
P
o

Y
a

C
b

a

A
A

K
I
P
O
O
O

D
T
5
N
D
b
2
b
P
P
b
d
d
(
S
R
9

U

h
0

Progress in Polymer Science 103 (2020) 101222

Contents lists available at ScienceDirect

Progress  in  Polymer  Science

j o ur na l ho me  pa ge: www.elsev ier .com/ locate /ppolysc i

olymer  design  to  promote  low  work  function  surfaces  in
rganic  electronics

ao  Wub, Yao  Liua,∗,  Todd  Emrickb,∗∗,  Thomas  P.  Russell a,b,∗

Beijing Advanced Innovation Center for Soft Matter, Science and Engineering, State Key Laboratory of Chemical Resource Engineering, Beijing University of
hemical Technology, Beijing, 100029, China
Polymer Science and Engineering Department, University of Massachusetts Amherst, 120 Governors Drive, Amherst, MA,  01003, USA

 r  t  i  c  l  e  i  n  f  o

rticle history:
vailable online 15 February 2020

eywords:
nterface engineering
olymer  interlayers
rganic  photovoltaics
rganic light-emitting diodes
rganic field-effect transistors

a  b  s  t  r  a  c  t

Organic  electronics  (OEs)  are  advantageous  for their  mechanical  flexibility,  light  weight,  and  easy  solu-
tion  processability  over  large areas,  all ideal characteristics  for next  generation  portable,  cost-effective
flexible  electronics.  The  interlayer  materials  present  between  the  organic  active  layer  and  electrodes  are
critical  elements  for promoting  efficient  device  operation.  Recently,  solution-processable  polymers  have
been  investigated  extensively  as  efficient  electrode  interlayer  materials  for applications  in  OE  devices.
We  begin  this  article  by  describing  energy  level  alignment  mechanisms  associated  with  contact  of the
polymer  interlayer  and  metal  electrode.  We  then  overview  the  latest  progress  where  polymer  interlayer
materials  are  used  in efficient  OE  device  fabrication.  We  discuss  critical  properties  of  these  polymer

interlayers,  including  (1) polymer  interactions  with  the metal  surface;  (2)  the  effect  of  energy  levels  and
electronic  structures  of  these  polymers  on  interfacial  modification;  and  (3)  the  effect  of  charge  transport
and  conductivity  of  the  polymer  interlayer  on device  operation.  Our  motivation  is to  describe  our current
understanding,  recent  progress,  and  outstanding  issues  of  polymer  interlayers  in  OEs,  and  propose  future
potential  directions  and  opportunities.
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. Introduction

State-of-the-art organic electronic and optoelectronic devices,
.g. OFETs, OLEDs, and OPVs, are complex multilayered structures
1–6]. Synthetic tailoring of the chemical structure of organic semi-
onductors in device active layers offers a distinct advantage in
he rational development of materials for organic electronics (OEs)
nd efficient device performance [7–10]. Supported by decades
f fundamental research, organic semiconductors with remark-
ble properties have been developed. For examples, ambipolar
harge carrier mobilities in excess of 10 cm2/V·s and large on/off
atios, have been reported for OFETs [11–13]. High power effi-
iencies were demonstrated for white and monochromatic OLEDs
14–16]. Moreover, the PCEs of single-junction OPVs and in
andem device architectures now exceed 16 % [17] and 17 %
18], respectively. Although such advances bring the concepts of
rganic optoelectronic devices closer to commercial viability, the
nique competitive advantage of organic materials is found in
he potential cost-effectiveness of solution-based processing of
igh-throughput, large-area devices. Emerging application areas
ill exploit the light weight, mechanical flexibility, and semi-

ransparency of OE devices [19].
The interlayer materials that are placed between the organic

ctive layer and charge-collecting electrodes are critical elements
n the operation of OE and optoelectronic devices [20,21]. Interlay-
rs reduce the Schottky barrier height, improving charge injection
n OFETs and OLEDs [22,23]. In OPVs, the interlayers increase
he Vbi in the device active layer, ensuring efficient extraction of
hoto-generated charge carriers [24]. Inorganic interlayers that
equire vacuum deposition or high-temperature annealing as
evice fabrication steps limit scalability and compatibility with
igh-throughput, energy-efficient, large-area solvent-processing,
specially on polymeric substrates which have desirable flexible
roperties [25,26]. Hence, replacing transition metal oxides (ZnO,
iO2, and MoO3), metal salts (LiF) and low-work-function metals
Ca, Ba, and Al) to realize “all-organic” device architectures is highly
esirable [27]. As such, interface engineering, i.e. the development
f interlayer materials and their integration into devices, is now
ecognized as a critically important research area for realizing OEs
s a practical technology [28,29].

