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In the past two decades, bulk heterojunction (BHJ) organic photovoltaics (OPVs) have gained

tremendous attention due to its intrinsic merits of cheap, flexible, clean and high throughput

manufacturing processibility and its advanced features of short payback time. Various methodologies

have been developed to approach OPVs with high power conversion efficiencies (PCEs) and long-term

stability. Interfacial engineering is a proven efficient approach to achieve OPVs with high PCEs. In this

article, we provide a basic overview on the recent progress of the materials, in particular, water/alcohol

soluble organic materials, used as interfacial layer (IFLs) in engineering of BHJ OPVs with high PCEs.

Underlying device physics of interfacial engineering and the origins of enhanced PCEs of OPVs by IFLs

are highlighted.
Introduction
To take advantages of the unlimited solar energy, photovoltaic

(PV) technology was developed [1]. Currently, inorganic PVs

(IPVs) have been widely employed due to its high power conver-

sion efficiencies (PCEs) and good stability [2]. However, IPVs are

limited by the long payback time and the pollutions generated

during the manufacturing processes [2]. Thus, IPVs cannot be

considered as the green energy sources [3]. In contrast to IPVs,

organic PVs (OPVs) as alternative to IPVs, features short payback

time and low waste/pollution generation during device fabrica-

tion, becoming one of the green energy sources [4–9]. In the last

two decades, scientists and engineers have dedicated significant

efforts on development of novel materials [13–20], engineering of

new architectures [21–24], modification of thin film morphology

[25–27], and interfacial engineering [28] to boost the PCEs of

OPVs. Over 10% PCE has been realized from single junction bulk

heterojunction (BHJ) OPVs [10,11] and over 12% PCE has been

observed from triple junction BHJ OPVs (three single OPVs stacked

together) [12]. In particular, interfacial engineering plays an im-

portant role in achieving such high PCEs [28].
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In this short review, we will briefly introduce the role and

significance of interfacial engineering in improving PCEs of BHJ

OPVs. In particular, we will summarize the functions of the

interfacial layers (IFLs) and the materials used as the IFLs. The

operation mechanisms and the underlying physics of the IFLs in

OPVs will be discussed.

Device structures and operation principles of OPVs
Figure 1 displays device structures of BHJ OPVs. In both conven-

tional and inverted device structures, BHJ composite [23] is sand-

wiched between the indium tin oxide (ITO) electrode and the

metal electrode to form an ITO/BHJ composite/metal sandwiched

structure. The randomly distributed electron donor (D) and elec-

tron acceptor (A) have intimate contacts with the electrodes. Thus,

the separated electrons and holes intend to recombine at the BHJ

composite/electrode interfaces [29]. Moreover, the mismatch of

the work functions of the electrodes with the energy levels of

either D or A in BHJ composite would result in energy barriers for

charge carrier transport, which restricts the charge carrier collec-

tion efficiency [30,31]. To circumvent these problems, the IFLs

termed as either the electron extraction layer (EEL) or the hole

extraction layers (HEL), according to their functionalities,

are utilized to modify the BHJ composite/electrode interfaces.

With the EEL and the HEL, ohmic contact is formed at the BHJ
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FIGURE 1

(a) Device structures of OPVs, where Ca is calcium, Al is aluminum, EEL is the electron extraction layer, BHJ is bulk heterojunction, HEL is the hole extraction
layer, ITO is indium tin oxide; (b) Working principles of OPVs, where LUMO is the lowest unoccupied molecular orbital, HOMO is the highest occupied

molecular orbital; (c) I–V characteristics of OPVs, where VOC is the open-circuit voltage, ISC is the short-circuit current, Vmp and Imp is the voltage and current

at maximum power, respectively, Pmax is the maximum power of OPVs.

