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ABSTRACT: In this study, we added a small amount of
polyethylenimine (PEI) into several ambipolar and p-type
polymer semiconductors and used these blends as channel
materials in organic thin film transistors (OTFTs). It is found
that PEI can effectively suppress hole transport characteristics
while maintaining or promoting the electron transport perform-
ance. Unipolar n-channel OTFTs with electron-only transport
behavior is achieved for all the polymer semiconductors chosen
with 2−10 wt % PEI. The electron-rich nitrogen atoms in PEI
are thought to fill the electron traps, raise the Fermi level and
function as trapping sites for holes, leading to promotion of
electron transport and suppression of hole transport. This work
demonstrates a convenient general approach to transforming ambipolar and p-type polymer semiconductors into unipolar n-type
polymer semiconductors that are useful for printed logic circuits and many other applications.
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1. INTRODUCTION

Intensified efforts have been made in recent years to develop π-
conjugated polymers consisting of alternating electron donor
(D) and acceptor (A) units in their backbone for organic
photovoltaics (OPVs)1−7 and organic thin film transistors
(OTFTs)6−9 to achieve performances approaching or exceed-
ing those of certain inorganic counterparts. For example, OPVs
based on D−A polymers have reached power conversion
efficiencies greater than 10%,10 while OTFTs using D−A
polymers have demonstrated field effect mobility values in the
excess of 10 cm2 V−1 s−1.11−13 For many applications, the
complementary metal oxide semiconductor (CMOS) logic is
desirable because of a number of advantages such as high
reliability, high signal robustness, and low power consump-
tion.14,15 To fabricate a CMOS-like logic circuit using OTFTs,
both p-channel and n-channel OTFTs are required. Although
many D−A polymers have been successfully used as hole
transport semiconductors in p-channel OTFTs, very few have
shown unipolar electron-only charge transport performance for
use in unipolar n-channel OTFT devices.6−9,16

Because of the combination of the electron donor and
acceptor units, a large number of D−A polymers have a rather
narrow band gap (or closely positioned HOMO and LUMO
levels), which facilitates the injection and transport of both
holes and electrons, and thus exhibit ambipolar charge
transport performance in OTFTs.6,9,17−24 Although ambipolar

polymers have been used in light-emitting transistors and
CMOS-like circuits,25 a very high standby current between the
source and drain contacts is observed in these devices.26

Ambipolar organic semiconductors can be converted into
unipolar materials by changing packing motif, which can be
realized by side chain design,27 thermal annealing,28 and choice
of the processing solvent.29 Surface modification of the source
and drain contacts with Ba or Cs salts,30,31 organic thiols and
polyethylenimine32 has been used as a strategy to reduce the
work function (or raise the Fermi energy) of the electrodes and
facilitate electron injection of small molecule or polymer
semiconductors in OTFTs. Very recently, we reported a
successful conversion of ambipolar and p-type OTFTs based on
several D−A polymers into unipolar n-type OTFTs33,34 by
depositing a thin layer (∼2−5 nm) of polyethylenimine (PEI,
Figure 1) on the Au source/drain contacts. The work function
of the PEI-modified Au could be dramatically reduced from 5.1
eV to as low as 3.2 eV.32,33 It was thought that such a low work
function could build up a large energy barrier to block hole
injection and facilitate electron injection. Another effective way
to suppress the hole transport and promote the electron
transport of small molecule or polymer semiconductors is n-
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type doping with cobaltocenes,35,36 small molecule amine
compounds37−40 or CsF.36,41 In this study, we successfully
demonstrate that PEI is also a very effective polymeric dopant
to convert ambipolar and even p-type D−A polymer semi-
conductors (PSCs) into high-performance unipolar n-type
polymers in OTFTs. PEI and these PSCs are readily miscible in
a common solvent to form homogeneous solutions, which can
be spin-coated into smooth blend films with uniformly
distributed PEI at the nanoscale.

