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ABSTRACT: The effect of additives such as 1,8-diiodooctane (DIO)
and 1-chloronaphthalene (CN) on the electronic structures, charge
transport and phase separation of small-molecule-based bulk hetero-
junction (BHJ) films was investigated. Charge transport properties of the
BHJ layers significantly changed via the introduction of additives, even
though the molecular energy levels remained unchanged. X-ray
photoelectron microscopy (XPM) images show the distribution of each
phase of the blend films upon the use of additives. The CN additive, in
particular, results in a well-percolated network through the active layer.
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■ INTRODUCTION

Solution-processable small molecules have recently arisen as
promising materials in optoelectronic devices because their
intrinsic advantages such as monodispersity, good crystallinity,
well-defined chemical structures, and easy purification by
column chromatography; problems typically associated with
conjugated polymers.1−4 Recently, bipolar organic field-effect
transistors (OFET) have been investigated for use in
complementary logic circuits like inverters. These devices are
able to greatly simplify logic circuit design, as this device can
work for both positive and negative gate biases without the
need to separately fabricate transistors based on p- and n-type
materials.3,5 However, it is difficult to fabricate bipolar OFETs
using single molecules since organic semiconductors typically
exhibit either high electron mobility or high hole mobility, but
rarely both.6,7 To overcome this lack of materials, we have
employed bilayer device architectures via subsequent deposi-
tion of p- and n-type materials. Bipolar OFETs have been
successfully demonstrated based on this principle via
coevaporation of p- and n-type small molecules;8 however, it
is challenging to deposit such bilayer FETs via low-cost solution
processing techniques, as the active organic semiconductors
tend to have similar solubility and cannot be solution coated
atop one another. To meet this demand for cost-effective and
easily fabricated ambipoler OFETs, bulk heterojunction (BHJ)
OFETs comprising solution-processed blends of p/n-type
organic semiconductors have great potential as a device
fabrication strategy.9

Although BHJ OFETs provide an effective strategy for
ambipolar device fabrication, poor self-assembly in films of
small molecules prepared via solution processing is a major
challenge for achieving high-performance devices, because the

surface and interface morphologies of the active layer in a
device play a critical role affecting the device performance.10−12

A great number of processing methods for achieving desirable
morphology have been demonstrated by means of choice of
solvent, post-treatments such as thermal13 or solvent
annealing,14 processing solvent additives,15−18 and film forming
methods.19−24 In particular, the use of small amounts of solvent
additives in the blend solution has emerged as a powerful
technique to control morphologies in organic BHJ OFET,
which has been widely used for BHJ solar cells. Among these
treatments, processing additive shows promise in studying the
correlation between nanomorphology and charge transport
behaviors in the BHJ OFET thin film devices geometry. For
example, in poly(3-hexylthiophene) (P3HT):fullerene blends,
an increase in the hole mobility by 2 orders of magnitude was
demonstrated as measured in the BHJ OFETs upon
incorporation of small quantities of 1-octanethiol in toluene
as a result of changes in the BHJ morphology.21,25 Heeger and
co-workers recently reported changes in field effect carrier
mobilities with balanced hole and electron mobilities in the
BHJ OFET device, which was consistent with the changes in
nanomorphology induced by the use of the CN additive.26

Even though a number of studies have demonstrated the
influence of processing additives on polymer:fullerene BHJ
compositions, few studies have addressed the impact of
additives in small-molecule-based BHJs so far.
Previously, small-molecule-based BHJ solar cells consisting of

a novel donor−acceptor type small molecule (DTTDPP) and
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[6,6]-phenyl C71 butyric acid methyl ester (PC71BM) were
introduced and it was found that the device performance could
be improved via the addition of solvent additives such as 1,8-
diiodooctane (DIO) and 1-chloronaphthalene (CN).27