R
E
S
E
A
R
C
H
:
R
eview
composite/electrode interfaces, which would reduce the energy

barriers for charge transport from the BHJ composite to the corre-

sponding electrodes. The IFLs offer charge carrier selectivity at the

BHJ composite/electrode interfaces, which suppress the charge

recombination at the BHJ composite/electrode interfaces [32–

34]. Substantially, PCEs of OPVs with the IFLs are significantly

enhanced [29]. Moreover, insertion of the IFLs in between the BHJ

composite and the electrode also could tune the polarity of OPVs,

allowing air stable high work function metals such as silver (Ag) or

gold (Au) [35,36] to be used as the anode. Contrary to the conven-

tional OPVs with a device structure of ITO/HEL/BHJ composite/

EEL/Al, where ITO works as the anode and aluminum (Al) works as

the cathode, in the inverted OPVs with a device structure of ITO/

EEL/BHJ composite/HEL/Ag (or Au), ITO works as the cathode and

Ag or Au works as the anode.
170
The basic operational principles of BHJ OPVs are shown in

Fig. 1b. When the BHJ active layer is under illumination, the

photonic energy is absorbed by D and/or A. The electrons are

excited from the highest occupied molecular orbital (HOMO)

energy levels to the lowest unoccupied molecular orbital (LUMO)

energy levels of both D and/or A and the holes are left in the

HOMO energy levels of D and/or A. Due to strong Columbic

interactions, the electrons and the holes are bonded in pairs to

form the excitons. The excitons are diffused to the D/A interface.

After that, the excitons are dissociated into free electrons and holes

at the D/A interface [37]. These free electrons and holes are

extracted and collected by the cathode and the anode, respectively

[37]. So the interface between the BHJ composite and the electro-

des will determine the charge collections, which have great influ-

ences on the performance of OPVs [29,30,37].
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The performance of BHJ OPVs is evaluated by the power con-

version efficiency (PCE). PCE is described by PCE = VOC � JSC � FF/

Pin, where VOC is the open-circuit voltage, JSC is the short-circuit

current density, FF is the fill factor and Pin is the input light

intensity. The FF is determined by the ratio of the maximum

power from OPV to the product of VOC and JSC, FF = Imp � Vmp/

VOC � ISC, as shown in Fig. 1c, where Imp and Vmp are the voltage

and current at maximum power, respectively.

Materials for interfacial engineering
The main functions of the IFLs are highlighted as: to adjust the

energy barriers between the BHJ composite and the electrodes, to

select one sort of charge carriers and to reduce the interface charge

carrier recombination, to tune the polarity of the electrodes and to

prevent oxygen or moisture penetration into the BHJ composite/

electrode interface. Currently, five types of materials have been

used as the IFLs. These materials are poly(3,4-ethylenedioxythio-

phene):polystyrene sulfonate (PEDOT:PSS), metals, salts, metal

oxides and water/alcohol soluble organic materials.

PEDOT:PSS
PEDOT:PSS is one of doped polymers. It was the first IFLs used in

the development of OPVs [38], PEDOT:PSS provides an ohmic

contact between the BHJ composite and the ITO electrode. PED-

OT:PSS transports the holes rather than the electrons. The PED-

OT:PSS thin film can smooth the surface of the ITO electrode,

which reduces the linkage current, benefiting the holes being

transported from the BHJ composite to the ITO anode. The fea-

tures of solution processability, transparency in visible region and

high electrical conductivity allow PEDOT:PSS thin layer to be

widely used in OPVs [39,40]. However, it was found that the acidic

PEDOT:PSS etched the ITO surface, which shortens the lifetime of

OPVs [41,42]. In order to circumvent these problems, many new

substitutions have been developed [30,39–42].

