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ABSTRACT: We report a facile way to produce printable
highly conductive cathode interfacial layer (CIL) for efficient
polymer solar cells (PSCs) by sensitizing ZnO nanocrystals
(NCs) with a blue fluorescent conjugated polymer, poly(9, 9-
bis-(6′-diethoxylphosphorylhexyl) fluorene) (PFEP). Herein,
PFEP plays dual distinctive roles in the composite. Firstly,
PFEP chains can effectively block the aggregation of ZnO
NCs, leading to uniform and smooth film during solution
processing via assembly on ZnO NC surfaces through their
pending phosphonate groups. Secondly, PFEP can greatly
improve the conductivity of ZnO NCs by charge transfer
doping, that is the charge transfer from the sensitizer driven by
electron-chemical potential equilibrium, which could be even more pronounced under light illumination because of light
excitation of PFEP sensitizer. The increased conductivity in ZnO-PFEP layer renders more efficient electron transport and
extraction compared to pristine ZnO layer. This ZnO-PFEP CIL was successfully applied to PSCs based on three polymer donor
systems with different band-gaps, and efficiency enhancements from 44 to 70% were observed compared to those PSCs with
pristine ZnO CIL. The highest efficiency of 7.56% was achieved in P(IID-DTC):PC70BM-based PSCs by using ZnO-PFEP film
as CIL. Moreover, the enhanced conductivity due to the charge-transfer doping effect allows thick ZnO-PFEP film to be used as
CIL in high-performance PSCs. Both the high conductivity and good film-forming properties of ZnO-PFEP CIL are favorable for
large-scale printable PSCs, which is also verified by high-efficiency PSCs with ZnO-PFEP CIL fabricated using doctor-blading, a
large-scale processing technique. The work provides an efficient printable cathode interfacial material for efficient PSCs.
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1. INTRODUCTION

Solution-processed polymer solar cell (PSC) is a promising
candidate for inexpensive solar energy harvesting technologies
due to its scalability, light weight and ease of low-temperature
processing on flexible substrates.1−3 High-efficiency PSCs
commonly have a sandwich structure with an active layer
comprising the conjugated polymer donor and fullerene
derivative acceptor bulk heterojunction (BHJ) between two
asymmetry electrodes.4 In order to realize high photovoltaic
conversion efficiency, it is required to utilize small band-gap
donor for harvesting major fraction of solar photons, and finely
tune the BHJ morphology of the active layer for efficient free
charge generation and transport.3,5−10 Besides the tailoring of
the active layer, the interface engineering at the active layer/
electrode contacts is equally important, which greatly influences
the free charge extraction. For interfacial modification purpose,
diverse interfacial layers have been used between the active

layer and electrodes for delivering improved interfacial
contacts.11−13 Recently, the record laboratory power con-
version efficiency (PCE) over 9% for the single-junction PSCs
has been achieved by using a meticulously designed conjugated
polymer as the cathode interfacial layer (CIL). For commerci-
alization of PSCs, high-performance PSCs must be achieved
with large-scale processing technology such as roll-to-roll
(R2R) printing technology.14,15 However, to date, most of
interface studies have been focusing on improving device
performance. The feasibility of fabricating these interfacial
layers with large-scale processing strategies such as slot-die
coating and doctor blading, etc., has rarely been concerned.
Therefore, it is of crucial importance to develop efficient and
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simultaneously printable interfacial layers for high-performance
and low-cost PSCs.
The interfacial layers play very critical roles in high-efficiency