2. EXPERIMENTAL SECTION
Materials and Methods. PEI (branched polyethylenimine with an

Mw of ∼25 000 by light scattering and an Mn of 10 000 by GPC) was
purchased from Sigma-Aldrich. Cytop (a fluoropolymer of Asahi Glass
Co., Ltd.) was purchased from Bellex International Corporation. All
other chemicals were obtained from commercial sources and used
without further purification. Ambipolar polymers, PDBTAZ (P1)21

(Mn = 102 000, PDI (polydispersity index) = 4.30), PPzDPDP-BT
(P2)24 (Mn = 27 500, PDI = 2.84), PDBPyBT (P3)22 (Mn = 26 300,
PDI = 3.56), and a p-type polymer, PDQT (P4)42 (Mn = 40 000, PDI
= 3.22), used in this study were synthesized and reported previously.
Ultraviolet−visible−near-infrared (UV−vis−NIR) spectroscopy meas-
urements of polymer thin films spin-coated on quartz were performed
on a PerkinElmer Lambda 1050 UV/vis/NIR spectrophotometer. The
X-ray diffractometry (XRD) measurements of the polymer thin films
spin-coated on Si/SiO2 substrates were carried out on a Bruker D8
Advance diffractometer with Cu Kα1 radiation (λ = 1.5406 Å) in
Bragg geometry. Atomic force microscopy (AFM) images of polymer
thin films spin-coated on Si/SiO2 substrates were obtained by a
Dimension 3100 scanning probe microscope.
Time-of-Flight Secondary Ion Mass Spectrometry (TOF-

SIMS) Measurement. A one-side polished, 500 μm thick heavily n-
doped Si(100) (n++-Si) substrate with a resistivity of 0.1−0.01 Ohm
cm was cleaned by RCA 1 (H2O2−NH4OH-H2O) and then rinsed in

buffered HF for 1 min to remove any SiO2 present on its surface. A 20
nm Au layer (with 3 nm of Cr as a bottom adhesion layer) was
thermally deposited on the polished side of the n++-Si substrate. A
polymer film was then deposited on the substrate by spin-coating a
polymer solution and then drying on a hot plate at 150 °C for 15 min.
TOF-SIMS depth profiles of the polymer film were obtained using an
ION-TOF 5 system (IONTOF GmbH) in the spectrometry mode
(noninterlaced) with a reflection time-of-flight analyzer operated in the
negative polarity mode with a Bi3+ analysis ion source (30 kV), cycle
time of 200 μs, and sampling area of 150 × 150 μm2.43 The sample
was sputtered with Ar cluster ions (Ar1000

+) at ion beam energy of 5
keV over an area of 400 × 400 μm2. The TOF-SIMS spectra were
mass-calibrated on carbon fragments (Cx). The species with mass-to-
charge ratio (m/q) equal to 40 (corresponding to C2H2N

−), 12
(corresponding to C−), and 197 (corresponding to Au−) were used for
detailed analysis.

Ultraviolet Photoelectron Spectroscopy (UPS) Measure-
ment. A polymer semiconductor (with or without 2 wt % PEI)
solution in chloroform (1 mg mL−1) was spin-coated on a 30 nm Au
film coated on n++-Si substrate to form a film, followed by annealing at
150 °C for 15 min in nitrogen. UPS measurements were performed in
a PHI5500 Multi-Technique system with a base pressure of ∼10−9
Torr and the Fermi energy calibrated to 0 eV. A helium discharge
source (HeI α, hv =21.22 eV) was used and the samples were kept at a
takeoff angle of 88°. During measurement, the sample was held at a
−15 V bias relative to the spectrometer in order to efficiently collect
low-kinetic energy electrons. Fermi level (EF) was calculated from the
equation: EF = 21.22 eV − SEC, where SEC is the secondary electron
cut-off. The difference between HOMO level and Fermi level, η, was
determined from HOMO onset in the HOMO region.44

OTFT Device Fabrication. OTFT devices were fabricated on n++-
Si wafer substrate with a 300 nm-thick thermally grown SiO2 layer. Au
source and drain electrodes (40 nm thick) with a Cr adhesion layer (3
nm) were thermally deposited on the substrate using a conventional
photolithography method. The substrate with source and drain pairs

Figure 1. Chemical structures of PEI (branched polyethylenimine) and polymer semiconductors PDBTAZ (P1)21 (EHOMO/ELUMO = −5.67 eV/−
4.24 eV), PPzDPDP-BT (P2)24 (EHOMO/ELUMO = −5.59 eV/−4.17 eV), PDBPyBT (P3)22 (EHOMO/ELUMO = −5.69 eV/−4.33 eV), and PDQT
(P4)42,52 (EHOMO/ELUMO = −5.24 eV/−4.04 eV) used in this study. P1, P2, and P3 were previously reported to show typical ambipolar (ambi)
charge transport performance, whereas P4 showed typical p-type hole-only transport performance when gold was used as source/drain contacts in an
OTFT device.
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was cleaned sequentially with air plasma, acetone and isopropanol
before being dried under a nitrogen flow.
Top-Gate Bottom-Contact (TGBC) Devices with Structure (a)

