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Lithium perchlorate-doped hygroscopic poly(4-vinylpyridine)-based organic thin film
transistors have been fabricated and characterized. More than one mechanism of current
modulation is observed in these devices with the observed mechanism depending upon
both the amount of added dopant and the operating voltage. At low gate voltages (0 to
—0.8 V) the current modulation mechanism is dominated by ions intrinsic to the dielectric
layer (due to its hygroscopic nature), while at higher gate voltages (—1 to —2 V) the device
behavior is governed by the movement of the dopant ions. Most importantly, through care-
ful control of dopant concentration, we show that it is now possible to fabricate all-solution
processed devices with significantly enhanced current modulation. In particular, we dem-
onstrate that current modulation ratios in excess of 10° are possible with this device
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1. Introduction

The development of organic thin film transistors (OTFTs)
has grown rapidly in recent years, motivated primarily by
the unique physical properties of polymer devices, includ-
ing their flexibility and ability to be fabricated using low-
cost solution-based techniques [1]. Conventional organic
field-effect transistors (OFETs) typically require gate volt-
ages (V) in the order of tens of volts in order to operate
due to the limited charge carrier mobility of the conductive
polymeric materials [2]. However, many applications for
organic transistors require low voltage operation and, as
such, much recent effort has been focussed on the develop-
ment of OTFTs with lower operating voltages [3].

Low voltage OTFT operation often involves altering the
properties of the dielectric layer, by increasing the specific
capacitance of the material (by decreasing dielectric layer
thickness or increasing the permittivity of the dielectric
material) or changing the mechanism of device operation.
One approach which has been introduced is utilizing
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polymer electrolytes in which ions are added to induce a
high charge density electrolyte double layer and thus
enhanced drain currents (Ip) can be obtained in the order
of several milliamps [4-6]. When these devices are operated
in an inert environment, moisture-induced electrochemical
doping can be avoided. When devices are characterized in
air, both electrostatic double layer formation and electro-
chemical doping modulate the drain current at different
operation gate voltages [7]. Another approach which has
been reported involves using ion-conducting poly-
electrolytes such as Nafion or poly(styrenesulfonic acid)
(PSS:H) as the dielectric [8-10]. Although these types of de-
vices can show good transistor characteristics, their off cur-
rent (Iorr) can be susceptible to increases at high relative
humidity (RH) levels, making their performance variable
under ambient conditions.

An early approach reported by Sandberg et al. uses
poly(3-hexyl-thiophene) (P3HT)/poly(4-vinylphenol) (PVP)/
poly (3,4-ethylenedioxythiophene): poly (styrene sulfo-
nate) (PEDOT:PSS) as the semiconducting layer/dielectric
layer/gate electrode, respectively [11-13]. The PVP dielec-
tric is a highly hygroscopic material and moisture adsorbed
by it plays a central role in modulating Ip under low Vg
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values. The current modulation mechanism in these devices
is chemical doping of the semiconducting channel stem-
ming from ion diffusion at the dielectric-semiconductor
interface [11]. These devices have maximum output cur-
rents (Ion) of a few microamps, which is comparable to, or
even higher than, many conventional OFETs. However, the
current modulation ratios (Ion/Iogr) of hygroscopic insulator
transistors depend highly on the RH level of where they are
measured because of the large Iogr associated with increased
RH levels [8,14].

Devices of this type were fabricated in our laboratory
and performed similarly to those reported by Sandberg et
al. [13]. In these transistors, the combination of Vp and Vg
controls the location of ions at the semiconductor/insulator
interface layer. For a given negative Vg, anions migrate to
this interface and induce an increase in conductance in
the P3HT layer. The effect on I of increasing Vp is balanced
by an increased fraction of low conductance P3HT in the
channel (induced by the movement of ions along the inter-
face) which leads to a saturation of Ip, effectively resem-
bling a conventional field-effect transistor mechanism.
Ion/lorr ratios of between 10 and 100 were observed - this
lower than expected value can be attributed to a high rela-
tive humidity causing an increase in Iorr (the RH has been
consistently recorded as 50 10% in the laboratory in
which these devices were characterized). Another possible
cause of high Iogr in these devices is the contribution of the
acidic PEDOT:PSS suspension which is drop-cast as a gate
electrode [15]. Protons from the PEDOT:PSS likely diffuse
across the PVP layer and further dope the P3HT layer.

