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We investigated the influence of pentacene film thickness on the environmental stabil-
ity of thin-film transistors (TFTs). In order to evaluate the environmental stability, the
transfer and output characteristics in pentacene TFTs were measured in air and vacuum
environments. The pentacene-thickness-dependent variation of transfer characteristics
was shown to originate from the fixed charge at the pentacene/polymeric insulator inter-
face induced by air molecules. In addition, an analysis of parasitic resistance suggests
that air molecules degraded the contact property and increased channel conductivity.
Particularly, a thick pentacene film was found to passivate the TFT channel region
interrupting the penetration of air molecules.

Keywords Pentacene; Thin-film transistor; Environmental stability; Pentacene film
thickness.

Introduction

In the past decade, a significant number of studies were conducted on organic thin-film
transistors (TFTs) because of their potential application to various flexible and cost-effective
electronic devices such as active matrix displays, sensors, smart cards, and radio frequency
tags [1—4]. In particular, from the viewpoint of compatibility with flexible substrate,
organic TFTs with polymeric insulators fabricated by a solution process have been studied
more extensively, compared to those with inorganic gate insulators. As a consequence of
the numerous studies in various research fields, the magnitude of field-effect mobility in
organic TFTs, which is one of the decisive factors for the substitution of conventional non-
flexible inorganic transistors, eventually became comparable to or exceeded the value in
conventional silicon-based transistors [5—8]. Although organic TFTs with high electrical
properties are already competitive as low-cost, flexible products, some issues remain to be
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solved for enabling their practical application in the industrial market. For example, the
environmental instability of organic TFTs in ambient air, which has detrimental effects on
the TFT current on/off ratio, mobility, and subthreshold voltage in terms of device stability
and uniformity [9—11], remains problematic. In order to overcome such a limitation, we
need a comprehensive and multidimensional understanding of the effects of the environment
on the electrical properties of organic TFTs.

In this work, we describe the influence of pentacene film thickness on the environ-
mental stability of pentacene TFTs. For generating different environmental conditions, the
electrical characteristics of the pentacene TFTs were obtained in both ambient air and vac-
uum. By measuring the transfer characteristics, the field-effect mobility, threshold voltage
shift, and on-off state drain current were systematically examined to analyze the interac-
tions between air molecules and the pentacene/polymeric gate insulator interface from the
viewpoint of interfacial charge. Furthermore, in order to examine the contact property in
air and vacuum, the total resistance of the TFT was also calculated from the linear region
of output characteristic curves.

Experimental

Pentacene TFTs with polymeric gate insulators were fabricated with a top contact and bot-
tom gate structure in this study. A 40-nm-thick Al gate electrode was thermally evaporated
onto a glass substrate through a shadow mask. The poly(methyl methacrylate) (PMMA) so-
lution (approximately 4.8 wt.% dissolved in anisole) was spin-coated on to the Al-patterned
substrate to form a gate insulator, and cured for 60 min at 120°C; the resulting thickness
was approximately 150 nm. Pentacene, the active layer, was then thermally evaporated
onto the PMMA layer to thicknesses of 20, 30, and 40 nm through different shadow masks.
The substrate was kept at room temperature, and the deposition rate was approximately
0.05 nm/s.

The fabrication of the top-contact pentacene TFT was completed by depositing 40-nm-
thick Au source (S) and drain (D) electrodes through another shadow mask. The channel
length (L) and width (W) were 200 um and 4000 pm, respectively. Subsequently, electri-
cal measurements of the fabricated transistors were performed by changing the ambient
condition from air to vacuum and back to air using an HP 4140B picoammeter/voltage
source.

Results and Discussion

Figure 1 shows the transfer characteristic curves of the pentacene TFTs with pentacene
thicknesses of 20, 30, and 40 nm. The transfer curves were obtained at a fixed drain voltage
(Vp) of —20 V, and the gate voltage (V) was swept from 15 V to —40 V and back to
15 Vin —0.5 V increments. The measurement was performed thrice for each device; by
changing the ambient condition of the devices from air to vacuum and back to air. Note
that successive measurements under different ambient conditions were carried out without
any time interval in order to minimize time-dependent variation. As shown in Figure 2, for
all devices, the off-state drain current (Ip) in vacuum dropped below the initial measured
current in air, and increased immediately after re-exposure to air. This indicates that air
molecules penetrate into the pentacene film and induce an increase in current, which might
also cause the slightly higher on-state drain current at high gate voltages. With regard to the
influence of pentacene thickness, the off-state drain current of the TFTs with 30 nm-thick
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Figure 1. Transfer characteristics (log [Ip| versus Vg plots, at Vp = —20V) of our pentacene TFTs

with active layer thicknesses of (a) 20 nm, (b) 30 nm and (c) 40 nm under different measuring
environments; 1st data in ambient air, 2nd data in vacuum, and 3rd data in ambient air.

pentacene layers immediately recovered to its initial air value, whereas that of the other
devices did not return to the initial value measured in air.

