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a b s t r a c t

We investigated the effect of water in ambient air on the hysteresis phenomena of penta-
cene field-effect transistors with polymer/SiO2 gate dielectrics. The polarity of the polymer
surface was controlled by using three different polymers: poly(styrene), poly(4-hydroxy
styrene), and poly(4-vinyl pyridine). Water diffusion into the interface between the penta-
cene and the gate dielectric was driven by the polarity of the polymer surface, resulting in
considerable hysteresis and degradation of device performances. The observed hysteresis
behaviors can be explained in terms of donor- and acceptor-like trap formation by water
molecules that have diffused between the pentacene and the gate dielectric. The different
effects of these traps on hysteresis depending on the functional groups at the polymer sur-
face were also investigated.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction was caused by slow polarization that occurred due to
Recently, organic field-effect transistors (OFETs) have
received considerable interest because of their potential
applications in low cost, large area and flexible electronics.
The charge carrier mobility of OFET devices with a penta-
cene active layer has been shown to be comparable to
those of amorphous silicon transistors (�3 cm2 V�1 s�1)
[1]. However, the utility of organic circuits has been hin-
dered by the hysteresis phenomenon that is frequently ob-
served during device operation. Therefore, minimizing the
hysteresis effect in these circuits is a research priority in
this area. When polymer layers were used as gate dielec-
trics, the hysteresis observed during device operation
. All rights reserved.
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application of an electric field to a film comprised polymer
molecules with polar groups on either the main or side
chain, and/or to a film containing ionic impurities [2,3].
Also, the functional groups at the polymer surface, which
can influence semiconductor/dielectric interface properties
such as semiconductor morphology [1,4] and charge traps
[5], results in specific hysteresis in accordance with the ap-
plied gate bias and operational environment. In particular,
oxygen and water molecules in the air induce charge traps
either in the semiconductor or at the semiconductor/
dielectric interface, leading to a degradation of the device
performance [6–11].

In the present study, we investigated the hysteresis
phenomena of pentacene FETs by measuring the electrical
characteristics of pentacene FETs with polymer/SiO2

bilayer gate dielectrics having different surface properties
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(polarity and functionality) in various operational environ-
ments, including a vacuum (�10�3 Torr), oxygen (99.9%),
dry air (relative humidity (RH) �0%) and ambient air (RH
�40%). The surface properties of the gate dielectric were
controlled by applying three different ultra-thin polymer
layers (�15 nm) on the SiO2 dielectric. These systematic
studies revealed that both the presence of water in the
atmosphere and the polarity arising from the functional
groups at the polymer surface determine the severity of
hysteresis during device operation. Moreover, the observa-
tion of greater hysteresis in ambient air than in a vacuum
can be accounted for in terms of the formation of long-
lived donor- and acceptor-like traps by water molecules
that have diffused into the interface between the semicon-
ductor and gate dielectric, a process that is driven by the
functional groups at the polymer surface.

2. Experimental

Poly(4-vinyl pyridine) (PVP), polystyrene (PS) and
poly(4-hydroxyl styrene) (PHS) thin layers (see Fig. 1a–c
for their chemical structures) were spin-cast onto ther-
mally grown 300-nm-thick SiO2 substrates, followed by
Fig. 1. Chemical structures of the polymer gate dielectrics employed in this ex
present in the AFM images of (c) and (d), respectively.

Fig. 2. Transfer characteristics of pentacene FETs in the linear regime (drain volta
operational environments, specifically vacuum (�10�3 Torr), oxygen (99.9%), dry
annealing for 1 h at 90, 100, and 120 �C, respectively. The
three types of polymer/SiO2 bilayer gate dielectrics exhib-
ited very smooth surfaces with root-mean-square rough-
nesses (Rq) of 3.6–4.5 Å, respectively, obtained by means
of atomic force microscopy (AFM, Digital Instruments Mul-
timode SPM, tapping mode, see Fig. 1d–f). The thickness of
the polymer films measured by using an ellipsometer (J.A.
Woollam. Co. Inc.) was of about 10–15 nm. A 50-nm-thick
pentacene active layer (Aldrich), patterned through a sha-
dow mask, was deposited onto the gate dielectrics at a rate
of 0.1–0.2 Å/s by organic molecular beam deposition. Final-
ly, the source/drain electrodes were defined on the penta-
cene film by thermally evaporating gold through a shadow
mask. The channel length (L) and width (W) were 100 and
1000 lm, respectively. The electrical characteristics of the
pentacene FETs were sequentially measured in vacuum
(�10�3 Torr), oxygen (99.9%), dry air (RH �0%) and ambi-
ent air (RH �40%) using Keithley 2400 and 236 Source Me-
ter instruments. Prior to the electrical measurement, the
devices were outgassed under vacuum (�10�3 Torr) in
the measurement chamber for at least 30 min, and then
exposed to the operational environment for 30 min. The
overall capacitance (Ci) for all three of the bilayer gate
periment are (a) PVP, (b) PS and (c) PHS. Their surface morphologies are