PSCs such as offering favorable ohmic contacts with electrodes,
eliminating charge recombination and serving as an optical
spacer layer for light manipulation.16−18 Alcohol/aqueous
solution-processed CILs including alcohol-soluble conjugated
polymers and inorganic metal oxides have been highly
concerned in recent years.19−24 The optimal thickness of
polymeric CIL is merely a few of nanometers and thus limits its
realization in practical large-area manufacturing. Colloidal zinc
oxide (ZnO) nanocrystals (NCs) have been widely used as CIL
because of its low work function, wide band gap, as well as the
facile synthesis.16,25,26 However, ZnO NCs film often suffers
from poor morphology because of large-scale aggregation in
solution-processing and surface trap-limited low electron
transport. Very recently, aiming at improving the ZnO NCs
film morphology, insulating poly(vinylpyrrolidone) (PVP) has
been utilized to mediate the growth of ZnO NCs.27 However,
the conductivity of ZnO-PVP nanocomposite is greatly
compromised due to the insulating nature of PVP, leading to
poor fill factor (FF) for PSCs, and thereby UV-zone treatment
is required to remove excess PVPs for recovering the
photovoltaic performance. To improve the electron transport
in ZnO NCs film, lattice doping strategy is usually used to
produce n-doped films, such as Al-doped or Li-doped ZnO
layer.28−30 However, lattice doping technique needs high
temperature to promote doped atoms into the lattice of ZnO,
which is not compatible with flexible substrate. Moreover, those
n-doped ZnO films do not show improved film morphology
when processed from solutions.
Herein, we report a facile way to produce efficient printable

CIL by sensitizing ZnO NCs with a blue fluorescent conjugated
polymer, poly(9, 9-bis (6′-diethoxylphosphorylhexyl) fluorene)
(PFEP). The phosphonate-functionalized groups in PFEP are
prone to interact with ZnO NCs and allow PFEP molecules to
easily assemble on ZnO NCs surface, leading to more uniform
and smooth morphology. More interestingly, the carrier density
in ZnO film is largely increased due to the charge transfer from
PFEP sensitizer driven by electron-chemical potential equili-
brium. This charge transfer doping effect could be even more
catalysed by light because of blue light-absorbing nature of
PFEP sensitizer. The increased carrier density in PFEP-
sensitized ZnO layer renders it more efficient electron transport
and extraction with respect to pristine ZnO layer. To generalize
its application, ZnO-PFEP CIL is incorporated into PSCs based
on three different polymer donor systems, and considerable
efficiency enhancements from 44 to 70% are observed
compared to those PSCs with pristine ZnO CIL. The highest
efficiency of 7.56% is achieved in poly[N-dedocyldithieno[3,2-
b;6,7-b]carbazole-alt-N,N′-(2-octyldodecanyl)-isoindigo (P-
(IID-DTC)):PC70BM-based PSCs with ZnO-PFEP CIL.
Moreover, the results demonstrate that high-performance
PSCs can be achieved with thick ZnO-PFEP CIL because of
the enhanced conductivity. Both the high conductivity and
good film-forming properties of ZnO-PFEP CIL are favorable
for large-scale printable PSCs, which is also verified by high-
efficiency PSCs with ZnO-PFEP CIL fabricated using doctor-
blading, a large-scale film processing technique. This work
provides an efficient printable cathode interfacial material for
efficient PSCs.

2. EXPERIMENTAL SECTION
Materials. PCDTBT and P(IID-DTC) were synthesized in our

laboratory. PDPP3T was purchased from Solarmer Material Inc., and
PC70BM was purchased from American Dye Source. Inc. PFEP was
synthesized in our laboratory following the reported method.31 ZnO
NCs with a diameter of 5 nm were prepared according to the synthesis
route reported by Beek et al.25 The ZnO NCs and PFEP with weight
ratio of 6:1 were co-dissolved in n-butanol solvent, and stirred at 80 °C
for at least 10 h until the solution was clear and blue, making sure the
assembling process was completed.

Film Characterization. Atomic force microscopy (AFM)
measurement was carried out in air using SPA 300HV with an
SPI3800 controller, Seiko Instruments Industry, Co., Ltd. Absorption
and photoluminescence (PL) spectra of the samples were taken using
a PerkinElmer 35 UV-visible spectrophotometer. The refractive index
(n and k values) of the films was measured using spectroscopic
ellipsometry (Horiba Jobin Yvon). The thickness of various layers was
measured with a Dektak 6M Stylus Profiler. The ultraviolet
photoelectron spectroscopy (UPS) measurements were performed
on Thermo ESCALAB 250 using He−I (21.2 eV) discharge lamp and
a sample bias of −12 V for separating the sample and the secondary
edge for the analyzer.