Although atomic-force microscopy (AFM) images revealed
dramatic changes in morphology, at that time we lacked insight
into the possible mechanism of film formation as a function of
processing additives. In addition, a universal correlation
between molecular structure, processing, film morphology,
and device performance in small molecule BHJ systems has not
yet been established.
In this contribution, we demonstrate how the processing

additives DIO and CN modify electronic properties, charge
transport behavior and the molecular self-assembly of small-
molecule-based BHJ films. We employ a variety of comple-
mentary techniques to investigate a comprehensive range of
film properties including ultraviolet photoelectron spectroscopy
(UPS) to determine surface electronic structures, OFETs to
investigate charge transport properties at the dielectric
interface, and X-ray photoelectron microscopy (XPM) to
provide insight into the distribution of elements. No change of
electronic structures of each component in the BHJ layer was
observed by UPS. However, we found that DIO dramatically
alters the polarity of the OFET devices from p-type to n-type,
whereas the introduction of CN results in balanced bipolar
characteristics. XPM was employed to gain further insight into

the spatial distribution of each separated phase and the XPM
results showed marked changes in the phase separation of each
component depending on the choice of additive. These findings
provide new insights into the effect of solvent additives on the
morphology and performance of small-molecule-based BHJ
devices.
The molecular structures of DTTDPP and PC71BM and a

test device structure are shown in Scheme 1. Figure 1a shows
the UV−vis absorption profiles of DTTDPP:PC71BM films
spin-cast on glass substrates from the neat chloroform and
using the same solvents with 1% (v/v) DIO or CN. The
absorption peaks at 350 and at 650 nm are due to the
contribution of PC71BM and DTTDPP, respectively. The
solvent additives do not dramatically change the absorption
spectrum of the blend with the exception of a small local
maximum at ∼750 nm. The absorption band at ∼750 nm in the
blend films is visible as a shoulder in the spectrum of the
pristine film, which appears as a small peak with DIO and a
more pronounced peak with CN. Such an increase in
absorption intensity for the low-energy 750 nm band is
consistent with absorption because of an aggregated phase,
which can be attributed to stronger intermolecular contacts
between chromophore units and a more ordered DTTDPP
phase promoted by processing with DIO and CN.15,20,28 A
similar tendency is observed with the pristine DTTDPP
absorption profiles under the same conditions (see the

Scheme 1. (a) Molecular Structures Used for Active Layer Components and (b) a Test Device Structure

Figure 1. (a) UV−vis spectra for DTTDPP:PC71BM blend films without additives (black) and processed with DIO (blue) and CN (red). (b) UPS
profiles of the blend films: High binding energy cutoff region (left) and HOMO region (right).
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Supporting Information, Figure S1). The optical energy gaps
(Eg) in solid states were extracted by linear extrapolation of the
long wavelength edge of the spectrum. The Eg values are found
to be nearly identical, with values of 1.5 eV for all films
regardless of the presence of additives.
To investigate the effect of additives on the energy levels of

the blend and each molecule, we carried out ultraviolet
photoelectron spectroscopy (UPS) measurements. All thin
films were prepared on gold substrates using the same
conditions used to prepare films for UV−vis measurement.
Figure 1b shows the occupied states of the blend films with and
without additives (see the Supporting Information, Figure S2,
for UPS spectra of each molecule). The highest occupied
molecular orbital (HOMO) energy levels of the films were
determined using eq 1

ν= − −h E EHOMO ( )cutoff HOMO (1)

where hν is the incident photon energy (21.2 eV for He I),
Ecutoff was determined by the linear extrapolation of secondary
electron cutoff of the high-binding-energy side of the UPS
spectra (15−18 eV) and EHOMO was an onset of the low-
binding-energy side (0−3 eV).29 The lowest unoccupied
molecular orbital (LUMO) levels were estimated using the Eg
determined from UV−vis and HOMO values determined by
UPS.30 Table 1 contains a summary of these values as well as
results from devices, which will be discussed subsequently. One
can see no significant changes for the HOMO and LUMO

levels of the DTTDPP, PC71BM and their blend films resulting
from the use of additives. Thus, processing additives such as
DIO and CN do not affect the electronic structures of each
component and the blend film. To our knowledge, no
investigation of the energetic levels of the organic semi-
conductor films processed from additives by UPS has yet been
published.
The impact of the processing additives (DIO and CN) on

