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Perovskite solar cells (PSCs) have witnessed great achievement in the past decade. Most of previous researches focus
on the n–i–p structure of PSCs with ultra-high efficiency. While the n–i–p devices usually used the unstable charge transport
layers, such as the hygroscopic doped spiro-OMeTAD, which affect the long-term stability. The inverted device with the
p–i–n structure owns better stability when using stable undoped organic molecular or metal oxide materials. There are
significant progresses in inverted PSCs, most of them related to charge transport or interface engineering. In this review, we
will mainly summarize the inverted PSCs progresses related to the interface engineering. After that, we prospect the future
direction on inverted PSCs.

Keywords: inverted perovskite solar cells, charge transport layer, interface modification, defect passivation

PACS: 73.40.Lq, 68.65.–k, 68.35.–p, 81.05.Hd DOI: 10.1088/1674-1056/ac8e9f

1. Introduction

Metal halide perovskite materials have attracted exten-
sive attention in the field of solar cells due to the optoelec-
tronic properties such as high absorption coefficient, tunable
bandgap, large carrier diffusion length and small exciton bind-
ing energy.[1–6] After several years of development,[7–18] since
Miyasaka et al. first applied perovskite materials into solar
cells in 2009,[12] the power conversion efficiency (PCE) of
PSCs has rapidly increased from the original 3.8% to the cer-
tified 25.7%.[19]

In perovskite solar cells (PSCs) devices, the ab-
sorption layer with ABX3 (A = MA+/methylammonium+,
FA+/formamidinium+, generally with the mixture of Cs+ or
Rb+; B = Pb2+ or Sn2+; X = I− or Br−) structure[20–23]

(Fig. 1(a)) is sandwiched between the n-type electron-
transporting layer (ETL) and p-type hole-transporting layer
(HTL). Based on the deposition sequence of the charge lay-
ers, there are two typical device structures for PSCs: n–i–p
type (named as normal structure, Fig. 1(b)) and p–i–n type
(named as inverted structure, Fig. 1(c)). In particular, the PSCs
with p–i–n structure deserve more attention for further study
on account of their long-term stability and negligible hystere-
sis effects,[24,25] which promise the evolution of PSCs in the
commercial market.

Compared to the normal structure of PSCs using
moisture/heat-sensitive doped charge transport layer, stable
undoped organic semiconductor or metal oxide is usually used
in the inverted PSCs, which shows the great advantage in the

long-term stability of the inverted PSCs.
It has been mentioned that the p–i–n PSC was first pro-

posed in 2013 by Guo et al. based on organic solar cells
architecture.[26] The highest efficiency of the inverted PSCs
is 25.0% (with certified 24.3%), which is comparable to the
champion efficiency of normal structure PSCs.[27] In addition
to the development of the perovskite film growth technique,
the main driving force for higher performance in inverted per-
ovskite solar cells mainly is due to the interface engineering.
In this review, we focus on summary of the recent milestone
progresses in inverted PSCs, especially in the interface engi-
neering including the hole transport layer, electron transport
layer and their modifications.

(a)

(c)(b)

Fig. 1. (a) Schematic diagram of perovskite crystal structure. (b) and
(c) Normal and inverted structure perovskite solar cells, respectively.
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2. Hole transport layers of PSCs
Both organic and inorganic semiconductors are widely

used as the HTL in inverted PSCs. Since the HTL is on the
bottom of the device, acts as the optically active window, the
charge selective layer and the substrate for perovskite at the
same time in inverted PSCs, the characters of HTLs dominate
both the quality of the resultant perovskite films and the light
absorption (performance) of the devices. Hence, it is con-
sidered that high transmittance, appropriate energy level and
surface properties are required for the HTL in high-perform
inverted PSCs. Meanwhile, the contact between HTL and
perovskite, that is the buried interface, largely determines the
device performance.[28,29] Several mainstream hole transport
materials and their interface modification are introduced.

2.1. Organic HTLs for inverted PSCs
2.1.1. PTAA based inverted PSCs

Poly[bis(4-phenyl)(2,5,6-trimethylphenyl)amine] (PTAA)
is regarded as a splendid hole transporting and electron block-
ing material in perovskite solar cells. The molecular structure
of PTAA is displayed in Fig. 2(a). In 2014, PTAA was in-
troduced into normal PSCs by replacing classic hole transport

layer Spiro-OMeTAD, and an excellent performance of 16.2%
was achieved by Gratzel and Seok et al.[3] Now, PTAA is used
as a general and efficient hole transport layer for inverted
perovskite solar cells.

Huang and co-workers firstly introduced the PTAA into
the inverted PSCs and they found that the hydrophobic prop-
erties of PTAA affect the growth of the perovskite layer. The
PTAA showed a great capability to increase the open-circuit
voltage (VOC) of PSCs after a post-washing process by DMF.
In addition, a short-time ultraviolet (UV) treatment of the
PTAA layer before the perovskite deposition changes the hy-
drophobicity of PTAA surface and improves the optical prop-
erties of PTAA layers either. As a result, the UV treatment
for doping-free PTAA HTL helped the inverted devices to get
a high PCE of 19.17%.[30] When applying 2,3,5,6-tetrafluoro-
7,7,8,8-tetracyanoquinodi-methane (F4-TCNQ) doped PTAA
as the HTL, a steady-state PCE of 21% at the maximum power
point in the F4-TCNQ-doped PTAA based inverted PSCs was
achieved by Zhu et al. while PTAA was pre-treated by DMF
solvent after annealing process.[31] However, F4-TCNQ has
poor solubility in toluene, which is a common solvent for
PTAA.

