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In this article, poly(3-hexylthiophene) (P3HT) based thin film transistors with Ti capped
source and drain electrodes (S/D) was employed to have an insight into the mechanism
of bulk current effect, which led to poor subthreshold swing and large off current. Our
newly developed PTFTs do show greater characteristics in the aspects of on/off current
ratio and subthreshold swing than those with the conventional Au/Ti S/D. In order to
explain the results, we propose that the bulk current is composed of two components,
i.e., side-wall and top-face injections. We ascribe the improvements to the reduction of
top-face injection bulk current due to the larger injection barrier between the P3HT and
Ti. As comparing the PTFTs with Ti capped laterally grown multi-wall carbon nanotube
(MWCNT) S/D with the PTFTs with MWCNT S/D, we also observe similar tendency of bulk
current reduction. From the viewpoint of device operation, better subthreshold swing and
smaller off current result in faster device switching and lower power consumption. By this
new approach of S/D structure, there are two and 20 times improvements on the sub-
threshold swing and off current, respectively, although the reduction of the bulk current
also leads to a slight decrease of the on-current.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Organic semiconductors, such as polymers, are attrac-
tive since they have the potential to be easily applied on
a large scale flexible substrate due to the fact that the re-
quired process temperature is pretty low. Solution process-
able, self-organized, regioregular poly(3-hexylthiophene)
(P3HT) is very suitable to the fabrication of organic thin
film transistors (OTFTs) since theses transistors demon-
strate relatively high carrier mobility. The hole mobility
of OTFTs with a P3HT active layer (i.e., PTFTs) have been
demonstrated as high (0.01–0.3 cm2/V s) as amorphous
. All rights reserved.
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silicon thin film transistors with a reasonable on/off ratio
(more than 100 in air and 106 in an inert atmosphere)
[1–5]. However, the performance of PTFTs can be signifi-
cantly influenced by the channel coating method and the
macromolecular parameters of channel material [1,3–5].
The electrical properties can be improved by incorporating
surface treatment on the surface of gate and electrodes,
and post treatments such as O2 plasma treatment and ther-
mal annealing [3,4,6,7]. Recently, many researchers have
proposed that the characteristics of PTFTs were correlative
to the thickness of active layer [8–10]. This effect was
attributed to the existence of bulk current in the active
layer before the formation of accumulation layer, and, usu-
ally, higher bulk current would be conducted in a thicker
active layer [8,9]. Moreover, poor off-current and sub-
threshold swing were observed when the thickness of ac-
tive layer was increased [8–10]. This topic has been
getting more and more attention, and different methods
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have proposed by different groups [10–13]. However, the
detailed studies on the mechanism of bulk current and
the method to suppress it are still lack.

In this study, PTFTs with Ti capped source and drain
electrodes (S/D), formed by coating a Ti layer on conven-
tional Au/Ti S/D, were employed to study the bulk current
effect. By comparing the results of PTFTs with conventional
Au/Ti and Ti capped S/D, the improvements on the sub-
threshold swing and the on/off current ratio for PTFTs with
Ti capped S/D are clearly observed. We attribute this result
to the reduction of top-face injected bulk current. We find
that there is more than one order of magnitude of reduc-
tion in the off-current level, as well as an obviously in-
creased on/off current ratio, and a much lower
subthreshold swing as PTFTs with thin P3HT layer. With
the systematic studies, we have an insight on the origin
of the effects coming from the bulk current of PTFTs and
provide an approach to suppress this leakage current.
Moreover, we also observe similar tendency of bulk cur-
rent reduction when comparing the PTFTs with Ti capped
laterally grown multi-wall carbon nanotube (MWCNT) S/
D with those with MWCNT S/D.
2. Experimental procedure

