JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL. 23, NO. 1, FEBRUARY, 2023

https://doi.org/10.5573/JSTS.2023.23.1.1

ISSN(Print)  1598-1657
ISSN(Online) 2233-4866

Development of Organic Thin-film Transistors on a
Biocompatible Parylene-C Substrate

KyungMin Kim®, Sookyeong Kim', Ah-Hyun Hong, Yoojeong Ko, Hyowon Jang,
Hyeok Kim, and Dong-Wook Park”

Abstract—Organic thin-film transistors (OTFTs)
fabricated on a biocompatible Parylene-C substrate
can be applied to biosensors using a simple and cost-
In this

biocompatible OTFTs by using organic materials to

effective process. study, we developed
fabricate the substrate, gate dielectric, channel, and
passivation layer. Poly(3-hexylthiophene) (P3HT) was
used to fabricate the OTFTs on a Parylene-C-based
platform. As the gate dielectric, Parylene-C showed
promising insulation properties. Finally, we generated
a cyclic olefin polymer (COP) passivation layer to
protect P3HT from oxygen and moisture, and the
effect of the COP passivation layer on the P3HT
channel was analyzed. The proposed materials and
fabrication methods will be useful for various bio-
applications of OTFTs.

Index Terms—P3HT, Parylene-C, biocompatible,
organic thin-film transistor, cyclic olefin polymer

I. INTRODUCTION

With the development of organic thin-film transistors
(OTFTs), researchers are now actively investigating
various organic materials for fabricating the substrate,
channel, gate dielectric, and passivation layer of OTFTs
[1]. OTFTs are relatively easy to fabricate and
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inexpensive devices, which are compatible with the
complementary metal-oxide-semiconductor fabrication
process. Some organic materials exhibit good electrical
and physical properties such as low leakage currents,
high dielectric constants, transparency, and flexibility [2].
In particular, Parylene-C is widely used because of its
simple coating method, high chemical resistance,
biocompatibility, transparency and flexibility [3-5]. In
this study, we developed biocompatible OTFTs on a
Parylene-C substrate and gate dielectric layer using
poly(3-hexylthiophene) (P3HT), which has a relatively
high electron mobility. When P3HT is exposed to
moisture and oxygen, the off current increases, whereas
the on/off ratio (I,,/I,¢) decreases, resulting in unstable
properties. In a humid environment, the moisture (water
molecules) is adsorbed on the P3HT surface and
increases the charge carrier density because of the
relatively large dipole momentum of the adsorbed water
molecules. In addition, upon exposure to oxygen, the
oxygen molecules infiltrate the P3HT thin film and
generate reversible P3HT-oxygen adducts. These adducts
can trap photogenerated electrons and form charge
transfer complexes, which induce p-doping in the
polymer. This phenomenon increases the on and off
currents, especially the off current, and as a result, the
on/off ratio decreases [6-12]. Therefore, it is important to
prevent the P3HT layer from exposure to oxygen and
moisture. In this study, we formed a cyclic olefin
polymer (COP) passivation layer to achieve this goal.
The COP has many advantages such as easy patterning,
flexibility, and high water resistance, and for these
reasons, it was chosen as the passivation layer. In
addition, the effect of the COP passivation layer on the
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P3HT channel was also analyzed by comparing the
OTFTs with and without the COP passivation. The
transfer and output curves of the fabricated OTFTs were

measured and analyzed for performance verification.

