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Abstract Conjugated polar polymers, in which the conjugated backbones

are chemically anchored with functional polar side groups, can be processed with

water/alcohol solvents, and thus multilayered device architectures can be easily

realized via sequential solution processing of the toluene-soluble emissive polymer

and alcohol-soluble electron-transporting polymer without intermixing. Regarding

their use in organic optoelectronic devices, the success in achieving efficient charge

injection and intimate contact between metal electrodes and organic semiconductors

is very vital for enhancing the device performance. In this short review, it gives a

brief review to neutral alcohol-soluble phosphonate-functionalized polyfluorene,

mainly concerning the electronic structure at the phosphonate-functionalized poly-

fluorene/aluminum cathode interface and its successful application in multilayered

polymer optoelectronic devices including polymer light-emitting diodes and polymer

solar cells.

Keywords Conjugated polymer � Phosphonate group �
Interfacial electronic structure � Optoelectronic devices

Introduction

Solution-processible polymer optoelectronic devices, such as polymer light-emitting

diodes (PLEDs) [1, 2] and polymer solar cells (PSCs) [3], have recently received

great attention due to the cost-efficient fabrication from solution such as inkjet

printing and reel-to-reel coating as well as the possibility to achieve high device

performance without using complicated device architectures. For achieving high
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device performance, multilayered device structures are always needed since the

simple sandwich structure cannot meet relevant device physics considerations. The

application of anode or cathode interfacial layers can effectively solve exciton

quenching and bipolar charge balance/confinement problems in polymer optoelec-

tronic devices [4]. Unfortunately, owing to the similar solubility of the polymer

optoelectronic materials in common organic solvents, interfacial mixing problem

alway exists while depositing the multilayered polymer films via sequential solution

processing, which is exceedingly harmful to the device performance. Many

strategies such as using ‘‘orthogonal’’solvents [5, 6] or crosslinking methodology

[7–9] have been developed to solve this obstacle, and thus high-performance

multilayered optoelectronic devices have been obtained.

Conjugated polar polymers (CPPs), in which the electronically delocalized

backbones are modified with functional polar side groups, are soluble in

environmentally friendly water/alcohol solvents (meet the demands of ‘‘orthog-

onal’’ solvent strategy for multilayered device assembly) and thus have wide

applications in optoelectronic devices especially as the electrode interfacial layer.

Recent progress in PLEDs and PSCs with CPP buffer layers indicates that the

distinct roles with these interfacial materials depend on their advantages at

tailoring interfacial electronic structure that forms favorable interfacial energy

level alignments to enhance charge injection or collection [10–12]. The growing

recognition discloses that it is the peculiar pedant polar group that tailors the

interfacial electronic level while the conjugated backbone remains the charge-

transport capability. For example, on the origin of efficient electron injection

from stable metal electrodes (e.g., Au, Ag, or Al) to CPP interfacial layer,

intrinsic dipoles and/or reactivity of polar groups in the vicinity of CPP/cathode

metal interfaces are mainly involved [11, 13]. Although, the effectiveness of

CPPs is reported, the successful examples are scarce, in which the pendent

groups mainly include amino-/amino derivative-, phosphonate-, and oxide-

containing groups [10, 13–16]. It should be mentioned that, analogous to CPPs,

conjugated polyelectrolytes (CPEs), in which the polar groups are charged ions

instead, are alternatively developed with the similar molecular structure designs

and applications [17]. However, the prevalent mechanism arising from electrical-

field-induced redistribution of the ions at CPEs/electrode interfaces would cause

slow optoelectronic response (even at min. level) under bias [18], which limits

their applications.

In this short review, we will give a brief review to neutral alcohol-soluble

phosphonate-functionalized polyfluorene (PF-EP). The PF-EP was first developed

as a chemical sensor material by our group. We successfully applied it as a cathode

buffer layer in multilayered PLEDs and PSCs and the device performance was

dramatically improved with high work-function Al cathode. The electronic structure

and the origin of efficient electron injection at the PF-EP/Al interface were

discussed in detail. It should be emphasized that CPPs and CPEs have been

developed quickly in recent years and show great potential applications not only in

PLEDs and PSCs [15–17, 19], but also in chemical sensors and biology field [20,

21].
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Structure and photophysical properties of PF-EP

Figure 1 shows the chemical structure of PF-EP polymer. As depicted, the only

difference relative to poly(9,9-dialkylfluorene)s (PFs) is the attachment of

phosphonate groups at the end of the alkyl side chains of PFs. PF-EP is soluble

in most of common organic solvents, such as tetrahydrofuran (THF), toluene,

dimethylformamide (DMF), chloroform (CHCl3), and dimethyl sulfoxide (DMSO).

