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 ABSTRACT 

Lead-halide perovskite solar cells (PSCs) have attracted tremendous attention 

during the past few years owing to their extraordinary electronic and photonic

properties. To improve the performances of PSCs, many researchers have

focused on the compositional engineering, solvent engineering, and film fabrication

methodologies. Interfacial engineering of PSCs has become a burgeoning field

in which researchers aim to deeply understand the mechanisms of cells and

thereby increase the efficiency and stability of PSCs. This review focuses on the 

interface tailoring of lead-halide PSCs, including the modification of each layer 

of the cell structure (i.e., perovskite absorber, electron-transport layers, and hole-

transport layers) and the interfacial materials that can be introduced into the 

PSCs. 

 
 

1 Introduction 

The rapid development of hybrid organic–inorganic 

perovskite solar cells (PSCs) has attracted tremendous 

interest among scientific communities concerned with 

worldwide shortages of energy supplies. The general 

chemical formula of perovskite materials originates 

from calcium titanium oxide ABX3, where A is a large 

organic cation (typically CH3NH3
+, HC(NH2)2

+), B is a 

metal cation (typically Pb2+), and X is a halide (I–, Br–, 

Cl–). In just the last few years, the power-conversion 

efficiency (PCE) of PSCs has drastically increased from 

the value of 3.81% [1] reported by Miyasaka and co- 

workers to a recently certified PCE of 22.1%, according 

to the latest research-cell efficiencies recorded by the 

National Renewable Energy Laboratory [2]. This 

efficiency rivals those of other thin-film technologies 

in the photovoltaic community, such as CdTe and 

copper indium gallium (di)selenide (CIGS). The 

dazzling performance of the organic–inorganic hybrid 

perovskite is attributed to its ambipolar charge carrier 

transport property, large carrier diffusion length, large 

absorption coefficient, and tunable direct bandgap [3]. 

The efficiency limit of CH3NH3PbI3 PSCs without 

angular restriction is estimated to be 31% [4], which 

means that the current performance of PSCs is still far 

below its ceiling.  

Along with the application of appropriate materials, 

the high quality of each layer and an optimized cell 

structure, interface-related charge generation, and the  

Nano Research 2017, 10(5): 1471–1497 

DOI 10.1007/s12274-016-1405-2 

Address correspondence to gfzheng@fudan.edu.cn 



 

 | www.editorialmanager.com/nare/default.asp 

1472 Nano Res. 2017, 10(5): 1471–1497

charge collection and transport efficiencies are of 

vital importance for PSCs. The photoinduced charge 

carriers must move across several interfaces to be 

collected; thus, the interfacial defects, energy-level 

alignment, and charge distribution significantly impact 

the final performance of PSCs. Furthermore, the 

notorious stability problems of PSCs are directly related 

to the interfaces. Fan et al. recently reviewed studies 

on the degradation mechanisms of organometallic 

trihalide PSCs and proposed strategies for stability 

improvement [5]. A decrease in the PCE is associated 

with the chemical degradation of the metal contact 

due to ionic movement in the perovskite layer [6]. With 

regard to these issues, the present review mainly 

focuses on the progress of interfacial engineering in 

lead-iodide PSCs, including interface optimization 

caused by modification of the perovskite absorber, 

electron-transport layer (ETL), hole-transport layer 

(HTL), and materials applied as introduced interfacial 

layers in the PSCs. 

2 Interfaces in PSCs  

PSCs have been proven to be free carrier-based devices 

[7–9] in which charge transport and separation occur 

as in heterojunction solar cells [10]. According to the 

Anderson model and thermal equilibrium theory [11], 

when two types of semiconductors contact directly, 

the free carriers in the semiconductors diffuse towards 

each other spontaneously. This diffusion unifies the 

Femi energy level and yields a charge-depletion region 

with a built-in electric field, which is defined as     

a junction. A smooth energy band bending can be 

obtained in a p–n junction; however, an energy cliff 

always appears at the interface of the heterojunction. 

This is due to band offset [12], which significantly 

influences the voltage output of a PSC. The interfacial 

electronic and energy structures can also directly affect 

the charge extraction and collection, as revealed by 

experiments and theoretical calculations [13–16]. 

However, more rigorous work is required to fully 

understand the complicated device system.   

As shown in Fig. 1, a typical PSC, regardless of 

whether it has a mesoscopic nanostructured solar  

cell, planar heterojunction (n–i–p), or inverted planar 

heterojunction (p–i–n) cell structure, is composed of a  

 

Figure 1 Several typical structures of PSCs. 

transparent substrate (e.g., fluorine-doped or indium- 

doped tin oxide, FTO or ITO, respectively), a perovskite 

absorber layer sandwiched between the ETL and HTL, 

and a metal counter electrode on top. For conventional 

structured PSCs (mesoscopic and n–i–p), illumination 

is applied to the ETL beforehand, and for inverted 

planar heterojunction structures, illumination is applied 

to the HTL beforehand. Thus, for the mesoscopic and 

planar heterojunction cell structure, the interfaces  

in PSCs are mainly substrate/ETL, ETL/perovskite, 

perovskite/HTL, and HTL/counter electrode, and  

for inverted planar heterojunction solar cells, they are 

substrate/HTL, HTL/perovskite, perovskite/ETL, and 

ETL/counter electrode. 

Most reported high-efficiency PSCs use noble metal 

such as Au or Ag as the counter electrode, which are 

usually prepared by high-vacuum thermal or e-beam 

evaporation or sputtering. Recently, earth-abundant 

and cheaper metals such as Al, Ni [17], Mo [18], and 

AgAl alloys [19] have also been successfully applied 

in PSCs. Fan et al. reported an inspiring application 

of a mesoporous Ni counter electrode for printable 

and reusable PSCs [20]. The effects of the ETL and 

HTL on the metal-electrode work function have been 

simulated, and the threshold value of the metal- 

electrode work function for 2,2’,7,7’-tetrakis[N,N- 

di(4-methoxyphenyl)-amino]-9,9’-spirobifluorenre (spiro- 

OMeTAD), NiO, CuI, and Cu2O were calculated to be 

4.9, 4.8, 4.7, and 4.9 eV, respectively [21], providing 

helpful guidelines for the selection of materials and 

metal electrodes for PSCs. Carbon materials are very 

promising candidates for counter electrodes in PSCs 
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owing to their low cost, good chemical stability, suitable 

energy levels, and easy fabrication. Several groups 

have reported successful application and comparable 

efficiency of PSCs with carbon electrodes [22–24]. 

Among these, Han’s group was the first to report  

the implementation of a carbon counter electrode in 

CH3NH3PbI3-based solar cells [25]. PSCs with HTL- 

free [24, 25] and ETL-free [26, 27] solar cells have also 

been reported, mainly for cheaper and potentially 

large-scale industrial production. 

Upon illumination, when photons are absorbed by 

the perovskite absorber, free electrons and holes are 

excited. The free carriers must first travel in the perov-

skite absorber by migration or diffusion, during this 

process the carriers might recombine or be scattered 

because of crystal boundaries and defects. Then, 

electrons and holes are extracted by the ETL and HTL, 

respectively. For a high PCE, all the photoinduced 

carriers are expected to reach the external load. However, 

defects due to lattice mismatch, inappropriate energy- 

level alignment, uncoordinated electrons, and thermal 

vibrations always exist in interfaces [12, 13]. The ETL 

prevents the holes generated in perovskite absorber 

from reaching the cathode, which is also referred to 

as the hole-blocking layer. If the lowest unoccupied 

molecular orbital (LUMO) of the ETL is far lower 

than that of the absorber, the open-circuit voltage (Voc) 

decreases. Similarly, the highest occupied molecular 

orbital (HOMO) of the HTL must be only slightly 

higher than that of the absorber to extract holes and 

block electrons efficiently. Moreover, serious recom-

bination can be caused by the accumulation of free 

carriers at the notches between interfaces [12]. It is 

concluded that the ETL/perovskite interface plays a 

crucial role in determining Voc, while the perovskite/ 

HTL interface is more dominant in governing the 

photocurrent. The energy levels of commonly used 

materials in lead-halide PSCs are illustrated in Fig. 2. 

TiO2 and spiro-OMeTAD are most widely adopted  

as ETLs and HTLs in conventional structured PSCs, 

while poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS)/NiOx and [6,6]-phenyl-C61- 

butyric acid methyl ester (PCBM) are the most widely 

deployed HTLs and ETLs in inverted planar PSCs. 

The work functions of adjacent layers in PSCs, which 

should match well, can be effectively tailored by 

interface engineering. 

Thus far, it is well-recognized that interface 

engineering is an efficient way to achieve better energy- 

level alignment, passivate traps in perovskites, eliminate 

photocurrent hysteresis, retard charge recombination, 

and enhance the long-term stability of devices. 