the charge transporting characteristics of DTTDPP:PC71BM
BHJ layer were probed using FET devices. Figure 2 shows
typical output characteristics of the DTTDPP:PC71BM devices
without and with additives at various gate bias (VG) and source-
drain voltage (VDS). All device characteristic variables are
summarized in Table 1 and the transfer characteristics are
displayed in the Supporting Information (Figure S3). The
average FET mobility of each transistor was calculated in the
saturation regime (VDS = −60 V) by plotting the square root of
the drain current versus the gate voltage and fitting the data. A
typical p-type dominant transistor behavior is observed at
negative VG for BHJ devices without additives (Figure 2a)
which exhibit a hole mobility (μh) of 4.0 × 10−5 cm2/(V s). The
electron current does not saturate when sweeping VDS from 0
to 60 V at various positive VG. Surprisingly, the BHJ FETs
processed from 1% DIO exhibit n-type transport behavior with
an electron mobility (μe) of 2.2 × 10−4 cm2/(V s), showing
unsaturated hole current regimes under negative bias of VG and
VDS as presented in panels b and e in Figure 2.

Table 1. Summary of Electronic Properties and Device Characterization of DTTDPP, PC71BM, and DTTDPP:PC71BM

additive Eg (eV) HOMO (eV) LUMO (eV) μh (cm
2/(V s)) μe (cm

2/(V s)) Vth (V) Ion/Ioff

DTTDPP none 1.50 5.07 3.57 8.6 × 10−5 −4.9 1.8 × 105

DIO 1.54 5.07 3.53 1.5 × 10−5 −2.5 1.7 × 104

CN 1.54 5.06 3.56 5.3 × 10−4 −1.1 8.7 × 105

PC71BM none 1.70 5.88 4.18 1.0 × 10−3

DIO 5.92 4.22 a

CN 5.90 4.20 a

BHJ none 1.52 5.12 3.60 4.0 × 10−5 1.7 × 10−5

DIO 1.54 5.08 3.52 2.2 × 10−4

CN 1.53 5.12 3.59 2.3 × 10−5 3.1 × 10−4

aDewetting on glass and SiO2 substrates.

Figure 2. Output characteristics of DTTDPP:PC71BM FET devices without and with 1% (v/v) DIO and CN at various gate bias (VG) and source-
drain bias (VDS) from 0 V to ±60 V.
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Hole transport properties of pristine DTTDPP FETs were
also examined with the introduction of DIO and CN (Figure
3). The source-drain current (IDS) decreased with DIO,

indicating that the DIO is not an effective additive for
DTTDPP. In contrast, adding a small amount of CN improved
the IDS of the pristine DTTDPP FET, resulting in a 3.5 times
enhancement in μh to 5.3 × 10−4 cm2/(V s). Meanwhile,
analogous measurements of electron transport for pristine
PC71BM were attempted, however, dewetting of the PC71BM
films on the SiO2 surface prevented the completion of
functioning FET devices. Although surface passivation might
resolve the dewetting issue,31 the comparison with other device
configurations would not be valid. Interestingly, bipolar
transport behavior is achieved using CN, where the
DTTDPP:PC71BM FET device has μe = 3.1 × 10−4 cm2/(V
s) and μh = 2.3 × 10−5 cm2/(V s) (Figure 2c, f). In general,
charge transport in a bottom gate and top contact FET takes
place primarily within the few nanometers of an active layer at
the dielectric/active layer interface, since the charge carriers
accumulate at the active/dielectric interface when a gate bias is
applied.32,33 Therefore, the results imply that the interface
morphology of the BHJ layers in FETs has been significantly
changed with processing additives.
X-ray photoelectron microscopy (XPM) measurements of

the DTTDPP:PC71BM BHJ films were performed in order to
map differences in the phase distribution of each component
upon adding DIO or CN. XPM images are most informative
when used in combination with the chemical information
obtained from photoelectron spectra and offer the potential of
correlating microscale chemistry and macro-scale material
properties.34,35 In the preliminary analysis, large-area survey
spectra were acquired, from which one can obtain qualitative
and quantitative information. The spectra exhibit weak Si