Fig. 1 depicts the schematic cross section of PTFTs. The
speculated components of bulk current injected from the
different source electrodes in subthreshold region for
PTFTs with conventional and Ti capped Au/Ti S/D are
shown in Fig. 1a and b, respectively. We will address cur-
rent components in detail later. The N++ doped silicon sub-
strate and thermally grown oxides of 200 nm thickness
were used as gate electrodes and insulators, and then a
lift-off process patterned Au/Ti (50 nm/2.5 nm) or Ti
Fig. 1. A schematic cross section of PTFTs is depicted, and the components of b
region for PTFTs with conventional and Ti capped Au/Ti S/D are shown in (a) an
(10 nm) capped Au/Ti (50 nm/2.5 nm) were deposited by
an electron beam thermal evaporation as the source/drain.
Moreover, PTFTs with MWCNT S/D or Ti capped laterally
grown MWCNT S/D were also employed. For MWCNT S/D
formation, a Fe/Ti catalytic and buffer layer was deposited
and patterned through electron beam thermal evaporation
and the lift-off technique on gate insulator, producing
thicknesses of 5 nm and 10 nm for the Fe and Ti layer,
respectively. Subsequently, the MWCNTs were grown
through thermal CVD using the following procedure: the
samples were heated to 700 �C in a nitrogen gas atmo-
sphere. After pretreatment of the Fe/Ti catalytic layer in a
mixed gas flow of hydrogen and nitrogen, conventionally,
MWCNTs were vertically grown on the S/D region through
pyrolysis of ethylene (C2H4), used as the carbon source,
over a growth time of 10 min. For Ti capped laterally
grown MWCNT S/D formation, a Ti (10 nm) capped Fe/Ti
(5 nm/10 nm) was used and went through the same pro-
cesses as MWCNT S/D formation, and the MWCNTs were
intentionally grown on the side-wall of the electrodes,
i.e., laterally grown MWCNTs, from the exposed Fe parti-
cles. Some article had demonstrated methods to laterally
grow MWCNTs [14,15]. Fig. 2a and b depict the schematic
cross sections of PTFTs with MWCNT S/D and Ti capped lat-
erally grown MWCNT S/D. Prior to the deposition of P3HT
as the channel, the substrate was cleaned by acetone, iso-
propyl alcohol and deionized (DI) water in an ultrasonic
bath for 5 min, respectively, and treated by hexamethyl
disilazane (HMDS) passivation in a vacuum oven at
150 �C to create a hydrophobic surface. Then, the P3HT ac-
tive layer was spun in yellow bay using a two-step pro-
cess—1000 rpm for 10 s in the first step and 1500 rpm for
25 s in the second step, followed by baking at 150 �C for
3 min. Chloroform was used as the solvent for P3HT,
ulk current injected from different source electrodes under subthreshold
d (b), respectively.



Fig. 2. Schematic cross sections of PTFTs is depicted, and PTFTs with MWCNT and Ti capped laterally grown MWCNT S/D are shown in (a) and (b),
respectively.
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resulting in a weight percentage of solutions for P3HT in
chloroform of 0.05 and 0.2 wt.%. All of the P3HT solutions
were treated with ultrasonic vibration for 5 min before
usage and were percolated by a PTFE membrane syringe
filter with a pore size of 0.2 lm. The regioregular P3HT
used in this study was purchased from FEM Inc.
(Mw = 50000), and the provided coupling ratio of head–tail
to head–head and tail–tail was approximately 90%. The top
views of PTFTs with MWCNT S/D and Ti capped laterally
grown MWCNT S/D were observed by using optical micro-
scope (OM). The electrical properties of P3HT TFTs were
measured by a Hewlett–Packard 4156C semiconductor
parameter analyzer, and the devices were evaluated at
their saturation region with a drain voltage of �60 V. We
extracted mobility by maximum transconductance in the
saturation region. All of the devices were processed and
characterized in air atmosphere.