(a) (b) (c)

(d) (e) (f)

(g) (h)

Fig. 2. (a) Molecular structure of PTAA. (b) The energy levels of PFN-Br doped devices and (c) J–V curves of the champion control device
and PFN-Br doped device.[32] (d) Solar cell device structures with the passivated interfaces and (e) J–V curves of champion reference and FPEAI
modified device.[34] (f) J–V curves of PTAA/PVK, PTAA/PVK:PPS, and PTAA/PPS/PVK:PPS-based devices.[35] (g) Schematic of inverted devices
structure and the chemical structure of LAIs and (h) J–V curves of the control device and devices based on different LAIs.[37]
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Researchers found that the wettability of charge transport
layers can be improved by introducing an amphiphilic conju-
gated polyelectrolyte as interfacial compatibilizer. The poly
[(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-
2,7-(9,9dioctylfluorene)] (PFN) or poly [(9,9-bis(30-((N,N-
dimethyl)-N-ethylammonium)-propyl)-2,7-fluorene)-alt-2,7-
(9,9-dioctylfluorene)] dibromide (PFN-P2) is demonstrated
to perfectly change the hydrophobicity of PTAA, thus re-
ducing the interfacial contact losses at both the surface and
bottom interface. As the result, a large increase in VOC was
realized, and an efficiency of 20.32% was obtained in de-
vices (Figs. 2(b) and 2(c)).[32] Xing’s group applied a donor–
acceptor–donor type organic molecule, 4,4′,4′′-(1-hexyl-1H-
dithieno [3′,2′:3,4;2′′,3′′:5,6] benzo [1,2-d] imidazole-2,5,8-
triyl) tris (N,N-bis(4-methoxyphenyl)aniline) (denoted as
M2), to modify the surface of PTAA. M2 was designed to be
benefit for hole extraction and transport, and finally improved
the PCE from 18.67% to 20.23%.[33]

Inserting ultrathin interlayers between perovskite and
charge transport layers is a ubiquitous method to substantially
reduce these interfacial contact losses at both the up and down
interfaces. The incorporation of the 2-phenylethylammonium
iodide (PEAI) small molecules in DMF gives rise to an ame-
lioration of the device performance. Except for the modi-
fying effect of DMF in surface wettability, PEAI improves
the interface contacts by facilitating high-quality film forma-
tion upon the HTL. The modification of the bottom inter-
face leads to a more compact and uniform perovskite film
with less nanovoids, resulting in a significant increase in the
fill factor (FF) from 83.4% to 85%, thus achieving a supe-
rior device performance of 23.7% (Figs. 2(d) and 2(e)).[34]

The phenyl group of PEAI can tightly bound to the face-
on PTAA polymers due to π-π stacking, thus generating
the upward-facing alignment of the ethylammonium iodide
group, which is deemed to be the nucleation points for the
growth of perovskite crystals. Similarly, a steady chemical
bridge is constructed between the interface of 3-(1-pyridinio)-
1-propanesulfonate (PPS) molecules and PTAA to lessen in-
terfacial recombination centers for charge carriers. The sul-
fonate at the other end of PPS could anchor perovskite through
a strong S–O•••Pb coordination bond at the same time. There-
fore, the charge collection takes advantage of the chemical
bridge and the recombination is suppressed on the contrary,
leading to an efficiency of 21.7% (Fig. 2(f)).[35]

Huang et al. developed a blade-coating technique for the
fabrication of PTAA and perovskite thin films in large-area
devices at room temperature. Partial substitution of dimethyl
sulfoxide (DMSO) with solid-state carbohydrazide minimizes
interfacial pinholes and inhibits the crystallization process, re-
sulting in larger grains and intimate contact at HTL/perovskite
interface. Thus, the inverted PSCs get a stabilized PCE

of 23.6% for single device and an efficiency of 19.2% for
module.[36] Although ultra-thin polymers have been confirmed
to be successfully in inhibiting non-radiative recombination at
the bottom interface, the following problem is that the insulat-
ing films may impede the extraction of charge. Alex Jen and
co-workers employed a large alkylammonium interlayer (LAI)
to improve the interface contact between PTAA/PVSK. 1,4-
butanediammonium iodide (BDAI) shows outstanding per-
formances in defects passivation and crystal-growth facilita-
tion simultaneously. Thus they achieved a dramatically in-
creased VOC from 1.12 V to 1.21 V, yielding a PCE of 22.3%
(Figs. 2(g) and 2(h)).[37] Usually, there exists a trade-off be-
tween the solubility and molecular weight of polymers, so the
influence of PTAA polymers’ molecular weight on solubility
should be considered in inverted PSCs.

2.1.2. P3CT-X HTL based inverted PSCs

Poly[3-(4-carboxybutyl)thiophene-2,5-diyl] (P3CT)
molecule acts as an efficient HTM in the p–i–n structure in re-
cent years. The P3CT-based polymers contain the hydrophilic
side chains, which are beneficial to the solubility of the ma-
terial in deionized water. The P3CT-X (X: Na+, K+, Rb+,
Cs+, or CH3NH+

3 ) polymer is synthesized via mixing P3CT
with other compounds. The molecular structure of P3CT-Na
is shown in Fig. 3(a), which is synthesized through the sub-
stitution of hydrogen anion by sodium anion in P3CT, when
mixing P3CT and NaOH in water solution. Fang et al. have
rich experience in the synthesis of P3CT-X compounds and
have successfully used them in preparing high-efficiency in-
verted PSCs. At the beginning, moderate efficiency of 16.6%
has been obtained, which was mainly attributed to the hy-
drophilicity of Na+ ions.[38] The concentration of P3CT-Na
aqueous solution is approximately 0.15 wt%, indicating that
Na+ barely changes the solubility of P3CT in water. When
the Na+ is substituted by CH3NH+

