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Vacuum-Processed Polyaniline-Cg, Organic Field Effect

Transistors™**

By Mihai Irimia-Viadu,™ Nenad Marjanovic, Angela Vlad, Alberto Montaigne Ramil,
Gerardo Hernandez-Sosa, Reinhard Schwodiauer, Siegfried Bauer and Niyazi

Serdar Sariciftci

The transfer of laboratory knowledge into large-scale
industrial production processes represents a great challenge
in the field of organic electronics. Potential applications of
organic electronics may arise in low-cost, large-area flexible
devices such as voltage inverters, sensors, smart cards,
nonvolatile memories, flexible display driver circuits, fre-
quency information tags, that is, inventory labels and price
tags, and others. Today the performance of the best organic
field effect transistors (OFETs)!"?! rivals that of commercial
amorphous hydrogenated silicon transistors, currently
employed as the pixel switching element in active-matrix
flat-panel displays. Large-scale industrial production of organic
electronics is envisioned as roll-to-roll (R2R) processing.
Nowadays avenues toward R2R processes comprise various
solution-based large-area printing steps. On the other hand,
vacuum-based thermal evaporation R2R processes are often
used in metallization of polymer foils for food packaging. Here
we report on the processing of OFETs by thermal evaporation
of organic gate dielectrics and semiconductors. Organic—
organic interfaces between the dielectric and semiconductor
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may result in lower charge trap densities in comparison to
organic—inorganic interfaces.”®! For the active semiconductor
we have chosen Cg, while polyaniline is employed as organic
gate dielectric. Our results also suggest processing of an OFET
solely made of evaporated polyaniline, because polyaniline can
efficiently work as conductor, insulator, and semiconductor.[*”!
Using R2R thermal evaporation as a technology for mass
production of organic electronics based on dielectrics and
small-molecule active materials could be an alternative for the
solution-processing large-area printing. Ultimately, combining
these two technologies in a hybrid approach might be the
strategy for versatile mass production of organic electronics.

Polyaniline is known as the first polymer ever synthesized;
the first report of aniline black dates back nearly two centuries
ago.!® The interest in polyaniline rose tremendously nearly two
decades ago,”"? following the discovery of conducting
polymers by MacDiarmid, Shirakawa, and Heeger. Today
polyaniline remains one of the most investigated conductive
polymers, owing to its ease of synthesis and processibility in
organic solvents, low synthetic cost, excellent shelf-life
stability, and easy conversion between insulating, semicon-
ducting, and conducting states by simple chemical reac-
tions.>1311 A schematic of polyaniline in various oxidation
states is displayed in Figure 1. Water-soluble functionalized
polyaniline has found its applicability in various organic
electronic devices; as organic semiconductor in light emitting
diodes,[20"22] in conductive form as an alternative to metallic
electrodes in organic electronics,*>?* and as a semiconducting
layer in OFETs.[>2¢]

Solution casting is not the only way polyaniline can be
processed. Polyaniline in the emeraldine oxidation state can
also be deposited onto solid substrates by vapor deposition.
One of the first reports dealing with evaporated polyaniline
appeared two decades ago!'”! and the chemical and electronic
properties of the thin polyaniline films as well as their interface
with metal electrodes was intensely studied by various groups
over the past decade.’’! In this work, we show the
applicability of polyaniline as an insulating gate layer in
OFETs. We used no solution processing in the fabrication
process of the field effect transistor; instead both polyaniline
and the small molecule semiconductor (i.e., Cqg) layers are
successively evaporated without breaking the vacuum in the
evaporation chamber.

A scheme of the transistor structure is shown in Figure 2.
The transistor is evaporated on glass substrates in a vacuum
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Figure 1. Fully reduced (leucoemeraldine base), half oxidized (emeraldine

base), and fully oxidized (pernigraniline base) forms of polyaniline as
depicted by MacDiarmid and coworkers [7, 8].

chamber with crucibles containing emeraldine base polyaniline
and Cg. Polyaniline (emeraldine base M,,=5000) is evapo-
rated through a mask on top of a vacuum-deposited aluminum
stripe acting as gate electrode in the transistor. After
deposition of polyaniline and the semiconductor Cgp, the
coated glass samples are placed on a patterned mask, defining
the source and drain electrodes of the transistor element.
Evaporated aluminum is used for the source and drain contacts
of the transistors.