Solution-processed organic interlayer materials comprise a
rowing subject of fundamental academic research and practical
evelopment, since they allow synthetic tailoring of properties and
re compatible with device fabrication approaches, such as slot-die
oating, ink-jet printing, and spray-coating [30]. These interlayer
aterials, that modify the electrode work function, including

olyelectrolytes, polymer zwitterions, and neutral fluorocarbon-,
thylene glycol-, and amine-functionalized materials, have been

structures  is enabled by their solubility in solvents that are orthog-
onal to those that solubilize the organic active layers [31,32].
Although the electronic utility is derived mainly from modifica-
tion of the electrode work function, these materials are notably
multifunctional, with rheological, morphological, electronic, and
optical properties that may  all be optimized to advantage of device
performance.

In this perspective, we  discuss the mechanism of metal work
function reduction using polymer interlayers and describe recent
studies on the mechanism of surface modification based on sev-
eral material systems, including CPEs, polymeric amines and CPZs.
We then summarize comprehensive efforts to develop polymer
modification platforms and present the understanding of multiple
functionalities of these materials as cathode modification inter-
layers in BHJ OPVs, OLEDs and OFETs. Our intent is to bridge
the knowledge and terminology gaps among materials designers,
device engineers, and condensed matter physicists working in this
exciting field.

2.  The mechanism of work function reduction

Tremendous research efforts have been devoted to understand-
ing the mechanisms of energy level alignment at the interface
where organic semiconductors contact metal electrodes. Several
semi-empirical models were proposed to describe such interfaces,
including the charge-transfer model and the interfacial doping
model [33–37]. However, none fully explains the experimental
observations at such interfaces. So, we  simply provide a discussion
of the mechanisms associated with the polymer interlayers that
are relevant for the following sections. For example, conjugated
polyelectrolytes (CPEs), the widely used surface modifiers in OEs,
show thickness dependent effects on metal work function modifi-
cation. Specifically, in the case of very thin (< 10 nm)  polyelectrolyte
interlayers, Lee et al. proposed that the generation of permanent
interfacial dipoles on the metal electrode is the dominant mecha-
nism for CPE tuning of metal work function (Fig. 1A, B). However,
when the interlayer thickness exceeds the quantum mechanical
tunneling limit (∼10 nm), one has to consider the effect of counter
ion migration and molecular reorientation (Fig. 1C). Under an exter-
nal electric field, the counter ions of CPEs may  migrate to the
respective electrodes, while the ionic pendant groups of CPEs ori-
ent adjacent to the electrodes. Thus, the mobile counter ions in CPEs
play a critical role on surface electronic modification of the metal
[38]. Interestingly, different ionic groups of the CPEs will influ-
ence interfacial dipole generation and orientation, inducing various
degrees and direction of vacuum energy level shifting [39]. Hence,
the polyelectrolyte surface modifier generally enables metal work
function reduction by forming net dipoles at the organic/electrode
eveloped for OLEDs, OFETs and OPVs [20]. Not only can they
eplace the most efficient inorganic interlayer materials, but they
an also lead to superior device efficiency and stability. The use
f solution-processed organic inter layers in multilayered device
interface.
Amine functionalized polymers were also found to reduce metal

work function efficiently. Insightful reports by Zhou et al. [40]
showed that the work function reduction by the amine groups
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Fig. 1. (A) Interfacial dipole induced by ionic groups, such as ammonium bromides, in CPEs; (B) schematic energy level diagram of the metal/CPE/active layer in OE devices;
(C)  schematics of the working mechanism of thick CPEs (>10 nm) under bias. [38], Copyright 2014. Reproduced with permission from John Wiley and Sons Inc.
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ig. 2. (A) Secondary electron cut-off obtained via UPS for PEDOT: PSS (PH1000), I
unction reduction of different conductive electrodes resulting from PEIE modificat
xide  surface. [40], Copyright 2012. Reproduced with permission from the America

n PEIE is nearly equivalent on different electrodes (Fig. 2A). The
echanism of this effect is attributed to both the orientation of

he internal molecular dipole that is induced by the electron pair
n the nitrogen atom, and an interfacial dipole that is due to the
artial charge transfer from the amine groups to the metal upon
hysical adsorption (Fig. 2B). When the amine groups are con-
ected covalently to electroactive components, such as fullerenes,
he resultant interlayer materials exhibit a work function “pinning
ffect”, with ability to reduce the work function of numerous metal

lectrodes to the same level [31]. Thus, amine-containing interlay-
rs show a general effect towards reducing work function across
etal compositions.
d Au compositions, with and without PEIE interlayers, showing the general work
) scheme of molecular dipole or interfacial dipole generated by PEI/PEIE on a zinc
ciation for the Advancement of Science.