Especially, it is also highly soluble in methanol, ethanol, and acetone. The solubility

of PF-EP in ethanol is over 10 mg/mL. The result from cyclic voltammetry

measurement shows that the highest occupied molecular orbit (HOMO) and lowest

unoccupied molecular orbital (LUMO) energy levels of PF-EP locate at -5.5 and

-2.2 eV, respectively [14], 0.3 eV higher than the HOMO level of PF analog,

which is analogous to other reported fluorene-based polyelectrolyte [22]. Figure 2

shows the absorption and photoluminescent (PL) spectra of PF-EP in different

solutions and in films. The absorption and PL spectra of PF-EP show the same

characteristic features of PF counterpart, implying the little influence of the pendant

phosphonate groups on the p-delocalized PF backbones. As shown in Fig. 2, the

absorption maximum of PF-EP in chloroform, ethanol, DMF, and DMSO is at 392,

401, 400, and 406 nm, while the emission bands are peaked at 418, 422, 423, and

424 nm with vibronic shoulder around 442, 436, 445, and 438 nm, respectively.

Since, no aggregation absorption or excimer emission was observed; we attribute

this red shift to enhanced chain conjugation driven by strong interaction between

phosphonate groups and solvent molecules in polar solvents. The PF-EP film cast

from ethanol solution shows a 3–9 nm red shift with major peak at 437 nm and two

clear vibronic shoulders at 460 and 490 nm. It may be attributed to improved

intrachain order or longer effective conjugation length of PF-EP [14].

Efficient PLEDs with high work-function metal cathode

The electroluminescent (EL) property of PF-EP was investigated with different

metals as the cathode in a device configuration of ITO/poly(vinylcarbazole) (PVK,

25 nm, spin-coated from CHCl3 solution)/PF-EP (60 nm, spin-coated from ethanol

Fig. 1 Chemical structure of
PF-EP
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solution)/metal cathode. The cathodes of Al (100 nm), Ca (10 nm)/Al (100 nm),

Mg (10 nm)/Al (100 nm), and Ag (10 nm)/Al (100 nm) were used for comparison

[23]. The PLED performance is summarized in Table 1. As can be seen, the best

device performance is obtained by using Al cathode. The maximum luminous

efficiency reaches to 4.0 cd/A along with the Commission Internationale del’Ec-

lairage (C.I.E.) coordinates of (0.18, 0.14), indicating that PF-EP is an efficient blue

emitter. Since, the LUMO level of PF-EP is -2.2 eV, the efficient electron injection

and high light-emitting efficiency are supposed to be achieved with low-work-

function metals such as Ca cathode according to energy level diagram consideration

with Schottky–Mott model [24]. In this case, although the work function of Ca is

much lower than that of Al, the PLED with high work-function Al cathode

demonstrates a much lower turn-on voltage and higher light-emitting efficiency.

This suggests that the combination of PF-EP and Al metal cathode does realize more

efficient electron injection, as further confirmed by electron-only devices with these

metal cathodes [23]. In the following section, it is further identified that the

phosphonate groups attached on the PF backbone play a crucial role in realizing

efficient electron injection at the PF-EP/Al interface. The main cause is ascribed to

the favorable interfacial dipoles and in situ coordination interaction between

functional phosphonate groups and topmost Al atoms [11].

Fig. 2 Absorption and PL spectra of PF-EP in CHCl3, EtOH, DMF, and DMSO solutions (a) and in films
spin-coated from CHCl3 and EtOH (b). Reprinted with permission from [14]. Copyright (2005) American
Chemical Society

Table 1 Summary of the device performance of PLEDs with different cathodes [23]

Architectures Von (V) B (Max.)

(cd/m2)

LE (Max.)