A key challenge then, is to improve the low current
modulation ratio that results from the high Iogr at a relative
high humid environment. In this paper, we show that by
changing the hygroscopic polymer and subsequently dop-
ing the dielectric layer we are able to fabricate OTFT de-
vices with greatly reduced Iogr and significantly enhanced
current modulation. Furthermore, we show that at low
Vi the current modulation mechanism is dominated by
the movement of ions associated with the hygroscopic nat-
ure of the dielectric whereas at high V it is governed by
the movement and diffusion of the dopant ions. Conse-
quently, we demonstrate that by using lithium perchlorate
(LiCl04)-doped poly(4-vinylpyridine) (PVPy) as the dielec-
tric, an all solution-processible, low operating voltage tran-
sistor can be fabricated with greatly enhanced transistor
performance parameters.

2. Material and methods

All devices were fabricated on glass substrates with pre-
patterned indium-tin-oxide (ITO) source and drain elec-
trodes. The channel length and width is 20 pm and 3 mm,
respectively. P3HT was purchased from Rieke Metals and
dissolved in chloroform at a concentration of 20 mg/mL. A
100 nm thick P3HT layer was spin-coated (60s at
2000 rpm) onto the substrate as measured by a KLA Tencor
profilometer. Dielectric materials PVP and PVPy (Aldrich)
and dissolved in ethanol at a concentration of 80 mg/mL. Li-
ClO4 (Aldrich) was dissolved in the PVPy solution in various
concentrations. The dielectric layers were spin-coated (60 s

at 2000 rpm) to a thickness of approximately 500 nm. The
P3HT/PVP or P3HT/PVPy two-layer structures were an-
nealed at 85 °C in air to remove any remaining solvents.
Lastly, PEDOT:PSS (Aldrich, pH 1-2) was drop-cast on the
top of gate dielectric layer and dried on a hot plate at
40 °C in air. Two Keithley 2400 source meters were used
for the device characterization. All output characteristic
measurements have been conducted at a scan rate 0.1 V/s.
All fabricated devices were measured in air immediately
after drying the PEDOT:PSS layer. The RH has been consis-
tently recorded as 50 + 10% in the laboratory in which these
devices were characterized.

3. Results and discussion

One approach for reducing the inherently high Iggr in
PVP-based OTFTs is to decrease the number of mobile pro-
tons in the dielectric layer by replacing the acidic PVP with
a hygroscopic polymer which is basic in nature. PVPy is an-
other polyvinyl aromatic polymer where the phenol group
has been replaced by a pyridine moiety. As shown in Fig. 1,
whereas PVP is weakly acidic (and therefore acts as a pro-
ton source), PVPy is weakly basic and acts as a proton
acceptor [16]. Fig. 2 shows the difference in Iorr and Ig in
the off state for PVP- and PVPy-based devices. There is a
clear reduction in Iopr in the PVPy case indicating that
the attempt to reduce the inherent doping level of the
P3HT layer has been successful, and that this can be attrib-
uted to the PVPy being more effective in blocking current
contributions from the gate and/or doping of P3HT due to
diffusion of protons from the PEDOT:PSS suspension.

Fig. 3(a) shows the output characteristics of a transistor
employing PVPy as the dielectric layer. Again, FET-like
drain current modulation is exhibited and the output char-
acteristic is very similar to that of the PVP-based device.
However, the I, measured for PVPy-based transistors are
generally one order of magnitude lower than those for
the corresponding PVP-based devices confirming that
there are fewer mobile protons. Nevertheless, the current
modulation ratio of the PVPy-based transistors is between
10 and 100, as shown in Fig. 3(b), which is comparable to
that observed for the PVP-based devices at a high humidity
level. This close agreement in results implies that the ben-
efits of reducing Iorr have been largely offset by an associ-
ated reduction in Ign. Fig. 3(b) shows that the transfer
characteristic of the PVPy-based device is highly reversible
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Fig. 1. The molecular structure of (a) PVP and (b) PVPy.
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Fig. 3. Current-voltage characteristics of a PVPy-based OTFT. (a) Output characteristic for Vi from 0 to —1.0 V in —0.2 V steps and (b) transfer characteristic

at Vp=-1.5V, V; scan rate = 50 mV/s. Three cycles from Vg=1to -2 V.

