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Recent advances in electrode interface
modifications in perovskite solar cells
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Perovskite solar cells (PSCs) have attracted increasing attention in the past decade due to their low cost

and ease of manufacture, which make them promising candidates for next-generation photovoltaic
technologies. However, the long-term stability of PSCs is still a major challenge that needs to be
addressed before they can be commercialized. Interface engineering is a promising strategy to improve
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the performance and stability of PSCs. Here, we review the latest progress of interface modifications in
PSCs, focusing on electrode interface layers. We discuss energy band alignment, carrier transport
dynamics, interfacial defect passivation, and device stability in relation to electrode interface modifying

materials. Finally, we discuss the challenges and opportunities of electrode interface modifications in

rsc.li/frontiers-materials PSCs based on recent advances.

1. Introduction

The world’s transition to a net-zero carbon economy requires
the development of clean energy, such as photovoltaics (PV),
which can convert inexhaustible solar energy into electricity
and hence largely reduce the supply of nonrenewable fossil
fuels." Silicon (Si) solar cells currently occupy >90% of the
global PV market, due to a combination of their high efficiency,
low cost, and long lifetime.”> However, developing higher effi-
ciency per manufacturing cost of solar cells is still essential.® In
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recent years, metal-halide perovskite semiconductors have
attracted significant attention due to their excellent properties,
including solution processing, tunable bandgap, broad absorp-
tion spectrum, long carrier diffusion length, and fast charge
separation.* These properties enable the fabrication of perov-
skite solar cells (PSCs) with low cost and high power-conversion
efficiency (PCE)."** Since the first report of PSCs with a PCE of
3.8% in 2009, single-junction PSCs have achieved rapidly increas-
ing efficiency to a certified 26.0% in the last decade, and
perovskite-based tandem solar cells such as perovskite/Si tandems
have reached 33.7%.'* These achievements make PSCs one of the
most promising candidates for the next-generation PV market.
Despite the impressive progress in PCE, the long-term
stability of PSCs remains a major challenge for their practical
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application and commercialization.">™"” The instability of PSCs
is mainly attributed to the intrinsic instability of perovskite
materials and the degradation of device components under
environmental factors, such as moisture, oxygen, light, heat,
and mechanical stress.'®>' To improve the stability of PSCs,
various strategies have been proposed, including careful design
of perovskite compositions, additives, processing methods,
interfacial modifications, and encapsulations.?** Interface
engineering is one of the most promising approaches to
achieve both high performance and stability of PSCs.*>* This
involves the modification of the interfaces between different
layers in the device structure.*>>® Interface engineering can not
only optimize the energy band alignment and charge transport
dynamics at the interfaces but also passivate the interfacial
defects and protect the perovskite layer from external stimuli.®”"*!
Among the various interfaces in PSCs, the electrode interfaces
play a crucial role in determining the performance and stability of
the devices. They can influence the charge extraction, recombina-
tion, and migration processes in PSCs, and thus affect the
efficiency, hysteresis, and degradation of the devices.">**> The
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electrode interfaces can be modified by introducing various
materials, which can act as interfacial modifiers to improve the
carrier extraction efficiency, reduce the charge recombination and
leakage loss, enhance the interfacial adhesion and mechanical
flexibility, and prevent moisture and oxygen infiltration.**™*¢

In this review, we summarize the recent advances in electrode
interface modifications in PSCs. We focus on different electrode
interface modifying materials and their effects on device perfor-
mance and stability. We discuss electrode interface engineering
strategies for various types of PSCs. Finally, we highlight the
challenges and opportunities of electrode interface modifications
in PSCs based on the current state-of-the-art.