(cd/A)

EL peak (nm) C.I.E.a (x, y)

ITO/PVK/PF-EP/Ca/Al 5.6 3910 1.6 – –

ITO/PVK/PF-EP/Mg/Al 6.0 1125 1.1 – –

ITO/PVK/PF-EP/Al 4.6 3668 4.0 436/460/490 0.18, 0.15

ITO/PVK/PF-EP/Ag/Al 6.9 1509 1.0 – –

a At a luminance of 500 cd/m2
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Efficient multilayered PLEDs with PF-EP/Al cathode

To achieve highly efficient and stable PLEDs, a multilayered device configuration

of a hole injection/transport layer (HIL/HTL)/an emissive layer (EML)/an electron

transport/injection layer (ETL/EIL) is typically required to enhance charge injection

and balance bipolar transport [4, 5]. Compared to the commonly used low-work-

function metals, such as Ca, the employment of water/alcohol-soluble CPPs or

CPEs in conjunction with stable metal cathodes, such as Al, not only eliminates the

interface degradation by reaction with trace oxygen and moisture [25, 26], but also

prevents the excitons from quenching at the cathode interfaces [27, 28]. PF-EP was

successfully used in PLEDs as ETL/EIL in conjunction with stable Al metal

cathode, and the device performance was greatly enhanced. The origin of the

efficient electron injection at the PF-EP/Al interface was further verified by using

ultraviolet and X-ray photoelectron spectroscopy (UPS/XPS) measurements.

Figure 3 shows the device structure of the multilayered PLEDs and the emissive

polymers used for this study. The device structure consisted of ITO/PEDOT:PSS

(45 nm)/EML (110 nm)/PF-EP (30 nm)/Al (100 nm). The ‘‘orthogonal’’ solvents

used for sequential spin-coating of the PEDOT:PSS, EML, and PF-EP layer are

water, toluene, and alcohol, respectively. There is no inter-diffusion between EML

and PF-EP as further confirmed by the clear interface formation from the cross-

section scanning electron microscope images [29]. Blue, green, and red PLEDs were

fabricated with PF-EP/Al as the cathode and with PFO, GPFO, RPFO as EML,

respectively. The corresponding control devices with Ca/Al cathodes were also

prepared for comparison. As shown in Table 2, all PLEDs with PF-EP/Al cathode

exhibit superior performance compared to the control PLEDs. For example, by the

replacement of Ca/Al with PF-EP/Al, the peak luminous efficiency (LE) of the blue,

green, and red PLEDs are promoted from 2.78, 7.97, and 4.39 cd/A to 5.02, 15.0,

and 7.01 cd/A, respectively. The EL spectra of these PLEDs with PF-EP/Al cathode

solely stem from the emissive layer, indicating that the exciton recombination

region is restricted within the EML and apart from the metal cathode. Thus, the

possible exciton quenching at the cathode is avoided.

To comprehensively estimate the validity of the PF-EP/Al cathode in PLEDs, a

series of GPFO-based PLEDs with different cathode structures were compared and

their device performance is presented in Fig. 4. As can be seen in Fig. 4, the device

with PF-EP/Al cathode exhibits an efficiency of 15.0 cd/A, much higher than 12.5,

7.8 and 0.3 cd/A for the devices with Ba/Al, Ca/Al, and Al cathodes, respectively.

The current density (J)–voltage (V) curves of these PLEDs are also shown in Fig. 4.

At same driving voltages, the device with PF-EP/Al exhibits the largest current

density and luminance among these PLEDs, indicating that the PF-EP/Al structure

realizes more efficient electron injection than that from Ba/Al or Ca/Al cathode.

These proofs further reinforce the aforementioned view that both the efficient

electron injection (even better than low-work-function Ca and Ba cathodes) and

prevention of exciton quenching at the cathode interface do favor realizing superior

performance of the multilayer PLEDs.

The UPS/XPS measurements were carried out to explore the origin of the

efficient electron injection at PF-EP/Al interface [11]. As shown in Fig. 5, there is a
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Fig. 3 The architecture of multilayer PLEDs and the chemical structures of RGB polymer RPFO, GPFO
and PFO, respectively

Table 2 Summary of the device performance of PLEDs with PF-EP/Al or Ca/Al

EML/cathode Von (V) B (Max.)

(cd/m2)

LE (Max.)

(cd/A)

PE (Max.)

(lm/W)

C.I.E. (x, y)

PFO/Ca/Al 3.7 2125 2.78 2.03 (0.17, 0.13)

PFO/PF-EP/Al 3.5 4603 5.02 4.64 (0.17, 0.15)

GPFO/Ca/Al 6 13780 7.97 2.56 (0.34, 0.61)

GPFO/PF-EP/Al 4.5 15350 15.0 8.27 (0.35, 0.57)

RPFO/Ca/Al 6 5614 4.39 1.72 (0.57, 0.38)

RPFO/PF-EP/Al 5 14980 7.01 3.15 (0.57, 0.39)
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0.43 eV interfacial dipole pointing to Al electrode and 0.1 eV band bending at the