Metals
Thermally evaporated low work function metals including magne-

sium (Mg, �3.7 eV), barium (Ba, �2.7 eV) and calcium (Ca, �2.9 eV)
TABLE 1

IFL materials, device structures and device performance parameters

IFLs Device structures 

Type of materials Materials 

Conjugated polymers WPF-6-oxy-F ITO/PEDOT:PSS/P3HT:PC61BM/IF

PF6NO25-py ITO/PEDOT:PSS/PCDTBT:PC71BM

PF6NO ITO/PEDOT:PSS/PCDTBT:PC71BM
PFNSO-BT ITO/PEDOT:PSS/PTB7:PC71BM/IF

P3TMAHT ITO/PEDOT:PSS/PCDTBT:PC71BM

PF2/6-b-P3TMAHT ITO/PEDOT:PSS/PCDTBT:PC71BM

Fullerene derivatives bis-PC61BM ITO/PEDOT:PSS/PIDT-PhanQ:PC

bis-PC61BM ITO/PEDOT:PSS/PIDT-PhanQ:PC

ETL-1 ITO/PEDOT:PSS/PIDT-PhanQ:PC
ETL-1 ITO/PEDOT:PSS/PIDT-PhanQ:PC

Graphene oxide and
small molecule

Graphene oxide ITO/PEDOT:PSS/P3HT:PC61BM/IF
BA-OCH3 ITO/PEDOT:PSS/P3HT:PC61BM/Z

BA-CH3 ITO/PEDOT:PSS/P3HT:PC61BM/Z

BA-H ITO/PEDOT:PSS/P3HT:PC61BM/Z

BA-SH ITO/PEDOT:PSS/P3HT:PC61BM/Z
BA-CF3 ITO/PEDOT:PSS/P3HT:PC61BM/Z

BA-CN ITO/PEDOT:PSS/P3HT:PC61BM/Z
[43,44] are also used as the IFLs in OPVs [30,43,44]. These low work

function metals as the IFLs in OPVs can significantly boost PCEs of

OPVs [43,44]. However, these metals are air and moisture sensitive

and easy to be oxidized, which would significantly degrade the

stability of OPVs. On the other hand, the thermal deposition

method would enhance the costs of device fabrication, which is

not suitable for large-area manufacturing. Owing to these draw-

backs, the low work function metals are not widely used as the IFLs,

but the studies on these IFLs provide a fundamental physics at the

BHJ composite/electrode interface in OPVs.

Salts
Lithium fluoride (LiF) and cesium carbonate (Cs2CO3) as the IFLs are

widely used in OPVs [30,45,46]. Thermally deposited LiF was firstly

used to modify the interface between poly[2-methoxy-5-(3,7-

dimethyloctyloxy)]-1,4-phenylenevinylene (MDMO-PPV):PC61BM

BHJ composite and the Al cathode in the conventional OPVs. The FF

was improved from 53% to 63% and the VOC enlarged from 0.76 V to

0.83 V was observed from OPVs with the LiF IFL [45]. The polarity of

OPVs was reversed when the Cs2CO3 IFL was used on the top of the

ITO electrode [47]. The VOC increased from 0.20 V to 0.56 V and JSC

increased from 7.01 mA/cm2 to 9.70 mA/cm2 were observed from

the OPV incorporated with the Cs2CO3 IFL [47]. The enhanced

device performance was attributed to the modified BHJ composite/

electrode interface [30,48–50]. The underlying device physics of the

BHJ composite/electrode interface modified by IFLs will be discussed

in section ‘Underlying physics of interfacial engineering’.

Metal oxides
The p-type transition metal oxides to substitute PEDOT:PSS as the

HEL have been successfully introduced in OPVs to enhance its

stability [33,51,52]. Thermally deposited molybdenum oxide

(MoO3) [53], nickel oxide (NiO) [54], vanadium oxide (V2O5)

[55] and tungsten oxide (WO3) [56] as the HELs were also reported.

Comprehensive studies on these transition metal oxides as the IFLs

in OPVs were reported elsewhere [57]. Nevertheless, thermal

deposition process of these metal oxides is not suitable for large

scale fabrication of OPVs. To overcome this obstacle, our group
 of conventional OPVs with IFLs.

Device performance Ref.

VOC (V) JSC (mA/cm2) FF (%) PCE (%)

L/Al 0.62 9.89 59.0 3.67 66

/IFL/Al 0.91 11.60 66.2 6.90 68

/IFL/Al 0.93 7.27 62.8 6.07 69
L/Al 0.65 16.76 61.1 6.61 70

/IL/Al 0.86 10.80 66.0 6.10 77

/IL/Al 0.89 10.60 67.0 6.20 77

71BM/IFL/Al 0.88 11.19 60.0 5.87 81

71BM/IFL/Ag 0.88 11.50 61.0 6.22 81

71BM/IFL/Ag 0.87 11.28 64.0 6.28 82

71BM/IFL/Al 0.86 11.17 62.0 5.96 82

L/Ag 0.62 10.28 62.2 3.94 87
nO/IFL/Al 0.65 11.61 55.0 4.21 88

nO/IFL/Al 0.64 11.63 49.0 3.63 88

nO/IFL/Al 0.64 11.46 48.0 3.48 88

nO/IFL/Al 0.45 10.44 42.0 1.95 88
nO/IFL/Al 0.30 8.97 31.0 0.84 88

nO/IFL/Al 0.27 8.15 28.0 0.62 88
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demonstrated a facile route to solution-processed MoOx HEL at

room temperature in OPVs [58]. The OPVs with the MoOx HEL

possessed even higher PCEs compared to that with PEDOT:PSS

HEL. We also observed comparable device performance from the

OPVs incorporated with magnetic iron oxide (Fe3O4) nano-parti-

cles as an efficient HEL [59].

