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Here we report on low-supply voltage and high-performance regioregular poly-(3-hexythi-
ophene) (P3HT) organic thin-film transistors (OTFT) using a thin atomic layer deposited
(ALD) HfO2 gate dielectric. For the capacitance–voltage characteristics, the measured gate
capacitance was �392 nF/cm2 at 1 kHz and the dielectric constant was estimated �18.5 for
a 40 nm thick ALD HfO2 gate dielectric. The gate dielectric showed breakdown fields
>5 MV/cm with the leakage current density less than 10�7 A/cm2 at 2 MV/cm. With octade-
cyltrichlorosilane-treated ALD HfO2 gate dielectrics, P3HT OTFTs demonstrated high field-
effect mobilities up to �0.01 ± 0.002 cm2/V s in the saturation region with the drain voltage
of �5 V, which is at least one order of magnitude higher than typically reported mobilities
particularly for low-voltage regioregular P3HT OTFTs using high-k inorganic gate dielec-
trics. The threshold voltage in the saturation region and on–off current ratio were mea-
sured to be �1.2 ± 0.2 V and �1.1(±0.1) � 104, respectively.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The performance of organic thin-film transistors (OTFT)
have, in general, made tremendous progress in the last
decade [1–3]. Using sublimed low molecular weight organ-
ic and solution-processed polymeric materials, excellent
OTFT results have been reported paving the way for niche
applications, such as radio-frequency technologies [4], and
pixel drivers and switching elements for active-matrix dis-
plays [5,6].

Among the various conjugated polymers for the active
channel layer in OTFTs, regioregular poly-(3-hexythioph-
ene) (P3HT) has been one of the most popular channel
materials in organic electronics due to its simple solution
processibility and relatively high device performance.
. All rights reserved.

trical and Computer
OH 43210, USA. Tel.:
Stemming from its lamellar structure [7], P3HT films have
reported relatively high carrier mobility (l) in the range of
�0.1 cm2/V s to �0.3 cm2/V s [8–11]. However, extremely
high operating voltages persisting up to 60 V are often re-
quired to obtain saturation in OTFTs with low-dielectric
constant (k) materials for the gate dielectric layer. Alterna-
tively a variety of high-k gate dielectrics using inorganic,
polymeric, and self-assembled monolayer or multilayer
gate dielectrics, has been successfully implemented in
OTFTs, greatly reducing OTFTs operating voltages and
exhibiting excellent device performance [12,13].

For P3HT OTFTs particularly with metal oxide high-k
dielectrics, high OTFT performance with low-supply oper-
ating voltages have been reported, as summarized in the
Table 1 [14–17]. While hafnium-based oxide gate dielec-
trics were frequently employed in pentacene OTFTs
[18,19], it has not yet been reported for regioregular
P3HT OTFTs. In this article, we report low-voltage opera-
tion (sub �5 V) and high-performance P3HT OTFTs with
an atomic layer deposited (ALD) HfO2 gate dielectric.
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Table 1
Summary of the performance of P3HT OTFTs using metal oxide high-k gate dielectrics; thickness (tox), accumulation capacitance of metal oxide gate dielectric
(Cox), drain voltage (VD), dielectric constant (k), saturation mobility (lsat), and threshold voltage (VT); e-beam – electron-beam evaporation, ALD – atomic layer
deposition.

Refs. Dielectric material Deposition method tox (nm) Cox (nF/cm2) VD (V) k lsat (cm2/V s) Ion/Ioff VT (V)

[14] Ta2O5 e-Beam 100 89 0 to �3.0 20.2 2.0 � 10�2 2.0 � 103 +0.26
[15] Al2O3 ALD 50 – – – 4.1 � 10�4 7.0 � 104 �3.6
[15] Al2O3

a ALD 50 – – – 9.2 � 10�3 �54 +5.6
[16] Al2O3

a Anodization 6 625 0 to �2.5 4.2 5.0 � 10�3 n/a �1.2
[17] TiO2 Sputtering 51 750 0 to �5.0 43.2 1.5 � 10�2 1.0 � 103 �1.0
This work HfO2

a ALD 40 392 0 to �5.0 18.6 1.1 � 10�2 1.2 � 104 �1.4

a A self-assembled monolayer of octadecyltrichlorosilane (OTS) treatment applied to the oxide surface.

Fig. 1. Capacitance–voltage (C–V) characteristics of MOS capacitors at
various frequencies for an atomic layer deposited HfO2 (�40 nm) gate
dielectric (p-Si/HfO2/Ti/Au). The inset shows frequency dependency of the
gate capacitance per area (Cox) in accumulation and the dielectric
constant. The extracted k value at 1 kHz is �18.5.
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2. Experimental

The HfO2 films were deposited on silicon substrates
with a commercial ALD reactor. During deposition, the
ALD chamber temperature was set at 250 �C. All silicon
substrates used in this study were processed through stan-
dard degreasing and RCA cleaning procedures prior to the
deposition. The thicknesses (t) and the refractive index of
the deposited films were estimated to be �40 nm and
�2.07, respectively, as measured by single wavelength
ellipsometry.