2. The role of electrode interface
layers

Reviews on interfacial engineering of PSCs typically focus on
the interfaces between the perovskite layer and the electron/
hole transport layers, covering several mechanisms by which
interfacial engineering can improve PSCs such as defect passiva-
tion, energy band alighment, and morphological control.>”*”*®
Here, we focus on specific aspects of the electrode interface layers
(EILs), which refer to the thin layers in direct contact with
transparent conductive oxide (TCO) and counter electrode, as
marked in red color in Fig. 1(a) and (b).* The EILs are optionally
selected for device fabrication in terms of different types of
electrodes in PSCs with p-i-n or n-i-p structures (Fig. 1). For
example, when fabricating PSCs with n-i-p structure, a device
without EILs has already achieved a very high PCE of 25.7%,
because the widely used hole transport layer 2,2',7,7’-tetrakis[N,N-
di(4-methoxyphenyl)amino]-9,9’-spirobifluorene (Spiro-OMeTAD)/
electron transport layer tin oxide (SnO,) has matched a work
function with the external gold (Au) anode/fluorine-doped tin

high WF electrode n-type semiconductor high WF electrode
Evac
Evac ——"
Per, ®
Ec £ en i
Perovskite E ——bo—- Pu contact ¢ Pu
F E ==
E _
v E,
b o~ 0 T n-type semiconductor low WF electrode n-type semiconductor low WF electrode
§ = Eyac —
‘é 51 Numerical simulations ® E i
= — WF=38 ETL [0 c
2101 wr=40 Ec . contact
c —WF=4.3 E,
3 -15 E --t==-- F
§ 20 i
£ E, —
O Ey

-25
00 02 04 06 08 1.0
Bias (V)

Fig. 2

(a) p—i—n device structure with cathode interlayer. (b) Numerical simulations of J-V curves based on different counter electrode work functions.

Illustration of the band bending in the condition of (c) a high work function electrode and (d) a low work function electrode as the cathode. Reproduced

with permission.>! Copyright 2021, American Chemical Society Publications.
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oxide (FTO) cathode.”® However, when considering the combi-
nation of different electrodes and transporting layers for some

reasons ie. reducing the manufacturing cost, enhancing the

device PCE and improving the operational stability, etc., the
problem arises with the interface energy level mismatch. This
instance is more common at the interface of the electron trans-
port layer/electrode. In some cases, the hole transport layer is
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allowed to contact and modify the anode directly. Hence, some of
the EILs belong to the hole-transporting layer.

2.1 Tuning electrode work function

For a typical PSC with p-i-n structure as shown in Fig. 2(a),
the external cathode commonly uses low-work function
metals such as silver (Ag), copper (Cu), and aluminum (Al)
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Fig. 3 (a) Schematic diagram of the mechanism of self-assembly monolayers (SAM). Reproduced with permission.>* Copyright 2020, Wiley-VCH.
(b) Photoluminescence (PL) and chemical structure of a general carbazole-based SAM, where R denotes a substitution, which is either nothing (2PACz), a
methoxy group (MeO-2PACz), or a methyl group (Me-4PACz). The number 2 or 4 denotes the number of linear C atoms between the phosphonic acid
anchor group and the conjugated carbazole main fragment. PL spectra before (dashed lines) and after 600 s of light-soaking (solid lines) under 1 sun
illumination in air. Reproduced with permission.>? Copyright 2020, Science Publishing Groups. (c) Electrode corrosion of perovskite-based resistive
random-access memory. Reproduced with permission.** Copyright 2020, Science Publishing Groups. (d) Schematic of the degradation process of PSCs
and the immobilization effect of the cathode interlayer on leaked Pb?* ions. Reproduced with permission.>* Copyright 2020, Nature Publishing Groups.
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(a) Molecular structure of BCP. (b) J-V curves of BCP-based devices before and after thermal aging at 85 °C for 12 h. AFM morphology of BCP

films (c) before and (d) after thermal aging at 85 °C for 12 h. Reproduced with permission.®®> Copyright 2020, RSC Publications. (e) Schematics of
perovskite solar cells with and without a 10 nm indium-zinc-oxide (IZO) film under the Cu electrode. (f) J-V characteristics of perovskite solar cells with
Cu and 1IZO/Cu electrodes. Reproduced with permission.®® Copyright 2022, RSC Publications.
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to collect electrons. However, these low-work function metals 2.2 Enhancing carrier extraction
are chemically reactive and environmentally unstable. To improve
the counter electrode stability, Wang et al. try to demonstrate
the use of high work function Au as the cathode.’* Numerical
simulations show that increasing the work function of the
cathode would largely reduce the device fill factor (FF), as
shown in Fig. 2(b). The reduced performance is due to the
energy barrier generation after aligning the Fermi level of the
electron transport layer with the high work function electrode
(Fig. 2(c)). Therefore, introducing a cathode interlayer is
necessary to eliminate the energy barrier by turning the
high work function of the cathode into a low work function

(Fig. 2(d)).