Figure 3 shows the variation in mobility due to the reversal of the gate voltage sweep
direction, for which the field-effect mobility was calculated in the saturation region and that
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Figure 2. Off-state drain current of our pentacene TFTs as a function of pentacene film thickness;
1st data in ambient air, 2nd data in vacuum, and 3rd data in ambient air.

obtained by sweeping the gate voltage from —40 V to 15 V was then divided by one obtained
by sweeping the gate voltage from 15 V to —40 V. Herein, after the first measurement,
those for the 20-, 30-, and 40-nm-thick pentacene devices were 0.30, 0.29, and 0.26 cm?/Vs,
respectively. In contrast to the vacuum case, the field-effect mobility was severely varied
by the gate voltage sweep in air. Unlike the TFTs with 20 nm- and 40 nm-thick pentacene
layers, the mobility variation in the TFT with the 30 nm-thick pentacene layer was promptly
restored to its initial value after re-exposure to ambient air. In addition, the initial mobility
variation in air of the TFT with the 40 nm-thick pentacene layer was more severe than that
of the other TFTs. However, the mobility variation in the case of the 30 nm-thick pentacene
layer became most severe, after re-exposure to ambient air. Throughout the measurements,
the mobility variation was least severe in the case of the 20 nm-thick pentacene layer.

The threshold voltage (V) shift was also analyzed upon the reversal of the gate voltage
sweep direction. Figure 5 presents the threshold voltage shift, which was obtained from a
plot of the square root of |Ip| versus Vi shown in Figure 4. In the air condition before and
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Figure 3. Mobility variation of our pentacene TFTs upon the reversal of the gate voltage sweep
direction as a function of pentacene film thickness; 1st data in ambient air, 2nd data in vacuum, and
3rd data in ambient air.
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Figure 4. Threshold voltage shift and fixed charge density of our pentacene TFTs as a function of
pentacene film thickness; 1st data in ambient air, 2nd data in vacuum, and 3rd data in ambient air.

after vacuum treatment, all devices exhibited a positive shift in threshold voltage, whereas
no considerable change in the threshold voltage was observed under the vacuum condition.
On the basis of the threshold voltage shift, the density of fixed charge generated at the
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Figure 5. Transfer characteristics (sqrt |Ip| versus Vg plots, at Vp = —20V) of our pentacene TFTs

with active layer thicknesses of (a) 20 nm, (b) 30 nm, and (c) 40 nm under different measuring
environments; 1st data in ambient air, 2nd data in vacuum, and 3rd data in ambient air.

pentacene/PMMA interface was calculated by using the following equation
Qi = AVr x C;

where C; is the dielectric capacitance of PMMA (approximately 17 nF/cm?, measured in
air). The case of the 20 nm-thick-pentacene layer consistently showed the lowest den-
sity of interfacial fixed charge. In the air condition, although the case of the 40 nm-thick
pentacene layer showed the highest density of interfacial fixed charge before vacuum
treatment, the fixed charge density of the case of the 30 nm-thick pentacene layer was
higher than that of the 40 nm case after breaking the vacuum. The generation of interfacial
fixed charge may be associated with polar molecules such as H,O, which penetrate the
pentacene film and result in a non-uniform polarization condition at the pentacene/PMMA
interface [12]. Note that polar molecules are known to act as charge-trap sites in organic
TFTs. The relatively slow recovery of the 40 nm case can be attributed to the self-passivation
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of the relatively thick pentacene film. The 20 nm case might be an exception because of
the relatively small amount of air molecules it contains. The fixed charge density of the
TFT with the 30 nm-thick pentacene layer increased after the vacuum treatment and ex-
ceeded its initial value measured in air, whereas the fixed charge densities in the cases
of the 20 nm- and 40nm-thick pentacene layers did not increase up to their initial val-
ues. Interestingly, such a unique behavior in the case of the 30 nm-thick-pentacene layer
was also observed in the results of the off-state drain current and the mobility variation.
Considering that the off-state drain current and mobility variation were obtained from the
transfer characteristics of the TFTs, the transition behaviors of the off-state current and
mobility may originate from the variation of interfacial fixed charge resulting from the
successive measurement under different ambient conditions. As shown in Figure 6, no-
ticeable clockwise hysteresis was observed under the air condition for all devices. The
clockwise hysteresis might be caused by the release of holes captured by polar H,O
molecules, which contributes to the current, as the gate voltage is swept in the reverse
direction [12]. This hysteresis behavior nearly disappeared when the devices were kept in
vacuum.

