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We demonstrate a high noise margin and highly flexible enhancement inverter based on the organic-
inorganic hybrid insulator. Organic insulators generally show high leakage current and inorganic insulators
are brittle. In this work, hybrid insulator was used in pentacene-based organic thin film transistors (OTFTs)
to overcome the limitations of each single type of insulator. We report highly flexible OTFTs with reduced
threshold voltage and negligible hysteresis using a poly(methyl methacrylate)/silicon nitride hybrid insula-
tor. Using the optimized hybrid insulator, we also demonstrate an enhancement inverter which shows high
noise margin with noise margin low of 2.2 V, a noise margin high of 14.1 V and gain of 2.1.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Exponential growth of flexible electronics technology has allowed
people to imagine a large number of innovative products such as
electronic paper, wearable displays, radio frequency identification,
and disposable medical diagnostic system [1-3]. For this reason,
many researchers are studying the device physics of the organic thin
film transistor (OTFT), circuit design and synthesizing new organic
materials to improve electrical and mechanical performance and
reliability [4-6].

A number of novel organic materials have been developed for
use as conductor and semiconductor [7]. However, none of the
materials has reported a remarkable performance as an insulator.
Inorganic materials are brittle and therefore show less flexibility.
In contrast, despite their outstanding performance for mechanical
bending, organic materials have other limitations such as high leak-
age current, material instability and low dielectric constant [8,9].
These limitations lead to a high threshold voltage with small noise
margins resulting in high power consumption. As most wearable and
diagnosis devices adopt a wireless system with a passive type (no
battery) power supply [10], organic insulators are not suitable for
portable flexible electronics [11]. Therefore, power consumption is
an important issue to be resolved.
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For these reasons, in this paper, we adopted poly (methyl
methacrylate) (PMMA) on silicon nitride (Si3N4) as an organic-
inorganic stacked hybrid insulator. PMMA is a promising candidate
for flexible electronics as it shows negligible hysteresis and excellent
electrical performance with a pentacene semiconductor, owing to its
hydrophobicity and the presence of carbonyl group in the chemical
structure [12-14]. Also, Si3Ny is a preferred material for hybrid insu-
lator because of its high dielectric constant, carbon free structure and
stability. In addition, it is a commonly used material in the display
industry.

The aim of this work is to show the advantages of stacked hybrid
insulator in terms of the mechanical and electrical properties, clearly.
At first, we evaluated the limitation of organic insulator for the leak-
age current depending on thickness. Later, we optimized the hybrid
insulator by varying its thickness. And the mechanical bending and
electrical properties of the hybrid insulator were investigated and
compared with single type of insulator. Finally, we demonstrate a
p-type enhancement inverter using the hybrid insulator and com-
pare its performance with that of an inverter using single type of
organic insulator.

2. Experiment

The bottom gate/top contact structured OTFTs were fabricated
with single type of organic and inorganic insulators or hybrid type
of organic-inorganic stacked insulator. Fig. 1 shows a schematic of
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Fig. 1. Schematic of organic TFT using PMMA/Si3Ny4 hybrid insulator.

the OTFT with hybrid insulator on polyethersulfone (PES) plastic
substrate. A 100 nm thick aluminum gate electrode was deposited
through the shadow mask by thermal evaporation. A Si3N4 layer
for inorganic insulator was then deposited by plasma enhanced
chemical vapor deposition process at a maximum temperature of
<200 °C. We used ammonia (NHs)-free process condition for SizN4
layer due to the low processing temperature and hydrogen con-
centration. We only used silane and nitrogen gases (gas flow ratio:
1:20) without hydrogen or NH3 gases at a radio frequency power of
1230 W. PMMA (Sigma, 4 wt.% in toluene) for organic insulator was
spin-coated and cured in a conventional oven at 100 °C for 30 min.
A pentacene active layer was patterned through the shadow mask
by thermal evaporation at a rate of 0.1 A/s to a thickness of 70 nm.
During pentacene deposition, the substrate temperature was fixed at
85 °C. The source and drain electrodes, a 100 nm thick Au layer, were
deposited through the shadow mask by thermal evaporation. The
electrical measurements were carried out using HP 4145B at room
temperature in ambient air.