(Figure 2a). A polymer semiconductor (PSC) solution in
chlorobenzene (5 mg mL−1 for P1), chloroform (10 mg mL−1 for
P3) or a mixture (9/1, v/v) of chloroform and 1,2-dichlorobenzene
(DCB) (5 mg mL−1 for P2 and P4) was spin-coated on the cleaned

substrate to form a film with thickness of ∼40−50 nm and then
annealed at 100, 150, or 200 °C for 15 min in nitrogen. Then Cytop
(∼570 nm with Ci = 3.2 nF cm−2) as the gate dielectric layer was
deposited on the PSC by spin-coating, followed by drying on a hot
plate at 100 °C for 1 h. Finally, an Al layer with a thickness of 70 nm
was thermally deposited as the gate electrode. The device performance

Figure 2. (a) TGBC OTFT device structure with a pristine polymer semiconductor (PSC) as the channel, Cytop as the gate dielectric, Al as the gate
electrode and Au as the source and drain contacts; the output (upper) and transfer (lower) curves were obtained when an ∼40−50 nm thick pristine
P1 film (annealed at 150 °C) was used as the channel, which shows typical ambipolar charge transport performance. (b) TGBC OTFT device
structure similar to that in (a) except that the channel is a PSC:PEI blend film; the output (upper) and transfer (lower) curves were obtained when a
∼ 40 nm thick P1:PEI (2% PEI) blend film (annealed at 150 °C) was used as the channel, which shows typical n-channel electron-only transport
performance. Dimensions of all devices: channel length L = 30 μm; channel width W = 1 mm.

Figure 3. Dependence of hole and electron mobilities of P1−P4 in OTFT devices on PEI content in the PSC:PEI blends. The PSC or PSC:PEI
blend films were annealed at 100, 150, or 200 °C.
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was characterized in air in the absence of light using an Agilent 4155C
Analyzer. The carrier mobility was calculated from the slope of the
(IDS)

1/2 versus VGS plot in the saturation regime according to the
equation: IDS = μCi W/(2L) (VGS−VTH)

2, where μ is the saturation
mobility, IDS is the drain current, Ci is the gate dielectric layer
capacitance per unit area, L (30 μm) and W (1 mm) are the channel
length and width, respectively, and VGS and VTH are the gate and
threshold voltages, respectively.
TGBC Devices with Structure (b) (Figure 2b). The devices were

fabricated and characterized following the similar procedure described
for devices with structure (a) except that a PSC:PEI mixture solution
was used to make the PSC:PEI blend layer. A mixture of PSC:PEI in a
certain ratio was dissolved in chlorobenzene (for P1), chloroform (for
P3) or a mixture (9/1, v/v) of chloroform and DCB (for P2 and P4)
by stirring at 45 °C for 1 h before cooling to room temperature.
Dual-Gate Devices (Figure 7). The devices were fabricated and

characterized following the similar procedures described for devices
with structure (a) except that a PEI layer (∼1.5 nm) was deposited on
top of the PSC (P1) layer by spin-coating a PEI solution (0.062 mg
mL−1) in IPA. The thickness of the PSC layer was ∼85 nm. These
dual-gate devices contain TGBC and bottom-gate bottom-contact
(BGBC) configurations.
BGBC Devices (Figure S12). A solution of P1 in chlorobenzene

(5 mg mL−1) was spin-coated on the cleaned substrate to form a
polymer film with a thickness of ∼40−50 nm, followed by annealing at
150 °C for 15 min in nitrogen.