The output curves shown in Figure 7 were obtained at a fixed gate voltage of —10 V,
while the drain voltage was swept from 0 V to —50 V and back to 0 V in —0.5 V increments.
For all the devices, the magnitude of the drain current dramatically increased in vacuum.
The drain current did not recover to its initial value in the second measurement in air.
Rather, the re-exposure to air immediately caused the drain current to increase further. The
current increase is related to the relatively low density of defect states in the source and
drain contacts together with the enhanced dielectric capacitance caused by air molecules
[13]. Additionally, a reduction in drain saturation current occurred upon the reversal of the
gate voltage sweep direction after re-exposure to air. This is indicative of the presence of
polar air molecules in pentacene film, which could interrupt the flow of holes upon the
reversal of the drain voltage sweep direction.

In order to examine the charge injection property, parasitic resistance values (Rpyqsitic)
of the fabricated pentacene TFTs were extracted from the linear region of their output
curves by using the relationship of dVp/d1p [14]. Figure 8 presents the extracted parasitic
resistance which was multiplied with the channel width (W). For all devices, the parasitic
resistance was shown to be reduced after the TFT was kept in vacuum. This is indicative
of an enhancement in the contact property between Au source/drain electrodes and the
pentacene film, because the polarization of the gate insulator is fixed during the output
measurement, as the gate voltage is constant. Therefore, the dramatic increase in the drain
current in vacuum can be attributed to the reduction of the parasitic resistance in the
pentacene TFT. Note that the parasitic resistance is the sum of the contact resistance, bulk
resistance, and channel resistance of the TFT. Because the gate insulator/pentacene interface
is not significantly different in different devices, such a reduction in the parasitic resistance
is assumed to be related to the contact resistance reduction. This explanation is supported
by the measurement of transfer characteristics. In contrast to the output characteristics,
the transfer characteristics did not show a considerable current variation resulting from the
different ambient conditions.

The contact resistance variation was found to have a remarkable dependency on the
thickness of the pentacene film. As can be seen in Figure 8, the TFT with the 20 nm-
thick pentacene layer, showed the widest variation in parasitic resistance after it was kept
in vacuum. After re-exposure to air, the parasitic resistance decreased below the value
measured in vacuum for the 20 nm and 30nm cases. The reduction of parasitic resistance in
the 20 nm and 30 nm cases after re-exposure to air is assumed to be due to the air molecules
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Figure 6. Hysteresis behaviors (log |Ip| versus Vg plots, with Vg ranging from —5 V to —35 V)
of our pentacene TFTs with active layer thicknesses of (a) 20 nm, (b) 30 nm, and (c) 40 nm under
different measuring environments; 1st data in ambient air, 2nd data in vacuum, and 3rd data in ambient
air.

that penetrated the channel region, resulting in the enhancement of channel conductivity.
Note that the difference between the second data in vacuum and the third data in air tends
to attenuate for thicker pentacene films, and the diffusion of air molecules under the source
and drain contacts is known to be a relatively slow process [12].
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Figure 7. Output characteristics (Ip versus Vp plots, at Vg = —10 V) of our pentacene TFTs

with active layer thicknesses of (a) 20 nm, (b) 30 nm, and (c) 40 nm under different measuring
environments; 1st data in ambient air, 2nd data in vacuum, and 3rd data in ambient air.

Conclusion

We fabricated top-contact pentacene TFT's with a PMMA gate insulator. The pentacene films
were deposited through thermal evaporation. Measurements were performed by changing
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Figure 8. Parasitic resistance of our pentacene TFTs as a function of pentacene film thickness; 1st
data in ambient air, 2nd data in vacuum, and 3rd data in ambient air.

the ambient condition from air to vacuum and back to air. An analysis of transfer char-
acteristics from the viewpoint of fixed charge at the pentacene/PMMA insulator interface
suggests that the key performance parameters, field-effect mobility and threshold voltage
are varied by polar air molecules that penetrate the pentacene film, and the environmental
stability of the parameters have a dependency on pentacene film thickness. In particular,
after re-exposure to air, the parasitic resistance decreased below the value measured in
vacuum for the cases of the 20 nm and 30 nm-thick pentacene layers, in contrast to the
40 nm case. This suggests that a thick pentacene film passivates the TFT channel region
interrupting the penetration of air molecules.
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