10° N
0 N
10 !'
107 | m =
E <Optical image> Breakdown
— 10°F
-« o F
—m 10° r
O 0 F
- 10 | High leakage current
' F
10" 3
. - —&— PMMA (200 nm)
0 r —e— PMMA (75 nm)
10-13 [ 1 i 1 " 1 n 1 i 1
0 10 20 30 40
- VGS [V]

Fig. 2. Gate leakage current of OTFT based on PMMA insulator of 200nm (black) and
75nm (red).

3. Result and discussion
3.1. Limitations of organic insulator

We investigated the gate leakage current of OTFTs with single
type of PMMA insulator to show the limitation of organic insulator.
Fig. 2 shows the analysis of gate leakage current with different thick-
ness of PMMA insulator (200 and 75 nm). As shown in the inset of
Fig. 2, we fabricated the OTFT with length and width of 100 pm and
1000 pm, respectively. Generally, poor step-coverage is one of crit-
ical problems of solution-based organic insulator which creates the
thin insulator on wall of gate electrode. The solution-based organic
insulator shows the limitations such as high gate leakage current and
low breakdown voltage by poor step-coverage as shown in Fig. 2.
Therefore, organic insulator should be sufficiently thick to prevent
the gate leakage current. However, low dielectric constant of organic
materials of thick thickness occurs high threshold voltage which
limit its use as an insulator in flexible devices.

3.2. Optimization of hybrid insulator

To overcome the limitations of PMMA insulator, we demonstrate
a hybrid insulator that incorporates PMMA on SizN4. Fig. 3 (a) and
(b) shows the transfer characteristics of OTFTs with hybrid insulator
according to insulator thickness. First, we optimized the thickness
of PMMA on the Si3N,4 layer (200 nm), as shown in Fig. 3 (a). The
threshold voltage shifted towards positive from —25 to —10 V with
the decreasing PMMA thickness. In contrast, the mobility increased
slightly due to the smooth surface of insulator. Use of a PMMA layer of

(@ —+— PMMA 25 nm
»— PMMA 50 nm
3k —=— PMMA 100 nm
I o— PMMA 150 nm
< @ Si;N,: 200 nm(fixed)
2 ot
_—
w
a
o
e
@ Vps:-20V
0F
1 1 1 1 1 1 1
-40 <30 <20 -10 0 10 20
Vs V]
(b) —— SiJN‘ 50 nm
gl *—Si N, 100 nm
- —h— Si3N4 200 nm
-"< 6L v—Si )N, 300 nm
= @ PMMA: 25 nm(fixed)
%

V1

1 1 1 1 " 1 1 1

-40 =30 -20 -10 0 10 20

VCS [V]

Fig. 3. Transfer characteristic of hybrid insulator-based OTFT with a length of
100 um and width of 1000 pm for (a) PMMA and (b) Si3N4 thickness optimization.
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Fig. 4. (a) Output, (b) transfer and (c) hysteresis characteristics of OTFT with the
optimized hybrid insulator. The optimized thickness is PMMA and Si3N4 of 25 nm and
7 nm, respectively.

<25 nm thickness reduced the device performance. Based on these
results, the PMMA thickness was fixed at 20 nm. Next, we optimized
the Si3Ny thickness using a 25 nm PMMA layer. Fig. 3 (b) shows the
transfer characteristics of OTFT with a hybrid insulator according to
SizN,4 thickness. The hybrid insulator with 50 nm thick SizN4 and
25 nm thick PMMA showed the best performance. A SisN4 layer
of <50 nm thickness degraded easily at high voltages. In hybrid
configuration, a 50 nm Si3N4 layer blocks the gate leakage current.
Based on these results, we finalized the hybrid insulator to have
PMMA and Si3N4 layers of 25 nm and 50 nm thickness, respectively.