Figure 2 Schematic of literature values of the energy-level alignment for commonly used materials in lead-halide PSCs, including the 
FTO/ITO substrate, ETLs, perovskite absorbers, HTLs, and counter electrodes. 



 

 | www.editorialmanager.com/nare/default.asp 

1474 Nano Res. 2017, 10(5): 1471–1497

3 Interface engineering by modification of 

perovskite, ETL, and HTL   

3.1 Modification of perovskite absorber 

Imperfections in lead-halide perovskite films, such as 

grain boundaries, defects, and traps, detrimentally 

cause recombination loss and the reduction of the 

PCE in solar cells [28]. The grain boundaries in 

lead-halide perovskite polycrystalline films have been 

shown to be far more benign than in those other types 

of polycrystalline solar cells based on silicon, CdTe, 

CIGS, etc. Huang et al. showed that ion migration in 

polycrystalline perovskites dominated through grain 

boundaries [29]. The penetration of water molecules 

into perovskite films arises from the diffusion of 

water molecules along the grain boundaries [30]. 

Considerable efforts have been made to improve the 

film quality and enhance the optoelectronic properties 

of lead-halide perovskite absorbers, such as including 

additives (polymers, acetate salts, fullerene derivatives, 

alkylphosphonic acid ω-ammonium chlorides, etc.) 

in the precursor [31–39], compositional engineering 

(applying mixed cations [40–45] and mixed halides 

[46–52]), solvent engineering [53–61], and film-fabrication 

methodology optimization (one-step and two-step 

solution processing, vacuum deposition, vapor-assisted 

solution processing, etc.) [62–71]. Many of these 

methods aim to trigger homogeneous nucleation at 

the surface of the previously formed layer to obtain a 

smooth perovskite film with high surface coverage [37].  

In the case of including additives in the perovskite 

precursor, Liang et al. demonstrated that the crys-

tallization rate of CH3NH3PbI3–xClx can be controlled 

by incorporating a 1,8-diiodooctane (DIO) additive 

into the precursor solution [32]. The DIO chelation of 

Pb2+ encourages homogenous nucleation and modifies 

the PEDOT:PSS/CH3NH3PbI3–xClx interfacial energy, 

making it more favorable for perovskite crystals to 

grow in contact with PEDOT:PSS. As shown in Fig. 3(a), 

a device processed from a precursor containing 1 wt.% 

DIO exhibited a ~30% PCE enhancement. Wang et al. 

blended a CH3NH3PbI3 perovskite with the fullerene 

derivative A10C60, where A is a carboxylic-acid group 

regiospecifically functionalized on the C60 head, which 

imparts hydrophilicity to C60 [33]. The energy levels  

 

Figure 3 Several modifications of the perovskite absorber.   
(a) Current–voltage (I–V) characteristics of a CH3NH3PbI3–xClx 
perovskite with/without 1 wt.% DIO additives in the perovskite 
precursor. Reproduced with permission from Ref. [32], © WILEY- 
VCH 2014. (b) Energy levels of bulk heterojunction PSCs. 
Reproduced with permission from Ref. [33], © The Royal Society 
of Chemistry 2015. (c) Schematic of the crystal structures of 
CH3NH3PbI3 and a layered perovskite (LPK) and the optimized 
solar-cell performance. Reproduced with permission from Ref. 
[43], © American Chemical Society 2016. 

of the obtained bulk heterojunction solar cell are shown 

in Fig. 2(b). The bulk heterojunction interpenetrating 

network facilitates efficient electron extraction from 

the composite due to the enlarged interface areas 
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between CH3NH3PbI3 and A10C60, which is also a 

perfect cure for the unbalanced electron–hole diffusion 

length [10]. 

The unit cell of lead-halide perovskites (ABX3)  

has five atoms in a cubic structure (α phase). The 

CH3NH3PbI3 perovskite undergoes a reversible cubic 

(α phase)-to-tetragonal (β phase) transition at ~56 °C 

[72]. This transition is partially responsible for the 

instability of the CH3NH3PbI3 perovskite. To maintain 

a high-symmetry cubic structure, cation A must fit into 

the space formed by four adjacent corner-sharing BX6 

octahedra. The tolerance factor t = (RA+RB)/[ 2 (RX+RB)] 

and the octahedral factor μ = RB/RX should retain 

0.813 ≤ t ≤ 1.107 and 0.422 ≤ μ≤ 0.895, where RA, 

RB, and RX are the effective ionic radii of A, B, and X, 

respectively [73]. Otherwise, the cubic structure is 

distorted. When the A cation is occupied by long-chain 

alkyl amine anions that are too large, the perovskite 

becomes a two-dimensional (2D) layered structure [41]. 

Regarding the compositional engineering of lead-halide 

perovskites, the most-studied cations for the A site 

are CH3NH3
+ (methylammonium or MA, ionic radius: 

1.8 Å) and HC(NH2)2
+ (formamidinium or FA, ionic 

radius: 1.9–2.2 Å) [45]. Pellet et al. demonstrated for 

the first time the gradual substitution of MA with  

FA cations—(MA)x(FA)1–xPbI3 (where x = 0–1) [40]. 

Recently, (FAPbI3)0.85(MAPbBr3)0.15 was reported to 

have advantages over other systems such as FAPbI3 

and MAPb(I0.85Br0.15)3 [42]. Notably, the self-assembly 

of an LPK on an intact CH3NH3PbI3 layer induces 

reorganization of the perovskite interface (Fig. 3(c)), 

leading to a reduced charge recombination at the 

interface of CH3NH3PbI3 and spiro-OMeTAD [43]. To 

convert the top layer of CH3NH3PbI3 into a layered 

structure, isopropanol containing phenylethylam-

monium iodide or n-butylammonium is used. The 

enormous variety of organic cations offers a promising 

venue for fine-tuning and controlling the interfaces.  

Generally, N,N-dimethylformamide, dimethyl sulfoxide 

(DMSO), γ-butyrolactone (GBL), and N-methyl-2- 

pyrrolidone (NMP) are used as effective solvents for 

both lead halides and CH3NH3I. With simple spin- 

coating, it is almost impossible to obtain a homogeneous 

and uniform perovskite layer. However, 100% surface 

coverage is the prerequisite for an optimized interface 

to suppress recombination loss. To clarify the influence  

of solvent engineering, Jeon et al. used a mixed solvent 

of GBL and DMSO and applied toluene drop-casting, 

forming an extremely uniform and dense perovskite 

absorber layer via a CH3NH3I-PbI2-DMSO intermediate 

phase [59]. Recently, Cao et al. disentangled the 

molecular structures of intermediates for the fabrication 

of high-quality perovskite films with DMSO as the 

solvent [56]. 

The remnant PbI2 in the film-fabrication process and 

PbI2 deliberately introduced can fill the perovskite 

grain boundaries and act as a blocking layer between 

TiO2 and the perovskite interface, reducing the number 

of trapping sites and the probability of back electron 

transfer [74–76]. These findings show that the use  

of a stoichiometric ratio of MAI:PbI2 precursors is 

unnecessary. 

3.2 Modification of ETL 

TiO2 has been most frequently used as an inorganic 

electron-transport material in PSCs, owing to its 

favorable energy level, low cost, and robust fabrication. 

The electron injection from a perovskite absorber to a 

TiO2 ETL is very fast; however, the electron recom-

bination is severe because of the low electron mobility 

and poor transport properties [80]. In addition, the 

relatively high density of trap states of TiO2 reduces 

the solar-cell efficiency and stability. Most PSCs with 

TiO2 require high-temperature sintering, which hinders 

the applications of these devices. 

To engineer the interface between TiO2 and the 

perovskite absorber, different TiO2 nanostructures, 

such as nanorods, nanowires (NWs), nanotubes, and 

hierarchical nanostructures have been reported to be 

effective for extracting electrons and filling the perov-

skite absorber [77, 81, 82]. As shown in Fig. 4(a), Wu et 

al. reported TiO2 with different dimensionalities: zero- 

dimensional nanoparticles, one-dimensional NWs, and 

2D nanosheets. By employing a bi-layered TiO2 block-

ing layer, the subsequent hierarchical TiO2 structure 

yielded PSC devices with a PCE exceeding 16% [77]. 

The optical/electrical characteristics of TiO2 can be 

easily tuned by doping. Appropriate substitutions of 

Ti with Y3+, Mg2+, Zn2+, Sn4+, Nb5+, Al3+, Nd3+, and Zr4+ 

have been demonstrated [78, 79, 83]. Doping TiO2 with 

Y3+ (Fig. 4(b)) favored the efficient extraction of photo-

generated charge carriers without inducing excessive 
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interface recombination or inhibiting quasi-Fermi level 

splitting in a perovskite absorber [78]. Modification 

of ITO by an ultrathin polyethyleneimine ethoxylated 

(PEIE) layer, inducing a surface dipole, reduced the 

work function of the ITO from 4.6 to 4.0 eV. This shift 

was beneficial for electron transport from the TiO2 

ETL to the ITO. The ultimate efficiency of the obtained 

device was 19.3%, and its average PCE was 16.6%. Wang 

et al. systematically investigated the effect of adding 

a series of acetylacetonate-based additives to interact 

with TiO2, among which Zr4+ was found to be the most 

effective, yielding an average-efficiency increase from 

15.0% to 15.8% [83]. Nb5+ doping of TiO2 can reduce 

the interfacial electron transfer resistance between 

PCBM and Ag, increasing the photocurrent, especially 

in the 0.7–1.0 V forward-bias region (Fig. 4(c)). A fabri-

cated Ti0.95Nb0.05Ox ETL effectively shielded a perovskite 

absorber from the intrusion of humidity [79]. 

