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Abstract
We report a simple approach to fabricate an organic—inorganic hybrid gate insulator based n—
type thin—film transistor (TFT) on a plastic polyimide (PI) sheet at room temperature using
appropriate composition of commercially available polymers and block copolymer surfactant.
The composite materials film namely; polystyrene—block—poly (methylmethacrylate) (PS—b—
PMMA) is readily deposited as gate dielectric and zinc oxide (ZnO) as semiconductor layer.
This new dielectric materials film exhibits high surface energy, high air stability, very low
leakage current density and better dielectric constant as compared to their conventional
polymer dielectrics. This plastic ZnO-TFT combines the advantage of a high-mobility
transparent inorganic semiconductor with an ultrathin high—capacitance and low—leakage PS—
b—-PMMA composite gate dielectric. Fourier transform infrared (FT—IR) spectrum analysis is
used for PS-h-PMMA film to confirm the presence of functional component in this
composite materials film. The contact angle measurement for three test liquids (e.g., distilled
water, ethylene glycol and diiodomethane) reveals the composite dielectric materials film is
nearly hydrophobic and the calculated surface energy is 35.05 mJ m . The resulting, TFT
exhibits excellent operating characteristics at Vpg =10 V with drain—source current on/off
modulation ratio (Ioy/Iog) of 3.12x10° and carrier mobility of 2.48 cm? V! s7!. Moreover in
the bending mode and in normal environment, the device remained undistorted and shows the
better reliability and performance, while thickness of PS-b-PMMA is about 28 nm. The
results have suggested a new and easy following approach for achieving transparent and

functionally bendable optoelectronics devices.

Keywords: (flexible electronics, zinc oxide thin-film transistors, polymer gate dielectrics,

wide-bandgap semiconductor, block-copolymer)
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1. Introduction

Transistor is the most important invention of the 20" century and from the day of its invention
has spread out our daily lives as invaluable element in an innumerable of electronic products.
The future demand for next—generation mobile computing, communication and identification
devices is expected to increase markedly throughout the past decades and is expected to
continue to increase throughout coming of the century. For diverse multiple functionalities,
the electronics of ideal mobile devices must achieve light weight, low power consumption,
low operating voltages (powered by household batteries) and compatibility with various
substrates [1]. In addition the desired features of optical transparency, mechanical ruggedness,
environmental stability, eco—friendly and inexpensive room temperature (RT) as well large
arca fabrication must be matched to customers’ needs [2]. Silicon and other II/VI and III/V
compound semiconductors based TFTs exhibit necessary features such as high carrier
mobility and high breakdown field [3]. But these TFTs are limited by relating to high
temperature processing (>400 °C) and mechanical flexibility [2]. While amorphous silicon
TFTs have been fabricated on flexible plastic substrates at temperatures as low as < 150° C.,

reported carrier mobilities are modest in the range of 0.03—1.00 cm”* V' s

on inorganic
insulators and the material is optically opaque [4]. The transistors have scaled down in size
colloquially referred to as extending Moore's law [5S] Now the insulating dielectrics have
thinned to the point where charge build—up and crosstalk adversely affect the performance of
the device. It is this reduction in scale which drives the need for insulating materials need to
be replaced by the lower dielectric constant materials [6]. Whereas a low—k material is one
with a small value for dielectric constant relative to silicon dioxide (SiO;) a former choice of
the dielectric. Replacing the silicon dioxide with a low—k dielectric of the same thickness

reduces parasitic capacitance, enabling faster switching speeds and lower heat dissipation.

Apart from the above, low—k materials have been considered to decrease lower cross—talk
3
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noise, power dissipation, and, when incorporated in device systems, can dramatically decrease
resistance—capacitance (R—C) delays [7]. For now most of the low—k materials are organic and
polymer materials which provide low dielectric loss, positive effect to the hot carrier
degradation effect and low shift of the threshold—voltage caused by mobile charges, low
leakage current, low power consumption. Recently, various polymers like polyvinyl chloride
(PVC), polymethyl methacrylate (PMMA), polystyrene (PS), polyethylene (PE),
polytetrafluoroethylene (PTFE) or Teflon, poly vinylidene fluoride (PVDF), polypropylene
(PP), fluorinated polyimide (PI) and many others have been considered as a gate insulator
materials to be used into electronic devices [8]. These polymer materials are compatible with
substrate flexibility and substantially thinner and lighter in weight. Although these polymer
dielectrics have their various advantages but still shows some poor sides. Most of the native
polymer materials are organic material so the thermal stability is a big problem and not able to
match the performance with former dielectrics. In particular, to achieve uniform pinhole—
defects free polymer thin film by solution processes is not easy. The solution processed
polymer thin films suffer by pinhole—defects when the thickness is less than 100 nm. [8d, 9]
Although several groups have achieved pinhole—defects free films using cross—linked
polymers or polymer blends.