ge, VD = �8 V) using the polymer/SiO2 bilayer gate dielectrics with various
(RH �0%) and ambient air (RH �40%): (a) PVP, (b) PS and (c) PHS devices.
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dielectrics, measured using an Agilent 4284 precision LCR
meter, was 10 nF/cm2.

3. Results and discussion

Fig. 2 shows the influence of operational environment
on hysteresis in the linear regime (drain voltage VD = �8 V)
transfer characteristics of the devices with PVP, PS and
PHS/SiO2 bilayer gate dielectrics, and Fig. 3 shows a com-
parison of the device performance when the three devices
were operated in the different environments. The PVP and
PHS devices showed considerable hysteresis in ambient air
but little hysteresis in the other environments (Fig. 2a and
c). Also, operation in ambient air led to a degradation of the
drain current (ID), which resulted in a reduction in charge
Fig. 3. Variation of the device performance characteristics for each operational en
voltage (Vth) were calculated in the linear regime. All electrical parameters wer

Fig. 4. AFM images in (a), (b) and (c) show the morphologies of pentac
carrier mobility (l) and changes in device performance
indicators such as the turn-on voltage (Vturn-on), threshold
voltage (Vth) and subthreshold swing (SS). On the other
hand, compared to operation in a vacuum, devices oper-
ated in oxygen showed slightly increased ID and SS, and
shifts in Vturn-on and Vth toward more positive voltages.
These effects of oxygen on device performance are attrib-
uted to the acceptor-like traps created by oxygen in both
pentacene films and pentacene/polymer interfaces, which
attract electrons from the pentacene layer, thereby
increasing the hole density in the channel region [6–8].
However, on going from a vacuum to an oxygen atmo-
sphere, the hysteresis was not enlarged (see Fig. 2a and
c), indicating that the hysteresis observed in these devices
was not due to oxygen but rather to water molecules in
vironment in the PVP, PS and PHS devices. The mobility (l) and threshold
e extracted from the off-to-on sweep curves.

ene layers (50 nm thick) on PVP, PS and PHS films, respectively.
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ambient air. The influence of water in ambient air on OFETs
has been previously reported [7–11]. It was found that
water molecules in humid air diffuse into the grain bound-
ary of the polycrystalline semiconductor layer and/or the
interface between the semiconductor and gate dielectric,
where they create both donor- and acceptor-like traps,
leading to significant degradation of device performance
[7]. In the present work, however, the PS device did not
exhibit hysteresis in any of the operational environments
(Fig. 2b), and other electrical parameters also showed
almost no dependence on environment (Fig. 3). These
findings indicate that the hysteresis and device perfor-
mance characteristics may be crucially affected by the
absorbed water in the semiconductor and the interface
between the semiconductor and the gate dielectric. In
addition, the diffusion of water molecules is intimately
related to the density of grain boundaries in the pentacene
film because small molecules migrate into the channel
region through such defects [12]. As shown in Fig. 4a–c,
the density of grain boundaries on the pentacene surface
is similar for all of the polymer/SiO2 bilayer gate dielec-
trics; thus the grain boundary effect can be excluded in
our study.

To demonstrate how the functional groups at the poly-
mer surface interact with diffusing water molecules, we
investigated the surface energies of the polymers by mea-
suring the contact angles of two test liquids, namely water
and diiodomethane. Surface energy is a direct indication of
intermolecular force, and consists of the sum of dispersion
and polar components which are calculated by the follow-
ing equation [13]:

1þ cos h ¼
2 cd

s

� �1=2 cd
lv

� �1=2

clv
þ

2 cp
sð Þ

1=2 cp
lv

� �1=2

clv
;

where cs and clv are the surface energies of the sample and
test liquid, respectively, and the superscripts d and p refer
to dispersion and polar components, respectively. Also, the
values of clv, cp

lv and cd
lv for the test liquids and the proce-

dure to solve the equation are provided in Ref. [13]. In par-
ticular, the polar component (cp

s ) of the surface energy is
attributed to polar forces arising from permanent and in-
duced dipoles, as well as hydrogen-bonding, whereas the
dispersion component ðcd

s Þ is due to instantaneous dipole
moments [13]. Therefore, the interaction between a poly-
mer surface and diffusing water molecules will exhibit a
greater dependence on cp

s rather than cd
s . Table 1 shows

the measured contact angles of the test liquids, as well as
the surface energy and polarity vp (i.e. the ratio of the polar
component to the total surface energy) for the polymer/
SiO2 bilayer gate dielectrics. The cp

s and vp of the PS poly-
mer are remarkably smaller than those of the PVP and
Table 1
Surface energy and polarity of polymer/SiO2 bilayer gate dielectrics