Despite the perceived advantages of TiO2, inves-

tigations of alternative inorganic ETLs such as ZnO 

[84], SnO2 [85, 86], WO3 [87], and CdS [88] persist. 

ZnO has a better electron mobility (205–300 cm2/(V·s) 

than TiO2 yet suffers from chemical instability. ZnO 

has been chosen as an ETL to isolate perovskite and 

the Al electrode in all solution-processed inorganic 

metal oxide ETL/HTL inverted planar PSCs, yielding 

improved air stability, an average PCE of 14.6 ± 1.5%, 

and an uncertified maximum PCE of 16.1% [89]. SnO2 

has also emerged as a promising ETL with a wide 

bandgap and high electron mobility (240 cm2/(V·s)) [90] 

and can be processed at low temperatures [85].  

Fullerene and its derivatives, such as PC61BM, 

indene-C60 bisadduct (ICBA), and PC71BM, are among 

the most widely used and efficient organic electron- 

transport materials for PSCs. These materials are ideal 

for the ETL in inverted planar PSCs because of their 

low-temperature processing, tunable energy-level 

alignment, and good electron mobility. Doping PCBM 

 

Figure 4 Several modifications of TiO2 ETL. (a) Schematics and scanning electron microscopy images showing a TiO2 ETL with 
dimensionalities, TiO2 nanoparticles (TNPs), TiO2 nanosheets (TNSs), and TiO2 nanowires (TNWs). Reproduced with permission from 
Ref. [77], © WILEY-VCH 2016. (b) Current density–voltage (J–V) curves of devices with Y-doped TiO2 and undoped TiO2. Reproduced
with permission from Ref. [78], © Science (AAAS) 2014. (c) I–V curves obtained by scanning probe microscopy measurements of a 
Ti0.95Nb0.05Ox film deposited on PCBM-ITO glass. Reproduced with permission from Ref. [79], © Science (AAAS) 2015. 
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with an amphiphilic surfactant oleamide prohibits 

the electron–hole recombination at the perovskite/Ag 

interface, increasing the cell efficiency from 10.05% 

to 12.69% [91]. Cetyltrimethylammonium bromide 

(CTAB)-doped PCBM can induce a favorable interface 

dipole to lower the work function of a metal electrode, 

improving the energy-level alignment at the interface 

between PCBM and the metal electrode [92]. In addition 

to doping, blending polystyrene (PS) into an PCBM 

ETL can yield a highly uniform and smooth layer, which 

better prevents undesirable charge recombination bet-

ween the perovskite absorber and the top electrode [93]. 

3.3 Modification of HTL 

For conventional structured PSCs, spiro-OMeTAD  

is the most commonly used HTL. However, pure 

spiro-OMeTAD suffers from a low conductivity 

(~10−6–10−5 cm2/(V·s)); thus, lithium bis(trifluoromethane 

sulfonyl) imide (LiTFSI) and 4-tert-butylpyridine 

(TBP) are typically used as oxidative additives with  

spiro-OMeTAD. However, the hygroscopic property 

of LiTFSI worsens the stability of moisture-sensitive 

perovskite materials, and the TBP corrosion of 

perovskites has been systematically studied [94]. Li  

et al. observed that the intercalation of Li+ from LiTFSI 

into TiO2 decreases the Voc of cells [95]. Moreover,   

a spin-coated spiro-OMeTAD film exhibited a high 

density of pinholes, forming channels across the 

perovskite film, which might be the reason why PSCs 

spin-coated with spiro-OMeTAD often show a rapidly 

decreasing PCE when exposed to the ambient 

environment [96]. Considerable attention has been 

paid to enhancing the stability of spiro-OMeTAD and 

suppressing the charge recombination at the perovskite/ 

spiro-OMeTAD interface. Vacuum evaporation is 

suitable for fabricating pinhole-free spiro-OMeTAD 

films. Jung et al. explored a triple layer of n-doped, 

intrinsic, and p-doped spiro-OMeTAD (n–i–p) as an 

HTL, where an n-type dopant (decamethylcobaltocene) 

and a p-type dopant (tetrafluorotetracyanoquino-

dimethane) were added [97]. The built-in potential 

represented by the staircase of HOMOs across the 

n–i–p spiro-OMeTAD (Fig. 5(a)) minimized the charge- 

carrier injection barriers and alleviated the hole- 

extraction losses at the interfaces. 

Because spiro-OMeTAD has the detrimental pro-

perties of the multiplex synthetic approach—ambient 

degradation, a high price, and the accumulation    

of charge carriers—other HTLs featuring methoxy- 

phenylamine functional groups, polyfluorenre 

derived polymers [100], tetrathiafulvalene derivatives 

[101], PEDOT:PSS, poly(3-hexylthiophene-2,5-diyl), 

poly(triarylamine), graphene nanotubes, carbon nano-

tubes (CNTs), NiOx, Cu2O, CuI, and CuSCN have 

been investigated to rival or even outperform spiro- 

OMeTAD.  

Poly(3-thiophene acetic acid) (P3TAA) has –COOH 

groups that can interact with perovskites through 

–NH3 groups, and the diffusion of this component 

across the P3TAA/perovskite interface, leading to the 

easy injection of holes from the perovskite to P3TAA 

chains, has been reported [98]. As shown in the FTIR 

spectra of the mixture of CH3NH3PbI3, CH3NH3PbI3, 

P3TAA, and CH3NH3PbI3/P3TAA (Fig. 5(b)), the N–H 

stretching peak at 3,088 cm−1 shifts to 3,126 cm−1, and 

N–H bending at 1,571 cm−1 is nearly eliminated, 

indicating the interaction between P3TAA and amino 

groups of CH3NH3PbI3. Here, hole transport is facilitated 

by mixing the perovskite and the HTL by chemical 

bonding. 

PEDOT:PSS and NiOx are the most widely used 

HTLs in inverted planar PSCs. PEDOT:PSS is less ideal 

because of its acidity, hydroscopicity, and insufficient 

electron-blocking ability [102]. Inorganic compounds 

have become a burgeoning field of HTL development. 

NiOx-based PSCs often show a smaller fill factor (FF) 

owing to their low conductivity, whereas NiOx-based 

PSCs exhibit a higher Voc than PEDOT:PSS. Doping of 

NiO films with various materials has been reported. 

Chen et al. developed heavily p-doped Li0.05Mg0.15Ni0.8O 

to promote the formation of an Ohmic contact at the 

FTO/CH3NH3PbI3 interface by building a staircase 

energy-level alignment and decreasing the barrier 

height [79]. Heavily p-doped NiO increased the electron 

conductivity of NiO and decreased the charge-transport 

resistance (Figs. 5(c) and 5(d)). Compared with the 

PEDOT:PSS-based PSC, the Voc was higher by ~100 mV, 

and the FF of 0.827 was one of the best values 

reported for PSCs. Hou et al. demonstrated that a 

low-temperature-processed NiO-based nanocrystal 

ink (LT-NiO) formed an almost loss-free hole-selective 

interface for planar heterojunction PSCs [99]. The 
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device efficiency with LT-NiO as the HTL reached 

15.2% at forward scan and 15.5% at reverse scan with 

minimal hysteresis (Fig. 5(e)). The electroluminescence 

(EL) intensity of the LT-NiO layer was two orders of 

magnitude higher than that for PEDOT:PSS devices 

under the same current injection, and the EL spectrum 

of LT-NiO was broader than that of PEDOT:PSS, 

indicating suppressed non-radiative losses in PSCs 

with LT-NiO. 

4 Roles of interfacial layers in PSCs   

The introduction of interfacial layers into lead-halide 

PSCs is discussed in this section. The roles of interfacial 

layers in PSCs can be summarized as follows: (1) the 

passivation of trap states in the perovskite absorber 

can alleviate photocurrent hysteresis; (2) subtle energy- 

level alignment can reduce the energy offset between 

adjacent layers, thereby increasing the built-in potential 

and enhancing the charge transport; (3) the protection  

of the perovskite absorber from moisture can improve 

the long-term stability of the device and expand its 

feasibility for PSC applications.  

Materials exploited as interfacial layers can be divided 

into several categories: metal and metal compounds, 

fullerene and derivatives, graphene and CNTs, self- 

assembled monolayers (SAMs), small organic molecules, 

polymers, and quantum dots (QDs).  