3 , they obtained a smoother
interlayer film on the substrate. Moreover, P3CT-CH3NH2

has better solubility in methanol and shows a stronger aggre-
gation, comparing with P3CT-Na. As a result, the efficiency
increased dramatically from 16.6% to 19.6% (Fig. 3(b)). Fur-
thermore, devices based on flexible polyethylene terephthalate
(PET) substrate achieved 18.2% (Fig. 3(c)).[39] The doping of
graphdiyne (GD) in P3CT-K effectively improves the surface
wettability, and subsequently, resulting in better morphology,
homogeneous coverage and reduced grain boundaries. Finally,
the PCE of P3CT-K based inverted PSCs achieved 19.5%
(Figs. 3(d) and 3(e)).[40] Considering the affinity of alkali
metal ions Rb+ and Cs+ with perovskite materials, researchers
investigated the performance of the Rb+/Cs+doped P3CT as
the HTLs. Figure 3(f) exhibits the energy level diagram of
P3CT-X polymers composed of different elements. It is as
expected that the work function (WF) of P3CT-Rb matches
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well with the valence band of perovskites, generating a large
open-circuit voltage and high efficiency of 20.52% (Figs. 3(g)
and 3(h)).[41] While introducing PbS buffer layer, combing us-

ing the synthetic P3CT-N material as the hole transport layer,
an efficiency of up to 24.3% has been achieved, which is the
highest level of inverted PSCs at present.[42]

(a) (b) (c)

(d) (e)

(f) (g) (h)

Fig. 3. (a) Molecular structure of P3CT-Na. J–V curves of devices with P3CT-CH3NH2 on (b) rigid glass/ITO and (c) flexible PET/ITO.[39] (d)
Device architecture and the structure of GD and (e) J–V curves of devices with P3CT-K and P3CT-K(GD) as HTLs.[40] (f) Energy level diagram of
the P3CT-X polymer; (g) J–V curves and (h) hysteresis of devices based on different HTLs.[41]

2.1.3. Organic self-assembled molecules based in-
verted PSCs

Self-assembly means the process by which a disordered
system forms an organized structure through the interac-
tions of individual components without external intervention.
Figure 4(a) shows the basic structure of a self-assembled
molecule (SAM) which includes three portions: the anchor-
ing, the spacer and the terminal groups.[43] The anchoring
groups of SAMs can form covalent links to the substrate,
which guarantees high coverage of the SAM. For example, the
aliphatic phosphonic acids [—P(=O)(OH)2] can easily com-
pose a dense insulating monolayer on oxides and block the
electron transfer across the interface.[44,45] The spacer group is
the backbone of the molecule, it bridges terminal and anchor-
ing groups. The terminal group is in charge of the interfacial
chemistry with the overlayer (e.g., the energy level alignment)
and determining surface properties (e.g., the hydrophily).

After previous application as electrode modifications,
SAM was first used as the hole-selective layer on ITO for

inverted PSCs in 2018 and got a PCE of 17.8%.[44] Up to
now, the single junction inverted devices own the efficiency
of 24.3%[46] and the tandem devices of 29.1%[47] as the
best level. Different from conventional organic HTLs which
are usually costly and doping-required, SAMs present multi-
ple advantages, including simple synthesis methods, tunable
bandgap and green-solvent inclusiveness. For instance, except
for conventional spin-coating, the dip-coating method is es-
pecially suitable for large-area and textured substrates. With
the immersion and rinsing progress, the substrate obtained
by dip-coating is comparable to the spin-coating one. Var-
ious self-assembled molecules with different structures can
be designed and synthesized according to different require-
ments. The SAMs are designed to modulate the work func-
tion to align with the valence band of perovskite. Phos-
phonic acids (PA) are widely known to form strong links
with oxide surfaces and enable work function modulation. In
addition, carbazole derivatives have been demonstrated for
their electron-blocking and hole-selective properties. SAMs
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based on carbazole show great superiority in defects passiva-
tion and charge extraction optimization. Figure 4(b) exhibits
the molecule structures of several carbazole-based SAMs,
e.g., V1036 ((2-{3,6-bis[bis(4-methoxyphenyl)amino]-9H-
carbazol-9-yl}ethyl)phosphonic acid),[44] MeO-2PACz ([2-
(3,6-dimethoxy-9Hcarbazol-9-yl)ethyl]phosphonic acid) and
2PACz ([2-(9H-carbazol-9-yl)ethyl]phosphonic acid). The
performances of devices based on such SAMs are presented in
Figs. 4(c) and 4(d).[48] Based on 2PACz, the efficiency of the
inverted devices gradually increased from 21.1% up to 24.3%,
which is the most outstanding performance at present.[46,49]

Studies show that the passivation effect and charge extraction
ability of SAMs are greatly improved after replacing methoxyl
group with methyl group in MeO-2PACz. Meanwhile, the im-
pact of the aliphatic chain length (n) in carbazole-based SAMs

was explored and the results reveal a maximal FF at n = 2
for nPACz and n = 4 for Me-nPACz.[47,50] Therefore, a FF of
84% in inverted PSCs was achieved with the Me-4PACz HTL
(Fig. 4(e)). Besides, the high efficiency of 29.1% could be
achieved when it is applied in the perovskite/silicon tandem
solar cells,[47] as displayed in Figs. 4(f) and 4(g).

Additionally, small molecule materials with different
structures are also competitive, such as EDAR03, MPA-BT,
Br-2EPT, with superior ability of charge collection and enable
highly stable and efficient devices with PCE of around 22%
(Figs. 4(h) and 4(i)).[51–53] SAMs can act as a buffer between
HTL/perovskite as well. To align the energy level of each layer
in devices, SAMs were used to modify hole transport layers.
This will be discussed in the next sections.