3. Results and discussion

The drain current–gate voltage (ID–VG) characteristics of
the fabricated PTFTs with conventional and Ti capped S/D
Fig. 3. Transfer current characteristics of PTFTs with Au/Ti and Ti capped
Au/Ti S/D, and different P3HT thicknesses, which are coated by 0.05 and
0.2 wt.% solution.
are shown in Fig. 3. The employed weight percentages of
solutions of P3HT in chloroform were 0.05 and 0.2 wt.%.
By comparing the results of the PTFTs with conventional
S/D with different channel thicknesses, we find the PTFTs
with thick active layer coated with 0.2 wt.% solution exhi-
bit poorer off current and subthreshold swing than those
with thin active layer coated with 0.05 wt.% solution. We
think that this result might be closely related to the pres-
ence of bulk current [8,9]. This early conduction increases
with the raising thickness because of the decrease in the
channel resistance. Larger the early conduction, i.e., bulk
current, more positive threshold voltage shift is. Moreover,
since the channel resistance varies with the gate bias that
inducing band bending of active layer before the accumu-
lation layer formation, the bulk current will increase with
increasing negative gate voltage bias and then also contrib-
ute to the on-current. As a result, in order to have a supe-
rior switching performance, this bulk current shall be
avoided as far as possible. The goal can be attained by
using asymmetric electrodes or incorporating an insulating
mesa-like structure in between source and drain elec-
trodes [11–13]. However, these processes obviously are
not consistent with low cost and easy process.

Jung et al. had proposed that the carrier injection into
the accumulated channel was via two possible paths, i.e.,
top-face and side-wall injections [16]. By two dimensional
numerical simulation and analytical model, Islam demon-
strated that the subthreshold performance of the devices
with a stack contact (A electrode structure composed by
a low work function metal upper layer and a high work
function metal under layer.) could be significantly im-
proved [10]. Nevertheless, unfortunately, the detail of
mechanism of bulk current is still insufficient because
the device structure used in his simulation is not similar
to the typical device structure in which both the surface
of gate insulator and electrodes are covered with the chan-
nel layer [10]. Inspired by the proposal of Jung et al. and
based on the properties of PTFTs with Au/Ti S/D, we sup-
pose that the bulk current might also consist of two injec-
tion current paths, i.e., top-face and side-wall injections, as
shown in Fig. 1a. In an aim to verify our inference, we
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incorporated a layer of Ti upon the conventional S/D and
find that the performance of the PTFTs dramatically
changes accompanying with the introduction of Ti capping,
as shown in Fig. 3. The device obviously shows sharper
subthreshold region and lower off-current level. Moreover,
the impact of Ti introduction becomes more conspicuous
when there is a thin P3HT layer. This result implies that
the side-wall injected bulk current becomes dominant over
the top-face injected current when the channel thickness
was increased. However, with comparison of PTFTs with
Au/Ti and Ti capped Au/Ti S/D, the larger injection barrier
between Ti and the P3HT causes the reduction of top-face
injected bulk current, as shown in Fig. 1b, and in turn re-
sults in lower off-current level and better subthreshold
swing. It should be noticed that PTFTs with Ti (50 nm) S/
D, i.e., without employing Au, exhibit almost no current
flow in the accumulation layer, which is not shown here.
For the PTFTs with thin active layer, the mobility is
0.008 cm2/Vs (0.006 cm2/Vs) for PTFTs with Au/Ti S/D
(PTFTs with Ti capped Au/Ti S/D), comparable to the values
shown in the recent literatures [6,7]. In addition, the on/off
current ratio and subthreshold swing were improved from
1.1 � 103 and 9.85 V/decade for PTFTs with Au/Ti S/D to
5.4 � 103 and 5.3 V/decade for PTFTs with Ti capped Au/
Ti S/D. The improvement cannot be predicted by the
well-known formula for on/off current ratio [17,18]. It also
cannot be explained by the space-charge limited current
(SCLC) model, which is in common used to explain the bulk
current effect [8,10].

The drain current–drain voltage (ID–VD) characteristics
under a gate voltage bias of 0 V are shown in Fig. 4. The
performances of PTFTs with different P3HT thicknesses,
which were coated by 0.2 and 0.05 wt.% solution, are
shown in Fig. 4a and b, respectively. There might be no is-
sue on the drain current which is fully composed of the
bulk current as the gate voltage is of 0 V, and this current
usually is regarded as the leakage current. Obviously, the
drain current of PTFTs with Ti capped Au/Ti S/D are lower
Fig. 4. Drain current–drain voltage (ID–VD) characteristics of PTFTs with Au/Ti an
PTFTs with different thicknesses of P3HT layers coated by 0.2 and 0.05 wt.% solu
than that of the PTFTs with conventional S/D. Especially,
for PTFTs using thin channel layer, the drain current is dra-
matically reduced, as shown in Fig. 4b. There is a 20 fold
decrease on the drain current or bulk current. However,
for PTFTs with thick channel layer, the drain current exhib-
its only twofold reduction, as shown in Fig. 4a. Although
the effect of reducing top-face injection bulk current is still
observable for the PTFTs with thick channel layer, the cur-
rent mainly leaks through the side-wall of electrodes. This
means that the side-wall injection dominates over top-face
injection. Comparatively, for PTFTs with thin channel layer,
side-wall injection is suppressed by the thinner channel
layer due to the higher channel resistance so that the
top-injection becomes more important. The effect of
reducing bulk current induced by suppressing top-face
injection part by the Ti capping layer is more conspicuous.
These results again are consistent to our interpretations.