The need for low power dissipation storage systems with high energy density could
lead to the advancement of polymer composite systems that combine the processability and
breakdown field strength of the polymer with the high dielectric constant [10]. The key points
of increasing the composite’s effective dielectric constant and the role of the interface
(organic—inorganic) with semiconductor layer is very important in order to makes it very
appealing to introduce them into transistor devices. Which generally possess dielectric
constants more than their native polymers. Moreover, the significant advance in the field of
organic and polymer dielectrics meet all the aforementioned requirements have proved elusive

and probably require a new direction in choice of materials and processing strategies.
4
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Expectantly, it will result in the development of the necessary implementation for tuning
device properties on a nanoscopic level. Likewise, various concerns persist relating to choice
of dielectric material and corresponding fabrication technique, such concerns as can relate to
choice and incorporation of any one particular semiconductor material. Such complexities and
competing issues illustrate an on—going concern in the art. The search continues for a
comprehensive approach to TFT fabrication, one available at low process temperatures and/or
compatible with flexible plastic substrates. Several studies have recently probed the influence
of ZnO as semiconducting transparent and position on the properties of transparent
optoelectronic devices [11]. It was noted that the ZnO have unique properties like wide band—
gap (3.4 eV, 1I-VI group) and stable wurtzite structure with lattice parameter (@ = 0.325 nm, ¢
= 0.521 nm) [12]. In addition to controlling factors such as solubility and therefore ease of
processing, can strongly influence the electronic properties of the ZnO while dispersed on
polymer surface to be used into electronic and optoelectronic devices.

To address such limitations, in present study, we introduce a simple and easy to
follow solution—processed approach which realized the high—quality bendable ZnO-TFT
using polymer composite materials film (PS-b-PMMA) as a gate dielectric from
straightforward polymer/copolymer precursors. Additionally, we varied the nature of the
substrate, the molecular weight of the PS and PMMA biopolymer and the morphological
behavior of these films. This was investigated by AFM, FT-IR, surface energy and insulator
characteristics into MIM structured devices. It was observed from the results that polymer
composite PS-h—PMMA film of the P123 copolymer compartment enhances the thin—film
stability further to be used into ZnO-TFT application. Moreover, we showed here that this
composite dielectric layer is uniform, pinhole defects free surface and electrically functioned
over large area plastic PI substrate. This also compatible with both bottom and top contact
device geometries, could be used to fabricate flexible electronic devices, and the deposition

approach is applicable to diverse gate and semiconductor materials. The strategic aim of this
5
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work is to explore the potential of the fabrication of composite materials from the block—

copolymer thin films on flexible substrate to use in current electronics devices.

2. Results and discussion

2.1 PS-h—PMMA film surface roughness and FT-IR Analysis

Common materials used in this work and their schematic representation of molecular structure
of PS, PMMA and copolymer P123 precursors mixed into toluene are shown in Scheme 1.
Sol-gel solution was employed for fabricating the polymer PS-56—PMMA composite thin film
on a flexible PI substrate using the spin—coating process for device applications are also
shown in scheme 1. Further, to evaluate the nature of the PS-6-PMMA film surface, the
AFM data was observed to provide the important information about the surface roughness and
further characterizations to use into device application. For the AFM image with a scan size
of 2 um X 2 um, as shown in Figure 1(a), a sample was prepared using a spin—coating process
coated onto flexible Au/Cr/PI substrate and cured at 100 °C. The morphology of the film
shows the uniformity and crack free surface was observed on flexible PI substrate. The
average root—mean square (rms) roughness evaluated from the AFM image of the PS—b—
PMMA was approximately 0.84 nm. In the case, the possible reason for the better surface
roughness in the PS-h—PMMA film, this could be due to the presence of P123 functions as a
uniform structure—directing agent [7]. In a ternary system, the P123 block copolymer makes
easy the deposition of a uniform film through organic—organic cooperative assembly.
Moreover, the presence of surfactant plays an important role in the morphology of solution
grown polymer composite film. For example, adding block copolymer as a surfactant during
the growth of thin film directly affects the aspects ratio of the resulting film. The thickness of
the film was measured both to an ellipsometery techniques and 2-D AFM image cross section
line analyses. The average gate dielectric PS-b—PMMA film thickness was 14 nm, which