(c)

(a) (b)
Me-4PACz2PACzMeO-2PACzV1036

(d)

(e)

(g)

(f)

(h)

(i)

Fig. 4. (a) Schematic diagrams of three constituent parts in SAM.[43] (b) Chemical structure diagrams of several SAMs. (c) J–V curves of SAM-
based devices in comparison to state-of-the-art PTAA devices with respective MPP tracks in the inset and (d) box plot of PCE values for devices
based on different HTLs.[48] (e) Comparison of fill factor values of p–i–n devices with different hole-selective layers; (f) certified J–V curves using
various HTLs and (g) schematic stack of perovskite/silicon tandem solar cells.[47] (h) J–V curves of the best-performing devices based on the
various MPA-BT-X SAMs.[52] (i) J–V curves of the best-performing devices based on PTAA and SAMs with respective MPP tracks in the inset.[53]

2.2. Inorganic nickel oxide for inverted PSCs

NiOX is widely used as the p-type HTL in dye-sensitized
solar cells (DSSCs) and organic photovoltaics (OPV), thus it
is a good alternative for PSCs.[54,55] In inverted PSCs, NiOX

is a promising inorganic hole transport material (HTM) for
its wide bandgap (3.6 eV), deep valence band (5.2–5.4 eV),
and high carrier mobility (0.1 cm2/Vs).[56] Several methods
have been reported for the fabrication of NiOX HTL, such
as atomic layer deposition (ALD), magnetron sputtering, sol-

gel, metal–organic chemical vapor deposition, spray pyrolysis,
and molecular beam epitaxy.[57] In particular, the solution pro-
cesses are feasible at low temperatures. NiOX shows p-type
characteristics due to the existence of nickel vacancies and the
considerable ionization energy of the Ni vacancies leads to the
low intrinsic conductivity. Another issue is that the Fermi level
of NiOX is still far from the valence band edge of the per-
ovskite, which brings a large energy level shift at the interface
between NiOX and the perovskite layer. Various methods have
been developed to optimize the conductivity or work function
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of NiOX , mainly divided into three routes: UV/oxygen plasma
treatment, surface modification and extrinsic additive.

NiOX performed poorly (PCE ≈ 0.1%) as the hole trans-
port layer in the first time, owing to the poor coverage of per-
ovskite on NiOX surface. The connection between HTL/ETL
may result in short circuit in devices.[58] With the improve-
ment of the preparation process and materials, NiOX can cover
the substrate surface uniformly and improve the crystal qual-
ity of the perovskite film, yielding higher efficiency in NiOX

based PSCs than PTAA. Oxygen plasma treatment for the
NiOX film significantly affects the wettability and electrical
conductivity, especially in the work function. As a result, the
recombination rate at the interface of NiOX /perovskite is in-
creased and the grain size of perovskite becomes larger. The
influence of NiOX thin films gradually improved as the ex-
posure duration increased. With an optimal exposure time of
five minutes, an efficiency of 19.67% was achieved.[59] By
the ALD technology, dense and extremely thin HTL of NiOX

can be obtained without any pinholes. In this way, the film
thickness is under precise control and the interface alignment
between NiOX and perovskite can be adjusted to match the
charge transport with comparable conductivity. It has been re-
ported by Seo et al. that an apparent increase in the work func-
tion of ultrathin NiOX can be observed when the thickness is
comparable to its Debye length.[60] Furthermore, an anneal-
ing treatment of NiOX thin film is beneficial to the reduction
of hydroxylated NiOOH and C-H defects, resulting in better
interfacial properties.[61]

Nevertheless, studies have shown that effective modifi-
cation of the NiOX /perovskite interface remains a key chal-
lenge in achieving high VOC values for NiOX based inverted
PSCs, whereas high VOC lost is usually attributed to the sur-
face defects of NiOX arising from the low-temperature pro-
cess. Thus, surface modification rises in response to the con-
ditions. Yang’s group suggested a surface modification strat-
egy to alter the quality of NiOX . With the treatment of di-
ethanolamine (DEA), it provides extra chemical bonding be-
tween the NiOX and perovskite layer which improves the qual-
ity of the perovskite film and increase the device performance
close to 16% PCE with a rather high FF.[62] Moreover, as self-
assembled monolayers coming into people’s sight, Alex et al.
compared a series of self-assembled molecules with different
terminal groups and found that the gas-phase dipole moments
of benzoic acid derivatives varied greatly, among which Br-
BA presents the strongest dipolar interactions. Hence, the Br-
BA modified devices presented better stability and enhanced
PCE from 15.5% to 18.4%, and an efficiency of 16.2% was
achieved on PET substrate.[63] NiOX film can provide a feasi-
ble contact for the homogeneous growth of SAM, compared to
the direct contact with ITO. There is an increase in shunt resis-
tance with the combination of NiOX and MeO-2PACz, leading

to a harvest of more than 50 mV in VOC and FF of 7%, abso-
lutely. The uniform MeO-2PACz layer on NiOX leads to better
repeatability of device after comparison in batches of devices,
as shown in Fig. 5(a), and the enhanced interface contact en-
ables the device with 20% PCE.[64] Similarly, organic small
molecules and polymers are used for surface modification of
NiOX either. Park et al. designed a serious group of Lewis-
based organic molecules as the interface layer between NiOX

and perovskite layer, which can work as HTLs and surface
modifiers simultaneously.[65] The effects of polymers, such
as PTAA, polystyrene (PS), and poly(methyl methacrylate)
(PMMA), on the NiOX based inverted devices were investi-
gated. It was reported that all these three polymers are in favor
of smoother surface and less defect states. However, PMMA
provides additional assistance in defect passivation because of
the interaction between its carbonyl and methoxy group with
Pb2+, increasing the VOC up to 1.19 V in the modified devices.
Moreover, PTAA provides a better energy level alignment by
deepening the HOMO level of bare NiOX , which matches well
with the perovskite and thereby reduces the interface energy
loss. As shown in Figs. 5(b) and 5(c), the NiOX /PTAA based
device exhibits the best performance of 21.56%.[66] On the
basis of the NiOX /PTAA architecture, a mesoporous alumina
layer can be inserted to obtain devices with higher efficiency
of 21.9% (Figs. 5(d)–5(f)).[67] The wide-band-gap mp-Al2O3

layer acts as not only a scaffold but also an electron-blocking
layer, and the compact ALD-SnO2 top layer in devices gives
a great favor to the stability, which remains above 85% after
1000 hours under continuous illumination.

