statistics.

To further explore the charge extraction occurring between the
perovskite and the modified ETMs, electrochemical impedance spectra
(EIS) were recorded. Among these four types of IPSCs based on differ-
ent ETMs, SnO2/PCBM-based ones presented the lowest charge transfer
resistance (Rct), which is 148.4 Ω, as compared to 187.2 Ω for PCBM-
only, 313.0 Ω for PCBM/SnO2-based, and 513.5 Ω for SnO2-only
IPSCs. (Figure 4c, the equivalent circuit can be found in Figure S7). We
note that Rct often includes all the factors related to charge injection and
transfer processes within devices.[72] Hence, from the EIS results, we
concluded that by using Cu:NiOx/2-PACz and SnO2/PCBM, a fast and
balanced carrier transfer system can be created, contributing to the
reduced charge transfer resistance, which is consistent with the TRPL
results. We assigned the improved electrical properties of Cu:NiOx/2-
PACz and SnO2/PCBM to their high charge mobility and efficient
charge extraction across the interfaces. The electron mobility was deter-
mined by the space-charge limited current (SCLC) method (the

Figure 2. a) Ultraviolet photoelectron spectroscopy (UPS) spectra measured with photon energy of
21.22 eV on the SnO2, PCBM, SnO2/PCBM and perovskite (underlying layers of all ETM samples are
glass/ITO/Cu:NiOx/PVK), showing secondary electron cut-off and valence band region, respectively. b)
Energy diagram of different ETMs, assuming a fixed Fermi level. c) Plot of the variation of
photoluminescence quantum yield (PLQY) and corresponding non-recombination Voc loss of HTM/
PVK, HTM/PVK/SnO2, HTM/PVK/PCBM, HTM/PVK/PCBM/SnO2, and HTM/PVK/ SnO2/PCBM. d) X-ray
photoelectron spectroscopy (XPS) scan spectra of the Sn 3d core level for pristine SnO2 and SnO2/
PCBM. (PVK = perovskite).

Energy Environ. Mater. 2023, 0, e12595 4 of 9 © 2023 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

 25750356, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eem

2.12595 by T
est, W

iley O
nline L

ibrary on [20/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



structure is ITO/Ag/ETM/Ag, and
the details can be found in SI).[73,74]

As illustrated in Figure 4d, the SnO2/
PCBM system yielded the highest
electron mobility of
8.17*10�2 cm2 V�1 s�1, while the
values of PCBM, SnO2 and PCBM/
SnO2 are 3.82*10�3 cm2 V�1 s�1,
2.08*10�3 cm2 V�1 s�1 and
4.37*10�3 cm2 V�1 s�1, respec-
tively, which are in agreement with
previous reports.[74–76] The domi-
nant reason for the low charge
mobility of the pristine SnO2 layer is
attributed to its non-stoichiometric
and trap-rich nature. After combining
with PCBM, the charge mobility is
enhanced, and we believe such
improvement is because PCBM can
help to build connective highways
for carriers to move between SnO2

NPs. Except for the high electron
mobility of the SnO2/PCBM, the
device performance difference
between the SnO2/PCBM-based and
PCBM/SnO2-based IPSCs is also of
interest. Despite the morphology dif-
ference and fabrication sequence of
PCBM and SnO2, C=O group of the
PCBM also can passivate the electron-
poor oxygen vacancy defects which
may help to reduce trapping and
enhance the conductivity of the SnO2

layer.[77] Furthermore, we measured
the light intensity dependence of the
Voc for champion IPSCs based on var-
ious ETMs, respectively. The light
intensity dependence of Voc gives
insights into the primary recombina-
tion mechanism in solar cells via
extracting the ideality factor (n) from
the slope nkT/q of the voltage
dependence.[78,79] Thanks to the
superior electron transfer of SnO2/
PCBM, the trap-assisted recombina-
tion in SnO2/PCBM-based device
(1.18kT/q) is reduced as compared
to the PCBM-only (1.36 kT/q)
(Figure 4f), PCBM/SnO2-based
(1.42 kT/q) and SnO2-only
(1.51 kT/q) devices (the corre-
sponding data are listed in Table S5),
which agrees with our PLQY results
(Figure 2c).