Directly modifying the surface work function of TCO allow the
EILs to be hole/electron selective. Recently, a series of self-
assembly monolayers (SAM) have been employed as anchors on
the indium tin oxide (ITO), replacing the role of the hole
transport layer.”> As illustrated in Fig. 3(a), the energy level
of SAM can be tailored by changing the spacer length and
functional groups.” The SAM-modified ITO has enhanced
carrier extraction capability, which can also lead to improved
stability for the wide bandgap perovskite with minimized
phase-separation as confirmed by photoluminescence (PL)
characterization (Fig. 3(b)).>?
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Fig. 5 (a) Molecular structure of [(CgH17)4NI4[SiW1,040] (TOASIW;,). (b) PCE statistics of devices based on TOASiIW;, and BCP, respectively.
(c) Schematic illustration for the improvement of the TOASiIW;, layer on the water resistance of the PSCs. (d) Contact angle measurements of
perovskite/PCe;BM, perovskite/PCe;BM/BCP, and perovskite/PCgBM/TOASIW;,. Reproduced with permission.”® Copyright 2022, Wiley.
(e) Molecular structure of neutral carbolong (NC) complex. (f) Device structure with an NC cathode interlayer. (g) J-V curves, (h) thermal stability
and maximum power point tracking (MPPT) of devices based on NC and BCP, respectively. Reproduced with permission.>® Copyright 2023,
RSC Publications.
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2.3 Diffusion and infiltration barrier

Ion migration has been widely recognized in perovskite-based
devices.>® Studies have shown that the migrated halide ions
can react with the common metal electrodes, which acceler-
ates the device degradation.>® Physical or chemical separating
methods have been developed to hinder this process.>” The
EILs provide a barrier for internal halide diffusion. The
rationally designed EILs with some special groups can also
react with the electrode’s inner surface, which makes the
electrode unreactive to prevent diffused-halides-induced
corrosion (Fig. 3(c)).** Likewise, some EILs can be tailored
as dense and hydrophobic layers to inhibit moisture
infiltration.*® Since the moisture or water infiltration possibly
leads to toxic lead leakage, which can be suppressed by
modifying the EILs.”® As shown in Fig. 3(d), Wu et al. added
some lead-trapping materials in the EILs that can effectively
minimize lead leakage.>*

Overall, the EILs are introduced into a device basically based
on the requirement of tuning the work function of electrodes.
The EILs can improve the interfacial energy level alignment and
enhance the carrier extraction to the electrodes. Moreover, the
employment of EILs can hinder internal elements diffusion and
external infiltration and thus prolong the long-term stability
of PSCs.
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3. Electrode interface engineering

Despite the benefits of using EILs, some of them have negative
effects, such as increasing series resistance, inducing parasitic
absorption, decreasing FF and short-circuit current density
(Jso)->>%° 1t is important to optimize the selection and deposi-
tion of electrode interface modifying materials (EIMs) for PSCs
to achieve a trade-off between performance and stability. In this
section, we show the electrode interface engineering strategies
for various types of PSCs with mainly p-i-n and n-i-p struc-
tures. We analyze the state-of-the-art results of applying EIMs to
improve performance and stability.