II. FABRICATION

Fig. 1(a) and (b) show the schematic and device
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Fig. 1. P3HT OTFTs: (a) Schematic of a long-channel P3HT
OTFT array; (b) device structure of the P3HT OTFTs; (c)
microscopy image of the P3HT OTFTs.

structure of a P3HT channel bottom-gated OTFT
fabricated on a Parylene-C substrate. First, we formed a
10-pm-thick Parylene-C thin film on a 4-inch Si wafer by
chemical vapor deposition. The gate metal was patterned
using the image reversal method with AZ5214E as a
negative photoresist (PR). The soft and post exposure
bake temperatures were 95 °C and 115 °C, respectively.
The gate metal, Ti, and Au were deposited using an
electron-beam (e-beam) evaporator at room temperature
and patterned using the lift-off process. For the gate
dielectric layer, a 300-nm-thick Parylene-C thin film was
deposited. Because Parylene-C requires an etching
process to open the contact pad, we prepared a PR etch
mask for opening the contact pad and etched the
Parylene-C gate dielectric by reactive ion etching. The
source and drain metal patterns were formed by the same
method as that used for the gate-metal pattern. Before the
channel formation, O, plasma treatment was performed
to improve the adhesion between the gate dielectric
surface and P3HT. Then, we formed a PR pattern for the
P3HT lift-off. For the channel formation, a P3HT
dispersion was synthesized by the following method:
First, we dissolved P3HT in monochloro-benzene via
heating at 70 °C for 30 min. Then, we filtered this
solution using a polytetrafluoroethylene filter and applied
the filtered solution to the wafer. The solution was spin-
coated to form a thin film, cured at 90 °C for 30 min, and
finally, slowly cooled to room temperature. Because
P3HT is vulnerable to oxygen and moisture, performance
degradation may occur under atmospheric conditions.
Therefore, we performed the dispersion synthesis and
deposition in an N, glove box. Finally, a passivation
layer was formed by spin-coating the COP; the spin-
coating was performed inside the glove box to prevent
degradation of P3HT, and resulting COP passivation
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Fig. 2. Fabrication process of the P3HT OTFTs.
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layer was finally patterned by photolithography. After
forming the COP passivation layer and etching the
Parylene-C substrate, we expect the device to undergo

minimal damage in a water bath [13].

III. RESULTS AND DISCUSSION

The characterization of the fabricated P3HT OTFT
was performed using a probe station and Keithley 4200
semiconductor parameter analyzer. We measured the
device parameters under different conditions. The
transfer curves of the P3HT device were measured with a
Vs sweep from -80 V to -80 V. The output curves were
measured with a ¥ sweep from 0 V to 80 V and Vg
sweep from -10 V to -50 V [14, 15]. All the

measurements were conducted in air.
1. P3HT OTFTs without COP Passivation

For a higher [/l ratio with a secured bandgap, an
OTFT with a P3HT channel was fabricated and
characterized. Further, we compared the P3HT OTFTs
with and without the COP passivation layer to examine
the channel passivation effect. Fig. 3(a) and (b) show the
transfer and output curves of the P3HT OTFT device
without any passivation layer. The device exhibits P-type
characteristics and functions as a depletion-mode
transistor (i.e., normally turned on at V5= 0). As evident
from Fig. 4(a), Vy, = 7.8 V, the subthreshold swing (SS) is
33.3 V/decade, and the average leakage current is 89.1
nA. At Vps = 30 V, the calculated Ipggn, Ipsor, and
Ips.on/Ipsorr Tatio are 11.2 pA, 188 nA, and 5.97 X 10,
respectively. The extracted parameters of the P3HT OTFT

without COP passivation are summarized in Table 1.
2. P3HT OTFTs with COP Passivation

Fig. 4(a) and (b) depict the transfer and output curves
of the P3HT OTEFT containing a COP passivation layer.
Fig. 5(a) shows that V', = 18.5 V, SS = 10 V/decade, and
the average leakage current is 49.2 nA for the COP-
passivated P3HT OTFT. Further, for this device, we
obtain Ipg o, = 4.26 PA, Ipser = 3.14 nA, and Ipg on/Ips ofe
= 1.36 X 10°. The extracted parameters of the COP-
passivated P3HT OTFT are summarized in Table 2.

These results indicate that the Parylene-C gate
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Fig. 3. P3HT OTFT without COP passivation: (a) Transfer
curves; (b) output curves.