PF-EP/Al interface. This favorable dipole formation is attributed to the distinct

difference in electronegativities of P and O elements in phosphonate groups (2.19

and 3.14, respectively) as stated in Vaynzof and Kahn et al.’s study [30]. As a result,

there is *0.6 eV reduction of electron-injection barrier at the PF-EP/Al interface

with respect to the PF/Al interface. The possible interfacial interactions between Al

and phosphonate group in PF-EP at PF-EP/Al interface were examined via Ar ? ion

etching technique to remove the top Al layer gradually. The evolutions of Al

2p lines of the Si/PF-EP/Al (10 nm) and Si/PF/Al (10 nm) samples with increased

sputtering time are presented in Fig. 6. In addition to the same metallic Al and

AlxOy peaks (peak a and b, respectively) to the Si/PF/Al sample, the distinct peak c

located at 73.3 eV was detected for the Si/PF-EP/Al (10 nm) sample, which

originates from the thin Al at the PF-EP/Al interface. It is ascribed to the formation

of P–O–Al coordination when hot Al atoms are deposited onto the PF-EP layer in

view of the strong coordination capability of P=O bond in phosphonate groups with

metals even under moderate conditions [31, 32]. As reported [33–35], such

coordination may increase interfacial dipole effect and result in interfacial n-type

doping of the PF-EP layer at PF-EP/Al interfaces, which contributes to further

reduce electron-injection barrier from Al cathode to the PF-EP layer.

Efficient multilayered white PLEDs

Since, the polymer PF-EP simultaneously possesses efficient blue emission and

electron-injection property with Al cathode, an efficient all-polymer white PLED

Fig. 4 J–L–V (a) and LE–J (b) characteristics of the GPFO-based PLEDs with different cathode
structures. Reprinted with permission from [11]. Copyright (2010) American Institute of Physics
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with a configuration of ITO/PEDOT: PSS (60 nm)/poly[9,9-din-octylfluorene-co-

4,7-bis(4-[N-phenyl-N-(4-methylphenyl) amino]phenyl)-2,1,3-benzothiadiazole]

(PF-BT05) (130 nm)/PF-EP (35 nm)/Al (100 nm) was fabricated [29]. PF-BT05

is a kind of white emissive polymer in which 0.05 mol% orange fluorescent

benzothiadiazole moieties are introduced. As shown in Fig. 7, the EL spectra of

PF-BT05 (device structure: ITO/PEDOT:PSS/PF-BT05/Ca/Al) cannot realize pure

white emission due to the weak blue emission. When the PF-EP is introduced as a

blue emitter and electron injector, the PLED shows a pure white emission with

balanced blue and orange contributions. The CIE coordinates are improved from

(0.42, 0.43) to (0.39, 0.38). In addition, there is also a great improvement in device

efficiency from 10.1 to 16.9 cd/A, which is among the highest efficient fluorescent

white PLEDs [36, 37]. In this case, considering the combinational EL spectra

contribution from both emitters, the exciton recombination zones are certainly

Fig. 5 UPS spectra of a Al/PF-EP (varied thickness) and b Al/PF (varied thickness) samples and the
corresponding energy diagram at the interfaces. Reprinted with permission from [11]. Copyright (2010)
American Institute of Physics
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confined at the PF-BT05/PF-EP interface and away from the metal cathode. Thus,

the exciton quenching at the cathode interface is avoided. It further verified that

manipulating the exciton recombination zone near/at the heterojunction interface is

an effective pathway to achieve high light-emitting efficiency [38]. It is noted that

the PF-EP layer in the device serves as not only an efficient blue fluorescent emitter,

but also an efficient electron injector in combination with Al cathode.

Highly efficient three-color fluorescent white PLEDs were also fabricated with a

structure of ITO/PEDOT:PSS (50 nm)/WP-B5G5R2 (90 nm)/PF-EP (30 nm)/LiF

(1 nm)/Al (100 nm) [39]. Herein, the PF-EP/LiF/Al structure is used as a more

efficient electron injector and the mechanism will be explained later. The three-

color white single polymer WP-B5G5R2 with 0.05, 0.05, and 0.02 mol% amounts

of blue, green, and red fluorescent chromophores being covalently anchored onto

side chains of PF backbone is used as the EML [40]. As shown in Fig. 8, significant

improvement of the device performance is achieved by using PF-EP/LiF/Al

cathode. 98, 150, and 128% increase of the peak LE, power efficiency (PE), and

luminance to 12.5 cd/A, 10.5 lm/W, and 37800 cd/m2 are achieved, respectively, as

compared to 6.3 cd/A, 4.2 lm/W, and 16610 cd/m2 of the control device with Ca/Al

cathode. When the EML layer is subjected to thermal annealing, the device

performance is further improved due to the formation of efficient blue a-phase

crystalline PF and balanced charge transport [39, 41, 42]. The detailed performance

