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Abstract

We present a gravure printed low voltage transistor using commercial polymer materials.
Patterned thin layers (down to 200 nm) were formed by single printing steps on
polyethylene terephthalate substrates which had pre-patterned metal electrodes. Materials
were air stable and there was no need for substrate or metal electrode pre-treatment.
Good electrical performance with minimal hysteresis was achieved. Low voltage
operation is demonstrated with inverter circuits, which operate down to 5 volts.

1 Introduction

The low cost printed electronics needs high throughput printing processes. Gravure
printing is one of the most interesting methods as it simple, fast and cost effective [1]. It
has been used in combination with other processing methods to partially or fully print
electronic components [1-12]. For printed polymer thin film transistors, the gate
dielectric thickness has been usually 0.5-2 um thick in order to get a good yield without
short circuits. The thickness raises the operation voltage to tens of volts, and that is too
high for real applications. Use of high-k dielectrics could lower the operation voltage, but
they must be used in combination with another low-k dielectric, adding one processing
step [5].

Here we present gravure printed low voltage polymer transistors on flexible substrate.
The materials were a low-k dielectric and an air stable semiconductor from Merck. By
using pre-patterned metal electrodes on polyethylene terephthalate (PET) substrate, we
could make transistors with varying dimensions. The dielectric layer was scaled down to
200 nm. Transistors and inverter circuits made of the interconnected transistors were
characterized. The results are intended to show the potentiality of the gravure printing
also for the thin layers of the electronics components, and that with more recent materials
the performance would be close to what is needed for real applications in low cost large
area electronics.

2 Experimental details

Semiconductor Lisicon SP0300 and a matching dielectric Lisicon D320 were acquired
from Merck. Materials came as ready-to-use printing inks. Semiconductor had 1% and
dielectric 10% solid content in mesitylene and n-decane respectively. Poly(methyl
methacrylate) PMMA was also tried as a gate dielectric. Two inks with concentrations 4



and 8% were prepared by dissolving PMMA (996 000 Mw Sigma-Aldrich) ina 1:1
mixture of butyl acetate and ethyl lactate. We used Melinex ST504 PET substrates. They
had lithographically patterned high definition 40 nm thick gold source and drain
electrodes.

Air and processing stability of the materials was studied by making spin coated reference
samples in different conditions. Spin coating (semiconductor 1000 rpm 20 s, dielectric
1000 rpm 30 s) was done in air or in nitrogen glove box. Drying of the films was done in
nitrogen, air or vacuum oven at 100°C for 20 minutes. There is no significant difference
in the performances between the transistors made with different methods. Later the
printed transistors showed similar stability and performance.

PET substrates with pre-patterned gold electrodes were cleaned and used without
adhesion related pre-treatment. Printing was done with Schlafli Labratester gravure
printer in normal laboratory environment. Machine dependent printing settings were:
speed 6 m/min and pressure dial at 4.2. Gravure printing test plate had 8 different line
densities. Transfer volumes of the gravure plate cells were measured with Nanofocus
pSurf optical profilometer. Printed sample was dried in oven at 100°C for 20 minutes.
Both semiconductor and dielectric were printed with the same plate and dried the same
way. Printed film thicknesses were measured with Dektak 150 profilometer. Several sets
of film thickness combinations were printed. The transistor structures were completed by
top gate deposition (40 nm gold) through a shadow mask in the thermal vacuum
evaporator. Transistors from the best set were connected together in diode connected load
configuration (enhancement mode driver and load transistors) [13], forming inverter
circuits (Fig. 1).

3 RESULTS AND DISCUSSION

3.1 Transistors using Lisicon D320 dielectric

The printed semiconductor was 10-80 nm and dielectric 200-560 nm thick. Thickness
was proportional to the transfer volume of the cells (Fig. 2). Ink transfer ratio from
gravure cells to the substrate was over 50%, which is remarkably high [14]. The printed
semiconductor film quality was poor, as there were thickness variations and some wetting
differences on the substrate and the gold film. Still the semiconductor formed a
continuous layer on top of the interdigitated source and drain electrodes. The dielectric
film had better quality. There were only minor thickness variations. Edge quality is
limited by the gravure cell size (Fig. 3). Dimensions of the test transistors were: channel
length 5-20 um, channel width 8-80 mm.

Electrical measurements show that even though the semiconductor film seemed to have
poor quality, the transistors work very well. The performance of the printed transistor is
similar or better than the spin coated reference transistor with roughly the same



dimensions (Fig. 4). That must indicate that the semiconductor film did form properly on
the channel area (between interdigitated electrodes), and the uneven areas outside the
active area did not cause noticeable degradation in performance. Transistor output and
transfer curves show good saturation (Fig. 5-6). The gate leakage current is at a low level
even for the thinnest dielectrics. Table 1 shows the characteristics of the transistors in the
best set. The best combination was with the thick semiconductor (70-80 nm) and thin
dielectric (220-250 nm). The semiconductor thickness affects the Off current and
mobility, and often the optimal value is between 50 and 100 nm [15], [16]. Decreasing of
the dielectric thickness enhances the transistor performance by decreasing operation
voltage, subthreshold slope and threshold voltage (see Table 1 and Fig. 7) [17-19].
Electrical current-voltage and capacitance-voltage measurements in Fig. 4-6 and 8 show
overlapping forward and reverse sweeps. This low hysteresis and the threshold voltage at
the thinnest dielectric thicknesses indicate a good interface is formed between the active
layers. Permittivity of the dielectric is 2.2, which is one reason for the low hysteresis [5].
Interface trap density was calculated according to the method used by [20], [21].
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In the equation (1) the dielectric capacitance Ci,s was 9 nF/cm?, q was the electronic
charge, k the Boltzmann’s constant and T temperature. Subthreshold swing S values were
1.25 and 2.25 V/dec for forward and reverse sweeps (Fig. 6), and the calculated interface
trap densities were 1-10"2 cm?and 2-10' cm? respectively. Another methods where the
difference between turn on and threshold voltage [22] or hysteresis AVth [21] was used
to estimate the trap density were also tried. As the turn on and threshold voltages reached
low values, the resulting calculations were inaccurate or gave unrealistic values. Equation
1 gives a more reliable estimate of the interface traps in this case. The result is good for
such a printed air stable polymer transistor [20-22].