3.1 Cathode interface modification in p-i-n PSCs

Organic small molecules and polymers are often used as EIMs
because they are relatively easy to synthesize and process.’’
Organic small molecules i.e. bathocuproine (BCP), have been
widely used as a cathode interlayer deposited before external
metal electrodes in PSCs with p-i-n structure. Currently, both
p-i—n structure single-junction PSCs and all-perovskite tandem
solar cells with the highest PCEs use the thermal-evaporated
BCP as the cathode interlayer because it effectively lowers the
carrier recombination at the cathode interface.’*°>®* However,
this organic BCP layer leads to a rapid loss of device efficiency
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Fig. 6 (a) Conceptual mechanism with interface stabilization for long-term stable PSCs and (b) corresponding energy band diagram. (c) PL and (d) time-
resolved PL (TRPL) of three films FTO/NiO,/Al,O3/CsFAMA-perovskite/PEAI/PCBM/BCP (dark), FTO/NiO,/PTAA/Al,O3/CsFAMA-perovskite/PEAI/PCBM/
BCP (orange) and FTO/NiO,/PTAA/AL,Os/KCsFAMA-perovskite/PEAI/PCBM/BCP/ALD-SnO, (blue). (e) Operational-stability of three devices FTO/NiIO,/
Al,O3/CsFAMA-perovskite/PEAI/PCBM/BCP/Ag (dark), FTO/NiOx/PTAA/Al,O3/CsFAMA-perovskite/PEAI/PCBM/BCP/Ag (orange) and FTO/NiOx/PTAA/
AlLO3/KCsFAMA-perovskite/ PEAI/PCBM/BCP/ALD-SnO,/Ag (blue). Reproduced with permission.8* Copyright 2021, Elsevier B.V. Publications. (f) Schematic
diagram of the structure of the series-connected all-perovskite tandem module with conformal diffusion barrier (CDB) to prevent ion diffusion. (g) J-V curves
of different module configurations. Reproduced with permission 8> Copyright 2022, Science Publishing Groups.
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when tracking the stability (Fig. 4(b)), due to the crystallization
of the thermally evaporated BCP layer under thermal stress,
which can be observed from the morphological change before and

Table 1 Representative molecules with passivating groups decorating
between the anode and the perovskite

Passivating Device efficiency
group Molecular structure (%) Ref.
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after thermal aging under 85 °C for 12 h (Fig. 4(c) and (d)).***
In addition, the BCP layer is easy to cause peel-off damage
and reduces device performance when using sputtered TCO as
the counter electrode (Fig. 4(e) and (f)), which have shown
potential for bifacial photovoltaics and perovskite/Si tandem
devices.®®7°

To replace BCP, multiple EIMs such as organic small molecules,
polymers, organic-inorganic hybrid compounds, and inorganic
metal oxides have been developed and shown enhancement
in both the efficiency and the stability for PSCs.”"””” Organic-
inorganic hybrid EIMs with the advantages of both the
structure tunability of organic molecules and the stability of
inorganic materials have the potential to overcome the instabi-
lity of the cathode interface. Yu et al. reported a surfactant
encapsulated polyoxometalate complex [(CgH7)sN]4[SiW1,040]
(TOASiW,,) (Fig. 5(a)), which can form a stable cathode inter-
face by reacting with cathode AL.”® The PSCs with TOASiW{,0,0
achieved a PCE of 20.64%, higher than BCP-based devices
(Fig. 5(b)). Moreover, TOASiW,, can effectively block moisture
permeation as it has abundant alkyl chains to improve the
hydrophobicity of the device (Fig. 5(c)) as confirmed by water
contact angle tests (Fig. 5(d)). Wang et al. reported an organic-
inorganic Carbolong complex used as a cathode interlayer in
Cu-based PSCs (Fig. 5(e) and (f)). A neutral carbolong complex
(NC) can tune the alignment of the interfacial energy level and
improve the PCE to 22.65% (Fig. 5(g)).>* The NC molecule has
superior thermal properties that can facilitate the duration of a
device under 85 °C heating and one-sun illuminated maximum
power point tracking (MPPT) (Fig. 5(h) and (i)).

Inorganic metal oxides SnO, have also been widely used to
modify the cathode interface in p-i-n PSCs.”"®' SnO, have
deep highest occupied molecular orbitals (HOMOs), strong hole
blocking capacity, high electron mobility, and good stability.**
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(a) Molecular structure of the amphiphilic MPA-CPA molecule. (b) PL quantum yield and (c) PL decays of perovskite films on different substrates.