In contract to polyelectrolytes, polymer zwitterions are neu-
tral, hydrophilic surface modifiers. The pendent zwitterions, while
uncharged, can be viewed as side chain dipole moments that impart
an electronic influence on their surroundings and provide an excel-
lent model to understand the effect of dipole orientation on surface
modification without the complication of counter ion migration
(Fig. 3A). For example, sulfobetaine (SB) zwitterions have a cal-
culated permanent dipole moment of 15.2 Debye [41], in which
the negative charge is distributed predominantly on the sulfonate

and the positive charge on the ammonium. A classical electrostatic
model of an image dipole interaction was  proposed to describe the
mechanism of zwitterion/metal interactions [42]. Consider an elec-
trostatic dipole po near a metal surface at a distance r (Fig. 3B).
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ig. 3. (A) Schematic depiction of SB zwitterions as pendent groups on a polymer ba
o = qd (q is the elementary charge, d is a vector pointing from a negative charge,
lignment on a metal surface creates an interfacial dipole (�). [44], Copyright 2016

uch a dipole induces surface polarization that can be described by
n image charge model [42]. The positive and negative charges of
he dipole would be mirrored across the plane of the metal sur-
ace by charges of identical value and opposite sign, creating an
mage dipole, pi . In the case of SB-functionalized polymers, nega-
ive charges on the sulfonate are located at a greater distance from
he polymer backbone than the positive charges on the nitrogen.
ence, the former is more susceptible to reorientation under an
pplied electric field, while the latter is relatively fixed. If the dipole
s fixed at a point of positive charge, the torque �, given by (Eq. 1),

ill cause the original dipole to rotate.

 =
[
p0 × Edip−dip

]
= 1

4�ε0

[
p0 ×

(
3 (pi · r) ·  r

r5
− pi

r3

)]
(1)

In  principle, two quasi-stable orientations that are normal to
he surface at � = 0 or � = � are possible, i.e. with the dipole point-
ng away from or towards the surface (Fig. 3C). However, dipole
rientation away from the surface (Fig. 3C, bottom) has a shorter
istance, making this configuration energetically more favorable
Fig. 3C, top) as can be seen from the interaction energy given by
q. 2.

dip−dip = 1
8�ε0

(
po · pi

r3
− 3 (po · r) (pi · r)

r5

)
(2)

Hence,  in the vicinity of a metal surface, the self-induced torque
f side chains and energy minimization will direct the negative
harges of the sulfonate towards the metal surface (Fig. 3A). Such a
et charge redistribution creates an interfacial dipole (�) at the
etal-polymer zwitterion interface (Fig. 3D), i.e. giving a lower
ork function of the polymer/metal system which represent the

lectrode. Some experimental results also support the preferential
rientation of SB zwitterions on the metal surface as assumed in the
lassical electrostatic model. For example, studies of DeLongchamp
nd coworkers revealed a net perpendicular orientation of SB
ide chains on Au and ITO substrates using the carbon K-edge of
EXAFS measurements [41,43]. Moreover, Richter and coworkers
mployed VR-SFG measurements to acquire structural informa-
ion of the -SO3

− group in zwitterion-substituted polymers and
ullerenes on Au and ITO substrates. The VR-SFG spectrum indicated

 net orientation of − C–SO3
− throughout the entire film with the

SO3
− groups directed towards the Au and ITO surfaces, which is

onsistent with the preferential orientation of zwitterionic dipoles
escribed in the theoretic treatment [41,43].

. Conjugated polymer interlayers
.1. Conjugated polyelectrolytes (CPEs)

CPEs are polymers comprised of a �-conjugated backbone with
endant side chains bearing ionic functional groups (Fig. 4). Numer-
e near a metal surface; (B, C) depiction of an image dipole where the original dipole
 a positive charge, +q) located at a distance r from a metal surface; (D) net dipole
oduced with permission from the American Chemical Society.