4.1 Metal and metal compounds 

Low-work function metals such as Ca and Ba and 

alkali metal salts such as LiF can be universally 

deposited as a buffering layer before the evaporation 

of the metal electrode, i.e., Au, Ag, or Al. Charge- 

carrier extraction is improved by reducing the energy 

barrier via the insertion of such layers in PSCs.    

By introducing a LiF buffering layer, the FF and Jsc  

of PSCs can be simultaneously improved, and the 

reverse-scan leakage current can be suppressed [103]. 

Furthermore, MoOx is often used as a buffering layer  

Figure 5 Interface engineering via modification of HTL. (a) Staircase energy-level alignment of n–i–p spiro-OMeTAD extracted from 
ultraviolet photoelectron spectroscopy (UPS) results. Reproduced with permission from Ref. [97], © Nature Publishing Group 2016. (b) 
Fourier transform infrared (FTIR) spectra of a mixture of CH3NH3PbI3, CH3NH3PbI3, P3TAA, and CH3NH3PbI3/P3TAA, indicating the 
interaction between P3TAA and –NH3 in the perovskite. Reproduced with permission from Ref. [98], © The Royal Society of Chemistry 
2016. (c) I–V curves of NiO and Li0.05Mg0.15Ni0.8O films on FTO glass. Inset shows the crystal structure of LixMgyNi1–x–yO. (d) 
Comparison of conductivity-mapping results for NiO and Li0.05Mg0.15Ni0.8O films. Reproduced with permission from Ref. [79], © 
Science (AAAS) 2015. (e) Inverted planar PSCs with a structure of LT-NiO/perovskite/PCBM/perylene-diimide derivative (PDINO); the 
device shows minimal hysteresis. (f) EL spectra of PSCs with PEDOT:PSS and LT-NiO HTLs. Reproduced with permission from Ref. 
[99], © WILEY-VCH 2016. 
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before the metal electrode. The deposition of MoOx 

on CH3NH3PbI3 can elevate the valence band (VB)  

of CH3NH3PbI3 towards a higher binding energy to 

achieve better energy alignment with a spiro-OMeTAD 

HTL [104]. 

Wide-bandgap metal oxides (Al2O3 [107–110], TiO2 

[111], ZnO [112], MgO [113], Y2O3 [114], Cr2O3 [115], 

etc.) are commonly applied as physical blocking layers 

to substantially decrease the charge losses across 

interfaces, separate metal corrosion (particularly Ag 

and Al) caused by halide ions migrating through 

crystal boundaries in PSC devices, and improve the 

device stability. To improve the effect of metal oxides, 

Back et al. integrated an amine-mediated TiOx (AM- 

TiOx) system as an efficient CIL between PCBM and a 

Ag electrode, which successfully protected the metal 

electrode by stabilizing the ionic defects migrating 

from the perovskite absorber (Fig. 6(a)) [105]. The 

reported solar-cell structure was ITO/PEDOT:PSS/ 

VOx/MAPbI3–xBrx/PCBM/AM-TiOx/metal electrode (Ag 

or Al). The as-prepared inverted planar PSCs main-

tained almost 90% of their initial PCEs after 4,000 h of 

storage under N2 and 80% of their initial PCEs after 

200 h of storage in an ambient environment without 

encapsulation. The amine groups in AM-TiOx existed 

in three forms: amine groups without interaction, 

Ag–amine bonds near the metal interface, and amine– 

iodide ion bonds near the perovskite absorber, which 

effectively inhibited the formation of insulation Ag–I 

bonds across the interface. 

Kaltenbrunner et al. improved the device stability 

by using Cr2O3/Cr to shield the top metal electrode 

from detrimental reactions with oxidizing and iodide 

species, yielding ultrathin flexible high power-per- 

weight PSCs for aviation models in ambient conditions 

[115]. Recently, Guerrero et al. revealed that the S-shape 

of the J–V curve is associated with the chemical 

degradation of the metal contact, which is the major 

source of perovskite degradation in the absence of 

moisture (Fig. 6(b)) [6]. They highlighted the importance 

of cathode protection by Cr2O3/Cr. Exposing con-

ventional structured PSCs with Au as the top electrode 

to 70 °C (routinely achieved on a hot day) is enough 

to induce gold migration through the spiro-OMeTAD 

Figure 6 Metal and metal compounds employed for interfacial engineering in lead-halide PSCs. (a) Schematic of fast cathode 
degradation due to ionic defects and protection by amine-mediated TiO2 as a chemical inhibition layer (CIL) in a p–i–n planar PSC. 
Reproduced with permission from Ref. [105], © The Royal Society of Chemistry 2016. (b) Interfacial degradation of inverted planar 
lead-halide PSCs, where the ionic movement in the perovskite absorber changes the energy profile close to cathode. Reproduced with 
permission from Ref. [6], © American Chemical Society 2015. (c) Schemes of PSCs with/without a CsBr interfacial layer between 
compact TiO2 and the CH3N3PbI3 absorber before and after ultraviolet (UV) irradiation. Reproduced with permission from Ref. [106], © 
The Royal Society of Chemistry 2016. 
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HTL into the perovskite absorber [116]. By introducing 

a Cr metal interlayer between the HTL and the   

Au electrode, long-term losses induced by high tem-

peratures are avoided so that the device can withstand 

hard thermal stress and be commercially viable. 

Cs-based compounds are of vital importance in 

ETL/perovskite interfacial engineering in PSCs. Cesium 

carbonate (Cs2CO3) was first reported as a new 

surface-modification material for PSCs (FTO/mesoporous 

TiO2 (mp-TiO2)/CH3NH3PbI3 /spiro-OMeTAD/Au) by 

Dong et al. [117]. The work function of Cs2CO3 is 

2.2 eV, and a thin insulating Cs2CO3 layer between 

mesoporous TiO2 and perovskite interface can 

significantly reduce the charge recombination. In the 

same year as the study of Dong et al., Hu et al. 

reported the use of Cs2CO3 to modify ITO (referred  

to as ITO:Cs2CO3) for avoiding the use of a compact 

n-type blocking layer in a planar PSC, yielding a 

remarkable PCE of 15.1% [118]. The cells were fabricated 

at a low temperature via a solution-based process. 

The obtained cells had better stability than TiO2 ETL- 

based PSCs because of the avoidance of oxygen 

vacancies and UV degradation in TiO2. As shown   

in Fig. 6(c), a recent report demonstrated the CsBr 

modification between a compact TiO2 (c-TiO2) ETL and 

the perovskite absorber in a planar heterojunction 

PSC. The applied CsBr not only decreased the work 

function of c-TiO2 from 4.07 to 3.90 eV and improved 

the average PCE from 11.5% ± 0.6% to 15.3% ± 0.5% 

but also enhanced the resilience of the perovskite to 

intense UV exposure [106]. 

Other metal compounds, such as Sb2S3, have also 

been investigated as an effective surface-blocking layer 

between TiO2 and perovskites [119]. Sb2S3 can stabilize 

PSCs against light exposure without any encapsulation, 

implying that degradation originates at the TiO2/ 

perovskite interface. 

4.2 Fullerene and derivatives 

PSCs commonly exhibit anomalous hysteresis in J–V 

curves. The origin of the hysteresis is not fully 

understood, but several possible mechanisms have 

been proposed, such as ferroelectricity and mobile 

ionic species [120, 121]. It is perceived that the hysteresis 

in n–i–p planar PSCs is more severe than that in 

mesoporous PSCs, and negligible hysteresis has been 

reported for many p–i–n (inverted) planar PSCs with 

fullerene derivatives as the ETL.  

Shao et al. demonstrated that in inverted planar PSCs, 

fullerene derivatives on the perovskite absorber can 

effectively passivate charge traps on the surface and 

the grain boundaries of the initial annealed perovskite 

absorber [122]. The spin-coated PCBM layer can 

intimately cover the perovskite and permeate into the 

perovskite absorber along the grain boundaries during 

the thermal-annealing process, which effectively 

decreases surface charge recombination (Fig. 7(a)). A 

device with a structure of ITO/PEDOT:PSS/CH3NH3PbI3/ 

PCBM/C60/bathocuproine (BCP)/Al exhibited a remar-

kable PCE enhancement from 7.3% to 14.9%, with a 

reduced hysteresis, compared with control devices 

without PCBM. Chiang et al. reported a simple inverted 

bulk heterojunction perovskite-PCBM solar cell (Fig. 7(b)) 

with a high FF of 0.82 and a PCE as high as 16.0% 

with no obvious hysteresis. This device was fabricated 

via a low-temperature two-step solution process by 

preparing a PbI2-PCBM hybrid film and then converting 

it into bulk heterojunction CH3NH3PbI3-PCBM [34]. 