analyzed by an ellipsometery techniques. We further confirm the thickness by 2-D AFM
6
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image cross section line analyses as shown in inset of Figure 1(a), which is close to 14 nm.
The 2-D as well as 3-D AFM images on PI substrate are shown and the corrspoding line
alalyses is also shown to confirm the film thickness. We put a very thin sellotape to cover the
substrate and after deposition of the film, we removed the sellotape. Then the subsequent scan
the small part of the surface with a scanning-probe AFM and height profile through the cross-
section line. The thickness was extracted from the cross-section profile by calculating the
height difference of the higher and lower areas. We refer the method of thickness
measurement with a AFM section line analyses given by C. Uziim et. al. [13]

The FT-IR spectroscopy was used to examine the functional groups of composite PS—
b—PMMA composite thin film surface. The spectra for the PS-h—PMMA film deposited with
an organic additive thin film shows a sharper spectral curve, which indicates that the film
have a less disordered structure as shown in Figure 1(b). The peaks at 1726 and 1153 cm ' in
all the blends represents the C=0 and —OCH3 stretching of PMMA. The peaks at 1600 and
698 cm™" in all the blends represents the C—C stretching and ring deformation of PS. The two
peaks at 2929 and 3030 cm ' are due to the methylene group in PS. The bands between 2877
and 2960 cm ' are believed to be due to CH;, CH,, and CH stretching, which can be detected
from the P123 copolymer, whereas the sharp peak at 1170 cm ™' for the C—O—C bending mode
likely resulted from the P123. It is difficult to determine the origin of the 1720, 1735, and
1780 cm™' peaks, which appeared from C—O group of the organic PI surface. A thorough
analysis of IR spectra of these blends show that decrease in transmittance of carbonyl and
methoxyl stretching with an increase of PS content and increase in transmittance of these
peaks with an increase of PMMA content. These data clearly indicates the formation polymer
blends. The IR spectrum of our PS-/—PMMA composite thin film coating over PI substrate is
more consistent for PS and P123 and PMMA separately over silicon for the functional group,
which reported previously [14]. From the FT—IR spectrum, it can be concluded that toluene as

well other organic impurities were successfully removed when the sample was baked at
7
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100 °C. These data clearly indicates the formation of polymer PS—b—PMMA blends which
can be further used in device application. Finally, we concluded from the results that the
sample consisted of PS, P123, PMMA and a trace amount of contaminating carbon; no other

impurities.

2.2 Water contact angle test for the PS->—PMMA film
The total surface energy is another decisive scale parameter that affects the pattern formation
of polymeric film on a plastic substrate. Surface free energy of the PS-b—PMMA film surface
was calculated using the contact angles for three test liquids e.g. distilled water, ethylene
glycol and diiodomethane. Since distilled water (DW), ethylene glycol (EG), and
diiodomethane (DM) have different level of polarity. The contact angles of these liquids on
the PS-0-PMMA layer were directly measured with the drop profile at the point of contact
with the surface to estimate the surface free energy variation of these three different polar
level liquids to the film. Figure 2 (a—c) shows the contact angles for DW, EG and DM
measured on PS—-b—-PMMA surface on flexible PI substrate were 82.8°, 101.4°, and 79.2°
respectively. This measurement technique is based on the Young—Dupre equation, as
formulated by vanOss ef al. [15] which expresses the condition for equilibrium at a solid—
liquid interface. To calculate the surface energy we design a simplified model as shown in
Figure 2 (d) to describe the interfacial tension between the liquid (L) and the polymeric film
surface (S).

The surface free energy was evaluated using vanOss and Good’s three—liquid test
method in together with the Lifshitz—Vander Walls (LW) and Lewis acid—base (AB) theories

[16], and the detailed energy contributions from the polymeric apolar and polar terms can be
extracted individually. The total surface energy y, can be calculated from the combination of

these three factors by using equation
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e A T e e v

AB
K

where y'" is the Lifshitz—van der Walls component (apolar), 7/ is the Lewis acid-base
component (polar), y;” is the Lewis acid and y_ is the Lewis base component. Further, the

values of ¥, y* and y. were calculated from egs. (2), (3) and (4) after measuring the

liquid—solid contact angle () for these three characterizing liquids

o 50.8(1+cosf,,, ) 2)
‘ 4

M+1.92 —N+J25.5 y? 3)
V25.511.92 —/47+/25.5

(r))=(

MA47 - NAJ25.5 ) 4)
V474255 -25.541.92

(rs)=(

where M and N are defined as
19.76 +36.4cos 8, —16.64cosb,,, =M

6.21+25.4cos0,; —19.19cos8,,, = N

For the PS-h—-PMMA composite film, the contact angles of DW, EG, and DM were 82.8°,