Table 1. Parameters of P3HT OTFT without COP passivation
Threshold Voltage (Vi) 78+347V
Drain on current (Ips on) 1.12 X 10°£334 X 10°A
1.88 X 107+9.7 X 10°A
597 X 10+1.85
33.3 +5.4 V/decade
891 X 10%+2 X 10°A
1.9 X 102+7 X 107 cm*Vs

Drain off current (Ips ofr)

On/Off ratio (Ipsen/Ins,ofr)

Subthreshold Swing (SS)
Average leakage current (Igs)

Mobility

dielectric layer can successfully function as a gate
dielectric, and the Parylene-C layer is not damaged
during the device fabrication, such as upon exposure to
UV light [16, 17]. Further, the formation of a stable
P3HT channel on the Parylene-C gate dielectric layer
was verified. A comparison between the performances of
the devices with and without the COP passivation
revealed that the COP-passivated transistor showed a
better performance than its counterpart (no COP
passivation). In addition, the output and transfer curves
of the COP-passivated P3HT OTFTs showed a more

stable and flat saturation region compared to that
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Fig. 4. P3HT OTFT with COP passivation: (a) Transfer curves;
(b) output curves.

Table 2. Parameters of P3HT OTFT with COP passivation
Threshold Voltage (Vi)

Drain on current (Ipson)

74+56V
426 x 10°£2.51 X 10°A
3.14 X 10°+1.45 X 10°A
1.36 X 10*%7.8 X 102
10 + 3.27 V/decade
492 % 10%+£4.59 X 10°A
55 X 10%£3.8 X 107 cm¥/Vs

Drain off current \(Ips o)

On/Off ratio (Ips on/Ins.of)

Subthreshold Swing (SS)
Average leakage current (Igs)

Mobility

observed in the case of the transistor without COP
passivation.

Specifically, the Ing o/Ips i ratio increased from 5.97
X 10 to 1.36 X 10°, as the off current of the P3HT
OTFTs without COP passivation increased. Further, the
on current of the P3HT OTFTs without COP passivation
showed a slight increase. However, this increment is
negligible in comparison to the decrease in the off
current and is thus insufficient to increase the
Ipg,on/Ipg,off ratio. Because all the measurements were

conducted in air, the P3HT layer without the COP was
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Fig. 5. Leakage current of the P3HT OTFT containing a 300-
nm-thick Parylene-C gate dielectric layer.

severely damaged by oxygen and moisture. Moreover,
the SS decreased from 33.3 V/decade to 10 V/decade.
These results indicate that the characteristics of the COP-
passivated and without COP devices were similar to
those of the devices analyzed in vacuum and air,
respectively [10].

These results indicate that the device fabrication and
COP passivation processes do not damage the P3HT
channel and gate dielectric layers. In addition, the
observed improvement in the device performance upon
COP passivation implies that the deterioration of the
P3HT channel can be effectively prevented by COP
passivation.

Although the COP passivation layer improved the
performance of Parylene-C OTFTs, the mobility of
device is still lower than the commonly known value
(approximately 0.1 cm? V s). However, it is expected
that it can be improved by process optimization through
future research.

Fig. 6 presents the leakage current of the P3HT OTFTs
with a 300-nm-thick Parylene-C gate dielectric layer. As
shown in Fig. 3(a), 4(a) and 5, even when a high voltage
from -80 to 80 V is applied to the gate, the increase in the
leakage current is minor compared to that in the drain
current. Tus, it is evident that the 300-nm Parylene-C
exhibits
performance for Vg in the range from -80 to 80 V.

gate dielectric layer a good insulation

IV. CONCLUSION

In this study, P3HT OTFTs were fabricated on a
biocompatible Parylene-C substrate, and the device
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performance was characterized. It was confirmed that the
P3HT channel functions well on the Parylene-C-based
OTFTs. The organic materials used in this study can be
readily applied to other TFTs, especially those used in
flexible devices. In addition, we verified that the COP
passivation layer can protect the channel layer from
oxygen- and moisture-induced damages. We anticipate
that Parylene-C and COP-based TFTs will be used in
diverse applications in various fields such as biosensor
technology.
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