The n-type solution-processed zinc oxide (ZnOx) [60,61] and

titanium oxide (TiOx) [62] were also used as the efficient EELs in

the inverted OPVs due to their good transparency and electron

selectivity [60–63]. The low energy offset between the LUMO

energy level of the ZnOx EEL and the LUMO energy level of the

electron donors would reduce the energy barrier for the electrons
TABLE 2

IFL materials, device structures and device performance parameters

IFLs Device structures 

Type of materials Materials 

Conjugated polymers WPF-6-oxy-F ITO/IFL/P3HT:PC61BM/PEDOT:PS

PFN-Br ITO/ZnO/IFL/PBDT-DTNT:PC71BM

PFN ITO/IFL/PTB7:PC71BM/MoO3/Ag 

PFN-OX ITO/IFL/PBDT-DTNT:PC71BM/Mo

Non-conjugated
polyelectrolytes

PEIE ITO/IFL/P3HT:ICBA/MoO3/Al 

Polyethlyeneimine ITO/IFL/PTB7:PC71BM/PEDOT:PS

Polyallyamine ITO/IFL/PTB7:PC71BM/PEDOT:PS

Fullerene derivatives C-PCBSD ITO/ZnO/IFL/P3HT:PC61BM/PEDO
C-PCBSD ITO/ZnO/IFL/P3HT:ICBA/PEDOT:

PC60BM-G2 ITO/ZnO/IFL/PBDT-DTBT:PC71BM

SCHEME 1

Molecular structures of organic materials used as the interfacial layers in OPVs.

172
being transported from the BHJ composite to the corresponding

cathode, resulting in enhanced PCEs [60–63].

Water/alcohol soluble organic materials
The organic materials with side chains, such as amino, phosphate,

carboxyl, quaternary ammonium, sulfonic and zwitterionic groups,

would possess good solubility either in water or alcohol solvents

[64,65]. These water/alcohol soluble organic materials possess the

advanced features that their electrical properties are tunable through

structural modification. Moreover, as the IFLs, its can be deposited

on the top of or underneath of BHJ composite without damage either

BHJ composite or itself due to its water/alcohol solubility.
 of inverted OPVs with IFLs.

Device performance Ref.

VOC (V) JSC (mA/cm2) FF (%) PCE (%)

S/Ag 0.65 8.83 59.0 3.38 67

/MoO3/Al 0.75 17.40 61.0 8.40 72

0.75 17.46 69.9 9.21 73
O3/Al 0.74 17.62 66.1 8.62 76

0.81 11.00 66.0 5.90 78
S/Ag – – – �6.00 79

S/Ag – – – �6.00 79

T:PSS/Ag 0.60 12.80 58.0 4.40 83
PSS/Ag 0.84 12.40 60.0 6.22 84

/MoO3/Al 0.73 14.00 62.8 6.42 96
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Tables 1 and 2 summarize four types of water/alcohol soluble

organic materials used as the IFLs in both conventional and inverted

OPVs. Their molecular structures are presented in Scheme 1.

The first one is conjugated polymers. Oh et al. observed nearly

60% enhanced PCEs from P3HT:PC61BM based OPVs incorporated

with poly[(9,9-bis((60-(N,N,N-trimethylammonium)hexyl)-2,7-

fluorene)-alt-(9,9-bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-9-

fluorene))] dibromide (WPF-6-oxy-F) as the cathode IFL [66]. They

further found out that enhanced PCEs was solely resulted from the

increased VOC [66,67]. Later on, novel polyfluorene derivatives,

such as PF6NO25-py [68], PF6NO [69], PFNSO-BT [70], PFN-Br

[71,72], PFN [73], were also applied as the IFLs to enhance PCEs

of OPVs [74,75]. Among these polyfluorene derivatives, poly[(9,9-

bis(30-((N,N-dimethyl)-N-ethylammonium)-propyl)-2,7-fluorene)-

alt-2,7-(9,9-dioctylfluorene)] dibromide (PFN-Br) was the most

widely used IFL in OPVs. In 2012, our group applied PFN-Br to

reengineer the ZnOx EEL in the inverted OPVs and observed in-

creased VOC, JSC and FF, consequently, enhanced PCE [72]. Late one,
FIGURE 2

(a) Metal/organic materials (Org) with Fermi contact; (b) Metal/organic materials