emission features from all samples, which confirms that
photoelectron elemental and chemical images can be provided
insight of heterogeneity and phase separation phenomena at
the active/dielectric layers. Specific emphasis was made on
probing S element distribution against C element, which
correlates to the ratio of DTTDPP to PC71BM. Figure 4 shows
XPM images of the blend films with and without additives for
the S 2p intensity distribution normalized by the C 1s intensity
displaying two distinct domains (red and blue). The red phase
corresponds to a greater concentration of DTTDPP phase,
whereas the blue phase is assigned to an increased
concentration of PC71BM. The blend film prepared from
pristine chloroform (Figure 4a) exhibits a small portion of
DTTDPP domains relative to PC71BM domains. The blend
film processed from DIO (Figure 4b) shows that PC71BM is
dominant on the surface without significant S 2p signal. In
contrast, evenly distributed phases of each component in the
blend film processed with CN were observed. In addition, the
topographic study of the DTTDPP:PC71BM BHJ films
prepared from pure chloroform showed uneven and spherical
features with average diameters of 200 nm.27 A rougher surface
morphology was developed by adding DIO, while a smoother
and more desirable phase-separated morphology was achieved
with CN. With the corresponding XPM mapping, it can be
inferred that the spherical features and the rough surface
morphology observed from AFM images are mainly formed by
PC71BM aggregation.
Figure 5 presents schematic illustrations of the

DTTDPP:PC71BM internal morphologies based on the
OFET, AFM and XPM analyses. Green and purple illustrate
pure DTTDPP and PC71BM, respectively. DIO leads to the
aggregation of DTTDPP embedded in a PC71BM matrix and
the blend film with CN forms an interpenetrating network of
each component. The p-type transistor behavior of devices
without additives implies an enrichment layer of DTTDPP at
the dielectric interface supported by partially red features
observed in XPM (Figure 4a) and aggregated PC71BM clusters
at the surface of the AFM images, as shown in Figure 5a. In
contrast, the BHJ film processed with DIO exhibits PC71BM
dominant phase distribution in XPM images, n-type charge
transport behavior and large aggregation in AFM surface
images; these observations would be consistent with aggregated
DTTDPP domains being surrounded by a continuous PC71BM
phase, leading to disconnected hole transport (Figure 5b). The
bipolar properties of the devices processed from CN suggest
well-separated phase distribution and bicontinuous, percolated
networks at the dielectric interface (Figure 5c).

Figure 3. Transfer characteristics at VDS = −60 V without additives
(black) and processed with DIO (blue) and CN (red).

Figure 4. XPM images (size: 100 μm × 100 μm) of DTTDPP:PC71BM blend films (a) without additive and with (b) DIO and (c) CN. (Red
represents the DTTDPP, whereas blue represents the PC71BM.).
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We next consider the causes of differences in phase
separation and how these differences relate to the solubility
of each component and the rate of solvent evaporation. When
films are fabricated from neat chloroform, PC71BM shows a
relatively greater tendency to self-assemble and form poly
crystalline domains during to the fast evaporation of the
solvent, while DTTDPP is not able to completely self-assemble
during the short time period it takes for the chloroform to
evaporate. The pristine DTTDPP FET with DIO shows poor
p-type device performance, indicating that although DIO may
slow the evaporation rate of the solvent and provide more time
for self-assembly, it is a poor additive for DTTDPP and does
not promote desirable self-assembly in this material. Mean-
while, PC71BM films processed with DIO show improvement,
as previously reported.36 Accordingly, during film formation in
the BHJ using DIO as an additive, PC71BM is well distributed
from the dielectric interface to the top, whereas DTTDPP
aggregates poorly during the slow evaporation of DIO. As
proven in DTTDPP FET devices and as observed in the
literature, CN is an effective additive for both DTTDPP and
PC71BM, promoting desirable self-assembly and distribution of
each material throughout BHJ layer; leading to balanced carrier
transport.27

