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ABSTRACT: An amine-based, alcohol-soluble fullerene [6,6]-
phenyl-C61-butyric acid 2-((2-(dimethylamino)ethyl)(methyl)-
amino)-ethyl ester (PCBDAN) with 4-fold electron mobility of
6,6-phenyl-C61-butyric acid methyl ester (PCBM) is applied
successfully as an acceptor and cathode interfacial material in
polymer solar cells ITO/P3HT:PCBDAN/MoO3/Ag, where indium
tin oxide (ITO) alone is used as the cathode and poly(3-
hexylthiophene) (P3HT) is used as a donor. The X-ray photo-
electron spectroscopy (XPS) depth profile confirming a favorable
vertical phase separation is formed where P3HT is rich at the air/
active blend interface and PCBDAN is rich at the buried interface
with ITO and, thus, reduces the work function of ITO for use as the cathode. A moderate power conversion efficiency (PCE) of
3.1% is achieved. The slightly low PCE could be due to unoptimized morphology and low structure ordering of P3HT in the
blends. However, this result demonstrates that the amine-based fullerene could be used as the acceptor and cathode interfacial
material, which eliminated the multilayer device fabrication process. Because PCBDAN has high electron mobility, it would have
potential applications in nano-structured organic solar cells. In the near future, alcohol-processable, high-efficient organic/
polymer solar cells can be anticipated.
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■ INTRODUCTION

Bulk-heterojunction polymer solar cells (PSCs) have attracted
great interests, owing to the characteristics of low-cost, high-
throughput, flexible, lightweight, and inexhaustible solar
energy.1 Recently, the power conversion efficiency (PCE)
already reached 8.372 and 9.35%3 for conventional and inverted
single heterojunction PSCs, respectively, and 10.6% for tandem
solar cells.4 This progress has been mainly ascribed to
application/modification of cathode interlayers and device
architectures.2−23 The most common cathode interfacial
materials include inorganic oxide ZnO or its derivatives,2−4

TiOx,
5 alcohol/water-soluble conjugated polymers, such as

polyfluorene derivatives with amino groups or ammonium
salts6−13 and grafted with K+ intercalated crown ethers,14 a
hyperbranched conjugated polymer,15 and insulating polymers
with amine groups.16 For a good cathode buffer layer, it needs
to reduce the work function of cathodes to form ohmic contact
between active layers and the cathodes and to have high
electron mobility for efficient electron collection. Considering

their n-type semiconductor character, high electron mobility,
and good energy level matching with fullerene acceptors, such
as 6,6-phenyl-C61-butyric acid methyl ester (PCBM) used in
active layers of PSCs, fullerene derivatives have been extensively
employed recently as cathode interfacial materials, including
self n-doped conducting fullerenes,17,18 phosphate-based full-
erene,19 and amino- or ammonium-based fullerenes.20−23

The state-of-the-art PSC photoactive materials are mostly
soluble in aromatic organic solvents, such as toluene,
chlorobenzene, and 1,2-dichlorobenzene. Considering sustain-
ability for industrial manufacturing, use of these toxic organic
solvents will be harmful to the environment and the health of
humans. It is thus important to develop environmentally
friendly solvents, materials, and fabrication processes. Efforts
have been made on developing water-soluble conjugated
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polymers or water-processable materials for applications, such
as light-emitting diodes and solar cells.24,25 For solar cell
applications, a layer-by-layer approach with charged donors and
fullerenes may suffer from short exciton diffusion lengths and
possible p-doping of donors and n-doping of fullerenes, while
aqueous dispersions of hydrophobic materials usually result in
larger nanoparticle sizes.18,26−30 Green-solvent-soluble full-
erenes and semiconducting polymers including those alcohol-
or ethyl-acetate-soluble fullerene derivatives and polymers have
been reported.17−23,31,32 However, solar cells based on these
materials as donors or acceptors have not been realized thus far.
It was reported that amine-containing donors and acceptors