For capacitance–voltage (C–V) characteristics with an
LCR meter (Agilent 4284A), the HfO2 was deposited on p-
type silicon wafers with a resistivity of �4.4 X cm for me-
tal–oxide-semiconductor (MOS) capacitors. All HfO2 gate
dielectrics were used without any annealing. After deposi-
tion, MOS capacitors were completed by standard photoli-
thography and lift-off of the Au (100 nm) gate, defining a
square area of 80 lm by 80 lm. A Ti adhesive layer with
a 15 nm thickness is used to increase the adhesion be-
tween the Au electrode and the ALD films. The final MOS
structure fabricated was a p-Si/HfO2/Ti/Au. The leakage
current density through the MOS capacitors was measured
with a semiconductor parameter analyzer (Agilent 4156)
at room temperature and in darkness.

For the bottom contacted OTFTs, a heavily doped n-type
silicon substrate with a resistivity of �0.003 X cm was
used as the gate. The source and drain contacts are formed
by standard photolithography and lift-off of the Au
(100 nm) with a 15 nm Ti adhesive layer, defining a chan-
nel length of 7 lm and width of 115 lm atop the ALD HfO2

layer. It should be noted that a Ti adhesion layer could af-
fect the charge carrier transport between the source and
the drain, requiring an optimized thickness [23]. In this
work, the thickness of a Ti adhesive layer was not opti-
mized. After photolithography and metal lift-off, the sur-
face of the HfO2 was plasma cleaned using an inductively
coupled plasma reactive ion etching system with oxygen
at an RF power of 20 W for 1 min. To modify the gate
dielectric surface, a self-assembled monolayer (SAM) of
octadecyltrichlorosilane (OTS; Aldrich, assay >90%) was
then formed by immersing the ALD HfO2 films in a 25 g/L
solution of OTS dissolved in cyclohexane at �5 �C for
20 min, as described by Majewski et al. [20]. Thin films of
the P3HT were then deposited by spin coating from a con-
centration of 8 mg/ml in chloroform in an inert glove box
environment with 61 ppm level of oxygen and moisture.
The regioregular P3HT (Merck Chemicals, Ltd.) with
94.5% regioregularity was used without further purifica-
tion. The P3HT used here has a weight-average molecular
weight (Mw) of 26,200 g/mol, corresponding to a number-
average molecular weight (Mn) of 13,000 g/mol, and with
a polydispersity (Mw/Mn) of �2. The P3HT OTFTs were kept
in a vacuum at pressures below 10�6 Torr for 10 h to re-
move any unintended doping. Prior to the measurement,
the completed P3HT OTFTs were briefly annealed at
110 �C for 10 min in N2 atmosphere. Small trenches in
the P3HT film around the source and drain electrodes were
created with a needle in order to minimize leakage cur-
rents [20]. Electrical characterizations of the P3HT OTFTs
were performed with a semiconductor parameter analyzer
(Agilent 4156) at room temperature under darkness in
ambient air.
3. Results and discussion

In addition to the OTFTs, MOS capacitors were also stud-
ied as a control. Fig. 1 shows a typical C–V response of the
ALD HfO2 MOS capacitors at a frequency range from 1 kHz
to 1 MHz at room temperature under darkness. The varying
frequency response clearly shows accumulation at negative



Fig. 3. (a) The output characteristics for P3HT OTFTs with the applied
drain voltage (VD) ranging from 0 to �5 V with gate biases (VG) varying
from 0 to �5 V in steps of �1 V. The inset is the image of the Au source–
drain contacts atop the ALD HfO2 gate dielectric using standard photo-
lithography and lift-off process. (b) The hysteresis behavior of the output
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gate bias voltages and depletion at positive gate bias volt-
ages. The hysteresis behavior of the capacitor was observed,
exhibiting�0.5 V hysteresis at 1 MHz (not shown here). The
trap charge density (Nt) in the gate dielectric layer is esti-
mated to be �1.1 � 1011 cm�2 using the relation Nt = Cox�
D/q, where Cox is the measured gate capacitance per unit
area (F/cm2), D is a voltage shift (V), and q is the magnitude
of electronic charge (C). The Cox tends to shift to slightly
higher values when decreasing the frequency for all capac-
itors, as shown in the inset of Fig. 1. No postdeposition heat
treatment was used to densify, or passivate, the HfO2 prior
to OTFT fabrication. An observed frequency dependent dis-
persion in the accumulation region can be attributed to the
slow polarization of the gate dielectric at higher frequencies
and this polarization can lead to an increase in the induced
charge at lower frequencies. The dielectric constant (k) of
the ALD HfO2 gate dielectric was calculated at four different
frequencies using k ¼ Cox � t=e0, where e0 is the permittivity
in vacuum, and t is the thickness. The calculated dielectric
constants varied from 18.1 at 1 MHz to 18.5 at 1 kHz. For
the extraction of carrier mobility values of P3HT OTFTs,
the Cox equal to 392 nF/cm2 at 1 kHz was considered. Upon
the addition of the OTS SAM (k = �2.4 and t = �2.8 nm) [16],
the total capacitance (Ctotal) is considered to be �262 nF/
cm2 using 1/Ctotal = 1/Cox + 1/COTS.