3.3. Electrical characteristics of the OTFT using hybrid insulator

We investigated the electrical properties of the OTFT with opti-
mized hybrid insulator. For electrical analysis, we measured the
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Fig. 5. Comparison of the mechanical bending characteristics of single insulator
(black) of PMMA (75 nm) and hybrid insulator (red) of PMMA/Si3N4 (25 nm/50 nm)
from 5 mm to 2 mm using leakage current analysis of MIM structured device as shown
in inset.

output, transfer and hysteresis characteristics of the OTFT and capac-
itance of metal-insulator-metal (MIM) structured capacitor to deter-
mine the insulating performance.The dielectric constants of PMMA,
SizN4 and PMMA on Si3N4 insulators are calculated 2.8, 7.0 and 5.2
based on measured capacitance.Fig. 4 shows the output and transfer
characteristics of the OTFT with hybrid insulator. As shown in Fig. 4
(b), a negligible gate leakage current exists in the OTFT. The electrical
property such as a mobility of the OTFT can be extracted from the
transfer characteristics with the following equation:

p-W-Cox

Ipssat) = 5L (Vg — Vr)? (1)

The on/off ratio, threshold voltage and mobility were 2.89 x 107,
—4.6V and 0.23 cm?/V-s, respectively. Also, we investigated the
hysteresis of the hybrid insulator as shown in the Fig. 4 (c). The
maximum difference in gate voltage (V¢s) for a constant current
in the forward and reverse scans was designated as the amount
of hysteresis (Vy). In our results, the OTFT with hybrid insulator
showed a negligible hysteresis behavior of j1 V. The solution-based
PMMA fills the Si3Ny4 interface avoiding any trap site. Moreover, the
hydrophilic surface of Si3zN4 was covered by the hydrophobic surface
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Fig. 6. Comparison of the gate leakage current with single insulator of PMMA and
Si3Ny4 and hybrid insulator of PMMA/Si3Ny.
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Fig. 7. (a) Comparison of the transfer characteristics with various insulators. (b) AFM images of 70 nm thick pentacene films deposited on SizN,4 inorganic insulator and

PMMA/Si3N4 hybrid insulator.

of PMMA, which is suitable for pentacene deposition. Therefore, an
insignificant amount of trap state in the PMMA creates V.

3.4. Advantages of the hybrid insulator

3.4.1. Flexibility

To investigate the mechanical bending performance of the OTFT,
a MIM structure was fabricated on a PES plastic substrate of 250
um thickness. We measured the leakage current of the MIM struc-
ture with respect to the bending radius of the device, as shown in
Fig. 5. The leakage current was normalized to reduce other noise
factors. When a mechanical force is applied at the edge to bend the
device, tensile and compressive pressure occur on the top and bot-
tom sides of the insulator, respectively. Fig. 5 shows the mechanical
bending performance of the hybrid insulator. The leakage current
of an single Si3N4 layer increased at a bending radius of less than
5 mm. The inorganic insulator such as Si3N4 layer alone cannot
induce tensile strength due to its brittleness. Therefore, even a small
crack increased the leakage current and further bending to a radius
smaller than 2 mm extended the crack [15]. Finally, the device breaks
down due to capillary cracking following bending to a radius of less
than 2 mm. In contrast, the hybrid insulator showed stable leak-
age current without breakdown until bending to a radius of 2 mm.
The solution processing of PMMA prevented capillary cracking of the
SizNy4 layer, thereby increasing the mechanical stability of the OTFT.

3.4.2. Low gate leakage current

As shown in Fig. 6, the gate leakage current of the PMMA/Si3N4
hybrid insulator is compared with single type of PMMA and SizN4
insulators. The thickness of each insulator were equally fixed to
75 nm. The PMMA insulator shows high leakage current. On the
other hand, the hybrid insulator and SizN4 single insulator shows
low leakage current. The 50 nm thick SizN4 of hybrid insulator can
sufficiently block the gate leakage current.