ous  polyfluorene-based CPEs were found to increase the VOC of
solar cell devices when integrated as interlayers between the active
layer and metal cathode [26]. Subsequently, polythiophene-based
CPEs were developed as cathode interlayers to improve the effi-
ciency of polymer solar cells containing a typical photoactive layer
of PCDTBT: PC71BM [45]. Notably, the CPEs containing polythio-
phene backbones showed a HOMO energy level of ∼5 eV [46], close
to the work function of PEDOT:PSS, and the HOMO energy level
of PCDTBT (∼5.5 eV) in the active layer. Thus, an ultrathin inter-
layer, below the quantum mechanical tunneling limit (∼10 nm), is
needed to achieve device performance. When these polythiophene-
based CPEs were combined with electron-collecting Al electrodes,
the electron extraction process of the devices improved sig-
nificantly, yielding higher PCE values. Polythiophene-based CPE
(P3TMAHT) interlayers have been shown to increase the VOC of the
devices, from 0.82 ± 0.01 V (control devices without interlayers)
to 0.89 ± 0.01 V (with interlayers). The JSC and FF of the devices
also improved when polythiophene-based CPE interlayers were
present, which increased PCE from 5.3 % to 6.5 % [45]. Further stud-
ies showed that introducing hydrophobic polyfluorene segments
into the polythiophene-based CPE promoted self-assembly of the
resultant polymer (PF2/6-b-P3TMAHT) into two-dimensional lay-
ered aggregates. However, PF2/6-b-P3TMAHT still provided a polar
surface when coated on top of the active layer and the resultant
self-assembled structures had negligible impact on the genera-
tion of interfacial dipoles, yielding similar device characteristics
as the thiophene-based homopolymer (P3TMAHT) [45]. Another
polyfluorene-based interlayer, WPF-6-oxy-F, was  synthesized by
Kim and coworkers [47], has ethylene oxide side groups on the fluo-
rene unit, which induce large interfacial dipoles between the active
layer and metal electrode. The OPV device with a configuration of
ITO/PEDOT: PSS/P3HT:PC71BM/  WPF-6-oxy-F(3 nm)/Al exhibits a
PCE of 3.89 %, which is higher than the PCE of the device without
the interlayer (2.30 %). The large PCE improvement is mainly due to
the VOC increase from 0.53 V to 0.64 V, arising from the interfacial
dipole between the active layer and Al. In addition, WPF-6-oxy-
F can also be used as an interlayer between multilayer graphene
and a P3HT:PC71BM active layer. The PCE of this OPV device is
1.23 % with a configuration of multilayer graphene/ WPF-6-oxy-F/
P3HT:PC71BM/PEDOT: PSS/Al. In contrast, no PCE was obtained for
the devices without WPF-6-oxy-F, suggesting the ability of WPF-6-
oxy-F to transport electrons from the active layer to Al [48]. CPEs
were also widely investigated to promote the electron injection
process of OLED devices. For example, Cao and coworkers studied
polyfluorene-based CPEs in OLEDs with a device configuration of
ITO/PEDOT: PSS/MEH-PPV/CPEs (3–20 nm thick)/Al [49]. The inser-

tion of PF-NR3

+ Br− or PF-NR3
+ I− as an interlayer between the

metal electrode (Al) and semiconductor layer efficiently promoted
electron injection into the electroluminescent layer (MEH-PPV),
affording high performance OLEDs, comparable to devices using
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Fig. 4. Chemical structure

ow work function cathodes (Ca/Al or Ba/Al). The generation of
nterfacial dipoles at the CPE/Al interface that break the electron
njection barrier is the main contributor to the enhanced effi-
iency. Along similar lines, some other polyfluorene-based CPEs
ere also developed to improve OLED performance [28]. Inter-

stingly, Bazan and coworkers found the response time of OLED
evices containing CPEs was strongly dependent on the applied
oltage. The conjugated backbone, charged pendant groups, and
ounter ions in CPEs were also examined as means to optimize
heir performance [50,51]. Due to the combination of ionic and
lectronic conduction mechanisms, devices containing PFN+BIm4

−

nterlayers showed a slow response time. Further studies showed
hat the response time of the devices was related to interlayer
hickness and specifically that a thinner interlayer afforded a faster
esponse. Later, Bazan and coworkers found that CPE interlayers
ecrease the contact resistance between a stable high work func-
ion metal electrode and an organic semiconductor, thus improving
lectron mobility of thin film transistors. It was  proposed that the
ligned interfacial dipole layer generated by the CPE interlayers
aused a downward shift in the vacuum level at the interface,
hich decreased the electron injection energy barrier in the area
f contact between the metal electrodes and organic semiconduc-
ors [52]. Most recently, low band gap CPEs were developed as
nterlayers in OPVs [53,54], such as CPEs containing DPP or NDI
nits (PDPPNBr, PNDIT-F3N-Br) [55]. PDPPNBr showed high elec-
ome representative CPEs.

tron mobility and conductivity due to the electron deficient and
planar polymer backbone, affording better device performance as
cathode interlayers when compared to the inorganic zinc oxide
counterpart. Combining NDI and fluorene to afford the resultant
polymer (PNDIT-F3N-Br) with more �-delocalized planar conju-
gated backbone promoted electron mobility while the ammonium
side chains affected interfacial modification. Interestingly, PNDIT-
F3N-Br showed a self-doping effect and ability to dope PC71BM in
the photoactive layer, as revealed by ESR measurements. Overall,
the power of PNDIT-F3N-Br on electron transport and interfa-
cial modification significantly improved the solar cell efficiency,
demonstrating great promise of CPEs with n-type backbones as
interlayers in OEs.