Fig. 6 The evolutions of Al 2p core level lines with stepwise etching the Si/PF/Al (10 nm) (left) and Si/
PF-EP/Al (10 nm) (right) samples. Reprinted with permission from [11]. Copyright (2010) American
Institute of Physics
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is summarized in Table 3. For the PLEDs with PF-EP/LiF/Al cathode, no blue

emission from PF-EP is observed indicating that the exciton zone is confined in the

EML due to efficient electron injection at PF-EP/LiF/Al interfaces. According to the

literatures [27, 28, 33], diffusion of the metal atoms of cathode into EML will

severely influence device efficiencies. Herein, the 30-nm-thick PF-EP layer serves

as a buffer layer and prevents the metal atoms from diffusing into the EML layer.

The second reason for the performance enhancement of the PLEDs with PF-EP/LiF/

Al stems from the more efficient electron injection facilitating the balance of bipolar

carriers within the EML in view of the hole-dominated mobility of PF backbones

and the comparable hole/electron-injection barriers for the control device with

Fig. 7 EL spectra of the PLEDs with structures of ITO/60 nm PEDOT:PSS/130 nm PF-BT05/Ca/Al,
ITO/60 nm PEDOT:PSS/130 nm PF-BT05/35 nm PF-EP/Al, and ITO/60 nm PEDOT:PSS/100 nm
PF-EP/Al. Reprinted with permission from [29]. Copyright (2007) American Institute of Physics

Fig. 8 Device performance of the white PLEDs with cathode structures of Ca/Al and PF-EP/LiF/Al

838 Polym. Bull. (2012) 68:829–845
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Ca/Al [39]. As illustrated below, the electron injection from the PF-EP/LiF/Al is

significantly superior to that from the Ca/Al and the PF-EP/Al cathode.

Photovoltaic characteristics of devices with a series of cathode structures were

investigated to confirm the effectiveness of electron injection from PF-EP/LiF/Al.

As shown in Fig. 9, the open-circuit voltage (VOC) of the devices with different

cathodes of the PF-EP/LiF/Al, PF-EP/Al, Ca/Al, LiF/Al, and Al are 2.43, 2.24,

2.08, 1.86, and 1.30 V, respectively, indicating that the PF-EP/LiF/Al structure

possesses the lowest effective work function among these cathodes and is the best

electron injector. This conclusion was also confirmed by the comparisons of

J–V characteristics of the corresponding electron-only devices with these cathode

structures [39]. It is the fact that the insertion of the ultra-thin LiF layer in the

vicinity of PF-EP/Al further enhances its electron-injection ability. Considering

the strong coordination ability of phosphonate groups mentioned above [31, 32],

similar mechanism to the state-of-the-art Alq3/LiF/Al interfaces is considered to

be the main reason [33, 43]. It is that LiF dissociates at the PF-EP/Al interface

and thus Li-doping of the PF-EP at the topmost surface are responsible for the

more efficient electron injection.

We stress that it is distinctly different for the cathode structures of PF-EP/LiF/Al

and PF-EP/Al. The PF-EP layer in both structures is at least 30-nm-thick to prevent

Al atoms from penetrating into the EML in PLEDs. Despite the effectiveness of

electron injection from PF-EP/Al (superior to Ba, Ca, etc.) [11], the devices using

PF-EP/Al still exist blue emission from the PF-EP layer, especially at high biases.

On the contrary, the PF-EP/LiF/Al structure fully avoids this phenomenon owing to

the more efficient electron injection and indeed serves as a much better electron

injector in PLEDs. Very recently, this structure has been widely used in other new

emissive polymers to enhance their EL performance significantly [44, 45].