As shown in Fig. 5, we extracted the values of the con-
tact and channel resistances of the samples in Fig. 3 by
transmission line method (TLM). The values of contact
resistance of both PTFTs with Au/Ti S/D and with different
channel thicknesses are close to 2 � 109 X-lm. This repre-
sents the coverage of P3HT on the channel and S/D region
was still pretty well when thin channel was used. There-
fore, the possibility that different P3HT thicknesses lead
to different performances, shown in Fig. 3, due to the dis-
tinct coverage of P3HT can be excluded. As we have men-
tioned, the larger side-wall injected bulk current due to
the thicker P3HT layer is responsible for the resultant low-
er channel resistance. Furthermore, while the S/D was re-
placed by Ti capped Au/Ti, the contact resistance only
slightly increases from 2 � 109 to 6 � 109 X-lm or from
1.5 � 109 to 2.0 � 109 X-lm for PTFTs with thin or thick
active layer, respectively. The increase is thought to be cor-
related to the suppression of top-face injected bulk current
and only weight a small portion of contact resistance. As a
result, we think our argument that the side-wall injected
bulk current is the dominant current component for the
d Ti capped Au/Ti S/D under a gate voltage bias of 0 V. The performances of
tion are shown in (a) and (b), respectively.



Fig. 5. The results of contact and channel resistance correlated to the samples in Fig. 3, which were extracted by transmission line method (TLM).

Table 1
Summation of the parameters for the PTFTs with different thicknesses, and
Au/Ti or Ti capped Au/Ti S/D.

Samples, PTFTs with lfet

(cm2/
Vs)

S.S. (V/
dec.)

Vt

(V)
Ion/Ioff

0.05 wt.% Channel and Au/
Ti S/D

0.00884 9.85 �22 1.1 � 103

0.2 wt.% Channel and Au/
Ti S/D

0.00803 15.7 �3 5.26 � 102

0.05 wt.% Channel and Ti
capped Au/Ti S/D

0.00609 5.30 �25 5.39 � 103

0.2 wt.% Channel and Ti
capped Au/Ti S/D

0.00607 10.2 �4 7.5 � 102

Fig. 6. (a) Transfer current characteristics of PTFTs with MWCNT S/D and
Ti capped laterally grown MWCNT S/D. (b) Transfer current characteris-
tics of PTFTs with vertical MWCNT S/D and no laterally grown MWCNT S/
D. In other words, only pretreatment was performed. P3HT was coated
with 0.2 wt.% solution, and the transfer curves of PTFTs with Au/Ti S/D are
also incorporated for comparison.
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PTFTs with thick active layer is rather plausible, and the re-
sult is consistent with the conspicuous performance
improvement resulted from suppressing top-face injection
bulk current for PTFTs with thin active layer. The parame-
ters of all PTFTs with thin and thick P3HT layer with Au/Ti
and Ti capped Au/Ti S/D are summarized in Table 1.