Researchers discovered that doping or alloying NiOX

with metal elements can greatly raise the conductivity of the
HTL. Generally, metal ions are added during the preparation
of NiOX . Copper (Cu2+) is one of the most popular dopant
elements of NiOX since Cu2+ can easily occupy the Ni sites
with the similar ion radius. Copper-doped NiOX (Cu:NiOX )
resulted in a device PCE of 17.8% under low-temperature
process at first.[68] Subsequently, researchers developed a bi-
layer structure of Cu:NiOX to minimize the recombination
loss at the NiOX /perovskite interface and achieve a PCE of
19.79%.[69] The Cu:NiOX HTL with various doping concen-
trations can be achieved by a high-temperature solid-state
reaction under pulsed laser deposition (PLD). 3% Cu:NiOX

films were selected to be the HTL and the resulting device
gained the best PCE of 20.41% (Fig. 5(g)).[70] The alkali
chloride interface modification of NiOX HTLs helps to order
the crystallization of perovskite layer and reduce trap density
(Fig. 5(h)), resulting in a significant improvement in VOC from
1.07 V to 1.15 V. As displayed in Fig. 5(i), potassium chloride
preforms best in devices with the PCE approaching 21%.[71]

Other similar metal elements (Li, Mg, Co, Cs, Ag, etc.) can
also play a positive role in doped-NiOX by reducing the inter-
facial resistance at the HTL/perovskite interface.
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(a)

(e)

(b)

(f)

(h) (i)

(d)

(g)

(c)

Fig. 5. (a) SEM cross-section and box chart of PCE parameters of devices based on ALD-NiOX /MeO-2PACz and MeO-2PACz.[64] (b) Energy level
alignment and devices characteristics and (c) distribution of VOC and PCE of different polymers modified NiOX film.[66] (d) Schematic illustration
of interface stabilization with effective interfacial layers and (e) corresponding energy band diagram; (f) J–V curves of devices with or without
interlayers.[67] (g) Device characteristics for PSCs with Cu:NiOX HTLs with different doping concentrations.[70] (h) A supercell illustrating the
structural details in perovskite/NaCl/NiOX HTL interface and (i) J–V curves of the optimal CsFAMA PSCs with pristine or alkali chlorides modified
NiOX HTLs.[71]

3. Electron transport layers of PSCs
As the counterpart of hole transport layer, electron trans-

port layer plays a crucial role in inverted PSCs for extract-
ing photogenerated electrons and carrier transporting from
perovskite to electrodes. Recently, both organic and inor-
ganic electron transport materials are widely studied, such as
fullerene and their derivatives or metal oxides. Besides, modi-
fying the interface between ETL/perovskite and perfecting the
contact between ETL/electrode are also vital to the efficiency
and stability of devices.

3.1. Organic ETLs for inverted PSCs

Fullerene (C60, C70) and their derivatives are widely used
as ETLs in inverted PSCs. Phenyl-C61-butyric acid methyl
ester (PCBM) is a most used electron acceptor (Lewis acid)
by solution process, and it is confirmed that PCBM is an ex-
cellent ETL due to its fast electron extraction process between
perovskite and PCBM. Sargent et al. have demonstrated that
the ion migration is significantly suppressed by interacting
with uncoordinated halide or Pb-I anti-site defect PbI3−.[72]

Li et al. also found that PCBM can limit halide-ion migra-

tion by halide-π noncovalent interaction.[73] Considering the
hysteresis phenomenon of devices, although the cause of hys-
teresis is still controversial at present (mainly focus on ion mi-
gration, ferroelectricity of perovskite and charge traps), there
is no doubt that PCBM can effectively restrain hysteresis of
solar cells by passivating trap states. In addition, annealing
treatment of PCBM increases the short circuit current density
(JSC) and FF of devices by enhancing the diffusion of PCBM
to the grain boundaries of the perovskite layer.[74] Moreover,
researchers combined PCBM and C60 to take advantage of the
high mobility of C60 and get a more proper energy level align-
ment, for the lowest unoccupied molecular orbital (LUMO) of
PCBM is −3.9 eV to −4.2 eV and C60 is −4.5 eV.

The surface morphology of PCBM depends on the rough-
ness of the upper surface of the perovskite layer. The discon-
tinuous PCBM film induced by the rough perovskite film re-
sults in the poor contact between perovskite and metal elec-
trodes, thus worsening device efficiency and stability. To ad-
dress this issue, C60 is usually evaporated on the surface of
PCBM by the thermal evaporation method to form a dense
transport layer and barrier layer. In addition, BCP and LiF
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have been employed as the hole blocking layer in inverted
PSCs by decreasing the effect of electron tunneling.[75] With
the structure of PVSK/PCBM/C60/BCP, the efficiency raises
up to 20.07% from 17.23%.[76]

N-type doping of PCBM shows better conductivity and
electron mobility, yielding better stability in devices. With the
dopant of ammonium salt and phosphonium salt, researchers
observed that the ionic bonding strength between anion and
cation of n-type dopant is critical for electron transport.[77]