and reproducible, although there is a large amount of hys-
teresis between the forward and the reverse Vg scan direc-
tions, with the threshold voltage being shifted towards
positive values in the reverse scan direction. This hystere-
sis could be indicative of a rough interface between P3HT/
PVPy and PVPy/PEDOT, whereby the ions which have been
attracted to the interfaces of the PVPy are less inclined to
relax or be induced back into the bulk of the layer dielectric
layer upon a change in V.

The mechanism of operation of the PVPy-based devices
appears to be similar to that of the PVP-based devices, ex-
cept that now we postulate that a significant fraction of the
protons are immobilised as pyridinium cations. Conse-
quently, dopant anions (such as hydroxyls) are removed
from the channel interface and immobilised within the
dielectric as pyridinium salts. As such, the P3HT channel
maintains its low intrinsic conductivity as opposed to the
doped state of the PVP-based devices.

Thus, further improvement in device performance re-
quires maintaining a relatively low Iogr Whilst improving
Ion substantially. One approach is to introduce an ionic spe-
cies into the dielectric which would enhance current modu-
lation beyond a certain threshold value of Vg without
increasing Iog. Figs. 4-6 show the electrical characteristics
of PVPy transistors with various concentrations of LiClO4
added to the PVPy solution. Fig. 4(a) and (b) shows the
output characteristics for a device with LiClO4 added to a
concentration of 0.005 M, for -0.8V < V<0V and -2V
<V <0V, respectively. The output characteristics are

similar to an undoped PVPy device for —0.8V < V; <0V,
whilst for more negative values of Vg there is no increase
inIp and gate leakage current starts to dominate the device’s
behavior. Fig. 5(a) and (b) shows the output characteristics
for a device with a LiClO4 concentration of 0.02 M for the
same Vg conditions. In this case, we see evidence for the
emergence of a second current modulation regime: for
-0.8V < Vg <0V, ‘normal’ operation for a PVPy-based de-
vice is observed whereas for Vg < —1.2 V, the current mod-
ulation exhibits enhanced drain currents but no saturation
of Ip is obtained at Vp less than —2.0 V. As such, we propose
that for Vg < —1.2 V the LiClO4 starts to contribute to device
performance and the current modulation begins to be influ-
enced by the movement and diffusion of the introduced
ions. Although the leakage current becomes quite signifi-
cant at this concentration of LiClO4 for Vg < —1.2 V (since
relatively large positive Ip is observed at Vp~0V),
Fig. 5(b) is designed to show the onset of a new mechanism
which influences the device’s electrical characteristics.

In Fig. 6(a) and (b), the output characteristics for the
same Vg ranges are shown for LiClO4 in the PVPy solution
at a concentration of 0.2 M. The results show that there are
now two clearly defined voltage regimes for the operation
of these thin film transistors. Again, for —0.8V < Vg <0V,
‘normal’ operation for a PVPy-based device is observed
whereas for Vg < —1.2V, the current modulation is domi-
nated by much larger drain currents that saturate at
Vp =~ —2.0 V. Most importantly, while Iogr in this device is
comparable to the PVPy only device, Ipy is now in the
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milliamp range and the current modulation ratio of these
devices reaches a value in the order of 10°; several orders
of magnitude higher than both the PVP- and PVPy-based
devices.

Similarly, large Ion/Iorr values have been reported for
OTFT devices based on a variety of polymer electrolyte
dielectrics [4,5,10,17]. For example, using polyethylene
oxide doped with LiClO4 as the gate dielectric, Frisbie and
co-workers showed that current modulation ratios of 10*
and 10° could be achieved for pentacene [18] and single
crystal rubrene [6], respectively. In these devices, the appli-
cation of a negative V¢ drives cations to the gate and anions
to the active layer interface but creates an electrostatic
Helmholtz double layer across the dielectric rather than
doping the active layer. These electrical double layer capac-
itor (EDLC) devices are characterized by their low voltage
operation (<1V), high specific capacitances (as high as
500 pF cm™2) and high Ion/Iorr (up to 10%) [8].