were not working in conventional PSCs.23 However, we
demonstrated that an alcohol-soluble amine-modified fullerene
de r i v a t i v e [6 , 6 ] -pheny l -C6 1 -bu ty r i c a c id 2 - ( (2 -
(dimethylamino)ethyl)(methyl) amino)-ethyl ester
(PCBDAN) can be used as an additive in a donor−acceptor
blend as cathode interfacial material.22 The reason is that it self-
organizes into a vertical phase-separated morphology33,34 in
favor of inverted device architecture, where PCBDAN was rich
at the buried interface with indium tin oxide (ITO), serving as a
cathode interfacial material reducing the work function of ITO
for its direct use as the cathode.
In this paper, we successfully apply PCBDAN as an acceptor

and cathode interfacial material in PSCs to give a PCE of 3.1%.
PCBDAN can be dissolved at 5.0 mg/mL in methanol in the
presence of a small amount of acetic acid. However, because we
do not have suitable alcohol-soluble donors at the moment, we
use a typical poly(3-hexylthiophene) (P3HT) as the donor for
proof-of-concept. Therefore, a non-polar solvent 1,2-dichlor-
obenzene is used as the processing solvent for the photoactive
blend. By X-ray photoelectron spectroscopy (XPS) analysis,
surface energy measurements, and device characteristics,
vertical phase separation in the present device is confirmed;
PCBDAN is rich at the buried ITO interface, making ITO
suitable as a cathode directly with reduced work function,
where P3HT is rich at the air interface with MoO3/Ag. This
finding would be helpful for understanding the charge transport
property in amine-containing materials and would lead to rapid
development in alcohol-processable PSCs in the future.

■ RESULTS AND DISCUSSION
To evaluate the potential of PCBDAN as an acceptor, the
energy level and electron mobility were measured. The highest
occupied molecular orbital (HOMO) level of PCBDAN was
measured by photoelectron spectroscopy in air (PESA) at 5.84
eV (see Figure S1 of the Supporting Information), and the
optical band gap was measured from the onset of ultraviolet
(UV) absorption at 2.2 eV (see Figure S2 of the Supporting
Information); thus, the lowest unoccupied molecular orbital
(LUMO) is calculated as −3.64 eV. In comparison, PCBM
possesses the HOMO at 5.80 eV and the LUMO at 3.60 eV by
the same methods (see Figures S1 and S2 of the Supporting
Information). The small discrepancy between our values and
literature data for PCBM (HOMO, 5.91 eV; LUMO, 3.91
eV)35 may be due to different measurement methods. The
amino group on the fullerene did not affect the energy levels of
the fullerene, which is in good agreement with a recent report
that amino-modified fullerene PC71BM−N has a similar energy
level to PC71BM.23

The electron mobility of PCBDAN was estimated using the
space-charge limited current (SCLC) method.36 The electron-
only devices ITO/PCBDAN (100 nm)/Al (100 nm) was used.

Here, ITO alone was used as an electron collection electrode
because PCBDAN can reduce its work function.22 For
comparison, the electron mobility of PCBM was also measured
with electron-only device ITO/TIPD (12 nm)/PCBM (100
nm)/Al (100 nm), where TIPD represents a titanium chelate,
which was used for the electron collection layer.37 J−V
characteristics of the single-carrier devices were shown in

Figure 1, and the mobilities were calculated by fitting to the
Mott−Gurney law,36 which is expressed by

ε ε μ=J V L9 /8r 0
2 3

(1)

where εrε0 is the dielectric constant of the material, L is the
thickness of the active layer, and μ is the mobility.36 The
dielectric constants were calculated from the capacitance versus
frequency measurement with impedance spectroscopy (see
Figure S3 of the Supporting Information).38 The dielectric
constant of PCBM is 4.01, which is similar to the literature
value (3.90),39 and that of PCBDAN is 3.06. Under the SCLC,
we fitted the experimental J−V data to eq 1 to obtain a slope of
2 in the logarithmical scales. The electron mobilities of PCBM
and PCBDAN were calculated to be 6.31 × 10−4 and 2.92 ×
10−3 cm2 V−1 s−1, respectively. The fact that PCBDAN has a 4-
fold electron mobility of PCBM is a good sign for PCBDAN as

