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Air stable complementary polymer inverters were demonstrated by inkjet printing of both
top-gate electrodes and the semiconductors in ambient conditions. The p-type and n-type
polymer semiconductors were also thermally annealed in ambient conditions after print-
ing. The good performance of circuits in ambient condition shows that the transistors

are not only air-stable in term of ambient humidity and oxygen, but also inert to ion migra-
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tion through dielectrics from the printed gate. The result obtained here has further con-
firmed the feasibility of fabrication of low-cost polymer complementary circuits in a
practical environment.

© 2011 Elsevier B.V. All rights reserved.

The recent development of high mobility and air-stable
n-type organic semiconductor materials suggests that or-
ganic thin film transistors are reaching a stage where they
can be industrialized, analogous to complementary metal
oxide semiconductor (CMOS) [1-4]. The complementary
technology has enabled the construction of digital circuits,
which operate with a high robustness, a good noise margin
and low power dissipation [5-9]. To realise such organic
CMOS technology, there is an urgent need for low cost, size
scalable fabrication processes in practical environments.
There are a few conditions to be satisfied for inexpensive
fabrication of complementary organic circuits. First of all,
it is crucial that both p- and n-channel semiconductors
are deposited and patterned in ambient conditions. Sec-
ondly, it is desirable to avoid mask alignment processes
and minimise vacuum processes for both electrode pat-
terning and material annealing. To this end, inkjet printing
is an appealing approach for micro depositing/patterning
semiconductor and electrode materials [10-13]. Air-stable
printed polymer CMOS inverters with thermally evapo-
rated gates have been demonstrated very recently [1,2].
However, a related problem is that ions in the conventional
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printing gate materials can migrate through polymer
dielectrics with the assistance of moisture in an ambient
environment and gradually degrade the performance of
the devices. In this paper we demonstrate some polymer
complementary circuits with p- and n-channel semi-
conductors and gate electrode inkjet printed in ambient
conditions. All the polymer materials (semiconductor,
dielectrics, and gate) were annealed in air to mimic a prac-
tical manufacturing process. Through optimization of
materials and fabrication process we are able to realise a
match of air-stable electrical parameters for both n- and
p-channel transistors in circuits, which further confirms
the feasibility of the polymer CMOS manufacture in indus-
try environment.

Source and drain electrodes of thermally deposited
Au(30 nm)/Cr(10 nm) on Corning glass substrate were
patterned by photolithography and lift-off processes.
Both p-type [poly(3,3”dialkylquaterthiophene) PQT-12]
and n-type {poly{[N,NO-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-bithi-
ophene)}}[P(NDI20OD-T2)] semiconductor polymers were
dissolved into separate 1,2-dichlorobenzene solvents at
1 wt.% before being filtered through a 5.0 um PTEFE filter.
Source/drain electrodes with 1 mm channel width and
20 um channel length were chosen to demonstrate the
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circuits. The solutions were inkjet printed on covering the
channels to form a 100 nm thick layer, as measured by a
Veeco Dektak 150 profilometer. The p-type semiconductor
was first printed and annealed under 80 and 140 °C for
20 min each, respectively. Then the n-type semiconductor
was printed and annealed at 80 °C for 20 min and 110 °C
for 4 h. An 800 nm thick PMMA (polymethyl methacrylate,
Mw ~350 K) dielectric dissolved in butyl acetate solution
was spun upon the semiconducting layer and baked at
80 °C for 30 min. To improve the surface wettability of
the dielectrics, a few nanometer (~5 nm) thick PVP (poly-
vinylpyrrolidone, Mw ~40 K) film was spin-coated on top
of the PMMA layer. Finally, gate electrodes were inkjet
printed using a PEDOT:PSS solution (poly(3,4-ethylenedi-
oxythiophene):polystyrene sulfonic acid, H.C.Starck). All
the deposition steps for organic materials described above
were processed in ambient conditions.

The organic thin film transistors (OTFTs) were firstly
characterized in air by using an Agilent 4156 semiconductor
parameter analyzer directly after the fabrications. The sec-
ond round measurement was carried out under the same
condition immediately after the first round, and the corre-
sponding transfer and output characteristics of the p- and
n-type transistors recorded are shown in Fig. 1a-d, respec-
tively. Subsequently, both printed top-gate organic transis-
tors with the transistors were stored in a glove box in dark
condition and characterised again after 7 and 30 days,
respectively. The transfer characteristics in the saturation
region (Vps = —40V for p-channel and Vps =40V for n-
channel transistors) and the corresponding square root of
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the drain current as a function of the applied gate voltages
are shown in Fig. 2a-d. The typical charge mobility and cur-
rent on/off ratio are 0.07 cm?/V s and 10* for the p-channel
transistors, and 0.02 cm?/V s and 10 for the n-channel tran-
sistors, respectively. The extracted saturation mobility from
the slope of the square root of drain current, 9v/Ips/9V¢, was
plotted as a function of shelf-time in Fig. 2(e). It shows no
degradation over time. The good stability of our PMMA-
insulated devices is attributed to the perfluorinated poly-
mer structure of the dielectrics, which provides better
encapsulation against moisture permeation.