Contact resistance was calculated using transmission line method [23]. Total source to
drain resistance was calculated from the transistor output data at -1 Vps and -10, -15, and
-20 Vs. The extrapolated normalised single contact resistance is in the range of 100
kQ-cm at -20 Vs (Fig. 9). The value agrees with the ones typically achieved with
staggered organic transistor [7], [23], [24].

The sample set with the best values in Table 1 was used in the inverter tests. Varying
Load and Drive transistor size (W/L) combinations were tried with ratios 1:3 — 1:50.
Larger size ratio between load and drive transistor resulted in larger amplification, but
slower operation speed due to larger relative RC time constant [25]. Voltage
amplification clearly above unity was achieved with size ratios over 1:10 (Fig. 10). The
Off to On transition of the drive transistor is fast, but the On to Off transition takes time as
the charge in the channel must go through the large impedance of the load (Fig. 11).
Rough estimation using the channel capacitance and diode connected transistor current at



the working voltage yields the time constant of ~0.2 seconds, which is about the same as
shown in the Fig. 11. Working inverter shows the potentiality of the use of printed
polymer transistors in more complex logic circuits even at low voltages.

3.2 Transistors using PMMA dielectric

Transistors were also made with similar process but replacing the D320 dielectric with
PMMA. The printed dielectric layers were very thin, dropping the yield of the pinhole
free processing to less than 40% for 190-180 nm thick and to 0% for thinner layers.
Again the threshold voltage was very low, between -0.5 and 1.5 volts for all the
transistors measured. Subthreshold slope was 1.0-1.8 V/dec and 3.1-3.5 V/dec for
forward and reverse sweeps respectively. But the mobility was 0.0005 cm?/(Vs), when
with Lisicon D320 dielectric it was 0.04 cm?/(Vs). As the other values do not indicate
problems, the reason for the mobility degradation could indeed be the energetic disorder
and enhanced charge carrier localization suggested by [5]. The more polar PMMA with
a permittivity between 3.3 and 3.9 has larger polarization effect reaching through the
interface to the active semiconductor layer. The active layer of this semiconductor is
sensitive to the polarization effect, but it obviously does not indicate that PMMA would
not work with other semiconductors [26].

4 Conclusions

The results show that with modern materials an air stable and hysteresis free gravure
printed transistors and inverters can operate at low voltages. The studied material
combination is otherwise excellent, but the semiconductor is inherently limited by its
mobility. More recent polymer semiconductors with mobility between 0.1 and 1 may
prove to be as well printed in thin layers, thus making low cost large area electronics
possible with a performance close to amorphous silicon and small molecules.
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Figures and a table
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Fig. 1. Photograph of transistors and inverter circuits and the inverter schematics.
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Fig. 2. Gravure printed Lisicon D320 dielectric film thickness for 8 different gravure
plate transfer volumes.



Fig. 3. Detail of a patterned feature printed with dielectric ink. Edge quality is
following the gravure cell sizes. Printing line density was 120 lines/cm.
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Fig. 4. A comparison of the transfer characteristics of spin coated (red) and printed
(blue) transistors. Absolute drain current is shown with a solid line and the gate
leakage current with a dashed line. Transistor channel length was 15 pm and width
6870 pum. The drain-source voltage was -20 V.
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Fig. 5. Printed transistor output characteristics. Transistor channel length was 15
pm and width 6870 pm.
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Fig. 6. Printed transistor transfer (Ip vs.Vgs) characteristics at -15 Vps. Transistor
channel length was 15 pm and width 6870 um.
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Fig. 7. Printed transistor subthreshold slope (red) and threshold voltage (black)
plotted versus the printed dielectric thickness.
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Fig. 8. Overlapping forward and reverse sweeps of capacitance-voltage measurement
at -20 Vps show no indication of hysteresis or threshold voltage shift.
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Fig. 9. The plot shows an example of channel and contact resistances of a transistor
at gate-source voltages Vgs=-10 V, Vgs=-15 V and Vss= -20 V. Drain-source
voltage was -1 V.
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Fig. 10. The inverter worked at low voltages, shown by a) the output swing and b)
Corresponding voltage gain values at VsuppLy=-20 V, VsuppLy=-10V and VsuppLy= -
5V.
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Fig. 11. Inverter dynamic characteristics are presented by the responsetoa 0 to-5V
square wave input signal. In a) the inverter had a load:drive size ratio of 1:10 and in
b) 1:30. The long On to Off transition (closing) of the drive transistor is shown
clearly. In b) the step time scale is different in order to show the full tail of the
transition.

Dielectric thickness, nm 560 440 450 370 270 250 220
Mobility, cm?/(Vs) 001 | 002 | 002 | 003 | 002 | 004 | 0.03
Threshold voltage, V -7.6 -75 -7.2 -5.9 -55 -2.6 -0.5
On/Off ratio 4000 | 1400 | 2200 | 6800 [ 4000 | 7500 | 6500
Subthreshold slope, V/dec 3 3.6 3.2 3.1 2.7 1.8 1.4

Table 1. The transistor characteristics of a printed sample series with different
dielectric thicknesses.