Adding a small amount of PCBM into the PbI2 

precursor solution was critical for enhancing the quality 

of the perovskite via the filling of pinholes and 

vacancies between the perovskite grains. Recently, an 

inverted planar PSC with a perovskite-PCBM gradient 

interlayer other than a bulk heterojunction was reported 

[35]. Molecular PCBM was included in the dripping 

solvent toluene for the spin-coating of the perovskite 

precursor solution. The dripping-solvent deposition 

of molecular PCBM on a perovskite precursor can lead 

to the formation of a gradient of electron acceptors in 

the perovskite absorber (Fig. 7(c)), and the hydrophobic 

characteristic of PCBM reduced the interaction between 

DMSO solvent vapor and a perovskite intermediate 

[123]. The conformal PCBM coating on the perovskite 

absorber in the gradient heterojunction deposition 

led to a minimized resistive loss in large-area PSCs. A 

certified PCE of 18.21% for an aperture area of 

1.022 cm2 was obtained. 

Fullerene derivatives such as amine-functionalized 

DMAPA-C60 (molecular structure in Fig. 7(d)) [124] 

and fulleropyrrolidine-based C60-N [125] can also  

be applied in the interface of the ETL and as a metal 

electrode in inverted planar PSCs to reduce the work 
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function of the metal electrode and improve the stability 

of PSCs under ambient conditions. 

As in n–i–p planar PSCs, hysteresis is particularly 

pronounced, which might be due to the depletion 

region and pinning of the electron quasi-Fermi level 

across the compact TiO2/perovskite interface [122]. 

Fullerene derivatives are used to modify the interface 

between the TiO2 ETL and the perovskite absorber to 

alleviate hysteresis, improve the electron transfer, 

and enhance the stability of planar PSCs. A fullerene 

SAM (C60-SAM) (molecular structure in Fig. 7(e)) 

enhances the electron transfer and passivates the 

formation of trap states at the TiO2/perovskite interface 

by anchoring groups on the TiO2 surface and via 

fullerene moiety on the perovskite-absorber surface 

[126]. A triblock fullerene derivative (PCBB-2CN-2C8) 

(Fig. 7(f)) with a rational molecular design for modifying 

the TiO2/perovskite interface can uplift the work 

function of TiO2 and significantly improve the charge 

extraction, resulting in a 20.7% improvement in the 

PCE [127]. C60 was chosen as the main building block 

for PCBB-2CN-2C8 because of its high electron affinity. 

Cyano groups were used for pacifying oxygen 

vacancies and dioctyloxy chains. The cyano groups 

were designed to suit the orthogonal solvents used in 

perovskite-film fabrication. The electrical properties 

of PCBB-2CN-2C8 suggest that it can reduce the 

charge-recombination loss due to the deep trap states 

in TiO2. [6,6]-phenyl-C61-butyric acid (PCBA) has also 

been demonstrated as an interfacial layer between 

compact TiO2 and a CH3NH3PbI3 film to achieve a high 

Voc of 1.16 V and a maximum PCE of 17.76%, implying 

that PCBA can serve as a hole-blocking layer to 

reduce the trap-state density atop compact TiO2. 

Figure 7 Fullerene and derivatives applied for interfacial engineering in lead-halide PSCs. (a) PCBM permeates along the grain 
boundaries of the perovskite during thermal annealing. Reproduced with permission from Ref. [122], © Macmillan Publishers Limited
2014. (b) Bulk heterojunction of a perovskite and PCBM. (c) Graded heterojunction of a perovskite and PCBM, where the interlayer is
composed of perovskite with a gradient distribution of PCBM. Reproduced with permission from Ref. [34], © Macmillan Publishers 
Limited 2016. (d) Schematic of the inverted solar-cell with DMAPA-C60 interfacial engineering. Reproduced with permission from Ref. 
[124], © WILEY-VCH 2015. (e) Planar heterojunction PSCs with C60-SAM engineering; the TiO2/perovskite interface exhibits 
considerably reduced hysteresis. Reproduced with permission from Ref. [126], © American Chemical Society 2014. (f) Molecular 
structure of the carefully designed fullerene derivative PCBB-2CN-2C8 for application in the TiO2/perovskite interface. Reproduced 
with permission from Ref. [127], © American Chemical Society 2015. 
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4.3 Graphene oxide (GO) and CNTs 

GO is a precursor for the synthesis of graphene by 

chemical or thermal reduction methods. GO exhibits 

a 2D C–C structure with various oxygen-containing 

functional groups, such as carboxyl, carbonyl, lactone, 

phenol, and quinone, mostly at sheet edges. The 

hydrophilic oxygen-containing groups reduce the 

electron mobility; thus, GO has potential for suppressing 

the electron recombination in PSCs. Li et al. reported 

that the amphiphilic GO functionalization of a 

perovskite-absorber surface decreased the contact 

angles from 13.4° to 0° [128]. GO can also interact 

with the perovskite by Pb–O bonding to suppress 

unsaturated Pb bonding at the interface, and 2D C–C 

bonds in GO can absorb spiro-OMeTAD via π–π 

interactions, which enhances the charge-collection 

efficiency because of the improved contact between 

the perovskite and the HTL. The corresponding average 

PCE of a device with a structure of FTO/c-TiO2/ 

mp-TiO2/CH3NH3PbI3/GO/spiro-OMeTAD/Au increased 

from 10.0% (control devices without GO) to 14.5%. 

Recently, Li-neutralized GO was reported to partially 

passivate oxygen vacancies of mp-TiO2 [129] in 

mesoscopic structured PSCs.  

Feng et al. introduced ammonia-modified GO 

(GO:NH3) between a PEDOT:PSS HTL and a 

perovskite in a cell structure of ITO/PEDOT:PSS/ 

GO:NH3/CH3NH3PbI3–xClx/PCBM/solution-processed 

bathophenanthroline (sBphen)/Ag. The PCE of the 

cell was as high as 16.11% and was far superior to 

those of control cells without a GO:NH3 layer [130]. 

The function of GO:NH3 was threefold. First, the 

perovskite exhibited full coverage and substantially 

improved crystallization; second, the optical absorption 

of PSC was enhanced; third, improved energy 

alignment between PEDOT:PSS and perovskite layer 

was enabled by GO:NH3. Moreover, the stability of 

these PSCs was greatly enhanced in an ambient 

environment. 

In several studies, multiwalled carbon nanotubes 

and single-walled carbon nanotube (SWCNTs) have 

been employed to extract holes in PSCs [131–133]. Ihly 

et al. demonstrated that with only 5 nm of a highly 

enriched SWCNT film at the interface between a 

perovskite and spiro-OMeTAD enabled sub-picosecond 

hole extraction from the perovskite and slow back 

transfer (hundreds of microseconds) [134]. This result 

indicates that the pairing of organic and inorganic 

HTLs via interfacial SWCNTs is an economical method 

for the fabrication of PSCs. 

4.4 SAMs 

The literature reveals that SAMs can modify the 

interface between commonly used ETLs and perovskites. 

Substrates covered with amino or ammonium groups 

can promote the growth of smooth and highly 

crystalline perovskite films. This phenomenon is pro-

bably due to the enhanced affinity induced by hydrogen 

bonding or electrostatic interactions between these 

functional groups and the perovskite framework [135]. 

In 2014, Ogomi et al. designed amino-acid HI-salt 

(HOCO–R–NH3+I–) monolayers as an anchor for 

mesoscopic PSCs. Glycine, β-alanine, and γ-amino 

butyric acid HI salts were employed as the anchoring 

group, and the results indicated that HOCO–R–NH3+I– 

with longer alkyl chains were better absorbed on the 

TiO2 surface because of the better self-organization of 

alkyl groups [136]. The effects of the HOCO–R–NH3+I– 

monolayer include the passivation of surface traps on 

porous TiO2, corresponding to the better growth of 

the perovskite absorber, better energy alignment  

due to the surface dipole, and the retardation of 

charge recombination by alkyl groups. Similarly, a 

3-aminopropanioc acid SAM (C3-SAM)-functionalized 

ZnO ETL (Fig. 8(a)) was reported to improve the 

crystallinity of a perovskite film and reduce the 

pinholes and charge traps. The PCE was enhanced by 

31% (up to 15.67%) [134]. TiO2 functionalized with 

glycine [137] and an amino-propyltrimethoxysilane 

SAM [135] has also been reported (Fig. 8(b)). The 

self-assembly of the amino-silane monolayer can be 

realized by the formation of covalent bonds through 

condensation reactions between alkoxy groups in 

silane and hydroxyl groups at the surface of TiO2. In 

addition to amino and ammonium groups, thiols can 

be applied in the SAM at the TiO2/perovskite interface 

to enhance the performance and stability of PSCs. In 

particular, HOOC-Ph-SH facilitated the growth of 

larger perovskite crystallites and enhanced the transfer 

of electrons across the TiO2/perovskite interface, and  
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the hydrophobic thiol HS-PhF5 remarkably improved 

the stability of PSCs, which retained over 80% of their 

initial efficiency after 10 days of storage at a humidity 

of ~45% [138]. 