Conductivity and Mobility Measurement. The ZnO NCs and
ZnO-PFEP layers with different thicknesses were sandwiched between
ITO and Al electrode. The dark J−V characteristics were tested with a
Keithley 2400 source meter. The resistance values were extracted from
dark J−V characteristics. The conductivities of two types of CILs were
obtained by fitting resistance-thickness curves. The photoconductivity
of different layers were recorded under AM 1.5G irradiation with an
intensity of 100 mW cm−2. The electron-only devices were fabricated
with a structure of ITO/Al/ZnO or ZnO-PFEP/Al. The mobilities
(μe) were extracted by fitting experimental data using the following
formula32
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where ξr, ξ0, and γe represent the relative dielectric constant of
materials, vacuum dielectric constant, and field dependence factor of
mobility, respectively. The schottky-junction devices were fabricated
with a structure of ITO/PEDOT:PSS/ZnO NCs or ZnO-PFEP/Al.
The PEDOT:PSS layer was ca. 80 nm and the ZnO NCs or ZnO-
PFEP layer were ca. 100 nm.

Fabrication and Measurement of PSCs. Conventional solar
cells were fabricated on ITO glass substrates. The ITO glass substrates
were first cleaned with detergent, ultrasonicated in water, acetone, and
isopropyl alcohol sequentially, and then dried at 120 °C in an oven
overnight. PEDOT:PSS (Baytron 4083) was spin-cast on ITO
substrate to form a 45 nm thick hole-transporting layer and dried at
120 °C for 30 min in an oven. Three respective solutions, containing a
mixture of PCDTBT:PC70BM (1:4, w/w) in dichlorobenzene with a
concentration of 20 mg mL−1, a mixture of PDPP3T:PC70BM (1:2, w/
w) in dichlorobenzene:chloroform:1, 8-diiodooctane (0.76:0.19:0.05,
v/v/v) with a concentration of 24 mg mL−1 and mixture of P(IID-
DTC):PC70BM (1:2, w/w) in dichlorobenzene with a concentration
of 24 mg mL−1, were spin-cast on top of the PEDOT:PSS layer to
produce a 80 nm-thick PCDTBT:PC70BM layer, 120 nm thick
PDPP3T:PC70BM layer and 130 nm thick P(IID-DTC):PC70BM
layer. The different CILs were deposited upon the active layers by
spin-coating from the pure PFEP, ZnO NCs and ZnO-PFEP n-butanol
solutions. The varied thicknesses of the CILs were obtained by
controlling the concentrations of solutions and spin-coating speeds.
Then Al (80 nm) cathode was thermally deposited to complete the
device fabrication. The active area of the cell was 12.5 mm2, which was
defined by the overlapping area of the ITO and Al electrodes and
calibrated by the optical microscopy image. The photovoltaic cells
were illuminated by a Newport 300W solar simulator with an AM
1.5G filter providing an intensity of 100 mW cm−2. The light intensity
was determined by a calibrated silicon diode with KG-5 visible color
filter. The J−V traces were obtained with a Keithley 236 source meter.
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External quantum efficiency (EQE) measurements were performed
under short-circuit conditions with a lock-in amplifier (SR830,
Stanford Research System) at a chopping frequency of 280 Hz during
illumination with a monochromatic light from a xenon lamp.

3. RESULTS AND DISCUSSION

The device structure of PSCs studied in this work is shown in
Figure 1a and the corresponding energy level alignment of the
device is given in Figure S1 in the Supporting Information. The
anode interfacial layer PEDOT:PSS, the PCDTBT:PC70BM
blend active layer and ZnO-PFEP hybrid CIL were deposited
sequentially via simple solution-processing method (see the
details in Experimental Section). The molecular structures of
PCDTBT, PC70BM and PFEP are shown in Figure 1b. Because
the morphological and electrical behavior of the CIL has been
proved to be very crucial to the performance of PSCs, we firstly
investigated the properties of hybrid ZnO-PFEP film with
respect to pristine ZnO NCs and then explored its application
in PSCs. The absorption and PL spectra of pristine ZnO, PFEP
and ZnO-PFEP films are depicted in Figure 1c. The absorption
spectrum of the ZnO-PFEP layer was nearly superimposition of
the pure ZnO and PFEP films with the peak assigned to PFEP
constituent slightly blue-shift with respect to its pure film. In PL
spectra, strong PL quenching of PFEP by ZnO NCs was
observed in PFEP sensitized ZnO film, which indicated the
occurrence of photo-induced electron transfer from PFEP
molecules to ZnO NCs. It was assumed that in ZnO-PFEP film,
PFEP sensitizer likely serves as electron donor with lowest
unoccupied molecular orbital (LUMO) level of −2.3 eV and
highest occupied molecular orbital (HOMO) level of −5.3 eV,
and ZnO NCs as electron acceptor with conduction band (CB)
edge and valence band (VB) edge of −4.1 and −7.5 eV,