Figure 1. Current density versus applied voltage (J−V) characteristics
of electron-only devices and the corresponding fitting results from the
SCLC model (black line, measured; red line, fitted): (a) ITO/TIPD
(12 nm)/PCBM (100 nm)/Al (100 nm) and (b) ITO/PCBDAN(100
nm)/Al (100 nm).
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a potential good acceptor for PSCs and probably one of the
reasons for it as a good cathode interfacial material.20−22

Recently, we demonstrated that PCBDAN could reduce the
work function of ITO from 4.70 to 4.1 eV, and the work
function of evaporated MoO3 on PCBDAN film still remained
high above 5.33 eV.22 Therefore, inverted solar cells ITO/
P3HT:PCBDAN/MoO3/Ag were fabricated and tested. Here,
ITO was used as the cathode, MoO3/Ag was used as the anode,
and P3HT, a typical and most studied polymer, was used as the
donor, as shown in Chart 1. A control device ITO/

P3HT:PCBM/MoO3/Ag performed poor with a PCE of
0.30%, as reported previously.22 In the presence of PCBDAN,
the inverted devices worked reasonable well. The extracted
device performance data from current−voltage characteristics in
Figure 2 are shown in Table 1. A PCE of 3.06% was achieved
with an open circuit voltage (Voc) of 0.55 V, short circuit
current (Jsc) of 9.41 mA/m2, and fill factor (FF) of 59.1%. A
slightly lower PCE of 2.77% was obtained from devices with an
additional ZnO layer on top of ITO. No improvement with the
typical electron collection layer ZnO means that the ITO
cathode may already be modified by PCBDAN and, thus,
possesses low work function for efficient electron collection.
The PCE of 3.06% with PCBDAN as the acceptor, however, is
slightly lower than a typical inverted device with PCBM as an
acceptor, which gave a PCE of 3.49%. The morphology may
play an important role as will be discussed below. From the
above results, a schematic energy level diagram of the
components within the inverted devices could be drawn, as
in Chart 2.
The formation of favorable vertical phase separation could be

illustrated by XPS and contact angle measurements. The XPS
combined with argon ion etching was carried out to analyze the
surface atomic ratios (Table 2) and compositional depth profile
from the air interface through to the buried blend/ITO
interface for the sample without MoO3/Ag (Figure 3). For the
P3HT:PCBDAN blend, the surface S/C atomic ratio is 0.065,
between 0.050 for the calculated ratio in the blend solution and
0.081 for the measured ratio for the pure P3HT film (the
calculated ratio is 0.100). In addition, the surface N/C and O/
C atomic ratios of 0.005 were obviously lower than the
calculated value of 0.013 in the blend (Table 2). The results
clearly showed that P3HT was rich at the top surface, while
PCBDAN was poor. The composition depth profile in Figure 3
showed that the nitrogen and oxygen concentrations appeared
to be increasing with depth. In addition, the sulfur
concentration emerged with the opposite trend: the lowest
value came out at the buried blend/ITO interface. The S/C

ratio decreased rapidly from 0.065 to around 0.035 with the
etching time, indicating that the top capping layer was very thin
and the underneath part was close to the bulk properties
(calculated S/C ratio for the blend is 0.050). The N/C atomic
ratio reached 0.015, which is higher than 0.013 for the
calculated blend but lower than 0.026 for the pure PCBDAN
film (Table 2). Therefore, we can conclude that PCBDAN was
rich at the buried interface with ITO, but no evidence was
found for monolayer formation at this interface from the XPS
measurement.
Evidence of the vertical phase separation has also been found