Because the fabrication tempera-
ture of the entire device is no more
than 100 °C, we thus attempted to
make flexible inverted perovskite

Figure 3. a) Cross-sectional SEM of a SnO2/PCBM-based IPSC and illustration of the SnO2/PCBM layer in IPSCs
(scale bar = 100 nm). b) J-V curves of IPSCs based on different ETMs (SnO2-only, PCBM-only, PCBM/SnO2, and
SnO2/PCBM, F: forward scan; R: reverse scan). c) EQE curves of SnO2-only, PCBM/SnO2-based, PCBM-only and
SnO2/PCBM-based IPSCs. d) SPO tracking of SnO2/PCBM-based and PCBM-only devices. e) Reproducibility
statistics of IPSCs based on various ETMs. f) Environmental stability of SnO2/PCBM-based and PCBM-only
devices. All the devices were stored in a cabinet where temperature = 25 °C, relative humidity = 45%.

Energy Environ. Mater. 2023, 0, e12595 5 of 9 © 2023 The Authors. Energy & Environmental Materials published by
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solar cells (f-IPSCs) based on the same device configuration. Conse-
quently, we have achieved a champion PCE of over 21% (Figure S8,
Voc = 1.17 V, Jsc = 23.11 mA cm�2, FF = 79.05% and PCE = 21.37%),
as compared to PCE ~19% for PCBM-only f-PSCs (Figure S9,
Voc = 1.14 V, Jsc = 21.36 mA cm�2, FF = 77.72% and PCE = 18.92%).
Additionally, thanks to the stable SnO2 NPs and the hydrophobic PCBM
layer, the shelf storage stability (temperature = 25 °C, relative humid-
ity = 45%, dark, unencapsulated) has been enhanced (Figure S10).
However, we note that the shelf storage stability f-IPSCs is inferior to
their rigid counterparts, which is mainly attributed to the high water
vapor transmission rate (~40 °C, ~7 g m�2 day�1 polyethylene
naphthalate, while the value is ~10�5 g m�2 day�1 for glass) of plastic
substrates.[80]

In conclusion, our research provides a feasible route to manufacture
high-performance IPSCs based on metal oxides via a simple and cost-
effective method. By coupling n-type SnO2 with p-type Cu:NiOx as the
major components of CTMs, we attained a remarkable PCE of 23.5% for
IPSCs, in conjugation with the significantly enhanced long-term stability
against light, heat and moisture due to the protection of metal oxides.
The work highlights the importance of interfacial management in the
metal oxide/perovskite interfaces, in particular when these metal oxide
layers are prepared at low temperatures. We emphasize that the charge
transfer balance for holes and electrons needs to be meticulously
designed, to mitigate the recombination losses at the interfaces adjacent
to the perovskite photoactive layer. Finally, the robust and compact
metal oxide CTMs in IPSCs may offer unique advantages for flexible and
tandem devices for future commercial applications.

3. Experimental Section

Materials: ITO-patterned glass substrates (10 Ω sq�1) were purchased from
Huananxiangcheng Ltd. (China). Nickel (II) nitrate hexahydrate (98%) was pur-
chased from Alfa Aesar. Sodium hydroxide (99.9%) and pH paper stick indicator
were purchased from Fisher Sci Ltd. Lead diiodide (PbI2, 99.99%), [2-(9H-Carbazol-
9-yl)ethyl]phosphonic Acid (2-PACz) and lead dibromide (PbBr2, 99%) were pur-
chased from Tokyo Chemical Industry Co., Ltd. (TCI, Japan). Cesium iodide (CsI,
99.999%), Copper (II) nitrate trihydrate (98%), formamidinium iodide (FAI),
methylammonium iodide (MAI), and choline chloride (≥99%) were purchased
from Sigma-Aldrich. PC61BM (99.5%) and Bathocuproin (BCP, 98%) were pur-
chased from Ossila. N,N-dimethylformamide (DMF, 99.8%), dimethyl sulfoxide
(DMSO, 99.7%), chlorobenzene (CB, 99.8%) and toluene (99.85%), and