(d) The statistics of PCE values for devices based on different HTLs. Reproduced with permission.? Copyright 2023, Science Publishing Groups.
(e) Ilustration of SAM formation and the perovskite crystallization process. (f) Energy-level diagram. (g) TRPL of perovskite films with different
concentrations of Me-4PACz on glass substrates. Reproduced with permission.** Copyright 2022, Nature Publishing Groups.
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Wang et al. reported SnO, by atomic layer deposition (ALD) as a
barrier layer to prevent degrading the perovskite layer from
moisture and oxygen as well as halogen diffusion (Fig. 6(a)).**
The SnO, cathode interlayer has a matched energy level for
electron transfer (Fig. 6(b)), thus enabling efficient charge
separation and suppression of interfacial non-radiative recom-
bination (Fig. 6(c) and (d)). As a result, the device with ALD
SnO, maintained 85% of the initial PCE for 1000 h under 1 sun
illumination tracking. Furthermore, the ALD SnO, technique
has been mitigated to bifacial and tandem devices because
the dense layer can bear the deposition of sputtered ITO and
solution processing that the solvents are incompatible with the
bottom layers.®* Xiao et al. introduced an electrically conductive
conformal diffusion barrier (CDB) consisting of ALD SnO,
between interconnecting sub-cells to improve the PCE and
stability of all-perovskite tandem solar modules.®® As presented
in Fig. 6(f), the CDB layer served as both a vertical electron
extractor and a lateral diffusion barrier. It also prevented direct
contact between the metal electrode and the conductive poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT: PSS) in
the recombination layer, which could otherwise lower the shunt
resistance (Fig. 6(g)).

3.2 Anode interface modification in p-i-n PSCs

SAM of organic small molecules that can modify the TCO anode
has been employed in the highest efficiency p-i-n PSCs and
perovskite-based tandem solar cells."™** Such organic small
molecules have functions as hole-extracting layers, which can
also contact the perovskite layer directly and passivate inter-
facial defects, depending on their chemical structure and
groups.®® We have listed the reported representative passiva-
ting agents in Table 1 according to their molecular functional
groups. Recently, Zhang et al. reported a SAM molecule (2-(4-
(bis(4-methoxyphenyl)amino)phenyl)-1-cyan vinyl)phosphonic
acid (MPA-CPA) (Fig. 7(a)) with amphiphilic groups that enables
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efficient hole transport and the growth of high-quality perov-
skite films with minimized defects at the buried interface.®>
The perovskite films deposited on MPA-CPA displayed a PL
quantum yield of 17%, much higher than on glass, PTAA, and
2PACz (Fig. 7(b)). The perovskite on MPA-CPA also presented
the best electronic quality and suppressed nonradiative recom-
bination as demonstrated by the time-resolved PL (TRPL) in
Fig. 7(c). Thus, the device PCE could be improved to 25.4%,
which is the highest efficiency in p-i-n PSCs (Fig. 7(d)). The
SAM molecules can also be mixed with the perovskite precursor
and co-deposited by one-step solution processing.”? As illu-
strated in Fig. 7(e), the SAM molecule Me-4PACz binds to the
TCO surface generating a loosely packed SAM during coating
the precursor solution, and a denser and more robust SAM
forms when annealing the wet perovskite film. The resulting
films show elevated work function of ITO after washed-off
examination and less n-type perovskite as compared to the
control film without co-deposition (Fig. 7(f)). The presence of
Me-4PACz reduces surface non-radiative recombination as
measured by TRPL (Fig. 7(g)). The co-deposition method tackles
the critical wetting issue encountered when processing perovs-
kite onto hydrophobic SAMs and simplifies manufacturability.