with contact angle measurements.40 The details for the
measurement and method are in the Supporting Information.
The contact angles and calculated surface energies of the ITO
substrate and individual films on ITO substrates are shown in
Table 3. The surface energy of the P3HT−PCBDAN blend
(23.6 mN m−1) was the same as that of P3HT (23.9 mN m−1)
within the experimental error. The surface energy components,
γLW, attributed to Lifshitz−van der Waals interactions, γAB,
attributed to acid−base interactions, and γ−, the electron donor
component, were also very similar to each other. This may
indicate that the air interface was almost capped with a pure
thin P3HT layer. A thin P3HT capping layer was found before
by near-edge X-ray absorption fine structure spectroscopy
(NEXAFS), ultraviolet photoemission spectroscopy (UPS),
and angle-resolved XPS in the P3HT:PCBM blend34,41−43 A
similar phenomenon has been found in a ternary blend
P3HT:PCBM:PCBDAN before.22 The surface energy of the
PCBDAN (30.4 mN m−1) film was closer to that of ITO (40.0
mN m−1) and higher than those of the P3HT film and P3HT−

Chart 1. Inverted Polymer Solar Cells and Molecule
Structure of PCBDAN

Figure 2. Current density−voltage (J−V) characteristics of the devices
(a) under 1000 W/m2 at AM1.5G illumination and (b) dark.
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PCBDAN. In addition, the surface energy components of
PCBDAN had similar values to that of ITO but significantly
higher than those of P3HT and the blend film. The similar
surface energy and the components for PCBDAN and ITO
could be the driving force for PCBDAN to migrate toward the
ITO substrate and form a PCBDAN-rich buried interface with
ITO, characterized by thermodynamically stable composition
profiles.22,41

To explore why the PCE of the device with PCBDAN is
slightly lower than that with PCBM, the charge carrier
mobilities were approximated using SCLC measurements of
electron- and hole-only devices. Their device structures were
ITO substrate/P3HT:PCBDAN (120 nm)/Al (100 nm) and
ITO substrate/MoO3 (10 nm)/P3HT:PCBDAN (120 nm)/
MoO3 (10 nm)/Ag (100 nm), respectively. The mobilities were
calculated from the J−V characteristics (Figure 4) by fitting to
the Mott−Gurney law.36 The electron mobility of 1.38 × 10‑3

cm2 V−1 s−1 is 267-fold the hole mobility (5.16 × 10‑6 cm2 V−1

s−1). The good fitting for the hole-only device again confirmed
that 10 nm of MoO3 could work as the hole collection layer
effectively, even in the presence of the amine-containing
fullerene. The charge transport in the device was unbalanced,
which may result in the buildup of space charges and charge
recombination, which led to the lower efficiency. The
unbalanced charge mobility may arise concern on space-charge
limited photocurrent.44 It was reported that an unbalanced
charge mobility (ratio of electron and hole mobilities of 125)

for an amorphous random co-poly(phenylene vinylene) blend
with PCBM resulted in a space-charge limited photocurrent
that set the device FF limit to 42%. However, photoactive
blends of PCBM with different donor materials may have very
different recombination loss mechanisms, and unbalanced
charge mobility alone could not lead to a space-charge limited
photocurrent for all blends.45,46 Very recently, it was reported
that the blend of poly[N-9″-heptadecanyl-2,7-carbazole-alt-5,5-
(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT):
[6,6]-phenyl-C70-butyric acid methyl ester (PC70BM) at a 1:4
weight ratio has unbalanced charge mobility (electron and hole
mobility ratio of 100) but gives a PCE over 6%, while a more
balanced charge mobility at a 1:1 weight ratio gives a lower
PCE of 2.2%.47 Thus, the unbalanced charge mobility in the
P3HT:PCBDAN blend may not result in a space-charge limited
photocurrent, and a FF higher than 42% is reasonable.
To fine tune the morphology of the donor/acceptor blend

films, we attempted to add solvent additives in the blend. A
large bank of solvent additives was reported to improve PSC
performance, including 1,8-octanedithiol,48 1,8-diiodooctane
(DIO),49 1-chloronaphthalene,50 N-methylpyrrolidone,51 3-
methylthiophene (3MT),52 N,N-dimethylformamide, and
dimethyl sulfoxide.53 Herein, we tested two different additives,
DIO and 3MT. The former is a good solvent for PCBM, while
the latter is a good solvent for P3HT. With the DIO additive,
all parameters of the devices have become worse, with a lower
PCE of 1.86%. In the case of 3MT, the device gave similar PCE