To demonstrate the general applicability of the process
which we use, inverters with complementary OTFTs using
PQT-12 (p-channel) and P(NDI20D-T2) (n-channel),
respectively, were fabricated by inkjet printing both semi-
conductors and spin-coating the dielectric layer (PMMA).
Fig. 3a shows an optical image of a fabricated inverter,
where both p- and n-OTFTs have the same channel width
(W) and length (L) dimensions of 1 mm and 20 pm, respec-
tively. Fig. 3b shows the dc output characteristics for vari-
ous supply voltages Vpp =20-40V. The dc gain shown in
Fig. 3c was obtained from dVo,/dV, and the values there
imply that these devices can be used to switch subsequent
stages in more complicated logic circuits. Higher Vpp leads
to an increase in the device gain, as the inverter gain is
dependent on the OTFTs transconductance. For this inver-
ter the dc gain value can be as large as —-6.2 at
Vpp =40V. The inverting voltage V;,, is reached when
both transistors are operating in saturation and is ex-
pressed by Eq.(1)
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Fig. 1. Representative transfer and output characteristics of the complementary OTFTs, with (a) and (b) for p-channel transistor; (c) and (d) for n-channel

transistor, respectively.
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Fig. 2. (a) Transfer characteristics and (b) the square root of drain current of a typical p-channel transistor (PQT-12) measured firstly directly after the
fabrications followed immediately by the second measurement, and 7 and 30 days later; (c) transfer characteristics and (d) the square root of drain current
of a typical n-channel transistor [P((NDI20D-T2)] measured in the same sequence; (e) the saturation mobility calculated from the slope of the square root of

drain current for each measurement.
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where Vris the threshold voltage and p, and u, the mobil-
ity of the p- and n-type OTFTs, respectively. The value of
Vinv is greater than Vpp/2 due to the mobility and threshold
voltage differences between p- and n-type transistors. The
inverter response was recorded by applying a square wave
input between 0 and + 40V at 2 kHz, and the correspond-
ing output waveform is shown in Fig. 3d with a
Vpp=+40V. A relatively symmetric performance in the
transient time, 80 ps for the rise and 100 ps for the fall,
respectively, was observed. The overshooting voltage in
the output at the rising and falling edges was due to capac-
itive charging.

The stable performance further demonstrates the
robustness of both n- and p-type devices. The stability of
the semiconductive materials, in particular the n-type
material, is remarkable. One may attribute this to its low
LUMO (lowest wunoccupied molecule orbit) value

(1)

(—4.0 eV) [1], however a number of other n-type materials
which have similar LUMO value do not show the same
good air stability [14]. We attribute the stability of the n-
type semiconductor materials to the molecular packing
and crystallization as well as the film morphology, such
as grain size [15,16]. In order to gain some information
about the film’s structure, atomic force microscope (AFM)
and absorption spectrum measurements were carried out
on spin-coated semiconductor films. Fig. 4 shows AFM
images of the n-type P(NDI20D-T2) film after drying at
room temperature (Fig. 4a) and annealing at 110 °C for
4 h (Fig. 4b). We see that the P(NDI20OD-T2) films were
crystallized after drying. The post annealing would only
further improve the film quality, such as to reduce crystal
defects and grain boundary mismatches. The crystalline
domination in the room temperature dried n-type film, is
further confirmed by absorption spectrum as shown in
Fig. 5a, from which shift absorption peak before and after
annealing treatment was minimal. For comparison, similar
investigation was also carried out on the p-type semicon-
ductor (PQT-12) we used. For the room temperature dried
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Fig. 3. PQT-12 (p-channel) and P(NDI20D-T2) (n-channel) complemen-
tary inverters. (a) Schematic electrical connections of the inverters and
optical image of the printed semiconducting devices with printed top-
gate electrodes; (b) static switching characteristics; (c) dc gain; and (d)
output waveform for a square wave input of 2 kHz at Vpp=+40V.

samples a crystalline structure was observed using AFM
(Fig. 4c), while the existence of crystalline parts was also
evidenced in absorption spectra (Fig. 5b, solid line) [17].
However, the film annealed at 140 °C showed a strong blue
shift of the absorption peak and the shoulder feature disap-
peared (Fig. 5b, dashed line). This may be due to molecule
backbone twist induced by film melting, very similar to the
blue shift observed by annealing P3HT at 150 °C [18]. The
AFM image of a smoother surface after the 150 °C anneal-
ing as shown in Fig. 4d was consisted with this film melt-
ing request. All AFM measurements were performed at the
same scan rate of 0.271 Hz and amplitude set-point of
0.9326 V. The images were recorded with the same in-
plane and height scales. The surface roughness of root
mean squared value R; = /137 y? was calculated for
each obtained images, with R;=6.458 and 5.930 nm for
n-type material dried at room temperature and 110 °C,
R4 =6.136 and 4.657 nm for p-type material dried at room

temperature and 140 °C, respectively. This indicates that
higher annealing temperature will smooth the finished
surface of semiconductor materials and it is more effective
to p-type material that n-type material.