represents the height of the energy barrier.
Cao et al. reported a PCE of 9.2% from the inverted OPV incorpo-

rated with poly[(9,9-bis(30-(N,N-dimethylamino)propyl)-2,7-fluor-

ene)-alt-2,7-(9,9-dioctylfluorene)] (PFN) as the EEL [73]. We further

reported efficient inverted OPVs with over 1 mm thickness of BHJ

composite by using poly[(9,9-bis(60-(N,N-dimethylamino)propyl)-

2,7-fluorene)-alt-2,7-(9,9-bis(3-ethyl(oxetane-3-ethyloxy)-hexyl)-

fluorene)] (PFN-OX) as the EEL [76]. Our finding resolved one of

bottleneck problems for large-scale fabrication of OPVs by roll-to-

roll technique [76].

It was also demonstrated that polythiophene derivatives could

be used as the effective EELs to enhance PCEs (VOC and JSC) in the

conventional OPVs. For example, improved PCEs of 6.1% and

6.2% were observed from the OPVs with P3TMAHT and PF2/6-b-

P3TMAHT as the EELs, respectively [77].

The second one is non-conjugated polyelectrolytes. Kippelen

et al. demonstrated that polyethylenimineethoxylated (PEIE) or

branched polyethylenimine (PEI) as the IFLs to tune the energy

alignment at the BHJ composite/electrode interface effectively,
 with energy barriers. K represents the work function of the electrode. DE
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FIGURE 3

(a) Dipole moment formation on the surface of the electrode by PFN-Br;

(b) Reduced surface work function of the electrode by the dipole moment;

(c) Standard model for molecular electrical doping assuming integer charge

transfer from the HOMO energy level of organic molecule (OM) to the
LUMO energy level of the p-dopant (DOP) leading to ionized molecules; (d)
Alternative model assuming the hybridization of the frontier molecular

orbitals of the OM and the p-dopant in a supramolecular complex; surface

current densities of (e) ZnO; and (f) PC60BM-G2/ZnO measured by the
conductive peak force tapping tunneling AFM.
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resulting in enhanced PCEs in the inverted OPVs [78]. Polyethy-

leneimine and polyallyamine [79] were also reported as the IFLs in

enhancing PCEs of OPVs.

The third one is fullerene derivatives [80]. Jen et al. found that

OPVs with bis-PC61BM EELs exhibited greatly enhanced VOC and

JSC [81,82]. Hsu et al. also found that a cross-linkable fullerene

material, [6,6]-phenyl-C61-butyric styryldendron ester (C-PCBSD)

with ZnOx as the EELs could reduce the contact resistance at the

BHJ composite/electrode interface, thereby suppress the leakage

pathways of the ZnOx EEL [83], resulting in over 6.2% enhanced

PCEs from ICBA:P3HT based OPVs [84].

Last but not the least is graphene oxide and other small molec-

ular materials. Li et al. found that graphene oxide as the HEL could

significantly enhance PCEs of OPVs [85–87]. The enhanced PCEs

were attributed to ohmic contact between the BHJ composite and

the anode [87]. Jen et al. also demonstrated parasubstituted ben-

zoic acids with various substitute groups as the IFLs in OPVs [88].

By tuning the substitute group, the dipole moments with different

strengths could be formed at the BHJ composite/electrode inter-

face [88].