Isopropanol (IPA, 99.5%) were purchased from Acros. SnO2 (2.5 wt%) in butanol
solution was purchased from Avantama. Filter papers were purchased from
Whatman Inc. All chemicals and materials were purchased from commercial sup-
pliers and used as received.

Hole transport layer preparation: 0.25 mol nickel (II) nitrate hexahydrate
and copper (II) nitrate trihydrate were dissolved in 50 mL distilled water with
continuous stirring, copper (II) nitrate trihydrate was added to the nickel (II)
nitrate hexahydrate solution at a molar ratio of 5%. After the solution turns dark
green clear, the pH value is adjusted to 10 by adding 10 M sodium hydroxide,
the pH value is determined by pH indicator. The solution is kept stirring for
another 15 min after pH reached 10. Then the solution is filtered by a filter paper
to collect the dark green precipitation. The collected precipitation is heated at
80 °C for 1 h after washing with distilled water three times. To obtain copper-
doped nickel oxide nanoparticles (Cu:NiOx NPs), the heated precipitation was
transferred to a furnace to calcinate at 275 °C for 2 h to obtain black powders.
Finally, the black powder was dispersed in deionized water to form 2 wt% Cu:
NiOx NPs solution.

Perovskite solar cell fabrication: ITO-patterned glass substrates (10 Ω sq�1,
Huananxiangcheng Ltd.) were cleaned with deionized water, acetone, and isopro-
pyl alcohol, respectively. Then ITO-patterned glass substrates were treated with
an oxygen plasma process (Emitech K1050X, 230 V, 100 W) for 5 min before fab-
rication. Cu:NiOx NPs solution was spin-coated on ITO-coated substrates at 2000
rpm (1000 rpm/s) for 20 s, followed by a post-heating process at 120 °C for
10 min. Then, these Cu:NiOx-coated substrates were moved to a UV-ozone clean-
ing device to receive 5 min of UV-Ozone treatment. Then the 2-PACz was pre-
pared on top of the Cu:NiOx via spin-coating, the spin-coating condition of the
2-PACz layer is 3000 rpm (1000 rpm/s), 30 s with a solution concentration of
0.33 mg/mL (in ethanol), and baked at 100 °C for 10 min. Here, the composition
of perovskite layer is Cs0.05FA0.80MA0.15Pb(IxBr1-x)3, the perovskite precursor solu-
tion was prepared by dissolving 470.23 mg PbI2, 66.06 mg PbBr2, 15.59 mg CsI,
166.64 mg formamidinium iodide, and 19.15 mg methylammonium bromide in a
1 mL solution of 4:1 V/V DMF/DMSO. Then the solution was stirred overnight
at room temperature. Then perovskite layer was formed by spin-coating accord-
ing to a two-step protocol, 1000 rpm for 10 s and 4000 rpm for 35 s, 80 lL CB
was dropped 5 seconds before the end of the second step. Then the film was
heated at 100 °C for 60 min on a hotplate. A passivation layer, choline chloride
was then fabricated on top of the perovskite layer at 4000 rpm (2000 rpm/s),
30 s with a solution concentration of 1 mg/mL (in IPA), and heated at 100 °C
for 30 min. SnO2 layer was prepared with the SnO2 butanol solution, the solution
was diluted with 1-butanol till the concentration becomes half of the former
value. And the SnO2 thin film was spin-coated with the diluted solution at 6000
rpm (2000 rpm/s), 30 s and then was baked at 100 °C for 40 min. Phenyl-C61-
butyric acid methyl ester was used as the electron transport material, PC61BM
(10 mg/ml in CB) was spin-coated at 2000 rpm for 20 s, and dried at 100 °C for
5 min. Afterwards, bathocuproine solution (0.5 mg/mL in IPA) was spin-coated
on top of PC61BM. Finally, a 100 nm thick Ag electrode was deposited in a ther-
mal evaporator (<3 9 10�6 Torr, Moorefield thermal evaporator) to complete
the fabrication process.