3.2.  Conjugated polymer zwitterions (CPZs)

CPZs contain a conjugated polymer backbone and zwitterionic
side chains, making them neutral, hydrophilic, polymer semi-
conductors. The pendent zwitterions allow the polymers to be
dissolved and processed in alcohol-based solvents and open the
door for using these materials as interfacial components of opto-

electronic devices [44]. Fang et al. [56] and Duan et al. [57]
found that zwitterionic polyfluorene derivatives when used as
electron injection layers of OLEDs improved the response time of
the devices, due to the absence of counter-ions. Later improve-
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ig. 5. (A) Chemical structures of CPZs; (B) energy levels of PTB7, PC71BM, and CPZs (
nterlayers; (D) chemical structure of PTB7 and PC71BM;  (E) the corresponding devic

ith permission from the American Chemical Society.

ents of these polyfluorenes, by post-polymerization chemistry,
nhanced their use as interlayers to improve electron extraction in
PVs [58]. Emrick and coworkers developed strategies for synthe-

izing numerous zwitterion-containing aromatic monomers and
onditions for their polymerization. These CPZs were designed and
ynthesized as interfacial materials for OPVs [44]. For example,
olythiophene-based CPZs were synthesized and integrated into
PV devices as cathode interlayers (Fig. 5) [42,59]. For devices con-

aining Ag cathodes, the interlayes improved device efficiency by
nducing a large interfacial dipole (�) that reduced the work func-
ion of silver, affording a higher Vbi in the fabricated devices. It was
hown that CPZ copolymers with benzothiadiazole units, PTBTSB-1
nd PTBTSB-2, can generate even larger interfacial dipole (�) values
n silver electrodes. Interestingly, polymers containing longer side
hains (PTSB-2, PTBTSB-2) induced the highest interfacial dipole
�) values, most likely due to better side chain flexibility that pro-
ides more freedom for molecular reorientation along the surface
ormal of the metal electrodes. This is in good agreement with the

arger VOC in OPVs that was achieved by PTBTSB-2 as the interlayer.
n consideration of the energy levels of the photoactive layers used
n the devices, one would expect that the deeper HOMO and LUMO
nergy levels of PTBTSB-1 would provide better electron extraction
nd hole blocking properties at the interface yielding devices with
igh JSC and FF. However, PTBTSB-2, with higher HOMO and LUMO

evels, afforded devices with even higher JSC and FF, indicating that
igher Vbi, as determined by larger interfacial dipole (�), is most
rucial for enhancing JSC and FF. Similar results were also found by
uan et al. who reported that zwitterionic polyfluorene interlayers
ith different energy levels can afford devices with different Vbi

nd thus tunable solar cell performance [58].

Conjugated polymers with D-A backbones are advantageous

ue to their easily tunable energy levels. For example, CPZ inter-
ayer materials containing DPP or iIn backbones (Fig. 6) improved
PV performance significantly relative to control devices [60]. Dis-
cial dipole (�) were measured on Ag); (C) solar cell device structure containing CPZ
ormance. [44] with a PTB7: PC71BM photoactive layer. Copyright 2016. Reproduced

tinct from the polythiophene-based CPZs, the DPP- or iIn- based
CPZs show a quite similar effect on reducing the metal work
function with no apparent backbone dependence. However, the
polymer backbone chemistry does play a critical role in dictating
the HOMO and LUMO energy levels of the CPZ interlayers, which
impacts electrons extraction and hole blocking from the active
layer. Specifically, studies on iIn-based CPZs indicate that a rela-
tively deep LUMO level is crucial for promoting electron extraction.
Additionally, in DPP-based CPZs, PT3DPPSB and PT2BTDPPSB show
similar HOMO levels. Thus, the deeper LUMO level of PT2BTDPPSB
drives higher FF and JSC values in solar cells. Conjugated back-
bones also have a crucial effect on charge transport of the interlayer
materials [61,62]. The electron mobility of the interlayer materials
significantly improved when going from PT3SB to PT2BTDPPSB to
PT2NDISB, as evidenced by SCLC measurements. CPZs having the
typical p-type polythiophene backbones (PT3SB) show poor elec-
tron transport properties (�e = 1 × 10−8 cm2/Vs), thus for devices
containing PT3SB it is impossible to obtain maximum VOC , JSC and FF
values at the same interlayer thickness, since the thicker interlayer
(> 7 nm)  has a higher VOC at the expense of dramatically decreased
JSC and FF (Fig. 7A, B). PT2NDISB with the classical n-type back-
bone has proven to be a successful interlayer design, showing the
highest electron mobility (2 × 10-6 cm2/Vs) and affording some
of the best performing CPZ-containing solar cells to date. The effi-
cient charge transport, combined with the much deeper HOMO and
LUMO levels of PT2NDISB, contribute to its superior performance.
PT2BTDPPSB shows an electron mobility of 2 × 10-7 cm2/Vs, one
order of magnitude lower than PT2NDISB, but still affords a device
performance comparable to PT2NDISB-based devices. This suggests
that the narrow Eg , large interfacial dipole (�), and sufficiently