Table 1. Performance Data of Various PSCs Measured under 1000 W/m2 at AM1.5G Illuminationa

device Voc (V) Jsc (mA cm−2) FF (%) PCE (%) average PCE (%) (six devices) Rs
b (Ω cm2) Rsh

c (kΩ cm2)

A 0.56 9.37 66.6 3.49 3.40 7.63 1.04
B 0.55 9.02 58.5 2.90 2.77 8.22 1.09
C 0.55 9.41 59.1 3.06 3.01 8.22 1.09

aDevice A, ITO/ZnO/P3HT:PCBM/MoO3/Ag; device B, ITO/ZnO/P3HT:PCBDAN/MoO3/Ag; and device C, ITO/P3HT:PCBDAN/MoO3/
Ag. bSeries resistance Rs was measured from the slope under dark currents at 2.0 V. cShunt resistance Rsh was measured from the slope under dark
currents at the voltage where the current is at a minimum.

Chart 2. Energy Level Diagram Showing the HOMO and
LUMO Energies of Each Component Material

Table 2. Surface Atomic Ratios of Elements by XPS Analysis

measured atomic ratio (X/C) calculated atomic ratio (X/C)

film C/C N/C O/C S/C C/C N/C O/C S/C

PCBDAN 1.00 0.026 0.026 1.00 0.026 0.026
P3HT 1.00 0.003 0.081 1.00 0.100
P3HT:PCBDAN 1.00 0.005 0.005 0.065 1.00 0.013 0.013 0.050

Figure 3. Element depth profile with Ar+ sputtering time measured by
XPS.
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to the device without an additive but slightly different Voc and
Jsc (Table 4).

To understand how the additives affect the device perform-
ance, ultraviolet−visible (UV−vis) spectroscopy and atomic
force microscopy (AFM) were conducted and the results are
shown in Figures 5 and 6 and Table 5. For comparison, the

results on the P3HT:PCBM film are also included. The
addition of DIO made the UV−vis vibronic transition of P3HT
at the long wavelength stronger than those in P3HT:PCBM
and P3HT:PCBDAN films without an additive. This indicated
the improved structure ordering of P3HT. However, the phase
contrast [the root mean square (RMS) is 123.6°] and the
domain size with the DIO additive may be bigger than the
others (43.9° and 106.8°). The 3MT additive, on the other
hand, resulted in similar vibronic peak intensity as in the blend
without a solvent additive and did not bring the vibronic peak
intensity up to the level in the P3HT:PCBM blend. This
indicated that the structure ordering of P3HT was less than that
in P3HT:PCBM. The electron mobility of the P3HT:PCBDAN
blend was found to be half of that of pure PCBDAN, but the
hole mobility of 5.16 × 10‑6 cm2 V−1 s−1 was quite low and
comparable to the value for a unoptimized P3HT:PCBM
blend.54 Therefore, P3HT in its blend with PCBDAN has not

Table 3. Advancing Contact Angles of Three Probing Liquids on the Surfaces of ITO, ITO/PCBDAN, ITO/P3HT, and ITO/
P3HT:PCBDAN (1:0.8 by w/w) at the Initial State and the Calculated Surface Energy (in mN/m)