Figure 3a and b shows typical atomic force microscopy
(AFM) images of the evaporated polyaniline (1.75 pm thick
film) and of the Cg film (75 nm thick) on top of the polyaniline,
respectively. The surface of the polyaniline film shows a
granular morphology with a peak-to-valley ratio in the range of
25-35nm and an average root mean square (RMS) roughness
value of 10 nm. The average size of polyaniline grains is around
50nm. The Cgp film also shows a granular morphology with
peak-to-valley and RMS values in the same range as the
polyaniline film on which it was grown. However, the average
grain size of the buckminsterfullerene grains is around 20 nm.

In order to verify the suitability of vapor deposition for
polyaniline, the evaporated films have been examined by
means of Fourier transform infrared spectroscopy (FTIR) and
UV-vis spectrophotometry, respectively. Polyaniline films
(150 nm thick) were evaporated on KBr pellets and on glass
slides. The FTIR spectra of the precursor material and the
deposited film are depicted in Figure 4a and b, respectively.
The peaks are assigned in accordance with values reported
clsewhere [10:1314.19.32-34]

The molecular weight of the deposited material is not
known. It is expected however that small molecular weight
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Figure 2. Scheme of the evaporation processed polyaniline-C¢o OFET.
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Figure 3. AFM images of the a) polyaniline surface and b) of the Cgo
surface on top of the polyaniline film.

aniline oligomers evaporate from the precursor material,
condense and presumably coalesce and grow on the glass
substrate. It is interesting nevertheless to observe that the
vacuum deposited material is not in the same oxidation state as
the precursor material, apparently due to both reduction and
cross-linking processes occurring during evaporation and film
growth. Chen and Lee!®”! observed a chemical cross-linking
process in polyaniline thin films at temperatures in the range
between 150 and 300°C, and argued that the process is
responsible for the diminishing in the intensity of the peak
centered at ~1165cm ™! attributed to the quinoid to diimine
nitrogen stretching type vibration. Moreover, the spectrum of
precursor material in the emeraldine base oxidation state
displays two bands associated with N—H stretching vibrations: a
band centered at ~3292cm™' associated with hydrogen
bonded N-H stretching vibrations and another one centered
at ~3385 cm ™! associated with nonhydrogen bonded free N-H
type stretching vibrations. These two values are in good
agreement with the published values of ~3290 and
~3383cm ™, respectively, exemplified in Table 1. In contrast,
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Figure 4. FTIR spectra of a) precursor polyaniline and b) evaporated
polyaniline; labeled peaks correspond well with literature data summarized
in Table 1.

the spectrum of evaporated polyaniline depicted in Figure 4b
contains just the band centered at ~3383 cm™ !, which is
characteristic to free, nonhydrogen bonded N-H stretching
vibrations.["*1%3234] [n addition, the deposited sample displays
a much reduced intensity in quinoid type vibrations at
~1597cm™!, however intermediate between the intensity of
the peaks reported elsewhere for pure leucoemeraldine and
emeraldine base oxidation states. The chemical reduction
occurring in the evaporated film is confirmed also by UV-vis
spectrophotometry spectra of the material before and after
deposition as shown in Figure 5a and b. The characteristic
peaks at ~330 and ~628 nm correspond to those reported in
the literature.[>1518193235] [y the UV-vis spectrum of the
sublimated material, displayed in Figure 5b, the exciton-type
absorption of the quinoid ring peak centered at ~628 nm is not
present, confirming the chemical reduction of the deposited
material.

Both investigation techniques therefore indicate that the
vacuum deposited material is not identical with the precursor
polyaniline in the emeraldine base oxidation state, but is

Table 1. Literature assigned peaks of polyaniline infrared transmission
spectra.

Peaks [cm ] Assignment References
~3383 Free N-H stretching [14,19,32-34]
~3290 Interchain H bonded N-H stretching [14,19,32-34]
~1590 C=C stretching-quinoid rings [10,13,14,19,32-34]
~1495 C=C stretching-benzenoid rings [10,13,14,19,32-34]
~1295 C-N stretching-aromatic amine [10,13,14,19,32-34]
~1165 N=Q=N stretching [10,13,14,19,32-34]
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Figure 5. a) UV—vis spectra of precursor polyaniline (emeraldine base) and
b) vacuum-deposited thin film (b).

actually a material with the oxidation state intermediate
between the half oxidized emeraldine base and fully reduced
leucoemeraldine base. This finding is in accordance with the
electronic properties of polyaniline reported by other
groups.l'%?l Nonetheless, the exact oxidation state of the
deposited film is not known since during the FTIR and UV-vis
investigations some oxidation of the thin films exposed to
oxygen in the laboratory atmosphere could have occurred as
well.