3.3 Cathode interface modification in n-i-p PSCs

For a n-i-p structure device as shown in Fig. 8(a), the electron
transport layer of low-temperature solution-processed [6,6]-
phenyl-Cg;-butyric acid methyl ester (PCBM) can be deposited
between ITO and perovskite. However, the lowest unoccupied
molecular orbital (LUMO) of n-type semiconductor PCBM has a
large energy gap with the ITO electrode as shown in Fig. 8(b),
which would lead to a large energy loss, reducing the open-
circuit voltage (V,) and FF.°* Introducing a polymer interlayer
poly[(9,9-bis(3’-(N,N-dimethylamino) propyl)-2,7-fluorene)-alt-
2,7-(9,9-dioctylfluorene)] (PFN) can effectively reduce the work
function of ITO and improve the device performance from

[~s—Without PFN, PCE=7.9%]
|—e—With PFN, PCE=12.2% |
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Fig. 8 (a) n—i—p device structure with a cathode interlayer PFN. (b) Energy level alignment and (c) J-V curves of devices with and without cathode
interlayer modified electrode. Reproduced with permission.’? Copyright 2017, Elsevier B.V. Publications. (d) Energy level alignment, (e) PCE statistics and
(f) external quantum efficiency (EQE) of n—i—p solar cells with corresponding low-temperature processed ITO (LT-ITO) interlayer. Reproduced with

permission.>® Copyright 2023, Wiley.
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with permission.*® Copyright 2022, Nature Publishing Groups.

7.9% to 12.2% (Fig. 8(c)). To eliminate the interface energy
mismatch between ITO and SnO, ETL, Chen et al. reported a
low-temperature-processed ITO (ITO-LT) cathode buffer layer.”
Interfacial charge transfer could be enhanced by introducing
a 3 nm sputtered ITO cathode buffer layer with an appro-
priate energy alignment and effective defect suppression of
oxygen vacancies in it, leading to a PCE of 21.13% in PSCs
(Fig. 8(d) and (e)). The defect control by oxygen vacancies
management could improve device J;. confirmed from the
external quantum efficiency (EQE) enhancement (Fig. 8(f)).

3.4 Anode interface modification in n-i-p PSCs

The anode interlayer can act as a barrier to enhance the
stability of n-i-p PSCs. Carbon materials such as graphene
and fullerene derivatives have attracted considerable attention
as promising EIMs for PSCs due to their excellent electrical,
optical, and mechanical properties, as well as their abundance
and environmental friendliness.”* Carbon materials can be
incorporated into PSCs in various forms, such as thin films or
composites.”® Lin et al. reported in situ grown graphene to
modify the copper-nickel (Cu-Ni) alloy anode enabling long-
term stable operation of PSCs.*® The Cu-Ni alloy and graphene
(CNG) electrode can effectively block the interdiffusion of
halides and electrode metals (Fig. 9(a) and (b)), which make
the device to operate for 5000 h and keep the PCE to 95%

(Fig. 9(c)).

4. Conclusions and outlook

The electrode interfacial layer (EIL) is vital in perovskite solar
cells (PSCs) as it can tune the electrode work function and
improve interfacial energy level match, enhance carrier trans-
port, and form a barrier to external infiltration and halide

diffusion. Tremendous efforts have been made to develop
electrode interface modifying materials (EIMs) to improve the
efficiency and stability of PSCs. The electrode interface engi-
neering strategy has been applied in various types of PSCs
including p-i-n and n-i-p structure and perovskite-based
tandem devices by rationally designing the EIMs and introduc-
ing them as the EILs.

However, there are some remaining challenges in modifying
the electrode interface in PSCs. Basically, the processing of
EIMs should enable scalability. Most of the EIMs are processed
by lab-scale spin-coating technique. The methods to fabricate
large-area and uniform films based on the current EIMs lack
further demonstration. Second, the EIMs must have compat-
ibility with the processing of other layers. The EIMs on the TCO
side should be insoluble in the solution of the top layers and
avoid dissolving the bottom layers when deposited on the
counter electrode side by solution-processing. More efforts
should be invested in future research regarding developing
novel EIMs, optimizing the interfacial properties and struc-
tures, integrating with other stability improvement methods,
and exploring new applications and markets for PSCs.
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