Employing conjugated n-type polymeric materials as n-dopant
in PCBM can form a suitable energy level and guarantee the
efficiency exceeding 20.6%. Moreover the high hydrophobic-
ity of the doped ETL is beneficial to the long-term stability of
devices.[78] However, the low solubility of PCBM in aromatic
solvents is the most critical factor limiting its development, es-
pecially for the thickness control of PCBM thin films. More-
over, due to the weak intermolecular interactions in PCBM,
the self-aggregation occurs under continuous illumination or
heating, which will lead to poor long-term performance of the
devices.[79] Structural modification of fullerene is capable to
skip this problem. As a result, Li et al. synthesized a sim-
ple structure of the fullerene derivative with Lewis bases thio-
phene and amino moieties, named [6,6]-phenyl-C61-butyric
acid-N,N-dimethyl-3-(2-thienyl)propanam ester (PCBB-S-N),

and the chemical structure is shown in Fig. 6(a). It has been
demonstrated that the sulfur atom of thiophene can tightly
bond with the uncoordinated Pb2+ ions in the perovskite layer,
and the amino moiety could form hydrogen bonds to neutral-
ize the migrating iodide ions. As a consequence, the PCE
of inverted PSCs achieved 21.08% by constructing a bilayer
ETL of PCBB-S-N/PCBM (Fig. 6(b)). It is noteworthy that
the stability of the unencapsulated devices has been greatly
improved under the ambient atmosphere or heating at 85 ∘C,
which retained almost 95% of its initial efficiencies.[80] Re-
cently, a series of fullerene dyads (F-Cn, n = 4, 8, 12) were
designed and applied as the ETL in inverted PSCs, as exhib-
ited in Fig. 6(c). Fullerene and terpyridine are connected with
different lengths of alkyl chains. It has been proved that the
alkyl flexible chain can improve solubility, film-forming abil-
ity of ETL, and the terpyridine can chelate with metal cations
and suppress fullerene self-aggregation, reducing energy dis-
order in perovskite. Thus, the devices exhibit a champion PCE
of 23.08% when the chain length is n = 8. Similarly, the FP-
C8/C60 based device maintained 96% of the initial PCE af-
ter running for 1200 h, the structure and results are shown in
Figs. 6(d)–6(g).[81] However, owing to the complex synthesis
methods and high costs, it is not widely promoted nowadays
for structural modification in organic ETL materials.

(a) (b)

(c)      
(e)

(d)

(f)

(g)

Fig. 6. (a) Synthetic route and chemical structure of PCBB-S-N and (b) J–V curves of devices with different ETLs (PCBM, PCBB-S-N, PCBB-
S-N/PCBM).[80] (c) Synthetic route of FP-Cn (n = 4, 8, 12) and chemical structure of PCBM, (d) device structure of the p–i–n planar and (e)–(g)
stability of the devices under various conditions.[81]

107307-8



Chin. Phys. B 31, 107307 (2022)

3.2. Metal oxides as ETLs for inverted PSCs

Inorganic ETMs have superior chemical stability but in-
ferior conductivity when compared with organic ETMs, e.g.,
ZnO, TiO2 and SnO2. However, the energy level mismatch
makes it a challenge to achieve state-of-the-art inverted de-
vices with inorganic ETLs alone. Therefore, researchers de-
veloped the structure of fullerene/inorganic metal oxide bi-
layer electron transport layer for obtaining efficient and sta-
ble inverted solar cells. With the device architecture of
NiO:BN/perovskite/PCBM/ZnO, an improved PCE of 20.74%
was achieved.[82] The ZnO nanoparticles are prepared by spin-
coating method, which can simply introduce the metal dopant.
However, its corrosivity restricts its further improvements.
Similarly, niobium (Nb)-doped TiO2 instead of ZnO enables
higher electron mobility and increases the PCE from 18.7% up
to 20.7%.[83] A composite consisting of 1D cation-doped TiO2

brookite nanorod (NR) inlaid by 0D fullerene was applied in
inverted PSCs as the top ETL, this 0D:1D composite opens
a new dimension for nanomaterials in the application of ETL
in PSCs and results in an efficiency exceeding 22%.[84] Re-
cently, atomic layer deposition (ALD) of SnO2 has been con-
firmed as the efficient strategy for efficient and stable inverted
solar cells. SnO2 layers grown by ALD at low temperature are
optically transparent and electrically conductive, the ultrathin
film resists the diffusion of water and oxygen as well as the
metal electrode into the perovskite.[85] The device encapsu-
lated by ALD-SnO2 achieved 23.91% PCE in single-junction
devices.[86] The properties of ALD-SnO2 film make it ex-
tremely suitable for tandem perovskite devices. Tan et al. have
successfully acquired narrow-band gap single-junction PSCs
with over 22% PCE and all-perovskite tandem devices with
a certified efficiency of 26.4% by atomic layer deposition.[87]

Huang et al. have also caught up with the step for achieving
PCE of 24.4% in all-perovskite tandem solar cells by form-
ing a complex interconnection layer structure of C60/ALD-
SnO2.[88] The perovskite/silicon tandem solar cells with the
PCE of over 29%, which have been mentioned above, also
adopted the C60/ALD-SnO2 bilayer and the ALD-SnO2 served
as both hole transport layer and buffer layer.[47] This indicates
that inorganic, especially SnO2, electron transport layer has
great potential for future commercial development which re-
quires both high efficiency and high stability.