Underlying physics of interfacial engineering
The BHJ composite/electrode interface
Figure 2 proposes the operational principles at the BHJ composite/

electrode interface. Before the metal electrode and organic materi-

als get intimate contact, the LUMO and HOMO energy levels of

organic materials and the work function of the metal electrode

remain at their original values. After contacting, the energy levels

alignment at the metal/organic materials interface would take

place. If the work function of the metal electrode is higher than

the LUMO energy level of organic materials, the electrons will be

transported from the metal electrode to organic materials due to

the electro-potential [89]. The energy level at metal electrode

surface will pin to the LUMO energy level of organic materials,

which is termed as ohmic contact or Fermi level pining. Such

ohmic contact will minimize the energy barriers for charge carrier

transport at the BHJ composite/electrode interface. So, enhanced

PCEs from OPVs are expected. On the other hand, if the work

function of the metal electrode is lower than the LUMO energy

level of organic materials, the electron will be transported from

organic materials to the metal electrode due to different electro-

potentials [89]. An electric field with the direction pointing from

organic materials to the metal electrode will be formed. Such

electric field would create an energy barrier for the electrons being

transported from organic materials to the metal electrode, which is

deteriorating charge collection efficiency in OPVs [89,90].

The BHJ composite/electrode interface modified by IFLs
In general, PEDOT:PSS, metals, salts, and metal oxides as the

IFLs can improve charge transport properties at the BHJ com-

posite/electrode interface. The ITO electrode has a work func-

tion of �4.7 eV [6], which is higher than the HOMO energy

levels of most organic materials. The work function of PED-

OT:PSS is �5.0 eV [38]. With PEDOT:PSS on the surface of the

ITO electrode, the energy barriers between the ITO electrode

and organic materials would be suppressed and Fermi contact

would be formed. Consequently, OPVs with improved PCEs are

expected [38].
174
The aluminum (Al) electrode has a work function of �4.4 eV,

which is lower than the LUMO energy level (�4.0 eV) of fullerenes

derivatives [13]. Insertion of a low work function metal, such as Ba

(�2.7 eV) [43], Ca (�2.9 eV) [44], Mg (�3.7 eV) [44], between the

BHJ composite and Al electrode, the energy barriers for electron

extraction from the BHJ composite to Al electrode can be reduced.

Therefore, significantly increased VOC, FF and JSC are expected.

Salts based IFLs were reported to have three effects in improving

the BHJ composite/electrode interface in OPVs. The salts, e.g. LiF,

could work as a buffer layer to prevent the BHJ composite from

damage during the thermal deposition process of the top electrode

[32]. The permeant dipole moment in salts would contribute to the

improved PCEs in OPVs. The formation of Li–F or Cs–O dipole

moment at the BHJ composite/electrode interface significantly

reduced surface work functions of the electrode [46,47], therefore,

the energy barriers for electron extraction by the electrode were

suppressed. The salts were also reported as the dopants when used

as the IFLs in OPVs. The doped BHJ composite by Li+ or Cs2+ ions
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FIGURE 4

(a) Shift of work function of ITO due to the IFL, characterized by UPS. DK is the shift of work function; (b) Doping of the electron donor in the BHJ

composite by the IFL characterized by absorption spectroscopy.
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from the salts will form Fermi contact with the electrode to reduce

the energy barriers [48–50], resulting in increased VOC and FF.

Metal oxides, MoO3 [53], NiO [54], V2O5 [55] and WO3 [56] with

low HOMO energy levels can effectively reduce the energy barriers

for charge transport at the BHJ composite/ITO electrode interface,

resulting in enhanced PCEs. The n-type metal oxides, ZnOx, TiOx,

with higher LUMO energy levels than those of the electron accep-

tor in the BHJ composite, can minimize the energy barriers for the

electrons being extracted from BHJ composite to the correspond-

ing cathode, resulting in enhanced PCEs [60–62]. Moreover, the

charge separation at the interface between these n-type metal

oxides and the BHJ composite also has great contributions to

increased JSC [83,84]. Comprehensive reviews on the contacts

between metal oxides and organic materials were reported else-

where [91,92].

However, due to the low electrical conductivity and the light

absorption in the visible region, solution-processed metal oxides

as the HELs have to be ultrathin, which results in a great challenge

on the understanding of underlying physics of enhanced PCEs.

Based on our studies of the origins of enhanced PCEs of OPVs with

MoOx, ZnO and Fe3O4, we found that the enhanced surface

electrical conductivities of metal oxides play an important role

in enhanced PCEs of OPVs [58,59].