respectively.33,34 In addition to the strong PL quenching of
PFEP in ZnO-PFEP film, blue shift of PFEP PL emission was
clearly observed compared to its pure film. It has been disclosed
that the emission characteristics of PF family can be greatly
influenced by the morphology of their solid states.35,36 For the
pure PFEP film, the emission peaks locate at 434 nm (0-0
band) and 460 nm (0-1 band), which are assigned to typical
emission feature of crystalline α-phase of PF backbone.33 As for
the ZnO-PFEP film, the emission peaks are at 421 nm (0-0
band) and 447 nm (0-1 band), indicating the PFEP were more
amorphous due to introduction of ZnO NCs. This change is
resulted from the interaction between ZnO NCs and
phosphonate groups on PFEP chains. Consequently, PFEP
chains are randomly dispersed within the ZnO NCs matrix and
the intra- and inter-chain packing are severely disturbed. In
Figure 1d, the optical constants (refractive index and extinction
coefficient) of various films are displayed. In comparison to
pristine ZnO NCs film, the refractive index of ZnO-PFEP film
is distinctly reduced, indicating that the ZnO NCs in the hybrid
film become less aggregated after incorporating PFEP
constituent. The flexible PFEP chains might serve as plasticizer
in rigid ZnO film, and impart the ZnO-PFEP film improved
mechanical flexibility compared to closely packed ZnO NCs
film. The increased flexibility will render such hybrid CIL being
more suitable for R2R-processed “plastic” PSCs.
The surface topographies of the pristine ZnO NCs and ZnO-

PFEP film were investigated by AFM and the corresponding
results are shown in Figure 2. As observed in Figure 2a, the
ZnO NCs were prone to form large aggregates and rough
surface with root mean square (RMS) roughness of 4.2 nm. In
contrast, the aggregation of ZnO NCs in hybrid ZnO-PFEP
film (Figure 2b) was significantly restrained and consequently

Figure 1. (a) Device architecture of polymer solar cells with hybrid ZnO-PFEP CIL; (b) molecular structures of PCDTBT, PC70BM and PFEP; (c)
absorption and PL spectra of ZnO, PFEP and ZnO-PFEP films; (d) optical constants (n and k) of ZnO, PFEP, and ZnO-PFEP films.
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the surface became smoother with less RMS roughness of 2.1
nm. Such an improvement is attributed to the potential
interaction between ZnO NCs and phosphonate-functionalized
groups on PFEP, resulting in a more uniform film.37 This
argument is also supported by the decreased refractive index
because increasing the distance among ZnO NCs would
decrease its refractive index.38

Figure 3a displays the resistance (R) values of the ZnO NCs
and ZnO-PFEP films at different thicknesses. The R values
were extracted by sandwiching the films between transparent
ITO and Al as shown in the inset. The ZnO-PFEP film
distinctly exhibited higher conductivity than the pristine ZnO
NCs film. After sensitizing by PFEP, the conductivity of ZnO-
PFEP film was increased by nearly two folds compared to that
of pristine ZnO NCs. This finding is significantly contrary to
the previously reported ZnO-PVP blend, where the insulating
PVP blocked electron transport among ZnO NCs and thus
decreased the conductivity of the resulted film.27 The zero-field
electron mobilities of pristine ZnO NCs and ZnO-PFEP films
were extracted from their electron-only devices as shown in
Figure 3b. The hybrid film displayed an electron mobility of
7.89 × 10−3 cm2 (V s)−1, which was slightly lower with respect
to 8.42 × 10−3 cm2 (V s)−1 for the pristine ZnO NCs film.
However, as shown in the inset of Figure 3b, the double
logarithm current density−voltage (J−V) characteristics of the
two electron-only devices displayed different features in the low
bias regime. A transition of the slope from 1 to 2 was observed
for the pristine ZnO NCs-based device, whereas the slope kept
constant with a value of 1 at small bias regime for the ZnO-

Figure 2. 2D and 3D topographicaphic AFM images and the surface
profiles of (a) the pure ZnO NCs and (b) hybrid ZnO-PFEP films.