low LUMO level of PT2BTDPPSB combine to generate excellent
performance as a cathode interlayer, or the electron mobility is
high enough to provide efficient electron transport across the
thin interlayer. Because of their relatively high electron mobility,
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Fig. 6. Chemical structures of some typical CPZs.
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evices  containing different CPZ interlayers; (C) solar cell device performance vs. di
he  American Chemical Society.

oth PT2NDISB and PT2BTDPPSB are more tolerant of interlayer
hickness variations, with VOC and FF plateauing at 5−10 nm,  but
eeping approximate maximum values for thicknesses greater than
0 nm (Fig. 7C). These results indicate that it is crucial to opti-
ize the electron transport and LUMO energy level of the cathode

nterlayers to suppress charge accumulation at the photoactive
ayer/electrode interface. In addition, high performance interfacial

aterials should be suitable for facile and large area processing,
hile circumventing the need for precise nanoscale thickness con-

rol to achieve high device performance.

.3. Neutral conjugated polymers

In comparison to polyelectrolytes, neutral polymers have rel-
tively simple structures that lack any potential complications

ssociated with mobile counterions. Numerous neutral conju-
ated polymers have been designed and synthesized to the benefit
f organic electronic devices. The most representative examples
re amine-functionalized polymers, especially PFN (Fig. 8) and
 evaluating interlayer materials; (B) current density-voltage curves of the solar cell
t CPZ interlayer thickness. [44], Copyright 2016. Reproduced with permission from

its  derivatives. PFN and its quaternized derivatives, synthesized
in 2004 by Cao and coworkers, demonstrated enhanced electron
injection as cathode interlayers in OLED devices [49]. Later, PFN was
found to significantly improve solar cell performance when inte-
grated as a thin buffer layer between the Al cathode and photoactive
layer [63]. Further investigations showed that the work function of
ITO was  decreased from 4.7 to 4.1 eV with an ultrathin PFN film
(10 nm), affording Ohmic contact between the photoactive layer
and ITO electrode in inverted OPVs. PFN is more efficient as an ITO
modifier to support the fabrication of inverted OPVs with high effi-
ciencies, as demonstrated by He and others [64,65]. Inspired by the
success of PFN, a series of neutral conjugated polymer interlayers
were developed and successfully applied in both OLEDs and OPVs,
such as amino N-oxides and phosphonate-functionalized polyflu-
orene (PFN-OH, PF-EP) [23]. Similar to PFN, PFN-OH improves

electron injection from high work function metal cathodes to active
layers, affording high performance OLEDs. Zhou et al. found that
PF-EP can be used to fabricate blue OLEDs, as both a light-emitting
and electron injection material, due to the interaction between the
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Fig. 8. Chemical structures of 

hosphonate groups and the Al cathode [66]. The OLED device per-
ormance, when using such interlayers is comparable to, or greater
han those devices using Ca or Ba cathodes. Later, polymer interlay-
rs with phosphonate functionalities were also found to efficiently
ecrease the ITO work function, holding great potential to facilitate
lectron extraction from the active layer to ITO for inverted OPVs
67]. Due to the low intrinsic conductivity of PFN, the working thick-
ess of PFN interlayers for device applications is usually restricted
o less than 10 nm (the quantum mechanical tunneling limit). To
evelop novel interlayer materials suitable for facile processing and

acking stringent thickness requirements, extensive research has
een devoted to modifying the PFN backbone. For example, Cao
nd coworkers designed and synthesized Hg-containing deriva-
ive of amino-functionalized conjugated polymers (PFEN-Hg) [68],

 metallopolymer that showed orthogonal solvent processability
nd good film formation, supporting the construction of multilayer
evices via all-solution processes. Similar to PFN, the amino-
unctionalized side chains in PFEN-Hg produce the desired dipole
ith the ITO substrate, affording efficient electron extraction in