3. RESULTS AND DISCUSSION

The chemical structures of four D−A polymers P1−P4 used in
this study are shown in Figure 1. These polymers have deep
LUMO levels of ≲ −4 eV (shown in Figure 1 caption), which
are desirable for stable electron transport.45,46 To evaluate the
charge-transport performance of these polymers, we adopted
the following top-gate bottom-contact (TGBC) OTFT
configuration: Au as the source and drain contacts, Cytop as
the gate dielectric, and Al as the top gate electrode (Figure 2).
A Si wafer with a 300 nm thick thermally grown SiO2 was used
as the supporting substrate.
Pristine P1 showed typical ambipolar charge transport

behavior with balanced electron and hole mobilities at different
annealing temperatures (Figures 2a and 3 and Table 1). The
best average electron and hole mobilities (μ̅e and μ̅h) are 0.41
and 0.33 cm2 V−1 s−1, respectively, achieved for the films
annealed at 200 °C. Then we dissolved PEI and P1 in
chlorobenzene to form a solution containing 0.5% of PEI (wt %
relative to the amount of the polymer semiconductor), which
was then deposited as a blend film by spin-coating. TGBC
OTFTs with these P1:PEI blend films exhibited similar μ̅e but
significantly lower μ̅h (down to ∼1 × 10−3 cm2 V−1 s−1)
compared with pristine P1 at all annealing temperatures. When
the PEI content was increased to 1%, films annealed at 200 °C

Table 1. TGBC OTFT Performance of Devices with Pristine PSC (PEI = 0 wt %) or PSC:PEI Blend Films As Channel
Semiconductorsa

polymer
PEI (wt
%)

TAnn.
b

(C)
μe,max

c

(cm2 V−1 s−1)
μe,ave (std

d)
(cm2 V−1 s−1)

μh,max
e

(cm2 V−1 s−1)
μh,ave (std)

(cm2 V−1 s−1)
Vth

f

(V) Ion/Ioff
g

P1 0 100 0.088 0.071 (0.016) 0.060 0.052 (0.011)
150 0.40 0.38 (0.016) 0.29 0.29 (0.0058)
200 0.47 0.41 (0.054) 0.41 0.33 (0.052)

0.5 100 0.097 0.073 (0.020) 0.007 ∼2.7 × 10−3

150 0.55 0.37 (0.11) 0.005 ∼1.7 × 10−3

200 0.37 0.31 (0.032) 0.002 ∼8.6 × 10−4

1 100 0.16 0.12 (0.023) none 2 ∼1 × 102 to ∼1 × 103

150 0.64 0.41 (0.15) none 20 ∼1 × 103

200 0.56 0.44 (0.093) ∼1 × 10−3 28 ∼1 × 102 to ∼1 × 103

2 100 0.34 0.18 (0.084) none 9 ∼1 × 104 to ∼1 × 105

150 0.38 0.27 (0.076) none 12 ∼1 × 103 to ∼1 × 104

200 0.88 0.61 (0.20) none 21 ∼1 × 103 to ∼1 × 104

4 100 0.063 0.050 (0.0094) none −5 ∼1 × 103 to ∼1 × 104

150 0.39 0.32 (0.085) none 12 ∼1 × 103 to ∼1 × 104

200 0.30 0.27 (0.034) none 22 ∼1 × 103 to ∼1 × 104

10 100 0.068 0.053 (0.0089) none 0 ∼1 × 101 to ∼1 × 102

150 0.21 0.16 (0.029) none 8 ∼1 × 102 to ∼1 × 103

200 0.21 0.17 (0.028) none 20 ∼1 × 103 to ∼1 × 104

20 150 0.15 0.12 (0.022) none 8 ∼1 × 102

200 0.18 0.17 (0.011) none 21 ∼1 × 103 to ∼1 × 104

P2 0 150 0.063 0.051 (0.0082) 0.098 0.056 (0.0029)
1 150 0.071 0.064 (0.0047) ∼1 × 10−5 24 ∼1 × 103

2 150 0.084 0.072 (0.0097) none 22 ∼1 × 103

4 150 0.060 0.056 (0.033) none 23 ∼1 × 103

P3 0 150 3.13 2.74 (0.28) 1.93 1.72 (0.17)
1 150 0.73 0.50 (0.15) 0.05 0.020 (0.024)
2 150 0.95 0.88 (0.058) none 4 ∼1 × 102 to ∼1 × 103