The dielectric properties of (1.75wm thick) evaporated
polyaniline film were investigated versus applied bias voltage
in the range of —15 to 15V, and versus frequency between
20Hz and 10 kHz, in a metal-insulator-metal (MIM) structure
with 60nm thick evaporated aluminum electrodes. The
dielectric response is independent on the bias voltage and
practically dispersion free in the measured frequency range.
The dielectric loss angle spans between 0.02 and 0.002 in the
range investigated, showing that the polyaniline film can be
viewed as an insulating material. Therefore, the characteriza-
tion of the highest occupied and lowest unoccupied electron
energy levels is omitted for assessing the properties of
polyaniline as insulator. From the measurements at 1kHz, a
dielectric constant of 3.35 with a loss tangent of 0.0045 was
obtained for the evaporated polyaniline film. In order to
measure the DC conductivity of the evaporated polyaniline
film, the same sample used for the dielectric investigation was
measured with a Keithley 617 electrometer. The measured
D.C. conductivity of the polyaniline film was found to be below
5x107'°Scem™!, very close to similar values reported else-
where for hepta-aniline (LB) oligomer of polyaniline!'®! or thin
evaporated polyaniline films.*®! Therefore, both the A.C. and
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‘;33123* 12v mobility calculations was reported
saj elsewhere.*®! The electron mobility
40 oV (i) was extracted from the equation:
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50 where W and L represent the channel
<% width and length respectively, Coy is
<, 30/ _ the insulator capacitance per unit
= |3V area, and Vg and Vr are the gate
il and threshold gate voltages. The
104 12“: threshold voltage is obtained as the
0- oV abscissa intercept of the line drawn
5 0 1 2 3 4 through the linear part of the I,
d) VsV y = versus Vs graph. In all our measured
12 9% devices, the threshold voltage is
10 w positive, spanning from 0.2 to 4 V.
%) Both electron mobilities and
< transistor characteristics correlate
SoE 18V with values already reported for Cg
"334 based OFETs.’’?° The calculated
) ; 1.2V mobilities as well as the transistor
107 i 0.8y  characteristics were obtained on films
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Figure 6. Transfer and output characteristics of transistors featuring 1.75 wm polyaniline and 75 nm Ceo;
all the aluminum electrodes are 60nm thick (a,b). Transfer and output characteristics of transistors
featuring 650 nm polyaniline and 75 nm Cgp; the top and bottom aluminum electrodes are 60 nm thick
(c,d). Transfer and output characteristics of transistors displaying 100 nm polyaniline and 25 nm Ceo; the
top and bottom aluminum electrodes are 40 and 60 nm thick respectively (e,f).

D.C. investigations of the dielectric material suggest its
suitability as gate dielectric in OFETs.

Figure 6a—f shows the transfer and output characteristics of
transistors with different thicknesses of the insulator and
semiconductor materials. Figure 6a-d displays transistor
characteristics of devices featuring 75nm Cgy deposited on
top of 1.75 wm and 650 nm polyaniline, respectively. Figure 6e
and f displays the transfer and output curves for a ““scaled down
transistor” with only 100nm polyaniline and 25nm Cgg
thicknesses. As shown, it is possible to control the transistor
characteristics by a simple variation of the insulator and/or
semiconductor layer(s). We observed that for thicknesses of
the insulating material in the range of 100nm to 1.75 wm the
transistors offer a change in the source to drain current in
excess of three orders of magnitude and leakage currents
between two to three orders of magnitude lower. The
calculated electron mobility in the saturation regime, for
typical transistors like the ones depicted in Figure 6a—f is
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range of 8-12nm). Working transis-
tors featuring the above-mentioned
characteristics, in the terms of on/off
ratio, leakage, and electron mobilities
were produced also with devices
displaying a 3-pm thick dielectric with
a peak-to-valley ratio in the range of 40-60nm, but
the operating voltage reached 30V in the latter case. On the
other side of the scale, surprisingly, the thickness of pin-hole
free polyaniline film could be reduced to as low as 100 nm,
while still offering about a 2.5 orders of magnitude I,/ ratio
and a leakage in the range of 1.5 orders of magnitude below the
source drain current. Moreover, the operating voltage of the
scaled-down transistor was as low as 2V. The transistors
display minimal clockwise hysteresis, which can be attributed
to surface traps, in accordance to the polyaniline roughness
revealed by the AFM images and to similar reports in the
literature dealing with hysteresis effects in organic materi-
als.*! The nonideal interface between the dielectric (polyani-
line) and semiconductor (Cgo) may be in fact responsible for a
slow transistor characteristics (i.e., a large subthreshold swing
and a consequent modest on/off ratio) as well as for a late
opening (i.e., positive V), since it is expected that electric
charges get trapped in the valleys where the potential energy is