Figure 3. (a) Resistance of ZnO and ZnO-PFEP films with varied thicknesses; (b) J−V characteristics of the electron-only devices with the ZnO
(140 nm) and ZnO-PFEP (110 nm) layers, the inset is the corresponding double logarithm J−V curves under small bias region; (c)
photoconductivity response of the ZnO and ZnO-PFEP films with the same thickness of 80 nm; (d) dark and illuminated J−V characteristics of
schottky-junction devices based on ZnO NCs and ZnO-PFEP layers on metallic PEDOT:PSS layer. The corresponding device architectures are
shown in the insets.
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PFEP based device. The slope transition implies that the
concentration of injected electrons exceeded the intrinsic
electron concentration, and hence the space charge limited
current was dominated in the film.39,40 The discrepancy in
slope variations of two samples implied that the number of
thermally generated electrons in ZnO-PFEP film is increased
compared to the pristine ZnO film, rendering ZnO-PFEP film
more conductive nature under small bias. This increased
electron concentration in hybrid ZnO-PFEP film accounts for
the conductivity enhancement even though the electron
mobility is slightly reduced. It is proposed that the increased
electron population may be a result of the charge transfer
between PFEP species and ZnO NCs, which will be further
validated later.
Figure 3c displays the normalized conductivities of ZnO and

ZnO-PFEP films in dark and under AM 1.5G 100 mW cm−2

irradiation at different times. As can be seen, both the two films
exhibited distinctive photo-conductivity behaviour with the
photo-conductivity being largely increased after PFEP incor-
poration. The photo-conductivity behaviour of ZnO NCs has
been investigated previously and it is found that the gradual
release of trapped electrons by chemisorbed oxygen and
simultaneous electron accumulation on CB states upon UV
light soaking contribute to the increased conductivity.41−43

However, such trap-released mechanism is not able to account
for the increased photoconductivity in hybrid ZnO-PFEP film
due to the more increased conductivity of hybrid ZnO-PFEP
film in regard to the pure ZnO film. It is assumed that photo-
excitation of PFEP and subsequent photo-induced charge
transfer to ZnO NCs may occur in ZnO-PFEP blend film. This
photo-induced electron transfer process largely increases the
electron concentration on the CB of ZnO NCs, thereby
increasing the conductivity. This kind of interfacial layer with
high conductivity under illumination is favorable for reducing
series resistance and facilitating electron extraction for PSCs.
The increased electron concentration in hybrid ZnO-PFEP film
layer in dark and under light soaking is further verified with the
schottky-junction devices with the n-type ZnO NCs or ZnO-
PFEP films sandwiched between the high work-function
PEDOT:PSS anode and Al cathode. The electrical property
of such schottky-junction devices is primarily dominated by the
triangular barrier width at the PEDOT:PSS/ZnO or ZnO-
PFEP interfaces, which is strongly dependent on the electron
concentration in the semiconductor layer.44 Figure 3d displays
the J−V characteristics of two types of schottky-junction
devices in dark and under light soaking. In dark, the electron
concentrations in both samples are not sufficiently high and the
resultant large barrier widths render them diode behaviour. The
ZnO-PFEP hybrid layer based device exhibits relatively narrow
barrier compared to pristine ZnO NCs based device, implying
the increased electron concentration in hybrid ZnO-PFEP
layer. Upon light soaking, both devices show resistive behavior
especially for the ZnO-PFEP-based device, indicating that the
electron concentration in both films were greatly increased and
the energy barriers are significantly thin enough for electrons to
tunnel through.
Different from the common n-type doping in organic