SAMs have also been applied on the surface of 

perovskite absorbers to make the cell more immune 

to moisture, e.g., C12-silane with an insulating alkyl 

chain [140]. Recently, Yang et al. demonstrated an 

inspiring functionalization of perovskite thin films 

via moisture-tolerant molecules [139]. Hydrophobic 

alkyl ammonium cations were assembled on the 

perovskite surface as a water-resisting layer, and the 

functionalized perovskite exhibited a superior moisture 

stability (90% ± 5%) over 30 days. The ammonium 

cations investigated were categorized into three groups: 

type I cations with only one methyl group, type II 

cations with three or four methyl groups, and type III 

cations with four alkyl groups. As shown in Fig. 8(c), 

the steric effect induced by bulky hydrophobic 

ammonium cations caused the tilt angles of the 

perovskite surface Pb5c–I1c (Pb5c represents the surface  

five-coordinated Pb atoms, and I1c represents surface 

I atoms coordinated with only one Pb atom) bonds to 

increase from 34.7° to 98.7°, hindering the reaction of 

water molecules with Pb5c atoms, which enhanced the 

stability of the perovskite layer. This work introduced 

a new avenue for commercial devices that operate in 

ambient conditions. 

4.5 Small organic molecules and polymers 

It has been well perceived that efficient PSCs can be 

fabricated with an inverted planar heterojunction, in 

which perovskite is usually sandwiched between a 

PEDOT:PSS or NiOx HTL and a PCBM ETL. However, 

this inverted p–i–n structure has not yet achieved   

a comparable PCE to conventional structures with 

high-temperature sintered metal-oxide ETLs. One 

reason for this is the energy offset between the Fermi 

level of high-work function metals (Ag, Au, Al) and 

the LUMO of the organic ETL (PCBM). In this regard, 

the thermal evaporation of LiF [103], Ca [141], BCP 

[142], and C60 [143] on the PCBM layer is commonly  

Figure 8 SAMs applied for interface engineering in lead-halide PSCs. (a) Schematic of a C3-SAM-functionalized PSC, C3-SAM-
induced permanent dipole formation, and the improved crystallinity of perovskite crystals. Reproduced with permission from Ref. [134], 
© American Chemical Society 2015. (b) Structure of a fully printable mesoscopic PSC with a carbon counter electrode. The energy-
level diagram and the interfacial amino-organic silane between TiO2 and perovskite are also shown. Reproduced with permission from 
Ref. [135], © American Chemical Society 2015. (c) Side views of optimized geometries of the (100) surfaces of pristine perovskite (MA)-,
tetra-methyl ammonium (TMA)-, and tetra-ethyl ammonium (TEA)-functionalized perovskites. Reproduced with permission from 
Ref. [139], © Macmillan Publishers Limited 2016. 
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applied, substantially improving the FF. However, 

high-vacuum processing is required for the thermal 

evaporation of these layers. Pablo et al. first reported 

a low-temperature solution processed n-type TiOx 

layer between PCBM and Al, which highlighted   

the focus of developing solution-processed cathode 

interlayers for inverted planar PSCs. Since then, 

organic molecules such as PDINO [144], sBphen [145], 

rhodamine 101 zwitterion [146], 4,7-diphenyl-1,10- 

phenanthroline doped with bis(2-methyldibenzo- 

[f,h]quinoxaline) (Bphen:Ir(MDQ)2(acac)) [147] and 

solution-processed BCP [148], titanium (diisopropoxide) 

bis(2,4-pentanedionate [149], as well as polymers such 

as PEIE [150], poly[3-(6-trimethylammoniumhexyl) 

thiophene] [150], the amino-functionalized polymer 

PN4N [151], the polyfluorene derivative PFN [151], 

and poly(2-ethyl-2-oxazoline) [152], have been reported 

as buffering layers between PCBM and the metal 

electrode. These materials (molecular structures shown 

in Fig. 9) can all be applied on PCBM via low- 

temperature solution processing and lead to a reduced 

leakage current and high FF.  

In addition to being used as buffering layer between 

PCBM and metal electrode, polymers such as 4-lithium 

styrenesulfonic acid/styrene copolymer (LiSPS) [153], 

PS, Telfon, and polyvinylidene-trifluoroethylene [154] 

have been employed to engineer the interface between 

the perovskite and the fullerene ETL. LiSPS ionomers 

can fill the pinholes of solution-processed perovskite,  

leading to an optimized contact between the perovskite 

and a PCBM ETL, as indicated by a reduced leakage 

current. Huang et al. investigated several polymers 

as a thin insulating tunneling interlayer between a 

perovskite and C60 for efficient and water-resistant 

PSCs [154]. The polymer tunneling layer suppressed 

the charge recombination and protected the perovskite 

from moisture. Furthermore, this polymer insulating 

layer did not require lattice matching, enabling freedom 

in the device design. 

4.6 QDs 

Although QDs have been widely applied in various 

types of solar cells owing to their tunable bandgaps 

and high absorption coefficients, their applications  

in lead-halide PSCs have been limited. Yang et al. 

examined the effects of graphene QDs inserted as  

an ultrathin interlayer between a TiO2 ETL and a 

perovskite. The obtained PSCs underwent an efficiency 

enhancement caused by fast electron extraction due 

to graphene QDs [155]. Figure 10(a) shows the device 

structure, energy-level alignment, and graphene-QD 

structure determined by theoretical calculations. The 

PCE of the mesoscopic PSC increased from 8.81% 

(without graphene QDs) to 10.15% (with graphene 

QDs) (Fig. 10(b)). The effect of the graphene QDs was 

mostly reflected by an increased Jsc. Ultrafast transient 

absorption spectroscopy measurements indicated 

shorter electron-extraction times of 90–106 ps across 

 

Figure 9 Molecular structures of several organic molecules and polymers that can be applied as an interlayer between PCBM and the
metal electrode via solution processing. 
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the perovskite/graphene QDs/TiO2 and 260–307 ps 

across perovskite/TiO2, suggesting accelerated electron 

injection induced by the graphene QDs. Reduced 

graphene QD-modified ZnO has also yielded faster 

electron transfer [156]. 

Recently, PbS QDs were reported to be incorporated 

into planar PSCs as an efficient inorganic HTL, with 

the merits of extending the whole absorption spectrum 

of the cells into the infrared region [158, 159]. However, 

the engineering of perovskite/HTL interface using 

QDs is highly intriguing. Cha et al. reported the 

interface engineering of planar heterojunction PSCs 

by introducing CH3NH3PbBr3–xIx QDs between the 

perovskite and the spiro-OMeTAD HTL without 

introducing any other foreign components [157]. The 

synthesis of organometallic halide perovskite QDs 

was reported by Feng et al. [160]. By adjusting the 

Br:I ratio in the synthesized CH3NH3PbBr3–xIx QDs, 

tunable fluorescence and VB edges were obtained. 

When the VB edge of the CH3NH3PbBr3–xIx QDs was 

between that of the perovskite and spiro-OMeTAD, 

hole transfer from the perovskite film into the   

HTL was facilitated. Otherwise, when the VB of the 

CH3NH3PbBr3–xIx QDs was below that of perovskite, 

hole transfer was hindered by the inappropriate 

energy-level alignment (Figs. 10(c) and 10(d)). Mixing 

CH3NH3PbBr3–xIx QDs in the perovskite framework 

during the anti-solvent one-step coating process led 

to inferior PCEs, probably owing to the large number 

of recombination spots caused by the difference    

Figure 10 QDs applied for interface engineering in lead-halide PSCs. (a) and (b) Schematic of mesoscopic PSCs with a graphene QD 
interlayer between the TiO2 and perovskite. The theoretical calculated structure of the graphene QDs is also presented. Reproduced with 
permission from Ref. [155], © American Chemical Society 2014. (c) and (d) Schematic of the structure and the energy-level alignment 
of planar PSCs incorporating CH3NH3PbBr3–xIx QDs between the perovskite and spiro-OMeTAD. Reproduced with permission from 
Ref. [157], © American Chemical Society 2016. 
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of VB levels between bulk perovskite and the 

CH3NH3PbBr3–xIx QDs. This work may introduce new 

avenues for interface engineering in PSCs and the 

application of organometallic halide perovskite QDs. 

5 Summary and outlook   

We comprehensively summarized the recent progress 

in interfacial engineering for lead-halide PSCs from 

the perspective of the material modification of each 

single layer (perovskite absorber, ETL, and HTL), 

along with the roles of categorized materials that can 

be introduced into PSCs as interlayers (Table 1). The 

main expected functions of tailoring the interfaces in 

PSCs are summarized as follows: proper energy-level 

tailoring between adjacent layers to reduce the energy 

offset; enhancement of the electrical conductivity and 

wettability of the ETL and HTL; the passivation of 

trap states in the ETL and perovskite films; and the 

protection of the perovskite from moisture. 