Whilst the specific (per area) capacitance of OTFTs is of-
ten estimated using the equation for saturation current in a
field-effect device (Ip st = (W/2L) 1 G (Vg — Vr)?, where W
and L are the channel width and length, respectively, u is
the semiconductor charge carrier mobility, C; is the specific
capacitance of the dielectric layer and V7 is the threshold
voltage), the values obtained for the plain PVPy and
0.2 M LiClO4-doped PVPy are 1.7 pF/cm? and 5.6 mF/cm?,
respectively, both of which are several orders of magnitude
higher than values obtained by directly measuring the
capacitance with a capacitance meter (for further details
on these calculations see the Supporting Information). This
observation supports our postulate that the mechanism of
these devices is electrochemical nature and does not in-
volve a conventional field effect.

Fig. 7(a) shows the transfer curve of a LiCl04(0.2 M)-
doped PVPy device at Vp = —1.5V, clearly showing revers-
ible and repeatable performance, with a current modula-
tion ratio of over 10°. Despite a low scan rate of 0.5 mV/s,
a high level of hysteresis in the repeated scans is observed
indicating that a slow ionic process dominates the device
performance. This observation is consistent with the ion
concentration dependant current modulation shown in
Figs. 4-6. For the 0.2 M LiClO,4 device, Ioy is in the order of
milliamps, which is three orders of magnitude larger than
I in the on state (as shown in Supporting Information
Fig. 2). If I is solely from ionic conductance in the PVPy
layer then the much larger Ip is most likely due to an elec-
trochemical doping process which induces a high electronic
conductance in the active layer when the device is switched
on.

Time dependent current measurements can be used to
distinguish between the possible mechanisms operating
in LiClIO4 doped PVPy devices [10]. Fig. 7(b) shows the
source current (Is) response of the PVPy:LiCl04(0.2 M)-
based device to a single step in Vg from 0 to -2V, with
Vb held at —2 V. Initially, a fast step change in current is
observed with a magnitude of between 1 and 10 pA. Sub-
sequently, there is a slow rise in current until a maximum
current value in the milliamp range (coinciding with the
expected value from Fig. 6(b)) is achieved after about
100 s. Clearly, the mechanism of this slow rise cannot be
due to the formation of an electrical double layer, which

occurs on a much shorter time scale [19]. Furthermore,
the large currents are not due to gate leakage since I has
been observed to be several orders of magnitude lower un-
der these conditions when output characteristics have
been measured (see Supporting Information Fig. 2). There-
fore, we postulate that the fast initial change in current,
which occurs within 10 ms of Vg switching, is most likely
due to electrical double layer formation, while the subse-
quent slow increase in current is due to a diffusion-based
electrochemical doping of the semiconductor channel.

Compared to conventional OFETs where operation fre-
quencies are generally a concern, hygroscopic dielectric
based OTFTs can achieve air-compatible, printable, reli-
able, low voltage operation and high current amplification.
This type of OTFTs can find applications in chemical and
biosensing where high operation frequencies are not re-
quired [20,21]. lon-doped PVPy-based OTFTs appear to be
good candidates to satisfy these criteria.

4. Conclusions

Two hygroscopic dielectric materials, PVP and PVPy,
have been implemented to fabricate solution processible
organic thin film transistors. Transistors with either dielec-
tric layer can be operated at |Vg| < 1V. Transistors with a
PVP dielectric layer exhibit intrinsic anionic doping of the
P3HT channel which induces a significant on-current even
without an applied V. By contrast, transistors with a PVPy
dielectric layer immobilise a significant fraction of the mo-
bile anions resulting in less doping of the P3HT channel
and substantially lower Ioy and Iopr. Subsequent addition
of LiClO4 results in a less mobile anion dopant and the cre-
ation of a second current modulation regime. With this
dopant, at Vg<-1.2V electrochemical doping of the
P3HT channel results in low Iggg, high Ioy and an associated
significant increase in current modulation.
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