semiconductors,45 the conductivity enhancement of the ZnO-
PFEP film is attributed to the following two aspects. Firstly, the
phosphonate groups in PFEP chains contain oxygen atoms
bearing with lone pair electrons which are prone to interact
with zinc atom on the surface of NCs, providing an electron-
potential offset.46 The electrons are driven from PFEP to ZnO

by this electron-potential offset. It has been verified that the
charge exchange between transition metal oxides and organic
semiconductors can be driven by the electron-chemical
potential equilibrium.47 The energy level alignment of the
ZnO and ZnO-PFEP films to ITO electrode was characterized
using UPS technique and the corresponding UPS spectra are
shown in Figure 4. It is clearly seen that the Fermi level of

ZnO-PFEP film moved upwards with 0.2 eV in regard to the
pristine ZnO, indicating existence of ground-state electron
transfer from PFEP to ZnO NCs. Second, the ZnO-PFEP
possesses the photoinduced electron transfer feature as
conjugated PFEP can absorb short-wavelength light, rendering
the film high conductivity under solar light. It is highly expected
that this PFEP-sensitized ZnO will be more suitable for high-
efficiency PSCs to serve as the CIL compared to the ZnO NCs.
The PCDTBT:PC70BM BHJ PSCs with the PFEP, ZnO, and

ZnO-PFEP as the CILs were fabricated and the corresponding
photovoltaic parameters of the devices with different-thickness
CILs together with the series and shunt resistance (Rs and Rsh)
variances are shown in Table 1. The illuminated J−V
characteristics for the PCDTBT:PC70BM PSCs with 1 nm-
thick PFEP, 25 nm thick ZnO and 25 nm thick ZnO-PFEP

Figure 4. UPS spectra of ZnO NPs and hybrid ZnO-PFEP films on
the ITO substrates.

Table 1. Photovoltaic Parameters of the PCDTBT:PC70BM
PSCs with Different Thickness of PFEP, ZnO NCs, and
Hybrid ZnO-PFEP CILs under AM 1.5G 100 mW cm−2

Irradiation

devices
thickness
(nm)

VOC
(V)

JSC (mA
cm−2) FF

PCE
(%)

Rsh
(kΩ
cm2)

Rs (Ω
cm2)

PFEP 0.5 0.70 10.2 0.584 4.18 0.58 4.56
1 0.88 10.6 0.649 6.05 0.68 3.96
2 0.90 10.8 0.582 5.66 0.42 3.50
3 0.90 11.0 0.386 3.82 0.12 10.6
5 0.80 9.55 0.202 1.54 0.06 22.4

ZnO 10 0.85 10.0 0.585 4.90 7.89 6.80
25 0.89 10.3 0.516 4.08 4.39 14.0
50 0.87 8.11 0.420 2.96 0.28 20.4
75 0.87 6.20 0.231 1.25 0.17 26.8
100 0.85 3.65 0.228 0.71 0.13 45.6

ZnO-
PFEP

10 0.89 10.3 0.653 5.99 0.82 2.35
25 0.91 10.8 0.705 6.93 1.74 2.40
50 0.88 8.76 0.714 5.50 7.94 2.52
75 0.87 7.30 0.681 4.33 1.61 2.58
100 0.88 6.50 0.661 3.78 1.02 3.10
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interfacial layers are displayed in Figure 5a and the illuminated
J−V characteristics of PSCs with different-thickness PFEP, ZnO