Fig. 2 illustrates the leakage current density versus elec-
tric field for the ALD HfO2 gate dielectric studied here. The
dielectric layer shows breakdown fields >5 MV/cm with a
leakage current density less than 10�7 A/cm2 at 2 MV/cm
for a �40 nm thick film. The inset of Fig. 2 is the leakage
current density versus the gate voltage characteristics for
the MIS capacitors.

Fig. 3a shows the output characteristics for P3HT OTFTs
with an applied drain voltage (VD) ranging from 0 to �5 V
with a gate bias (VG) varying from 1 to �5 V in steps of
�1 V. The output curves are typical for p-type OTFTs oper-
ating in an accumulation region. The OTFTs function well at
low-supply voltages due to the high gate capacitance of
HfO2. The inset of the Fig. 3a is a photomicrograph of the
Au source–drain contacts atop the ALD HfO2 gate dielectric.
Fig. 2. The leakage current density (J) as a function of electric field (E) of
MOS capacitors (p-Si/HfO2/Ti/Au). The breakdown field is estimated
>5 MV/cm. The inset shows current density–voltage characteristics of the
devices.

characteristic of P3HT OTFTs for an applied voltage VD (0 ? �5 V ? 0 V).
At VG = �2 V and VD = 0 V, a very small positive ID of
�2.5 � 10�11 A is observed, which increased with higher
VG due to a small drain-gate leakage current. For an applied
voltage VD (0 ? �5 V ? 0 V), a small hysteresis was ob-
served at VG > �3 V, and no significant hysteresis behavior
was shown for gate voltages less than �3 V (Fig. 3b).

During the electrical measurements in ambient air, a
variation of off-state ID at VG = 0 V and VD = �5 V was care-
fully monitored. For fresh devices, a small off-state ID

(>�1 � 10�11 A) was observed. However, an off-state ID

(>�1 � 10�9 A) was increased by two orders of magnitude
over the extended exposure (about 60 min) in ambient air
due to the high bulk conductivity of P3HT attributed from
unreduced P3HT and oxygen doping [21,22]. The devices
exhibiting a high off-state ID (>�1 � 10�9 A) typically show
significant hysteresis behavior at VG > �3 V due to large ex-
cess drain current. Those devices are excluded from extrac-
tion of the performance of the OTFTs in this work.



Fig. 4. The saturation region transfer characteristic for P3HT OTFTs with
ALD HfO2 gate dielectrics (�40 nm) with the applied gate voltage (VG)
ranging from 1 V to �5 V with the drain voltage (VD) of �5 V.
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For the transfer characteristics in the saturation region,
the saturation mobility (lsat), the threshold voltage (VT),
and an on/off current ratio (Ion/Ioff) are characterized.
Fig. 4 shows the semilog plot of ID–VG and the square root
of ID–VG at VD = �5 V. The lsat, and the VT are calculated
from

ID ¼
W
2L

CtotallðVG � VrÞ2 ð1Þ

From the square root of ID as a function of VG, the max-
imum lsat was estimated to be �0.01 ± 0.002 cm2/V s and
the VT was �1.2 ± 0.2 V. No significant variation of esti-
mated lsat and VT was recorded over more than 10 devices.
The mobility obtained in this work is one to two orders of
magnitude higher than the reported mobilities in low-volt-
age operating regioregular P3HT OTFTs specifically with
metal oxide high-k gate dielectrics, such as ALD Al2O3

[15] and anodized Al2O3, but was the same order of magni-
tude mobility using electron-beam evaporated Ta2O5 [14],
and TiO2 [17]. Table 1 shows a summary of these gate
dielectrics exclusively employed for P3HT OTFTs and their
corresponding device performances. For the semilog plot of
ID–VG at a fixed VD = �5 V, an Ion/Ioff as large as
�1.1(±0.1) � 104 was measured here, which is similar with
previous values reported for P3HT OTFTs using high-k
dielectric gate dielectrics (Table 1). From the subthreshold
regime in the plot of log ID as a function of VG, the sub-
threshold swing (S) was calculated using S = dVG/d(logID)
and yielded a value of 0.803 ± 0.243 V/decade.

4. Conclusions

In conclusion, we have shown low-voltage operation
and high-performance regioregular P3HT OTFTs using
ALD HfO2 gate dielectrics. For the C–V characteristics, the
measured Cox was �392 nF/cm2 at 1 kHz and the dielectric
constant was estimated to be �18.5 for a 40 nm thick ALD
HfO2 gate dielectric. The HfO2 gate dielectric showed a
breakdown field >5 MV/cm with a leakage current density
less than 10�7 A/cm2 at 2 MV/cm. With OTS-treated ALD
HfO2 gate dielectrics, P3HT OTFTs show high mobility up
to �0.01 ± 0.002 cm2/V s in the saturation region, which
is at least one order of magnitude higher than typically re-
ported mobilities for low-voltage operating regioregular
P3HT OTFTs particularly with metal oxide high-k gate
dielectrics. The VT and Ion/Ioff ratio are �1.2 ± 0.2 V and
�1.1(±0.1) � 104, respectively.
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