Fig. 9 Photovoltaic characteristics of the devices with a structure of ITO/PEDOT:PSS/EML/different
cathodes. Reprinted with the permission from [39]. Copyright (2010) Wiley-VCH Verlag Gmbh & Co.
KGaA
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Application of PF-EP as a buffer layer in PSCs

PSCs based on a blend of semiconducting polymer and fullerene derivatives have

become a highlight research area in view of the combined attraction of cost-

effective, mechanical flexibility, and the compatibility with large-area roll-to-roll

coating techniques [3]. For a typical device configuration of ITO/PEDOT:PSS/

active layer/Al, the diffusion of Al atoms into the active layer is unavoided and

would result in a large leakage current and low shunt resistance (RSH), thereby

limiting the power conversion efficiency (PCE) of the PSCs. To solve this problem,

a series of buffer layers, including LiF [46], CaO [47], poly(ethylene oxide) (PEO)

[48] etc., are inserted between the active layer and Al cathode. However, owing to

the limitation of their insulating properties, these buffer layers used in PSCs are too

thin (within 1–2 nm) to fully prohibit metal diffusion from occurring at the cathode

interface.

Alternatively, we used the alcohol-soluble PF-EP as the cathode buffer layer in

PSCs and the device performance was dramatically enhanced [12]. Compared to the

aforementioned insulating interfacial materials, the PF-EP buffer layer can be thick

enough (5–10 nm) without suffering from sharp increase of series resistance (RS)

because of its intrinsic charge-transport ability. The studied photovoltaic system is

the blend of regioregular(3-hexylthiophene) (P3HT): [6,6]-phenyl-C61-butyric acid

methyl ester (PCBM). When the 5-nm-thick PF-EP buffer layer was introduced

between the P3HT:PCBM(1:0.8) and Al, RSH was increased two orders of

magnitude from 30.7 kX cm-2 to 1.14 MX cm-2, VOC was enhanced from 0.45 to

0.64 V, and fill factor was improved from 51 to 59%, thus leading to a PCE of 3.4%

(vs. PCE of 2.0% for the control device). Figure 10 shows the dark and illuminated

J–V characteristics of the PSCs with Al and PF-EP/Al cathodes. The insertion of

5-nm-thick PF-EP reduces the leakage current by two orders of magnitude. The VOC

was also increased by 42% from 0.45 to 0.64 V due to increase of RSH. Furthermore,

the PF-EP buffer layer lowers the contact resistance, resulting in a higher short-

circuit current (JSC) compared to that of control device. As shown in Fig. 10b, the

JSC was further increased from 9.01 to 10.28 mA cm-2 after post-annealing

treatment since it further effectively reduces the RS from 10.19 to 6.32 X cm-2 and

therefore results in better charge collection.

Kim and Cao groups [49, 50] reported similar results by using their prototype

CPEs as cathode interfacial layer in PSCs with the analog effect, especially

increasing the VOC of their PSCs. Very recently, Bazan and co-workers reported a

PSC based on a low bandgap donor polymer with PCE as high as 6.5% by using a

CPE as a cathode buffer layer [51], further confirming the effectiveness of this

strategy in obtaining highly efficient PSCs.

Conclusions

This article provides an overview of the alcohol-soluble phosphonate-containing

polyfluorene PF-EP and its application in PLEDs and PSCs as the cathode

interfacial layer. Owing to the efficient electron injection from PF-EP/Al and
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PF-EP/LiF/Al, high-efficiency RGB and white PLEDs with high work-function Al

cathode were developed and demonstrated superior device performance with respect

to those PLEDs with low-work-function metal cathode (e.g. Ca, Ba). It is confirmed

that the favorable interfacial dipoles and intense coordination ability of phosphonate

groups at the PF-EP/Al and PF-EP/LiF/Al interfaces account for the efficient

electron injection. More importantly, the solution-processed multilayered structure

is realized and can effectively prevent metal atoms from diffusion into the emissive

layer and avoid exciton quenching at the cathode interface. Recent study by Ye et al.

[52] that it is also possible to achieve efficient phosphorescent PLEDs with n-type

doping PF-EP layer. However, it should be mentioned here that the low triplet level

Fig. 10 Dark (a) and illuminated (b) J–V curves of three kinds of P3HT:PCBM blend PV cells under
100 mW cm-2 white light illumination: P3HT:PCBM (annealed)/Al (open squares); P3HT:PCBM
(annealed)/5.0 nm PF-EP/Al (open circles); P3HT:PCBM/5.0 nm PF-EP/Al(post-annealed, open
triangles). Reprinted with the permission from [12]. Copyright (2009) Elsevier
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of PF-EP would limit its application in blue phosphorescent PLEDs. The high

electron-mobility and high triplet-level alcohol-soluble polymers with phosphonate

group would be a potential high-performance interfacial polymer and possesses

more extensive application in organic optoelectronic devices [53].
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