ITO PCBDAN P3HT P3HT:PCBDAN

contact angle (deg) water 14 ± 1 33 ± 3 107 ± 1 106 ± 1
ethylene glycol 27 ± 2 45 ± 3 79 ± 1 80 ± 1
hexydecane 15 ± 1 15 ± 1 31 ± 1 32 ± 1

calculated surface energy component (mN/m) γ 40.0 30.4 23.9 23.6
γLW 26.4 26.4 23.8 23.4
γAB 13.7 4.04 0.14 0.14
γ+ 0.62 0.06 0.08 0.12
γ− 75.0 68.1 0.07 0.16

Figure 4. Measured current density versus applied voltage (J−V)
characteristics of (a) electron-only device ITO substrate/
P3HT:PCBDAN (120 nm)/Al (100 nm) and (b) hole-only device
ITO/MoO3 (10 nm)/P3HT:PCBDAN (120 nm)/MoO3 (10 nm)/Ag
(100 nm). Black line, measured; red line, fitted.

Table 4. Device Performance with Various Solvent Additives Measured under 1000 W/m2 at AM1.5G Illumination for Device
ITO/P3HT:PCBDAN/MoO3/Ag

additive Voc (V) Jsc (mA cm−2) FF (%) PCE (%) average PCE (%) (six devices) Rs
a (Ω cm2) Rsh

b (kΩ cm2)

none 0.55 9.41 59.1 3.06 3.01 8.22 1.09
1.0% DIO 0.48 8.24 50.3 1.99 1.87 1.24 1.76
3.0% 3MT 0.52 9.89 58.5 3.01 2.96 1.18 1.59

aSeries resistance Rs was measured from the slope under dark currents at 2.0 V. bShunt resistance Rsh was measured from the slope under dark
currents at the voltage where the current is a minimum.

Figure 5. Absorption spectra of the blend films of P3HT:PCBM (1:1,
w/w) and P3HT:PCBDAN (1:0.8, w/w) with or without additives.
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formed comparable morphology or structure ordering as in its
blend with PCBM. Further morphological tuning and more
detailed studies on the relationship of the device performance
with optoelectronic properties are needed for a more clear
understanding of this point.

■ CONCLUSION
An amine-modified fullerene PCBDAN was successfully used as
an acceptor and cathode interfacial material in PSCs ITO/
P3HT:PCBDAN/MoO3/Ag. Vertical phase separation in favor
of the inverted device structure was confirmed by XPS depth
profile, contact angle measurement, and device characteristics.
PCBDAN was rich at the buried interface with ITO and
reduced the work function of ITO, so that a simple device with
ITO alone as the cathode worked, where a cathode interfacial
layer, such as ZnO or other cathode interlayer, was not
necessary. The elimination of a thin interlayer may have
advantage for large area device fabrication. The reason for the
driving force for the formation was that PCBDAN has a similar
surface energy and its components to ITO but higher than
P3HT. Because PCBDAN has 4-fold electron mobility of
PCBM and the ability to reduce metal work functions, it may
have potential applications in nano-structured organic solar
cells as both an acceptor and a cathode interfacial material.55−57

More importantly, charge transport properties of materials with
amine moiety need re-evaluation under suitable device
architectures for the SCLC method or field effect transistors
to avoid a high hole injection barrier. Because the amine-

modified materials could be alcohol-soluble and modification
with amine moiety did not change the energy levels
significantly, a green solvent, such as alcohol-processable,
high-efficient organic/polymer solar cells, could be anticipated
with alcohol-soluble donors and optimization of the donor−
acceptor in the near future.

■ EXPERIMENTAL SECTION
Materials. All solvents were purchased from Sigma-Aldrich. P3HT

and [6,6]-phenyl-C61 butyric acid methyl ester (PC61BM) were
purchased from Merck Chemical and Nano-C, Inc., respectively. The
PCBDAN was synthesized in accordance with the literature method.20

Preparation of ZnO Films. ZnO nanoparticles were synthesized
according to the literature.58