and ZnO-PFEP are shown in Figure S2 in the Supporting
Information. The PCDTBT:PC70BM PSCs with pure PFEP as
the CIL demonstrates a PCE of 6.05% with an optimal PFEP
thickness of 1 nm. With increase of PFEP from 2 to 5 nm, the
Rs is rapidly increased from 3.5 to 22.4 Ω cm2. The
PCDTBT:PC70BM PSC with 25 nm-thick ZnO CIL exhibited
a PCE of 4.08% with a low FF of 51.6%, a short-circuit current
density (JSC) of 10.3 mA cm−2 and an open-circuit voltage
(VOC) of 0.89 V. The small FF value indicates that the electron
extraction is inefficient because of the low conductivity of
pristine ZnO CIL, leading to electron accumulation at the
cathode interfaces and thereby bimolecular recombination at
the region of low built-in electric field.48,49 When the ZnO layer
thickness is increased from 10 to 100 nm, the Rs of the resulted
devices increases from 6.8 to 45.6 Ω cm2, highlighting the low
conductivity of ZnO CIL. With the PFEP sensitizing, the
conductivity of ZnO-PFEP film was significantly enhanced,
resulting in efficient electron extraction. Consequently, the
solar cells with 25 nm-thick ZnO-PFEP CIL achieved an
impressive FF of 70.5%, a JSC of 10.8 mA cm−2, a VOC of 0.91 V,
and an overall PCE of 6.93%, representing about 70%
enhancement compared to that of ZnO NCs-based cells. The
Rs merely increases from 2.35 to 3.10 Ω cm2 when the ZnO-
PFEP thickness is increased from 10 to 100 nm. The EQE
spectra of the three solar cells are displayed in Figure 5b. The
calculated JSC values from EQE spectra are within 3% error
compared to the measured JSC values. The highest EQE peak of
75% was achieved for the PSCs with ZnO-PFEP interfacial
layer, indicating the efficient photon-electron conversion.

Figure 6a plots the FF variance of the PCDTBT:PC70BM
PSCs with different thicknesses of PFEP, ZnO, and ZnO-PFEP

CILs, respectively. As can be seen, the FF of the PSCs with
pure PFEP as the CIL shows a peak value of 64.9% at a PFEP
thickness of ca. 1 nm and then declined rapidly to 20.2% with
the PFEP thickness of CIL further increased to 5 nm. For the
cells with ZnO as the CIL, when the ZnO thickness is increased
from 10 to 100 nm, the FF value is gradually reduced from
58.5% to 22.8%. This phenomenon reflect that the conductivity
of CIL strongly affect the electron extraction and thus FF of the
cells as the increase of the thickness of low conductive CIL.
Although a high FF of 64.9% is achieved for the PSCs with 1
nm PFEP, the 1 nm thick PFEP is almost unrealizable for
current printing technologies. In contrast, by using the ZnO-
PFEP with improved conductivity as the CIL, the FF reaches a

Figure 5. (a) Illuminated J−V characteristics and (b) corresponding
EQE spectra of PCDTBT:PC70BM PSCs with 1 nm PFEP, 25 nm
ZnO, and 25 nm ZnO-PFEP CILs.

Figure 6. (a) FF and (b) JSC values of the PCDTBT:PC70BM solar
cells as a function of the thicknesses of PFEP, ZnO, and ZnO-PFEP
CILs. (c) Corresponding EQE spectra of PSCs with different-thickness
ZnO-PFEP CILs.
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peak value of 71.4% at a ZnO-PFEP thickness of 50 nm and
even remains at 66% when the ZnO-PFEP thickness is up to
100 nm, which is more suitable for large-scale processing.
Figure 6b plots the JSC variance of the PCDTBT:PC70BM PSCs
with different thicknesses of PFEP, ZnO and ZnO-PFEP CILs,
respectively. Both of the PSCs with ZnO and ZnO-PFEP CILs
show similar trend of JSC, though the FFs of the two cells are
quite different. With further increasing of CIL thickness from
25 to 100 nm, the JSC of the cell gradually decrease. This
variance can be attributed to the redistribution of absorption
profile of incident solar light in the active layer, since the active
layer is fixed at 80 nm. The EQE spectra of PSCs with hybrid
ZnO-PFEP CIL shown in Figure 6c demonstrate red-shift EQE
peak with the ZnO-PFEP thickness varied from 25 to 100 nm,
which can be considered as a fingerprint of optical interference
effects as the CIL thickness varied. Optical simulations were
implemented on the PSCs with varying thickness ZnO-PFEP
CILs as shown in Figure S3 in the Supporting Information. The
modelling results indicated that the decreased JSC in PSCs with
thicker ZnO-PFEP CILs mainly resulted from optical spacer
effect of ZnO-PFEP CIL. By increasing the active layer
thickness, the JSC could be recovered. When the active layer
was increased up to 120 nm combined with 100 nm-thick ZnO-
PFEP CIL, JSC was increased to 10.3 mA cm−2 again, with
impressive FF of 66% and overall PCE of 5.75% been achieved
(see Figure S4 in the Supporting Information).
To explore the feasibility of general application in PSCs, we

also extended the ZnO-PFEP CIL to the PSCs based on low-
band-gap polymer systems, such as PDPP3T and P(IID-DTC),
and the corresponding results are shown in Figure 7. High
efficiencies of 6.07% and 7.56% were achieved using PFEP
sensitized ZnO film as CIL in PDPP3T:PC70BM and P(IID-