Adv. Mater. 2008, 20, 3887-3892



the lowest. Various batches were produced featuring either
indium-tin oxide (ITO) or Cr/Au as gate materials and Al for
the source and drain electrodes, and the transistor character-
istics were similar to the ones produced with Al gate. However,
despite persistent effort, not a single transistor featuring Cu as
gate material was working, presumably because of the high
reactivity of copper toward polyaniline, observed also by Vohs
and coworkers>’*¢] The transistors from all the batches were
preserved in a glove box under nitrogen atmosphere and
remeasured after various periods of time, showing that the
transfer and output characteristics are stable and reproducible
even nine months after fabrication.

In summary, we have developed evaporation processed
polyaniline and Cgy OFETs, with insulating polyaniline
evaporated from precursor emeraldine base. The character-
istics of the transistors are stable and reproducible and the
fabrication method offers the versatility to adjust the operating
voltage accordingly to the thickness of the deposited organic
dielectric material. The ease of fabrication and the low cost of
the precursor materials recommend the evaporation method as
suitable for large-scale industrial production of OFETs such as
R2R.

Experimental

Transistors were built on 1.5 x 1.5cm? glass slides. Bottom gate
aluminum electrodes (60 nm thick) were thermally evaporated through
a patterned mask. For samples built on Cr/Au gate electrodes, the
thickness of the two successively evaporated metal layers was 10 and
50 nm, respectively. The ITO gate electrodes were patterned by etching
the ITO glass with ‘“regal water”: an aqueous etching solution
containing 36% hydrochloric acid, 65% nitric acid, and water in the
volume ratio 0.92:0.08:1. We purchased polyaniline (emeraldine base
Mw =5000) from Aldrich, Inc. and purified it by methanol extraction
until the liquid became colorless. In the final step, the material was
washed copiously with deionized water (18 M) x cm) and dried over
night in a vacuum oven at 60 °C. It turned out that cleaning was the
most important issue in the fabrication of working transistors, as also
observed in solution based processing [, Samples were collected from
the dried powder and evaporated under a high vacuum (p <5 x 10~°
bar). The Cgy layer was successively evaporated under the same
conditions, without breaking the vacuum. To finalize the OFET
devices, top aluminum electrodes with a thickness of 60nm were
thermally evaporated through a shadow mask (40 nm thick source and
drain electrodes were employed for the fabrication of ultra-thin
transistor). The channel length L of the OFETs is 100 um and the
channel width W is 1 mm. The overlapping electrode area of the MIM
capacitor built for the dielectric measurements is 6.25 mm> The
electrical characterization of all transistor and MIM devices was
performed in an inert environment; the transistors were measured in a
nitrogen filled glove box whereas the MIM capacitor was measured
in a sample chamber under argon. For computing the electron mobility
in the OFETs an experimentally measured value of capacitance per
unit area (Cox=1.63 nF cm™2) was employed. An Agilent E5273A
instrument was employed for the steady state current-voltage
measurements and a Novocontrol Alpha Analyzer for the dielectric
spectroscopy investigation. The D.C. conductivity was measured with a
Keithley 617 electrometer. For the transfer characteristics of the
transistors, a sweep rate of 45mV s~! was used. The UV-vis spectrum
of the pristine polyaniline was obtained by adding two droplets of 3%
emeraldine base in NMP in a cuvete filled with NMP. A Cary UV-vis
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spectrophotometer was used to complete the UV-vis measurements.
The FTIR measurements were performed on a BRUKER OPTICS
(EQUINOX 55) attenuated total reflection spectrometer. Topogra-
phical surface investigations were performed by analyzing the AFM
images of the surface of the samples obtained from a Digital
Instruments Dimension 3100 microscope working in tapping mode.
Thickness measurements were performed with a DekTak profilometer.
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