P4 0 150 none none 0.58 0.54 (0.034) −12 ∼1 × 103

2 150 0.027 0.024 (0.0021) 2.7 × 10−5 ∼1.3 × 10−5 37 ∼1 × 102

4 150 0.011 0.010 (8.2 × 10−4) 9.4 × 10−4 ∼3.9 × 10−4 31 ∼1 × 102

10 150 0.010 0.0074 (0.0017) none 39 ∼1 × 102 to ∼1 × 103

aData were obtained from at least five devices for each condition. bAnnealing temperature. cElectron mobility measured at VDS = 80 V. dStandard
deviation. eHole mobility measured at VDS = −80 V. fThreshold voltage. gCurrent on-to-off ratio.
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showed very weak hole transport characteristics, while those
annealed at 100 °C and 150 °C exhibited electron-only charge
transport performance with slightly improved electron mobility
values. When 2% PEI was added, hole transport was completely
suppressed in all devices, whereas the electron mobility was
further enhanced in most of the cases. The largest electron
mobility of 0.88 cm2 V−1 s−1 was achieved in a unipolar n-
channel device with a 200 °C-annealed film, which is much
higher than the best electron mobility of the ambipolar devices
with a pristine P1 film (0.47 cm2 V−1 s−1, Table 1) and the n-
channel devices with PEI-modified Au contacts (0.53 cm2 V−1

s−1).33,34 With a further increase in the PEI content to 4, 10,
and 20%, the electron mobility decreased gradually, but
moderate values up to 0.18 cm2 V−1 s−1 were still retained
even when 20% PEI was added. It should be mentioned that P1
(and P2−P4) and PEI could be dissolved at any blend ratio in a
common solvent such as chlorobenzene, chloroform or a
mixture of chloroform and 1,2-dichlorobenzene (DCB) to form
a homogeneous solution. (The solution could be easily filtered
through a 0.2 μm syringe filter.)
XRD patterns of the P1:PEI blend thin films with 1% PEI

showed no or only a slight decrease in crystallinity in
comparison to the pristine P1 film at various annealing
temperatures (Figure 4). When 2% PEI was added, the
crystallinity of the blend film started to decrease. At 10% PEI,
the crystallinity of the 100 °C-annealed film became very poor,
indicating that the ordering of P1 polymer chains was impeded
by the PEI molecules. At higher temperatures, however, the
films became quite crystalline.
Time-of-flight secondary ion mass spectrometry (TOF-

SIMS) is a powerful technique to determine the chemical
composition of a surface within a depth of 1 to 2 nm. We

utilized TOF-SIMS to shed light on the vertical distribution of
PEI in the P1:PEI blend thin films, since accumulation of PEI
on the substrate in the TGBC devices (Figure 2) would reduce
the work function of Au source and drain contacts to influence
the charge injection (a detailed discussion will be made later).
For comparison, three polymer thin films, PEI, P1, and P1:PEI
(2% PEI) were deposited on Au coated n++- Si substrates and
annealed at 150 °C for 15 min in nitrogen prior to the TOF-
SIMS measurement (Figure 5a). Argon gas cluster ions
(Ar1000

+) were used as the primary ions to sputter the polymer
films.
Among many secondary ion species detected for the PEI

film, C2H2N
− was chosen for analysis because of its suitable

signal intensity and appropriate mass for differentiating it from
other ion species. For the pristine P1 film, C2H2N

− ions were
also observed because this polymer contains C, H, and N
atoms. Nonetheless, because C2H2N

− signals for P1 were about
2 orders of magnitude weaker than those of PEI, analysis of this
ion species can still serve our purpose to study the vertical
distribution of PEI in the P1:PEI film. Because the intensity of
ion signals is significantly influenced by the experimental
conditions, a comparison of the absolute C2H2N

− ion counts
between different polymer samples is inappropriate. Therefore,
we used the C− ion species generated from each sample as an
internal reference and used the more reproducible C2H2N

−/C−

ratio (the left Y-axis in Figure 5b) to plot the depth profiles. In
addition, to determine the position of the polymer/Au interface
(the top surface of the Au film), Au− ions were also analyzed
(the right Y-axis in Figure 5b). The vertical dashed line shown
in Figure 5b represents the etching position where the Au− ions
start to increase, indicating that the primary ion beam had
etched away the polymer film and reached the Au film’s top

Figure 4. Out-of-plane XRD patterns of spin-coated thin films of P1 with different PEI contents (wt % over P1) on bare SiO2/Si substrates annealed
at different temperatures measured in a reflection mode using Cu Kα1 radiation.
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surface. It can be clearly seen that the C2H2N
−/C− ratio

remained almost constant at distances ranging from 0 nm to
∼40 nm away from the Au surface. Additionally, the C2H2N

−/
C− ratio for the P1:PEI film is slightly higher than that of P1
film throughout. These results suggest that PEI was rather
evenly distributed along the vertical direction in the P1:PEI
blend film. Lower C2H2N