4. Interface modification of perovskites
In addition to the transport layers, defects and ion mi-

gration located at the grain boundaries, surfaces and inter-
faces are the main factors that limit the device performance
as well. The non-radiative recombination originating from

these defects results in degradation of materials and devices.
Since bulk doping would potentially affect the crystallization
of perovskite, interface modification is treated as a convenient
method to tackle these problems. The modification of the in-
terface between the perovskite layer and the charge transport
layers has been mentioned above partially, aimed at improving
the crystallinity of the perovskite and preventing perovskite
from degradation generated by moisture and oxygen. Mean-
while, modification inside the perovskite is also required.

Investigations of passivation by incorporation of ionic
liquids (ILs) into perovskite ink as well as surface modi-
fication were carried out in recent years. ILs are suitable
for application in PSCs for their versatile properties, such
as high ionic conductivity, thermal and electrochemical sta-
bility. The organic ionic solid additive named 1-butyl-1-
methylpiperidinium tetrafluoroborate ([BMP][BF4]) is a com-
pound with a chemically stable organic cation and a [BF4] an-
ion (Fig. 7(a)). A slight amount of this ionic liquid can effec-
tively reduce the number of available sites for iodide oxida-
tion, thus restrain phase segregation and lead to a steady-state
power output of 20.1% (Fig. 7(b)) with the perovskite com-
position of Cs0.17FA0.83Pb(I0.77Br0.23)3.[89] When 1-butyl-
3-methylimidazolium tetrafluoroborate ([BMIM][BF4]) was
added to the perovskite precursor, the efficiency increased
from 18.5% to 19.8% with enhanced texturing and crys-
tallinity (Fig. 7(c)). ToF-SIMS results revealed that the [BF4]
anion existed mostly at the buried interface while the [BMIM]
cation could be probed throughout the bulk film (Figs. 7(d)
and 7(e)).[90] It is believed that the ILs additives with sim-
ilar chemical structure have the same pattern of manifesta-
tion in perovskite films. Another pyridinium salt with [BF4]
anion called N-cyanogen-4-dimethylamino-pyridine tetraflu-
oroborate ([NDAP][BF4]) was applied as the additive to im-
prove the film quality of perovskite layer. As shown in many
studies, the BF−

4 anion is in favor of the grain growth in per-
ovskite, and meanwhile, the pyridine cation has the function of
passivating uncoordinated Pb2+. The MA-free inverted PSCs
treated by [NDAP][BF4] promised the efficiency of 21.25%
(Fig. 7(f)).[91] With regard to the poly(ionic liquid) (PIL), an
imidazolium-based poly-ionic liquid [PeIm][TFSI] was de-
signed to act as multi-functional interlayer in both normal
and inverted PSCs. There are similarities between [TFSI] and
[BF4] anion like stabilizing uncoordinated Pb atoms at the up-
per surface of perovskite. Moreover, the interfacial recombi-
nation at the perovskite/ETL interface is strongly suppressed.
The champion device got a PCE of 21.4%, and displayed en-
hanced stability during maximum power point (MPP) tracking
under N2 atmosphere (Figs. 7(g)–7(i)).[92]
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[BMP][BF4] [BMIM][BF4]

(a) (b)

(d)

(g)

(h)

(i)

(e)

(c)

(f)

Fig. 7. (a) Chemical structure of [BMP][BF4] and [BMIM][BF4]. (b) J–V curves of the [BMP][BF4] modified and control devices and corre-
sponding steady-state power output.[89] (c) J–V curves of the best performing device for each condition measured with forward and backward
scan, ToF-SIMS depth profiles of the [BMIM][BF4]-containing perovskite film on an NiO/FTO substrate, measured in (d) negative and (e) positive
polarity.[90] (f) J–V curves of the [NDAP][BF4] modified and control devices and the device structure in inset.[91] (g) Device layer architecture with
the chemical structure of the PIL, (h) J–V curves for a reference untreated device and PIL-modified device, (i) MPP tracking for devices with and
without PIL under N2 atmosphere.[92]

Sorts of cyclobenzene-based molecules and polymers are
intensively studied to passivate the surface defects of per-
ovskite, since the superior compatibility with fullerene deriva-
tives that are commonly used as ETL in inverted PSCs.
Among all the alkylammonium halogen with benzene, the pas-
sivation effect of phenethylammonium (PEA) is the most at-
tractive for the hydrophobic conjugated rings and the elec-
trostatic interactions between PEA+ and A-site vacancies.
Huang et al. investigated the passivation effects of diverse
molecular functional groups, including carboxyl, amine, iso-
propyl, phenethyl, and tert-butylphenethyl groups, and they
discovered a new type of amino acid passivation molecule,
named D-4-tert-butylphenylalanine (D4TBP), which com-
bines all effective passivation groups. The passivation ef-
fect of D4TBP is similar to that of PEA, but shows a better
efficiency of 21.4% in device.[93] By incorporating a small
amount of phenylethylammonium chloride (PEACl) into per-
ovskite inks, crystal growth was facilitated, phase stability was

enhanced, ionic defects at the surface and grain boundaries
were passivated, thus obtaining a high efficiency of 22.0%
with VOC of 1.18 V for blade-coated inverted PSCs.[94] Alex
et al. reported a rationally designed bifunctional molecule,
piperazinium iodide (PI), which acted as not only an electron
donor but also an electron acceptor to take reaction with dif-
ferent terminal ends on perovskite surface. PI contains both
R2NH and R2NH+