This effect of reducing bulk current by incorporating a
layer of Ti upon the electrodes shall still be observable
when the electrode material is changed. We therefore re-
placed Au by MWCNTs since we had demonstrated that
pentacene and P3HT based TFTs showed superior perfor-
mance by employing MWCNTs as the electrodes [19,20].
We obtained the increased on-current and reduced contact
resistance. However, it is anticipated that there will be a
larger bulk current, i.e., easier early conduction, because
of the reduced contact resistance. The drain current–gate
voltage (ID–VG) characteristics of the fabricated PTFTs with
MWCNT S/D or Ti capped laterally grown MWCNT S/D are
shown in Fig. 6a. The performance of PTFTs with Au/Ti S/D
is also shown as the control. The employed weight percent-
age of solution of P3HT in chloroform was 0.2 wt.%. As
shown in Fig. 6a, both the PTFTs with MWCNT and Ti
capped laterally grown MWCNT S/D have the benefits
resulting from employing MWCNT S/D and, as expected,
larger bulk current than the PTFTs with Au/Ti S/D is also
observed. However, obviously, the improvements on the
subthreshold swing and off-current by incorporating Ti
capping layer are still observed. Moreover, the perfor-
mance of PTFTs with Ti capped directly on Fe/Ti layer with-
out MWCNT growth is shown in Fig. 6b. For comparison,
the performance of PTFTs with MWCNT S/D and Au/Ti S/
D is also incorporated. Obviously, if there was no MWCNTs
grew on the side-wall of electrode, i.e., no laterally grown
MWCNTs, no current could conduct in the P3HT layer be-
cause of high injection barrier even the gate voltage bias
is high enough to form the accumulation layer. This result
could exclude the doubt about that the drain current of
PTFTs with Ti capped laterally grown MWCNT S/D might
not come from laterally grown MWCNTs but the pre-
treated Ti capped Fe/Ti.

In addition, there might be concern that the effective
channel length was reduced due to the laterally grown



Fig. 7. Optical micrographs of the PTFTs with different electrodes, (a) Ti capped Fe/Ti S/D without MWNCT growth, (b) Ti capped laterally grown MWCNT S/
D, and (c) vertical grown MWCNT S/D.
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MWCNTs. Hence to confirm the length of laterally grown
MWCNTs is needed. However, we failed to directly confirm
the laterally grown MWCNTs by using scanning electron
microscope (SEM) because of the fact that there was the
magnetic interference induced by Fe. As an alternative,
the top views of the PTFTs with different electrodes were
observed by using OM as shown in Fig. 7. The channel re-
gion of the PTFTs with Ti capped laterally grown MWCNT
S/D (Fig. 7b) was similar to that of the PTFTs with Ti capped
Fe/Ti S/D without MWCNT growth (Fig. 7a). In other words,
if the length of the laterally grown MWCNTs is sufficient to
influence the channel length, the edges of the Ti capped
electrodes would be as black as the vertical grown
MWCNTs (Fig. 7c). Therefore, we infer that the length of
laterally grown MWCNTs is so short such that the influence
on the channel length can be ignored. Supposedly, the
short length might be due to the thin catalytic layer
(5 nm), resulting in a small exposure area for carbon source
and slower MWCNT growth rate. Accordingly, the doubt
about the influence of carbon nanotubes on the channel
length can be excluded. Moreover, someone may suspect
that we have failed to grow the laterally grown MWCNTs.
Instead of that, there might be carbide formation and, in
turn, lead to the improvement in mobility. This doubt
could be excluded because of the fact that the work func-
tion of Ti–C and Fe–C are �4 eV and �4.5 eV, respectively
[21,22]. Clearly, relatively large carrier injection barrier
will be induced, which does not benefit the performance
if the carbides were really formed. Thus, the laterally
grown MWCNTs do exist and contribute to the improve-
ment in the on-current level.
4. Conclusion

In this paper, we present an insight into the bulk cur-
rent effect of PTFTs, and provide an approach to suppress
it. The bulk current was composed of side-wall and top-
face injection currents. With proper scheme, bulk current
could be significantly reduced and enhance the perfor-
mance of PTFTs. Our newly developed PTFTs with a modi-
fied structure by employing a Ti capping Au/Ti S/D did
show the improvements on subthreshold swing and on/
off current ratio. We think that these improvements
mainly come from the reduction of top-face injected bulk
current. For the PTFTs with thin active layer, there is great-
er than one order of magnitude of reduction in the off-cur-
rent level, as well as an obviously increased on/off current
ratio, and a much lower subthreshold swing. Furthermore,
we fabricated the novel PTFTs which used a Ti capped lat-
erally grown MWCNTs as the electrodes to strengthen the
foundation of our inference. With the evidence provided by
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the newly developed transistors, we find our approach to
suppress the bulk current is effective and useful.
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