−/C− ratios were obtained in the first
few nm on the surface of both P1 and P1:PEI films, which is
considered to be due to the lower concentration of liberated
secondary ion species that might act as a source of ionizing
agents, causing the initial fluctuation of the ion signals.47,48

Another anomaly is that the C2H2N
−/C− ratios for P1 and

P1:PEI films increased dramatically once the Au layer was
sputtered, while only slight increases in the actual C2H2N

− ion
counts within this range were observed (see SI). This could be
explained by the stronger absorption of the C2H2N

− ions over
the C− ions by the Au film.
AFM images (Figure S6) showed that all the P1:PEI blend

films containing up to 10% PEI and annealed at high
temperatures up to 200 °C are very smooth and uniform
(with the root-mean-square roughness (Rq) values <2 nm). At
each annealing temperature, a transition from nanofibrils
composed of adjoining grains characteristic of pristine P1 to
the more distinct grains in the P1:PEI blend films was evident,
which likely resulted from the separation of the polymer
semiconductor grains by the amorphous PEI phase. With an

increased amount of PEI, the excess PEI molecules present at
the P1 grain boundaries would be expected to disrupt the
charge transport pathways and decrease the charge carrier
mobility, in agreement with the trend observed in Figure 3. In
general, the grains became more defined with increasing
annealing temperature at each PEI concentration, which is
consistent with the dependence of the thin film crystallinity and
mobility on the annealing temperature.
The suppression of hole transport observed in P1 by PEI can

be explained by a shift in the Fermi level toward the LUMO
due to the electron-donating nitrogen atoms in PEI, similar to
the mechanism proposed for the ambipolar-to-n-type con-
version of another D−A polymer, P(NDI2OD-T2), in the
presence of an n-type dopant CoCp2 or CsF.

36,41 The raised
Fermi level of the P1:PEI blend would increase the electron
concentration but reduce the hole concentration. The increased
electron concentration would inhibit hole injection36,41 and
trap injected holes,38 thereby suppressing hole transport.
Ultraviolet photoelectron spectroscopy (UPS) measurements

were conducted on pristine and PEI-doped (2% PEI) P1 films
to determine the Fermi level (EF) and HOMO level changes
(Figure 6). The UPS results confirmed that the P1 showed an
increase in the Fermi level from −4.38 eV to −4.28 eV upon
doping with PEI (Table S1). It was also observed that η, the

Figure 5. (a) Schematic of the TOF-SIMS measurement by sputtering
a thin film of P1, PEI or P1:PEI (2% PEI) spin-coated on an Au (∼20
nm)/n++-Si substrate using argon cluster ions, Ar1000

+, with ion beam
energy of 5 keV and ion current of 1.8 nA. Positions on, above, and
below the Au film’s top surface are arbitrarily described be to 0
(horizontal dashed line), positive values, and negative values in units of
nm, respectively. The secondary ion species, C2H2N

−, C−, and Au−

were detected and analyzed. (b) TOF-SIMS depth profiles of the
C2H2N

−/C− ratios of P1, PEI and P1:PEI (2% PEI) blend films spin-
coated on Au/n++-Si substrates as shown in (a). The polymer thin
films were annealed at 150 °C for 15 min in nitrogen in a glovebox
prior to the measurement. Normalized Au− signals (on the right Y
axis) are also shown as depth references and were used to determine
the positon of polymer/Au interface (the vertical dashed line at 0 nm).

Figure 6. UPS spectra of 150 °C-annealed pristine and 2% PEI doped
P1, P2, P3, and P4 films deposited on Au (30 nm)/n++-Si substrates:
Left: the high-energy region showing the secondary electron cut-off
(SEC); right: the HOMO region showing the difference between and
the Fermi level (at 0 eV) and the HOMO level (curve onset), η = EF −
EHOMO. After adding PEI, all polymers showed a shift in the Fermi
level toward vacuum and an enlarged difference between the HOMO
and Fermi level, indicating an n-doping effect of PEI on these
polymers.
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difference between HOMO and EF, increased from 0.91 to 1.12
eV by PEI doping, similar to the trend observed for the n-
doping of pentacene.44 Since the band gap of P1 did not
change upon PEI doping (see UV−vis spectra in Figure S1), as
a result, EF shifted toward the LUMO level, which is similar to
the observation reported for the n-type doping with CoCp2 or
CsF.36,41 The increase in the Fermi level can be ascribed to the
filling of electron traps in the polymer semiconductor by the n-
type dopant, which can lead to an increase in electron
mobility.36,49,50 At a low PEI content (≤2%), an increase in
electron mobility is indeed observed for the P1:PEI blends.
When the PEI content is greater than 2%, a decrease in electron
mobility is observed, which could be attributed to disruptions
of the molecular ordering36 and charge transport pathways by
the excess insulating PEI present at the grain boundaries as
discussed above.
Another possible contribution to the suppression of hole

transport is the work function reduction of the contact
electrodes by PEI present in the polymer blend. As observed
in our previous studies, a sufficiently reduced work function
could block hole injection and suppress the hole transport
behavior of ambipolar and p-type polymers.33,34