The excellent properties of the lead-halide perovskite 

make it a promising material for solar-to-electricity 

conversion. Owing to the passion of researchers in 

film fabrication worldwide, mechanism investigations, 

composition explorations, and interface engineering, 

the PCE of PSCs can now compete with those of 

CIGS, CdTe, and Si solar cells. However, the stability 

of PSCs under real-application operating conditions, 

such as a relatively high temperature and maximum 

power output, are still far from sufficient and from 

satisfying the requirements of standard stability tests 

JISC8938, 1995 and IEC61646, 2008. Further imminent 

breakthroughs must focus on the stability of PSCs. 

The successful protection and integration of perovskite- 

based photoanodes and cathodes in electrolyte have 

been reported. For instance, encapsulation by Ni [178] 

and InBiSn alloy [179] (Fig. 11) has been proven 

effective, even in water. Ni can serve as both a physical 

passivation barrier and a hole-transferring catalyst, and 

the InBiSn alloy can effectively shield the perovskite 

Table 1 Performance of lead-halide PSCs with interfacial layers 

Device structure 
Jsc 

(mA/cm2) 

Voc 

(mV)
FF 

PCE 

(%) 
Remarks Ref.

ITO/PEDOT:PSS/BHJ CH3NH3PbI3–PCBM/PCBM/Ca/Al 20.2 970 0.82 16.0 Buffering layer [34] 

ITO/PEDOT:PSS/ CH3NH3PbI3/PCBM/LiF/Al 20.7 866 0.78 14.1 Buffering layer [103]

FTO/PEDOT:PSS/CH3NH3PbI3–xClx/PCBM/TiOx/Al 15.8 940 0.66 9.8 Achieving a stable electronic contact with top Al electrode [111]

ITO/PEDOT:PSS/ CH3NH3PbI3–xClx/PCBM/ZnO/Al 20.5 970 0.80 15.9 

Improving hole-blocking capability, preventing direct 

contact of Al and perovskite layer and enhance ambient 

stability of devices 

[112]

FTO/NiLiMgO/FA0.85MA0.15Pb(I0.85Br0.15)3/gradient 

interlayer/PCBM/Ti(Nb)Ox/Ag 
21.95 1,081 0.78 18.21 

Improving electron collection and reducing recombination 

loss 
[35] 

ITO/PEDOT:PSS/VOx/CH3NH3PbI3–xBrx/PCBM/AM-TiOx/Ag 18.34 1,070 0.82 16.09 
Stabilizing ionic defects migrating from the perovskite 

layer  
[105]

ITO,PET/PEDOT:PSS/CH3NH3PbI3–xClx/PTCDI,PCBM/Cr-Cr2O3/

Au,Al/PU 
17.5 ± 1 930 ± 40 ~0.80 12.5 ± 1

Protecting metal top contacts from reactions with 

perovskite 
[115]

FTO/TiO2/CH3NH3PbI3/Al2O3/Au 10.67 789.2 0.60 5.07 
Promoting carrier transportation, suppressing 

recombination of free carriers  
[107]

FTO/TiO2/CH3NH3PbI3/Al2O3/spiro-OMeTAD/Au 11.11 860 0.46 4.60 
Protecting CH3NH3PbI3 from moisture and retarding charge 

recombination 
[108]

FTO/c-TiO2/(mp-TiO2+CH3NH3PbI3)/AlOx/Au 17.62 921 0.68 11.10 Electron blocking layer [161]

FTO/c-TiO2/mp-TiO2/Al2O3/CH3NH3PbI3–xClx/spiro-OMeTAD/Au 20.1 960 0.66 12.7 Suppressing back electron transfer [110]

FTO/c-TiO2/mp-TiO2/CH3NH3PbI3/MoOx/spiro-OMeTAD/Ag 22.06 ± 0.4 
900 ± 

120 

0.59 ± 

0.09 
11.2 ± 0.8

Inducing highly crystalline perovskite film and MoOx 

interfacial layer simultaneously 
[104]

ITO/Cs2CO3/CH3NH3PbI3/spiro-OMeTAD/Au 19.9 1,070 0.71 15.1 

Achieving efficient electron-selective contact between 

perovskite and ITO without compact n-type metal oxide 

blocking layers 

[118]

FTO/ZnO/AZO/CH3NH3PbI3/spiro-OMeTAD/Au 19.77 900 0.60 10.7 
Suppressing charge recombination at ZnO/CH3NH3PbI3 

interface 
[162]

FTO/ TiO2/Y2Ox/CH3NH3PbI2Cl/spiro-OMeTAD/Ag/Au 16.55 790 0.71 7.53 Retarding charge recombination  [114]
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Device structure 
Jsc 

(mA/cm2) 

Voc 

(mV)
FF 

PCE 

(%) 
Remarks Ref.

ITO/PEDOT:PSS-GeO2-CH3NH3I:PbCl2/PCBM/Ag 21.55 960 0.74 15.15 

Improving ambient stability, growing sites of crystal 

nucleus of perovskite films, facilitating carrier transport 

pathway  

[163]

FTO/c-TiO2/(MgO@TiO2+CH3NH3PbI3)/spiro-OMeTAD/Ag 20.02 890 0.71 12.7 Retarding charge recombination  [164]

FTO/TiO2/MgO/CH3NH3PbI3/spiro-OMeTAD/Au 19.16 1,056 0.69 13.94 Retarding back recombination and improving stability [113]

FTO/mp-TiO2/Cs2CO3/CH3NH3PbI3/spiro-OMeTAD/Au 21.3 1,030 0.65 14.2 
Improving electron transport and retarding back 

recombination 
[117]

FTO/c-TiO2/CsBr/CH3NH3PbI3–xClx/spiro-OMeTAD/Au 19.8 ± 0.7 
1,040 ± 

20 

0.74 ± 

0.03 
15.3 ± 0.5

Enhancing UV-stability, alleviating defects at 

perovskite-titania heterojunction, enhancing electron 

extraction 

[106]

FTO/c-TiO2/mp-TiO2/CH3NH3PbI3/Li4Ti5O12/spiro-OMeTAD/Au 20.7 1,000 0.73 15.1 Insulating layer, reducing carrier recombination  [95] 

FTO/TiO2/Sb2S3/CH3NH3PbI3/CuSCN/Au 17.04 560 0.53 5.03 
Protecting CH3NH3PbI3 from degradation under light 

exposure 
[119]

FTO/TiO2/C60-SAM/CH3NH3PbI3–xClx/spiro-OMeTAD/Au 22.1 1,040 0.75 17.3 
Enhancing electron transfer, passivating formation of trap 

states and reducing nonradiative recombination 
[126]

ITO/ZnO/PCBM/CH3NH3PbI3/PTB7-Th/MoO3/Ag 18.18 1,000 0.67 12.2 Suppressing interface charge recombination [165]

FTO/TiOx/60-PCBM/CH3NH3PbI3/spiro-MeOTAD/Au 20.6 1,100 0.75 17.0 Efficient charge extraction [166]

ITO/TiO2/PCBB-2CN-2C8/CH3NH3PbIxCl3–x/spiro-OMeTAD/Au 19.85 ± 0.75
1,060 ± 

12 

0.78 ± 

0.01 

16.45 ± 

0.81 

Enhanced charge extraction, surface passivation and 

improved device stability 
[127]

FTO/c-TiO2/PCBA/CH3NH3PbI3/spiro-OMeTAD/Ag 21.38 1,160 0.72 17.76 Hole blocking layer, reduced trap site density atop TiO2 [167]

ITO/PEDOT:PSS/CH3NH3Pb3–xClx/PCBM/DMAPA-C60/Ag 17.9 970 0.77 13.4 
Formation of a dipole layer and a better surface film 

coverage 
[124]

ITO/PEDOT:PSS/perovskite/PCBM/C60-N/Ag 18.95 ± 1.06 980 ± 30
0.70 ± 

0.03 

13.00 ± 

1.04 

Enhancing electron extraction, prolonging free carrier 

lifetime, decreasing work function at the interface 
[125]

FTO/TiO2/CH3NH3PbI3/GO/spiro-OMeTAD/Au 20.2 1,040 0.73 15.1 Improving contact, retarding charge recombination [128]

FTO/c-TiO2/mp-TiO2/GO-Li/CH3NH3PbI3/spiro-OMeTAD/Au 19.61 859 0.70 11.8 
Enhancing electron injection, passivating oxygen 

vacancies/defects of mp-TiO2 
[129]

ITO/PEDOT:PSS/GO:NH3/CH3NH3PbI3–xClx/PCBM/sBphen/Ag 21.27 ± 0.55
1,020 ± 

10 

0.72 ± 

0.01 

15.90 ± 

0.17 

Improving crystallization and orientation order of 

perovskite, enhancing absorption, better matched 

energy-level-alignment 

[130]