Device characterization: XRD patterns were performed using 45 kV, 40 mA
Cu Ka (k = 0.154187 nm) radiation by PANalytical X’Pert Pro, equipped with an
X-ray mirror and proportional Xe detector(GM-tube). AFM images were obtained
via AIST-NT SmartSPM 1000 in a tapping mode. PL data were collected by
Agilent-Cary Eclipse Fluorescence Spectrophotometer. The TRPL measurements
were measured using a confocal microscope setup (PicoQuant, MicroTime 200).
The sample was excited by a 510-nm pulsed diode (PDL 828, PicoQuant, pulse
width ~ 100 ps) with an air objective. The signals were focused onto a Hybrid
PMT detector connected to a Picoquant acquisition card for time-correlated
single-photon counting (time resolution of 200 ps). The J-V characteristics and
SPO tracking were performed outside the glovebox at the lab condition by using
a Keysight B2901A source meter under simulated one-sun AM 1.5G illumination
(100 mW cm�2) with a AAA steady solar simulator (Enlitech, SS-F5-3A). Before J-
V measurements, the simulator was cautiously calibrated by using a standard
monocrystalline silicon solar cell with a KG-5 filter same as previously reported,
to ensure the accuracy of the Jsc measured from J-V scans, a mask with an aper-
ture area of 0.09 cm2 was used during the measuring process. The sweeping con-
ditions are reverse scan (1.20 V ? �0.02 V, scan rate 40 mV s�1, and no delay
time), forward scan (�0.02 V ? 1.20 V, scan rate 40 mV s�1, with no delay

Table 1. Photovoltaic parameters of the champion IPSCs based on SnO2-
only, PCBM-only, PCBM/SnO2, and SnO2/PCBM.

ETM Scan direction Voc (V) Jsc (mA cm�2) FF (%) PCE (%) HI

SnO2-only Forward 1.06 20.70 75.72 16.54 0.044

Reverse 1.12 20.54 75.85 17.31

PCBM/SnO2 Forward 1.17 21.11 75.81 18.72 0.035

Reverse 1.18 21.23 77.45 19.40

PCBM-only Forward 1.18 21.38 80.05 20.17 0.015

Reverse 1.18 21.51 80.69 20.48

SnO2/PCBM Forward 1.20 23.51 82.75 23.32 0.009

Reverse 1.20 23.66 82.96 23.53

Jsc, short-circuit current density; Voc, open-circuit voltage; FF, fill factor; PCE, power
conversion efficiency.
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time), and a reference cell purchased from Fraunhofer ISE CalLab (ISE001/013–
2018). All devices were measured both in the reverse scan (1.20 V ? �0.20 V,
step 0.02 V, delay time 100 ms) and forward scan (�0.20 ? 1.20 V, step 0.02 V,
delay time 100 ms) without any pre-light soaking and pre-bias process. To ensure
accuracy, a mask with an aperture area of 0.09 cm2 was used during the measur-
ing process.[81,82] Data were collected by the IV testing system with software (IVS-
KA5000). The light stability is measured under a 36 W LED, all the devices are
stored in a N2-filled box. For the thermal stability test, all the devices are placed
on a hotplate whose temperature is set as 85 °C in a N2-filled glovebox. The sta-
bilized power output was measured at the maximum power output bias voltage.
EQE was measured in air on a commercial system (Bentham PV300). And the sta-
bility test was conducted without encapsulation. The stability test was performed
at 25 °C, and the relative humidity was ~45%.
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