Enhanced PCEs by water/alcohol soluble organic materials as
the IFLs
Figure 3a,b illustrate the shift of the vacuum energy level at the

metal surface due to the dipole moment. With the dipole moment

(m) pointing outwards the electrode surface, the effective vacuum

level at the electrode surface could be reduced. Then, the effective
work function at the surface of the metal electrode could be

sufficiently reduced, which is favorable for the formation of ohmic

contact at the BHJ composite/electrode interface. It was proposed

that enhanced PCEs of OPVs, especially the increased VOC, was

resulted from the dipole moment formed at the BHJ composite/

electrode interface [64–67,79–81], for example, polyfluorene deri-

vatives, PEIE, PEI, Bis-PC61BM, or the IFLs possess strong internal

dipole moment [30,45,46,64–67,72,79–81].

Another explanation for enhanced PCEs was that the BHJ

composite was doped by the IFLs [30,85–87]. As a result, ohmic

contact between the BHJ composite and the electrode was gener-

ated, resulting in both increased VOC and JSC in OPVs [86,87].

Figure 3c,d display two proposed doping mechanism of IFL as

chemical dopants. The IFL dopant has a low lying LUMO energy

level which is comparable to the HOMO energy level of organic

materials, thus, the electrons in the HOMO energy level of organic

materials are transferred to the LUMO energy level of the IFL

dopant, resulting in a complex with lower Fermi level [93]. Owing

to the low-lying Fermi level of the complex, ohmic contact be-

tween the BHJ composite and anode interface was formed [93,94].

Due to the effects of the dipole moment, the binding energies

between the electrons at the surface of the electrode and those in

the bulk electrode are changed. Therefore, the modified surface

work function of the electrode via the dipole moment and/or the

changed energy levels of organic materials by the IFL dopant were

characterized by ultraviolet photoemission spectroscopy (UPS), as

shown in Fig. 4a [72,80,95]. The doping of organic materials in the

BHJ composite by the IFL dopant was measured by the light

absorption spectroscopy [87,93,94]. Due to the doping process,

the bandgap of the electron donors could be reduced and the
175
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polarons could be generated [94]. The polarons generally have

different light absorptions compared to that of the conjugated

backbone of the electron donors, which is in the range from

700 nm to 1000 nm, thus, new peak will appear in the absorption

spectra, as shown in Fig. 4b. However, due to the ultrathin IFLs, the

exact origins of enhanced PCEs are hard to be distinguished from

the dipole moment, doping process or even both of these two

mechanisms.

In addition to the mechanisms discussed above, our group

found that surface electrical conductivity of the IFLs plays an

important role in enhanced PCEs [72,96]. In order to further verify

it and avoid the influences from doping and the dipole moment,

we designed a novel neutral fullerene derivative (PC60BM-G2) as

the IFL [96], which possesses almost the same LUMO energy level

to that of PC71BM. The domain of peak of TUNA currents flowing

on the ZnO EEL was increased after modified by PC60BM-G2 EEL,

which indicated that surface electrical conductivity at the ZnO EEL

was greatly increased, as shown in Fig. 3e,f. Contributed by en-

hanced surface electrical conductivities, without changing the

VOC, the overall PCEs was increased from 4.77% to 6.42% [96].

Moreover, our studies on enhanced PCEs of OPVs with room-

temperature solution-processed MoOx and magnetic Fe3O4 IFLs

also indicated that the increased PCEs were originated from the

enhanced surface electrical conductivities of the IFLs [58,59].

Prospects and outlook
The state-of-art PCEs of OPVs have overcome the commercializa-

tion criteria-10%. Novel materials development, thin film mor-

phology optimization, and interfacial engineering are still

ongoing directions to further boost PCEs of OPVs. Among them,

interfacial engineering by the IFLs is still a simple and practical

route to approach high PCEs. The materials used as the IFLs should

possess effective charge carrier transport properties, fine-tuning

the energy level alignments at the BHJ composite/electrode inter-

face and high electrical conductivity. Moreover, the materials as

the IFLs are expected to have a good solubility in water/alcohol or

non-halogen solvents, which allow them to be solution-processed

either on the top of and underneath of BHJ composite, and to

possess high air and moisture stability, for example, cross-linkable

IFLs to enhance the stability of OPVs.
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