2 groups which could form a PbN bond in
the single crystal of (PI)2PbI2·2DMSO as well as the PDI and
(PDI)2PbI2. Obviously, it can passivate uncoordinated Pb2+

defects, decrease nonradiative recombination loss and present
a more n-type property of perovskite surface for adequate en-
ergy transfer. Therefore, a high PCE of 23.37% (with 22.75%
certified) could be achieved.[95] Upon the surface treatment of
benzenebutanammonium iodide (PBAI), researchers observed
the formation of an n–n isotype heterojunction up on the per-
ovskite surface. The local electric field distribution was op-
timized and ion diffusion was confined, yielding an improve-
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ment in the device performance from 20.72% to 23.33% with
negligible hysteresis.[96] The dual interfacial modification of
4-fluorophenylethylammonium iodide (F-PAEI) made a huge
contribution to the efficiency up to 23.7%, by adding F-PEAI
in the antisolvent during the extraction process.[34] Ning et al.
demonstrated that slight modifications in ligand of PEAI in-
duce preferential growth of quasi-two-dimensional (quasi-2D)
(n ≥ 3) perovskite. With the post-treatment by 3F-PEAI and
MAI, 2D and quasi-2D structures were observed on the upper
surface of perovskite (Figs. 8(a) and 8(b)). It is verified that
quasi-2D treatment can reduce the electron barrier between
the 3D and 2D perovskite species to achieve an improved ef-
ficiency (certified PCE of 23.9%), as shown in Fig. 8(c).[86]

Lately, oleylammonium iodide (OLAI) molecules have been
used to passivate trap states and suppress ion migration by
forming Ruddlesden–Popper phase 2D perovskite layer. When
the post-treatment of OLAI was performed at room temper-
ature, Wolf et al. have achieved a PCE of more than 24%
with prolonged stability, which tested for over 1200 hours at
85 ∘C and 85% relative humidity (Figs. 8(d) and 8(e)).[46] Zhu
et al. have reported a more n-type surface of perovskite film
through a solution-processed secondary growth (SSG) tech-
nique with guanidinium bromide (GABr), leading to a sub-
stantial increase in VOC of 1.21 V without sacrificing electric
current. The voltage loss of device is only 0.41 V and the sta-
bilized power output approached 21% at the maximum power
point.[31] Another viewpoint is that perovskite can be modified
by the n-type and stable inorganic nature of PbS to suppress
Pb-rich on the upper surface. The S2− anions would strongly

bond with Pb2+ at the perovskite interface to complete the
process of surface sulfidation. Moreover, the Pb–S bonds in-
duced an extra back-surface field for electron extraction and
resulted in a significant improvement in efficiency from 21.8%
to 24.3% (Fig. 8(f)).[33] However, the surface modification
of alkylammonium salt may induce negative effects in PSCs,
such as the unwanted work function shift.[97] By introducing
an organometallic compound called ferrocenyl-bis-thiophene-
2-carboxylate (FcTc2), Zhu et al. successfully functionalized
the surface of perovskite films. On one hand, FcTc2 effectively
passivated the uncoordinated lead ions with the assistance of
the O atom, which could form a strong chemical Pb–O bond.
On the other hand, the electron-rich and electron-delocalized
ferrocene groups of FcTc2 greatly accelerated the interfacial
electron transfer. Thus, the efficiency reached a record level
of 25.0% (with certified 24.3%), which is the highest PCE
currently known for inverted PSCs (Fig. 8(g)). Moreover, the
additional bonding upon perovskite films played a role in the
enhancement of stability under various conditions. The en-
capsulated FcTc2-based devices retained 98% of their original
efficiency after 1500 hours under continuous illumination and
successfully passed the qualification test of IEC61215:2016
(Figs. 8(h)and 8(i)).[27] Till now, the researchers mainly adopt
“25 ∘C, encapsulated or inert gas protected device, MPP trac-
ing, AM 1.5 light soaking” as the standard test conditions and
“85 ∘C/85% relative humidity” as the accelerated aging test
conditions. It is a huge advancement for PSCs to meet the
industrial standards like IEC61215:2016.

(a) (b) (c)

(e) (h)

(f) (i)

(d)

(g)

Fig. 8. (a) Schematics of the standard quasi-2D treatment producing n ≥ 2 reduced-dimensional perovskites, (b) transient absorption spectra of
films treated with 3F-PEA and (c) J–V curves of control, 2D- and quasi-2D-treated devices.[86] (d) J–V curves and (e) stability of 2D/3D perovskite
heterojunction with various treatment.[46] (f) J–V curves of control and surface sulfidation treatment-based devices.[33] (g) J–V curves and (h), (i)
stability of the champion devices with and without FcTc2.[27]
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5. Conclusion and perspectives
After decades of development, the power conversion effi-

ciency of perovskite solar cells (certified PCE of 25.7% for
normal structure and reported 25.0% for inverted structure)
is gradually approaching crystalline silicon solar cells, which
keeps 26.7% for years. The inverted structure has greater ad-
vantages in both the preparation process and long-term sta-
bility, which accelerates the progress of their commercializa-
tion. In order to obtain efficient and stable inverted devices,
we review the recent progress of interfacial engineering for
both HTL/perovskite and perovskite/ETL interfaces and sum-
marize the modification strategies widely used at present. For
the charge transport layers, high conductivity, charge selectiv-
ity and hole/electron blocking ability are required. SAMs with
roughly similar chemical structures could be the popular selec-
tion of the hole transport layer, because they can provide well-
matched energy band alignment with different components of
perovskite materials. And the common electron transport lay-
ers are the bilayer structure of organic materials or metal ox-
ides, which promise the superiority in both efficiency and sta-
bility. Regarding to the modification, not only the intrinsic
defects of perovskite are noteworthy, but also the interfacial
defects need to be handled urgently. Various ammonium and
guanidinium halogens are popular materials for the interface
treatment at present. The component of perovskite should be
taken into account when choosing the modifiers. Currently,
the main goal of inverted PSCs remains in improving the effi-
ciency up to par with that of normal devices, since the chem-
ical properties of the materials applied in p–i–n structure are
more stable. Additionally, tandem solar cells based on inverted
structure are considered as the most promising product to fully
take advantage of solar energy in the future.
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