Device Fabrication. The solar cell device structures were ITO
substrate/with or without ZnO/P3HT:PCBDAN (120 nm)/
MoO3(10 nm)/Ag (100 nm) and ITO substrate/ZnO (40 nm)/
P3HT:PCBM (110 nm)/MoO3(10 nm)/Ag (100 nm). ITO-coated
glass substrates (Lumtec 5 Ω square−1) were cleaned sequentially with
detergent aqueous solution, deionized water, acetone, and isopropyl
alcohol. The cleaned substrates were then exposed to UV ozone for 10
min at 30 °C (Novascan PDS-UVT). After that, the P3HT:PCBDAN
(26 mg/mL, 1:0.8 ratio by weight) blend film was directly spin-coated
onto the ITO substrates at 2800 rpm for 45 s inside a glove box filled
with nitrogen and then thermally annealed at 120 °C for 10 min. In
the case of ZnO, ZnO was spin-coated (4000 rpm for 30 s) on the
treated ITO substrates and then annealed at 200 °C for 10 min in air.
The P3HT:PCBM (15 mg/mL, 1:1 ratio by weight) blend active layer
film was directly spin-coated onto the ZnO-treated substrates at 1300
rpm for 60 s inside the glove box. Finally, the devices were completed
after deposition of 10 nm MoO3 and 100 nm Ag (Kurt J. Lesker) as
the electrode in a vacuum evaporator (Angstrom Engineering, Inc.)
equipped with a variety of masks and a gradient shutter at a pressure
below 2 × 10−6 Torr. The shadow masks gave the PSC device areas of
0.10 cm2. In the case of single carrier devices, respective electrodes and
MoO3 have been thermally evaporated accordingly.

Measurements of J−V Characteristics. Current density−voltage
(J−V) characteristics of the devices were measured with an Oriel solar
simulator fitted with a 1000 W Xe lamp filtered to give an output of
1000 W/m2 at AM1.5G. The xenon lamp was calibrated using a
standard filtered silicon reference cell (Peccell Limited, Inc.). The

Figure 6. Surface topographies (1) and phase images (2) of the blend films of (a) P3HT:PCBM (1:1, w/w) and (b) P3HT:PCBDAN (1:0.8, w/w)
without additives and with (c) 1.0% DIO and (d) 3.0% 3MT.

Table 5. Roughness Analysis of AFM

film
height RMS

(nm)
phase RMS

(deg)

ITO/ZnO/P3HT:PCBM 12.940 43.883
ITO/P3HT:PCBDAN 2.204 106.838
ITO/P3HT:PCBDAN
(with 1.0% DIO)

6.751 123.647

ITO/P3HT:PCBDAN
(with 3.0% 3MT)

5.902 76.252
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devices were tested using a Keithley 2400 source meter controlled by
Labview software.
Other Characterization Methods. The surface potentials were

measured on a SKP5050 K probe system (KP Technology) in air. The
work functions were achieved from an average value of 200 points for
each sample. The roughness analysis and atomic force microscopy
(AFM) images were carried out on a MFD-3D AFM instrument in AC
mode with a NSC15/AIBS Si cantilever (resonant frequency around
325 kHz from μ-masch). The contact angles were measured with a
CAM 200 (KSV Instrument, Ltd.). Ionization potentials of the films
were measured by PESA on a Riken Keiki AC2 spectrometer with a
light power of 10 nW and a power number of 0.5. UV−vis spectra
were measured with a Cary 5E UV−vis−NIR spectrophotometer.
Dielectric constant measurements were carried out with a Solartron SI-
1255 and 1296 frequency response analyser system. The thickness of
the active layer was measured with Dektak 6M stylus profiler (Veeco,
Inc.). XPS analysis was performed using an AXIS Ultra DLD
spectrometer (Kratos Analytical, Inc., Manchester, U.K.) with a
monochromated Al Kγ source at a power of 150 W (15 kV × 10 mA),
a hemispherical analyser operating in the fixed analyser transmission
mode, and the standard aperture (analysis area of 0.3 × 0.7 mm). The
total pressure in the main vacuum chamber during analysis was
typically between 10−9 and 10−8 mbar.
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