Our inverter result shows the best matching of p-type
and n-type transistors that were chosen from hundreds
fabricated devices. This is because that the process condi-
tion for n-type materials is much more critical than that
for p-type materials. As we know, high annealing temper-
ature and long annealing time can usually improve the
mobility of p-type materials and give a better current on/
off ratio. However, our n-type material has a minimum
annealing temperature of 110 °C and a maximum anneal-
ing temperature of 125 °C with a minimum annealing time
of 4 h. Otherwise, it would not work. Furthermore, it was
found that the current on/off ratio for the n-channel tran-
sistor reached 107 in the first round of characterisation as
shown in Fig. 6a, but it dropped to 10° in the second round
of measurement as shown in Fig. 6b and remained at this
level unchanged in the subsequent measurements.

Threshold voltage shift (AVy;) can usually be observed
in OTFTs when the gate or drain voltage is cycled. This is
often due to the charge trapping in the band gap tail states
[19], which is accelerated by dopant impurities such as
oxygen and water [20,21] and affected by grain boundaries
[22], dielectric surface modification [23], and dipolar disor-
der from the dielectric surface [24,25]. In addition to the
charge trapping, moisture uptake and ion movement in
the polymer dielectrics can also lead to AV, [26]. Pro-
gresses have been made in controlling these factors, but
it is still difficult to eliminate AV, entirely. Fig. 6¢c and
6d shows the transfer characteristics of our n- and p-OTFTs
measured under gate voltage cycling. The arrows there
indicate the directions of the measurement. It was clear
that the shift of V; was small in both OTFTs.

It can be explained as the ion migration in the gate
dielectrics. While a gate voltage is applied to the gate
dielectrics, the ions of cation and anion migrate in opposite
directions and form a space charge polarization in the gate
dielectrics. Comparing the sizes of small molecule
P(NDI20OD-T2) with the diameter of the free volume hole
of PMMA (5.4 A), the cations can easily migrate in the
dielectric due to the molecular sieve effect of PMMA poly-
mer chains. Also, the cations would be stabilized by the
interaction with oxygen in a carbonyl group of PMMA.
Therefore, the polarization of our dielectrics would be
mainly due to the migration of the anions.

In summary, we successfully present the air stable com-
plementary polymer inverters that were fabricated with
printed top-gate electrodes and the semiconductors. The
both p- and n-channel polymer transistors show relatively
good electric performance although they were fabricated
and measured in ambient condition. The stability of the
n-type semiconductive material was remarkable. With
AFM images, we found that P(NDI20D-T2) films were crys-
tallized after drying. The post annealing would only reduce
crystal defects and grain boundary mismatches. It was fur-
ther confirmed by absorption spectrum, in which shift
absorption peak before and after annealing treatment
was minimal. The similar analysis methods were used as
well as in p-type semiconductive material to investigate
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Fig. 4. Atomic force microscopy (AFM) images recorded at the same scan rate of 0.271 Hz and amplitude set-point of 0.9326 V, respectively. The images
were recorded with the same in-plane and height scales. Spin-coated P(NDI20D-T2) film (a) dried at room temperature and (b) annealed at 110 °C for 4
hours, and spin-coated PQT-12 film (c) dried at room temperature and (d) 140 °C for 20 min, respectively.
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Fig. 5. Normalized absorptance of (a) spin-coated P(NDI2OD-T2) film
dried at (i) room temperature and (ii) 80 °C for 30 min; after a drying
process of 80 °C for 30 min, subsequently annealed at (iii) at 110 °C for
30 min, (iv) 110 °C for 4 h, and (v) 140 °C for 30 min; (b) spin-coated PQT-
12 films dried at room temperature (solid line), and annealed at 140 °C for
20 min (dashed line).

the grain size. The feasibility of fabrication of low-cost
polymer complementary circuits with inkjet printing tech-
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Fig. 6. Representative transfer characteristic of n-channel transistor with
(a) a large on/off ratio of 107 at the first measurement after fabrication;
(b) a small on/off ratio of 10° in all subsequent measurements. Gate
voltage cycling effect on (c) n-type and (d) p-type OTFTs are shown, with
the arrows indicate the cycling direction and shift of the threshold
voltage.
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nique in industrial environment has been further con-
firmed by our experimental results. As new generation of
semiconductive, ion free printed gate materials, etc, the
printed polymer CMOS can indeed be industrialized in a
foreseen near future.
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