Table 1
Electrical analysis for OTFTs.
SisNg PMMA Hybrid
insulator insulator insulator
Mobility [cm?/V-s] 8.9x107° 0.20 0.23
Threshold voltage [V] -22.7 -10.2 -49
On/off ratio 2.20 x 10? 1.50 x 107 2.89 x 107
Breaking bending radius [mm] 5 <2 <2
Maximum gate leakage current [A]  2.52x 106  1.50 x 107 8.9 x 10~10

3.4.3. Interface compatibility for pentacene growth

We fabricated and compared the electrical performance of OTFTs
with single and hybrid type of insulators. The OTFTs were designed
with length and width of 100 um and 1000 pum, respectively. Fig. 7
(a) shows the electrical characteristics of each device with single
and hybrid insulators. The Fig. 7 (a) shows the comparison of trans-
fer characteristics and its properties are summarized in Table 1. We
measured the atomic-force microscopy (AFM) image of pentacene
on the inorganic insulator and hybrid insulator using XE-100 from
Park Systems with non-contact mode as shown in Fig. 7 (b). Com-
pared with inorganic insulator, hybrid insulator induced large size of
pentacene grain and improved the mobility to 0.23 cm?/V-s. In addi-
tion, hybrid insulator-based OTFT showed a lower threshold voltage
than the single organic insulator-based OTFT with similar mobility
and on/off ratio.

3.4.4. High noise margin

To demonstrate the feasibility of the flexible and low voltage
operable OTFT with hybrid insulator, we used it in the fabrication of
an enhancement inverter and measured its electrical performance.
The enhancement inverter has a load transistor (TR; ) and drive tran-
sistor (TRp) as shown in the inset of Fig. 8 (a). The enhancement
inverter was designed with TR; of 100 um/600 um (length/width)
and TRp of 100 pm/6000 pm. Fig. 8 (a) shows the static voltage trans-
fer characteristics of an enhancement inverter with hybrid insulator
compared with those of the PMMA-based single insulator device.
The SizN4-based single type inverter without surface treatment was
excepted this evaluation due to their lower performance. Table 2
shows the summary of each inverter’s characteristic in terms of
gain, Voy, Vor, Vig, Vi, noise margin high(NMy), and noise margin
low(NM,). The noise margin can be calculated from the following
equations:

NMy = Vo — Viy (2)

NM, = Vi = VoL (3)

A higher Vpoy was obtained because of the lower threshold volt-
age of hybrid insulator in TR;. Therefore, the hybrid insulator induced
a low voltage drop at the TR;. Finally, compared to the single insu-
lator type inverter, the PMMA/Si3N,4 hybrid insulator-based inverter
showed a considerably high NMy as shown in Fig. 8 (b).
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Fig. 8. Comparison of the (a) static voltage transfer characteristics and (b) analysis of static-noise-margin of the enhancement inverter for the two types of insulator.

Table 2
Summary of static voltage transfer characteristics.

Type of insulator  Single insulator Hybrid insulator

Gain 2.0 2.1

Vi [V] -4.0 1.6
Vi [V] -16.1 -12.5
Vor [V] -1.6 -0.6
Vou [V] -23.2 -26.6
NM, [V] 24 2.2
NMy [V] 7.1 14.1

4. Conclusion

A high-performance and flexible OTFT-based on pentacene
with an organic-inorganic hybrid insulator was demonstrated. The
PMMA/Si3N4-based device showed a lower threshold voltage with
negligible hysteresis. The device showed no leakage current even
after being bent to a radius of 2 mm. Furthermore, the enhance-
ment inverter fabricated using hybrid insulator could be driven with
a higher noise margin than a single insulator-based inverter of iden-
tical design. Based on these results, a low voltage operated hybrid
insulator has several advantages such as low static power due to
lower current leakage, and small size due to its higher noise margin
and bending property.
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