DTC):PC70BM based PSCs, representing 61% and 44%
enhancement with respect to ZnO-based cells. The results
indicated that the PFEP sensitized ZnO CIL might be universal
for most of PSCs and could be used as solution-processed CIL
in high-efficiency PSCs. In order to verify the possibility of
printing the ZnO-PFEP in PSCs, the PSCs with the
PEDOT:PSS anode interfacial layer, the PCDTBT:PC70BM
active layer and ZnO-PFEP CIL prepared with doctor-blading
technique were fabricated, the corresponding results are
demonstrated in Figure S5 in the Supporting Information.
The printed PCDTBT:PC70BM solar cell with hybrid ZnO-
PFEP as the CIL exhibits a PCE of 6.26% with a VOC of 0.87 V,
a JSC of 10.86 mA cm−2, and a FF of 66%, respectively, which is
much higher than that of printed ZnO-based PSCs and
comparable to their counterparts prepared with spin-coating
technique. Moreover, the performance of the devices with
ZnO-PFEP CIL displays high reproducibility, while a large
fluctuation in device performance is observed for PSCs with
ZnO CIL because of the nonuniform film morphology. This
result indicates that the ZnO-PFEP film can serve as a thick
CIL to improve the photovoltaic performance, which can be
processed with large-area solution processing techniques and
potentially be applied in large-area manufacturing of PSCs.

4. CONCLUSIONS

In summary, we report a facile way to fabricate highly
conductive and printable cathode interfacial layer for efficient
polymer solar cells by sensitizing ZnO nanocrystals with a blue
fluorescent conjugated polymer, poly(9, 9-bis (6′-diethoxyl-
phosphorylhexyl) fluorene) (PFEP). The PFEP molecules can
easily assemble on ZnO NC surfaces through their pending

Figure 7. Illuminated J−V characteristics of PSCs based on (a) PDPP3T:PC70BM and (b) P(IID-DTC):PC70BM systems with ZnO and ZnO-PFEP
films as CILs. The corresponding device performances are summarized in the insets of each panel. The EQE spectra of PSCs based on (c)
PDPP3T:PC70BM and (d) P(IID-DTC):PC70BM systems with ZnO and ZnO-PFEP films as CILs. The molecular structures are shown in the insets
of each panel.
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phosphonate groups and effectively block the aggregation of
ZnO NCs, leading to uniform and smooth film during solution
processing. Moreover, the conductivity in PFEP sensitized ZnO
films is largely improved due to the charge transfer from the
PFEP sensitizer driven by electron-chemical potential equili-
brium, and such charge-transfer doping effect becomes more
pronounced upon illumination due to light excitation of PFEP
sensitizer. The increased conductivity in ZnO-PFEP layer
renders more efficient electron transport and extraction with
respect to pristine ZnO layer. Using ZnO-PFEP as CIL, PSCs
with three different polymer donor systems show considerable
efficiency enhancements from 44 to 70%. The highest efficiency
of 7.56% is achieved in P(IID-DTC):PC70BM based PSCs.
These results highlight the feasibility of ZnO-PFEP as a
universal CIL to improve the performance of PSCs. Moreover,
the enhanced conductivity due to the photo-induced charge-
transfer doping effect allows thick ZnO-PFEP film to be used as
CIL in large-scale printable PSCs. The printed
PCDTBT:PC70BM solar cell with ZnO-PFEP CIL demon-
strated a PCE of 6.26% with a FF of 66%, which is comparable
to the cell prepared with spin-coating method. This work
provides a printable cathode interfacial material that can be
potentially applied in large-area manufacturing of PSCs.
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