nverted OPVs. Most importantly, the noncovalent Hg–Hg inter-
ctions enhanced stacking of polymer chains, improved the charge
ransport and conductivity, and provided excellent performance
s OPV interlayers. Later, the same group introduced NDI units
nto the PFN backbone to realize an n-type conjugated polymer
nterlayer (PNDIT-F3N) [55]. Interestingly, PNDIT-F3N showed a
hoto-induced conductivity enhancement, affording efficient OPV
evices as thickness-insensitive cathode interlayers. Recently, a
ross-linkable conjugated polymer interlayer, PFN-V, was reported
y Wang et al [69]. PFN-V can react with 1,8-octanedithiol via

click” chemistry, which will increase the thermal and morpho-
ogical stability of the interlayers. The crosslinked PFN-V films
how strong solvent resistance and modify the ITO electrode effi-
neutral conjugated polymers.

ciently,  affording Ohmic contact between the ITO cathode and
active layer. The surface energy of the crosslinked PFN-V film
also promotes a favorable vertical phase separation of the bulk
heterojunction active layer, further enhancing the OPV device per-
formance. The doping effect is important for neutral polymers, due
to increasing carrier concentration and enhancing charge transport.
There are two water/alcohol soluble conjugated polymer inter-
layers with polyfluorene backbones exhibiting enhanced device
performance when blended with other components. PFN-OX is a
cross-linkable n-type polymer interlayer synthesized by Cao and
coworkers. [36] Inverted OPV devices were fabricated with a con-
figuration of ITO/ZnO/PFN-OX/PTB7:PC71BM/MoO3/Al. The device
with PFN-OX achieved 9.28 % PCE, an improvement over devices
without PFN-OX (8.45 %). PFN-OX not only tunes the work func-
tion of the cathode to increase the VOC but also dopes PC71BM to
promote electron extraction. OFET devices were also fabricated by
using PFN-OX as an interlayer to understand the electron extrac-
tion and hole blocking function. The device with PFN-OX showed
an enhanced current in the forward direction and a reduction in
the reverse direction in the dark. The insertion of PFN-OX at the
electrode/organic semiconductor interface also decreased the Ids
of the p-channel OFET. These two  phenomena confirm the desired
function of both electron extraction and hole blocking by PFN-
OX. Cao and coworkers also reported a polymer interlayer termed
PN4N, which can play a role as an amino-functionalized polymer
dopant [37]. When PN4N was blended with N2200 and a crosslinker
bisPFPA, the electron mobility of the blend film increased due to the
doping effect. The device performance with the doping interlayer
achieved 9.94 % efficiency in comparison to the reference device

with a PN4N interlayer (9.16 %). Interestingly, the interlayer can
absorb light and contribute to the JSC of the devices containing
N2200.
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. Non-conjugated polymer interlayers

Polyethylene oxide (PEO, Fig. 9) represents the first studied
xample of a non-conjugated polymer for ITO modification of
nverted OSCs. A thin layer of PEO reduced the work function of ITO
y up to 0.5 eV as indicated by UPS, promoting electron extraction
rom the photoactive layer [70]. Later, aliphatic amine-containing
olymer interlayers, PEI and PEIE (Fig. 9), were demonstrated
o universally reduce the work function of numerous conductive
lectrodes including metals, metal oxides, conducting polymers,
raphene, and ITO by ∼1 eV. It has been shown that physical adsorp-
ion of the polymers onto the electrode surface contributes to this
ork function reduction, independent of the surface chemistry.

his low work function surface shows good air stability and can be
btained by simple solution processing methods, such as spin coat-
ng, printing, or immersing the conductors in the polymer solution
40]. The PEI or PEIE modified electrodes are now widely used in
ptoelectronic devices. Park et al. designed a series of polyelec-
rolytes containing an ethoxylated polyethyleneimine backbone
ith various counter ions, including Cl−, Br−, and I−. These poly-
ers reduce ϕe of OFETs, consistent with interfacial dipole or

-type doping at the electrode/semiconductor interface [71]. Thus,

 controllable interfacial doping of organic semiconductors can be
chieved by coating a thin layer of the polyelectrolyte. Some non-
onjugated block copolymers were also found to efficiently reduce
on-conjugated polymer interlayer materials.