Gate dielectric Contact angle (�) cp
s (mJ m�2)

Water Diiodomethane

PS 90 31 0.55
PHS 56 37 17.58
PVP 49 13 18.49
PHS polymers, indicating that the surface of the PS film is
more non-polar than those of the PVP and PHS films. In
other words, the functional group of PS, the phenyl moiety,
interacts only weakly with water molecules compared
with the pyridine group in PVP and the phenol in PHS.
On the other hand, the pyridine and phenol functional
groups of PVP and PHS interact strongly with water mole-
cules through hydrogen-bonding. These results indicate
that the surface polarity arising from the functional group
in the polymer plays an important role in determining the
device performance in ambient air.

The similar surface polarities of the polymers in the PVP
and PHS devices mean that the diffused water molecules
give rise to hysteresis loops in the same (anticlockwise)
direction (Fig. 2a and c). However, significantly different
features were observed in the hysteresis depending on
the functional groups at the polymer surface: In the off-
to-on gate sweep of the PVP device in ambient air, a large
shift of the transfer curve toward positive VG direction is
observed, whereas the on-to-off gate sweep curve is
slightly moved toward the opposite direction, as compared
with non-humid conditions (Fig. 2a). When the hysteresis
of the PHS device in ambient air is compared with that un-
der non-humid conditions, by contrast, the transfer curve
is hardly altered during the off-to-on gate sweep, but is
shifted toward negative VG when the gate voltage is swept
from on to off (Fig. 2c). These deviations of the transfer
curves in ambient air from those under non-humid condi-
tions can be attributed to the water molecules that have
diffused into the interface between the semiconductor
and gate dielectric, which can act as both acceptor- and do-
nor-like traps at the interface. According to the report by
Gu et al., acceptor-like traps can result in hysteresis during
the off-to-on gate sweep because negative charges accu-
mulate at the interface by filling the acceptor-like traps
with electrons for positive VG, inducing more holes than
those required by the VG and Ci to balance the stored neg-
ative charges [14]. On the contrary, the donor-like traps are
occupied by holes induced by the negative VG applied dur-
ing the off-to-on gate sweep. The long life-times of the
donor-like traps result in keeping the traps filled during
the on-to-off gate sweep, thereby reducing ID during the
on-to-off gate sweep. In other words, the donor-like traps
contribute to hysteresis during the on-to-off gate sweep
[14].

Therefore, in the case of the PHS device in ambient air,
the acceptor-like trap effect due to water molecules is
smeared during the off-to-on gate sweep because water
molecules have the same effect as the hydroxyl groups of
PHS which can function as acceptor-like traps [15], making
the donor-like trap effects dominate in comparison to the
cd
s (mJ m�2) csðc

p
s þ cd

s Þ (mJ m�2) vpðc
p
s =csÞ

43.28 44.19 0.012
32.10 49.18 0.357
39.05 57.59 0.321
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non-humid conditions (Fig. 2c). On the other hand, the PVP
device in ambient air shows hysteresis caused by the dif-
fused water molecules, which act as both acceptor- and do-
nor-like traps: the transfer curve of the PVP device in
ambient air is shifted toward positive VG in the off-to-on
sweep and toward negative VG in the on-to-off sweep, as
compared with non-humid conditions. In this case, the
acceptor-like trap effect on hysteresis (shift toward the po-
sitive VG direction) is larger than the donor-like trap effect
(shift toward the negative VG direction) (Fig 2a). The de-
crease of ID in the PVP device was smaller than that in the
PHS device in ambient air because the acceptor-like traps
created by the water molecules were more dominant than
the donor-like traps in the PVP device (see Fig. 2a and c).

4. Conclusion

In conclusion, we have demonstrated the influence of
water in ambient air and the functional groups at the poly-
mer surface on the hysteresis of pentacene FETs. The polar-
ity of the polymer surface can determine the interaction
with diffused water molecules, resulting in considerable
hysteresis and a degradation of device performance. More-
over, the charge traps arising from water molecules have
different effects on the hysteresis depending on the func-
tional groups at the polymer surface.
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