FTO/TiO2/Al2O3+CH3NH3PbI3–xClx/P3HT-SWNTs/spiro- 

OMeTAD/Ag 
21.4 1,020 0.71 15.4 

Enhancing charge extraction through undoped 

spiro-OMeTAD 
[132]

FTO/c-TiO2/CH3NH3PbI3/s-SWCNT/spiro-OMeTAD/Ag 20.8 ± 0.3 
1,070 ± 

9 

0.73 ± 

0.02 
16.1 ± 0.3

Tracking charge extraction and recombination, enabling 

long-lived charge separation 
[168]

FTO/TiO2/rGS/CH3NH3PbI3/spiro-OMeTAD/Au 22.8 ± 0.9 
1,050 ± 

30 

0.72 ± 

0.02 
16.2 ± 1

Improving carrier transportation, amending stability and 

hysteresis 
[169]

FTO/c-TiO2/mp-Al2O3/CH3NH3PbI3–xClx/IPFB/spiro-OMeTAD/Ag 23.38 1,060 0.67 15.7 Passivating trap states at perovskite surface [170]

FTO/c-TiO2/mp-TiO2/HOCO–R–NH3+I–/CH3NH3PbI3/spiro-OMeT

AD/Ag/Au 
19.2 1,000 0.62 12.0 

Retarding charge recombination, passivating surface traps 

of porous titania, promoting electron injection 
[136]

FTO/TiO2/CH3NH3PbI3/C12-silane/spiro-OMeTAD/Ag 20.23 959 0.68 13.74 Blocking electron recombination and resisting moisture  [140]

ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/MUTAB/Ag 20.66 ± 0.75
1,020 ± 

10 

0.74 ± 

0.03 

15.50 ± 

0.42 

Covalent Ag–S bonds decrease contact resistance, inducing 

a favorable interfacial dipole to lower work function of Ag
[171]

FTO/TiO2/silane/(ZrO2+CH3NH3PbI3)/C 19.6 833 0.72 12.7 
Tuning the interface electronic structure, passivate 

recombination  
[135]

ITO/ZnO/C3-SAM/CH3NH3PbI3/spiro-OMeTAD/MoO3/Ag 22.51 1,070 0.65 15.67 
CH3NH3PbI3 with reduced pinholes and trap states density, 

forming permanent dipole moment 
[134]

FTO/TiO2/glycine/CH3NH3PbI3/spiro-OMeTAD/Au 16.20 ± 2.31 980 ± 20
0.60 ± 

0.05 

9.48 ± 

1.40 
Higher coverage of CH3NH3PbI3 crystals on TiO2 surface [137]

FTO/TiO2/HOOC–Ph–SH/CH3NH3PbI3/HS-PhF5/spiro-OMeTAD/

Au 
20.66 1,020 0.67 14.1 

HOOC–Ph–SH facilitates electron transfer and alters 

mophology of perovskite crystal growth; HS-PhF5 

enhances stability 

[138]

FTO/c-TiO2/CH3NH3PbI3/TEA/spiro-OMeTAD/Ag 20.4 995 0.74 15.02 
Enhanced surface hydrophobicity, superior moisture 

stability  
[139]
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Device structure 
Jsc 

(mA/cm2) 

Voc 

(mV)
FF 

PCE 

(%) 
Remarks Ref.

FTO/c-TiO2/mp-TiO2/CH3NH3PbI3–xClx/H2N–(CH2)3–Si(OC2H5)3/s

piro-OMeTAD/Ag 
16.55 902 0.73 11.8 Changing chemical composition of perovskite surface [172]

FTO/NiO/DEA/CH3NH3Pbl3–xClx/PCBM/PN4N/Ag 20.90 950 0.80 15.90 
Enhancing perovskite crystallization and improving 

interface contact 
[173]

ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/BCP/Al 10.32 600 0.63 3.9 Hole-blocking layer [142]

ITO/PEDOT:PSS/CH3NH3PbI3/ICBA/C60/BCP/Al 15.7 970 0.80 12.2 Avoiding leakage, passivating traps in CH3NH3PbI3 [143]

ITO/PEDOT:PSS/CH3NH3PbI3–xClx/PCBM/PDINO/Ag 18.8 950 0.79 14.0 Improving contact, reducing series resistance (Rs)  [144]

ITO/(PEDOT:PSS+Ag NPs)/CH3NH3PbI3–xClx/PCBM/sBphen/Ag 21.51 930 0.79 15.75 

Ag-NPs improve the electrical property of PEDOT:PSS; 

sBphen modifies the surface morphology by filling the 

voids 

[145]

ITO/PEDOT:PSS/CH3NH3PbI3–xClx/PCBM/Rhodamine 

101/LiF/Ag 
17.72 ± 0.37

1,010 ± 

10 

0.73 ± 

0.02 
13.1 Lowering work function of electrodes  [146]

ITO/PEDOT:PSS/MAPbI3–xBrx/PCBM/sBCP/Ag 17.07 890 0.85 13.06 Reducing leakage current and charge transfer resistance [148]

ITO/PEDOT:PSS/CH3NH3PbI3–xClx/PCBM/Bphen- 

Ir(MDQ)2(acac)/Ag 
21.89 950 0.75 15.87 Facilitating interface contact and electron extraction [147]

FTO/TiO2/CH3NH3PbI3/TPB/Au 13.26 ± 0.51 810 ± 31
0.58 ± 

0.02 

6.26 ± 

0.40 

Increasing interfacial resistance of CH3NH3PbI3/Au 

interface and retarding electron recombination process 
[174]

ITO/PEDOT:PSS/CH3NH3PbClxI3–x/PCBM/PN4N/Al 20.61 1,000 0.73 15.0 
Reducing contact resistance, suppressing bimolecular 

recombination and improving electron transport  
[151]

ITO/PEDOT:PSS/CH3NH3PbI3–xClx/PCBM/PEIE/Ag 17.32 ± 0.31 899 ± 1
0.77 ± 

0.01 
12.01 Reducing work function of metal electrode [150]

ITO/PEDOT:PSS/CH3NH3PbI3–xClx/PCBM/P3TMAHT/Ag 17.10 ± 0.42 899 ± 1
0.74 ± 

0.01 
11.28 Reducing work function of metal electrode [150]

ITO/PEIE/Y:TiO2/perovskite/spiro-OMeTAD/Au 22.80 1,150 0.76 19.3 Reducing work function of ITO [78] 

ITO/PEDOT:PSS/CH3NH3PbI3/LiSPS/PCBM/Al 20.90 850 0.78 13.83 Optimized contact, reduced leakage current [153]

ITO/PFN-OX:ZnO/CH3NH3PbI3/spiro-OMeTAD/Au 20.7 1,030 0.76 16.2 Efficient electron extraction and hole blocking [175]

FTO/TiOx/PEO/CH3NH3PbIxCl3–x/spiro-OMeTAD/Au 19.0 ± 0.8 
1,050 ± 

30 

0.62 ± 

0.02 

12.3 ± 

0.64 

Retarding back recombination and enhance electron 

collection 
[176]

FTO/c-TiO2/(TiO2+CH3NH3PbI3)/PEI/spiro-OMeTAD/Au 18.30 1,000 0.74 13.48 
Reducing moisture intrusion and increase adhesion at the 

interface 
[177]

ITO/PTAA:F4-TCNQ/CH3NH3PbI3/insulating polymer/C60/BCP/Al 22.9 1,100 0.81 20.3 Reducing charge recombination [154]

ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/PEOz nanodots/Ag 20.5 910 0.77 14.52 
Minimizing contact barrier and reducing work function of 

Ag  
[152]

FTO/TiO2/graphene QDs/CH3NH3PbI3/spiro-OMeTAD/Au 17.06 937 0.64 10.15 Facilitating electron extraction [155]

FTO/c-TiO2/CH3NH3PbI3/CH3NH3PbBr3–xIx 

QDs/spiro-OMeTAD/Au 
19.51 948 0.72 13.32 Facilitating hole extraction [157]

 

 

from water while transferring electrons to the outer 

Pt hydrogen-evolution catalyst. Recently, an ultrathin 

Ni layer and a CNT/polymer composite layer were 

developed to function together for the perovskite- 

integrated photoelectrolysis of water [180]. These 

findings will spur further attempts to greatly enhance 

the stability of perovskite materials towards the 

ultimate goal of harnessing solar power. With a deeper 

understanding of the interface and the exploration  

of novel interfacial tailoring approaches, interface 

engineering is expected to drive further developments 

of PSCs.  

Another goal for PSCs is to make them ubiquitous 

in everyday life; thus, flexible and efficient PSCs are in 

urgent demand. p–i–n inverted planar PSCs are more 

promising than n–i–p planar PSCs and mesoscopic 

PSCs, considering their cost-effective manufacturing. 

The relatively unstable PEDOT:PSS and rather 

expensive fullerene ETL can be optimized by interfacial 

engineering to enhance the device performance. 
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