To determine whether PEI promotes hole-trapping, we
designed a dual-gate OTFT device using P1 as the semi-
conductor on a dodecyltrichlorosilane (DDTS)-modified SiO2/
Si substrate, and Cytop and SiO2 as the dielectrics for the
TGBC and BGBC configurations, respectively. A thin layer of
PEI (∼1.5 nm) was inserted between the thick polymer
semiconductor layer (P1, ∼85 nm) and the top dielectric
Cytop layer (Figure 7). The active layer for the TGBC
configuration is the top portion of the P1 layer adjacent to the

PEI layer, while the active layer in the BGBC configuration is
the bottom portion of the P1 layer adjacent to the SiO2 layer.
The purpose of using a rather thick P1 layer is to prevent the
Au source and drain contacts from contacting PEI. In this way,
the hole blocking effect due to the work function reduction of
Au by PEI can be avoided. Based on the charge transport
behavior of these two configurations, we can gain further
insight into the hole transport suppression mechanism, i.e., if
PEI can trap holes, the TGBC configuration should show
weakened or no hole transport performance, whereas the
BGBC configuration should still transport holes.
In the hole enhancement mode of the TGBC configuration

(Figure 7a, b), the I−V curves show that IDS does not increase
when holes accumulate in the top portion of the P1 as |VGS|
increases. The inability to transport holes is caused either by
the lack of hole injection from the source or trapping of holes
in the top portion of the P1 layer, which is the active channel of
this configuration. By examining the output curve at VGS = 0 V
in the electron enhancement mode (Figure 7c), we observe that
IDS increases notably with VDS when VDS is >30 V, which
confirms that holes were injected from the drain (due to the
positive drain-source bias) and transported to the source across
the P1 layer under the VDS bias. This observation infers that the
hole transport suppression observed in the hole enhancement
mode at VGS > 0 V and VDS > 0 V (Figure 7a, b) was caused by
trapping of the holes induced by the negative gate bias in the
P1and PEI interface and not due to a lack of injected holes. In
the electron enhancement mode (Figure 7c, d), the TGBC
configuration showed typical electron transport performance
with an electron mobility up to 0.12 cm2 V−1 s−1 (Table 1). The
above data obtained from the TGBC configuration strongly

Figure 7. Dual-gate OTFT device containing a TGBC configuration and a BGBC configuration. TGBC configuration: (a) output and (b) transfer
characteristics of hole enhancement mode; (c) output and (d) transfer characteristics of electron enhancement mode. BGBC configuration: (e)
output and (f) transfer characteristics of hole enhancement mode; (g) output and (h) transfer characteristics of electron enhancement mode.
Inserted scheme shows the proposed hole trapping effect of the nitrogen atoms in PEI, which suppresses or eliminates hole transport observed in the
TGBC configuration and other devices using the PSC:PEI blends in this study. The PSC is P1 (annealed at 150 °C) and the SiO2 surface was
modified with dodecyltrichlorosilane (DDTS).
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indicate that the top portion of the P1 layer adjacent to the PEI
layer is capable of transporting electrons but not holes. It
should be noted that a rather high off-current in the electron
enhancement mode (Figure 7d) was observed due to hole
conduction along the thick ambipolar P1 layer in the portion
far away from the hole-trapping PEI layer.
On the other hand, the BGBC configuration in this dual-gate

device showed obvious evidence of hole transport in the hole
enhancement mode (Figure 7e, f), confirming that holes were
injected from the source and transported to the drain through
the bottom portion of P1 layer adjacent to the SiO2 interface.
The device also exhibited electron transport in the electron
enhancement mode (VGS > 0 V, VDS > 0 V). μ̅e and μ̅h of the
BGBC configuration with the dual-gate structure are 0.023 and
0.0037 cm2 V−1 s−1, respectively, which are similar to those
(0.067 and 0.020 cm2 V−1 s−1) of the BGBC devices with
pristine P1 films built on DDTS-modified SiO2/Si substrates
(Figure S12 and Table S2). The much lower mobilities of
BGBC devices on SiO2/Si substrates than those (μ̅e = 0.38 cm2