the  work function of metal electrodes. For example, Emrick and
coworkers synthesized novel methacrylate copolymers containing
azulene (PATSB) or pyrene (PSBMA-Py) comonomers by free radical
polymerization [72]. Polymer with zwitterionic substitutions (sul-
fobetaine) removed S-shaped kinks in the J–V curves of OPV devices,
boosting solar cell efficiency. In simple electron-only devices, some
of the non-conjugated polymer zwitterions also enhanced charge
injection efficiency, showing promising applications for numerous
types of electronic devices requiring a low work function electrode
[41,72]. Recently, Park et al. reported a series of novel poly(ionic liq-
uid) based block copolymers for improving performance of inverted
OSCs. The electrode work function can be controlled by interfa-
cial dipoles induced by the ionic pendent groups. Interestingly,
the ionic group density plays a critical role on metal work func-
tion reduction, which can be easily tuned by simply changing the
molar ratio of the imidazolium poly(ionic liquid) [73]. To overcome
the inefficiency of non-conjugated polymers on charge transport,
planar electronically active PDI-based units can be incorporated
with polyelectrolyte dopants, as seen in the PDI-based ionene poly-
mers (PDI-ionene). These polymers show self-doping properties,
enabling chemical and morphological control of interfacial doping
and charge transport. Insertion of a suitable PDI-ionene polymer

as the cathode interlayer can significantly enhance the perfor-
mance of both fullerene and non-fullerene based OPVs [74,75]. Very
recently, we  further integrated C60 fullerene monomers directly
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nto ionene polymers. The novel “C60-ionene” for interface modifi-
ation enables the use of numerous high work-function metals (e.g.,
ilver, copper, and gold) as the cathode for efficient OPVs. Introduc-
ng fullerene moieties into ionene polymers dramatically improved
heir conductivity and afforded devices with high efficiency by
educing charge accumulation at the cathode/active layer inter-
ace [76]. A novel synthetic strategy that improves charge transport
haracteristics of non-conjugated polymer zwitterions was also
roposed by our group. Polymer zwitterions were synthesized
y the nucleophilic ring-opening of the bis-sultone, 3,3′-(but-2-
ne-1,4-diyl)bis(1,2-oxathiolane 2,2-dioxide) with functional PDI
r fullerene monomers. The PDI and fullerene units dictated the
harge transport properties of the interlayers such that the PDI-PZ
nd C60-PZ interlayers could overcome energy barriers at the hard-
oft materials interface of OEs to the benefit of electron injection
nd extraction processes between metal electrodes and organic
emiconductors [77].

.  Summary and outlook

Utilization  of organic materials in electronic and optoelectronic
evices promises to broaden the range of device applications due
o low-cost, high-throughput, large-area fabrication of lightweight
nd mechanically flexible device architectures. However, to take
dvantage of the unique properties of organic semiconductors, the
calability and compatibility of device fabrication steps require
urther improvement. Replacement of inorganic interlayers that
equire vacuum-based deposition or high-temperature annealing
ith solution-processible organic/polymer materials has recently

merged as a successful strategy. The polymer interlayers carry
umerous advantages including solution processing and robust
lm formation. In this contribution we surveyed recent progress on
olymers for designing low work function surfaces in organic elec-
ronic devices. Despite the impresive progress achieved to works
ith polymer interlayers, much work lies ahead to gain more

omprehensive understanding, resolve outstanding problems, and
etermine future directions.

First,  the organic interlayers that have been developed for
odifying metal work functions generally contain some unique

unctional groups (amine, zwitterions, electrolytes, etc.). Some of
hese functionalities can react with the components in the active
ayers. For example, recently developed non-fullerene acceptors in
PVs are chemically reactive and potentially react with some poly-
er  interlayers, such as PEIE, causing device degradation [78]. Thus,
ore emphasis on chemical stability at the interface is required.
Second,  the morphological stability of the polymer interlayer

uring device operation is complicated and not fully understood.
nterlayer materials can diffuse into the active layer and cause
egradation of one or both layers. The well-developed polymer

nterlayers are generally hydrophilic, while the active layers are
sually hydrophobic. Thus, de-wetting of the polymer interlayer on
he active layer can limit device performance and prevent achieving
ong term stability [79].

Third, the exploitation of the intrinsic chemical stability and
hotostability of polymer interlayers, such as interactions with air
r water, and photochemical reactions within polymer interlayer or
ith the active layer presents an important task for future research.

Finally, various models were proposed to explain the mecha-
isms of energy level alignment in the area of contact between
he polymer interlayer and metal electrode. However, no single

odel can explain all of the observed experimental results. Thus,

ore effort is required to understand this heterojunction interface.

or example, the development of more powerful characterization
echniques would benefit the understanding of the relationship
etween interfacial morphology and electronic structures at device

[
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interfaces,  including the impact of molecular orientation and dipole
orientation on energy level alignment at interfaces.
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