In summary, we report on the influence of the solvent
additives DIO and CN on the energy levels, charge transport
properties and phase distribution of the DTTDPP:PC71BM
BHJ system. The polarities of BHJ FET devices without
additives and with DIO and CN are p-type, n-type and bipolar,
respectively, regardless of their energetic levels of the
DTTDPP, PC71BM and their blend. The polarity of the
devices was determined by the phase distribution of each
component, which was controlled via processing additives.
Compared to the pristine blend film, the use of DIO led to film
properties consistent with DTTDPP aggregation within a
continuous PC71BM phase, whereas the introduction of CN
gives rise to the even distribution of donor/acceptor phases on
the dielectric/active layer interface. It is confirmed that
desirable, interpenetrated phase separation behavior is achieved
with CN additive by XPM analysis together with the
corresponding OFET characteristics. Our findings indicate
that (i) additives do not affect the HOMO/LUMO levels of
DTTDPP, PC71BM or blends of the two materials, (ii) a
proper selection of additives can lead to efficient charge
transport, and (iii) the use of additives critically influences the

film morphology and mixing of donor/acceptor materials,
allowing significant improvements in device performance.

■ EXPERIMENTAL SECTION
UV−Vis Absorption Measurement. Solutions of 5 mg/mL

DTTDPP, as well as 5 mg/mL DTTDPP with 1% v/v DIO or CN
were prepared in chloroform. In addition, blend solutions of
DTTDPP:PC71BM (1:1 w/v) in chloroform with concentration of
14 mg/mL were prepared without or with 1% v/v DIO or CN. Thin
films were prepared by spin-casting from each solution onto a glass
substrate at 2000 rpm for 40 s. Absorption spectra were measured with
a Beckman Coulter DU 800 series UV−vis spectrophotometer.

UPS Measurement. 75 nm thick gold films were deposited on
precleaned Si substrates with a thin native oxide. The same solutions
used for to collect absorption spectra were spin-cast onto gold films
using the same conditions. Film fabrication was done in a N2-
atmosphere glovebox. To minimize the possible influence of exposure
to air, we then transferred the films from the N2-atmosphere drybox to
the analysis chamber inside an air-free sample holder. Subsequently,
the samples were kept inside a high-vacuum chamber overnight. The
UPS analysis chamber was equipped with a hemispherical electron-
energy analyzer (Kratos Ultra Spectrometer) and was maintained at a
pressure of 1.0 × 10−9 Torr. UPS measurements were carried out using
a He I (hν = 21.2 eV) light source. During UPS measurements, a
sample bias of −9 V was used in order to separate the sample and the
secondary edge for the analyzer.

FET Fabrication and Characterization. All OFETs were
fabricated on heavily n-type doped Si wafers with a 200 nm thick
thermally grown SiO2 layer. The n-type doped Si substrate functioned
as the gate electrode and the SiO2 layer functioned as the gate
dielectric. Solutions mentioned above were spin-cast at a spin speed of
2000 rpm for 40 s. The film thickness was approximately 60 nm. All
deposition was carried out in N2-glovebox. Forty-nanometer-thick Au
electrodes were deposited by thermal evaporation using a shadow
mask. Channel length (L) and channel width (W) were 30 μm and 1
mm, respectively. Electrical characterization was performed under a N2
atmosphere using a Keithley 4200 semiconductor parametric analyzer.

XPS/XPM Measurement. Sample preparation was identical to the
procedure used for UPS measurements. The XPS analysis chamber
was equipped with a hemispherical electron-energy analyzer (Kratos
Ultra Spectrometer) and was maintained at 1.0 × 10−9 Torr. The XPS
was measured using monochromatized Al Kα (hv = 1486.6 eV)
excitation. The electron energy analyzer was operated at constant pass
energy of 80 eV for mapping experiment and 20 eV for high-resolution
acquisition, respectively. The S 2p, O 1s, N 1s, and C 1s photoelectron
images were employed at a small magnification of 100 μm × 100 μm
and an acquisition time of 5−10 min per image. The image-to-spectra
measurement were acquired in a series of 26 images over the binding
energy range 280−290 eV for C 1s, 160−170 eV for S 2p, and 395−
405 eV for N 1s, respectively, and 38 images over the binding energy

Figure 5. Schematic illustrations of proposed donor/acceptor distribution in OFET devices.
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range 525−540 eV for O 1s with a 0.4 eV step. Images were converted
to spectra for multivariate image analysis using CASAXPS software
(Ver. 2.3.12).
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