V−1 s−1 and μ̅h = 0.29 cm2 V−1 s−1) of the P1-based TGBC
devices shown in Figure 2a might be due to their different
dielectric materials and/or the different PSC/dielectric
interfacial properties.
Because the TGBC and BGBC configurations in the above

dual-gate device exhibited unipolar n-channel and ambipolar
device performances, respectively, it can be concluded that PEI
promotes hole trapping, which is at least partially attributed to
the suppression of hole transport observed in the P1:PEI
blends (and other PSC blends discussed below), although the
work function reduction of Au by PEI present in the PSC:PEI
blends might also play a role.
UPS measurements confirmed that polymer semiconductors

P2, P3, and P4 also showed a shift of the Fermi level toward
the vacuum and an increase in the difference between the Fermi
level and the HOMO level upon PEI doping (Figure 6 and
Table S1), indicating that hole transport suppression of these
polymers in OTFTs would also be possible through PEI
doping.
We utilized the same device structures for P1 (Figure 2a, b)

to evaluate P2 and P3, which are ambipolar polymers, at an
annealing temperature of 150 °C. Both polymers also showed
complete suppression of hole transport when the PEI content is
greater than 2% (Figure 3). The best electron mobility of 0.084
cm2 V−1 s−1 was achieved in a P2:PEI blend containing 2% PEI,
which is superior to the highest value of 0.063 cm2 V−1 s−1 in
the ambipolar devices based on pristine P2 (Table 1). This
improvement is probably due to the electron trap-filling effect
of PEI discussed previously for the P1:PEI blend. For P3, the
best unipolar n-channel device was also obtained in a P3:PEI
blend containing 2% PEI that exhibited an electron mobility of
0.95 cm2V−1s−1. However, this electron mobility is lower than
that (up to 3.13 cm2 V−1 s−1) of the ambipolar devices with
pristine P3. This drop in electron mobility in the P3:PEI blends
might be caused by the poor morphology of the blend films
(Figure S7). For the P3:PEI blend film containing 2% PEI, in
particular, many large gaps between grain aggregates formed,
which would disrupt the charge hopping between polymer
semiconductor grain aggregates.
Pristine P4 showed typical p-type semiconductor behavior

with hole mobility up to 0.58 cm2 V−1 s−1 when Au is used as
the source/drain contacts (Table 1). When 2% PEI was
blended in P4, μ̅h dropped precipitously to 1.3 × 10−5 cm2 V−1

s−1. On the contrary, electron transport behavior with μ̅e of

0.024 cm2 V−1 s−1 was observed. Hole transport was completely
suppressed at a higher PEI content of 10%, but μ̅e decreased to
0.0074 cm2 V−1 s−1, most likely due to the larger separation of
P4 grains by the increased amount of electrically insulating PEI.
Because P4 showed no electron mobility in its pristine form,
the observation of electron transport behavior in the presence
of PEI is most likely due to the filling of electron traps by PEI, a
similar mechanism proposed to explain the electron transport
performance of a poly(2-methoxy-5-2-ethylhexyloxy-1,4-phe-
nylenevinylene (MEH-PPV):decamethylcobaltocene (DMC,
an n-type dopant) blend,35 where the deep electron traps51 in
the polymer semiconductor could be filled by DMC.

4. CONCLUSION
In this study, we successfully demonstrated a facile approach to
converting ambipolar and p-type D−A polymer semiconduc-
tors into unipolar n-type polymers by adding a small amount of
polyethylenimine (PEI) as an n-type dopant to obtain uniform
dopant distribution and smooth thin films (with up to 10% PEI
and an annealing temperature of 200 °C). The electron-rich
nitrogen atoms in PEI are thought to fill the electron traps, raise
the Fermi level, and function as trap sites for holes, resulting in
unipolar n-channel OTFT performance with improved electron
mobility. The method presented here will be very useful in
achieving high-performance electron transport organic semi-
conductors for CMOS logic and other applications such as
organic solar cells and thermoelectric devices using readily
available ambipolar and even p-type organic semiconductors.
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