101.4°, and 79.2° respectively. Hence the calculated values of the surface energies y/" ,

y.and y_ by solving eqns. (2-4) were 17.91 mlJ m?, 2.26 mJ m > and 32.51 mJ m?,

respectively. Thus, the total surface energy using eqn. (1) for the PS-b—PMMA composite
film was 35.05 mJ m 2 The results showed that the PS—~b—PMMA composite film has low
value for the Lifshitz—Vander Walls (17.91 mJ m_z) and Lewis electron donor (32.51 mJ m_z).

The surface free energy of the PS—-h—-PMMA film is composed of a high dispersive
9
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component and a low polar component. The composite film surface shows hydrophobic
surface, but the P123 is a surfactant which contains a lot of —OH group and it is a hydrophilic
material. As a result, removing the P123 causing the film has lower surface energy. In
addition, in ZnO-TFT, the surface of the dielectric layer is important for effective
performance because it allows for a conducting channel in the interface between the dielectric

layer and the semiconductors.

2.3 Leakage current and capacitance tests of the PS-5—PMMA film into MIM capacitor
device

Leakage current is a very important parameter to evaluate the dielectric behavior of the PS—b—
PMMA film. For low—voltage operated electronic devices, leakage current should be low for
improving switching speed of transistors and reduced the energy consumption. We measured
leakage current by fabricate a MIM structured device by applying voltage to the PS—b—
PMMA/Au/Cr contact to the bottom PI substrate and the Al top electrode (Inset: Figure 3 (a)).
As shown in Figure 3(a), the leakage current density for the PS—-5~PMMA was measured of
7.46x10"° A cm™. The result shows the dielectric performance of our sol—gel spin—coated
polymeric PS-b—-PMMA composite film is comparable to other various polymer as well as
high—k dielectrics [17]. This result is an average and based on the measurement of 20 devices
on PI substrate for PS-h—PMMA gate dielectric.

Further, we investigate the capacitance for our composite thin film to calculate the
dielectric constant (k) value. Figure 3(b) shows the capacitance-voltage (C-V) measurement of
the PS->—PMMA film in MIM capacitor device. The good capacitance (5.40 fF) was
achieved at low frequency (100 KHz).We calculated the k—value of the PS-h—-PMMA film

using the following equation [18]

10
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C
Z: O;OI' k:— (5)

Where £ is the dielectric constant of the dielectric layer, &, ~ 8.85 x 107" F m ™' and is the

permittivity of vacuum, 4 is the area of the capacitor (2.0 umz), and ¢ is the thickness of the
PS—-b—PMMA film (14 nm). The calculated k—value of the PS—-b—PMMA film was 4.2 at high
frequency (100 kHz). We have pointed out from this result that the dielectric constant of PS-
b-PMAA at 100 kHz was high than its original k—value between 2-2.7. We have then
measured the capacitance (3.2 fF) at low frequency (1k Hz) as shown in inset of Figure 3(b),
and the calculated dielectric constant is 2.5. This value is lies between its original dielectric
constant. We have some discussion over this variation in dielectric constants. Since, the
dielectric constant of any given material varies with temperature, and for polymers a rapid
increase begins near their glass transition temperature. Dielectric constants also vary as a
function of frequency, and this aspect will be important when we look at high frequency
designs. Ideally, the dielectric constant should be constant with regard to frequency,
temperature, voltage, and time. However, each polarization mechanism has a characteristic
relaxation frequency. Therefore, k values of most of the materials show a dependence on the
frequency because slower mechanisms fail to respond and contribute to the dielectric storage
when the frequency becomes large [19]. Moreover, polystyrene is non-polar and PMMA is
polar, thus at high frequency due to polarization mechanism effect of PMMA work and this
increase the dielectric constant of our film. It is also explained by D. Wei that the materials
heterogeneity of a microphase-separated copolymer has an associated spatial variation in the
dielectric constant [20]. We can drawn some conclusion here from these results that the
leakage current density and the dielectric strength of the PS-h)—PMMA thin film are much
better than those of the commonly used solution—processable polymer gate insulators. The

obtained results indicate that the PS—->—PMMA polymeric composite film as dielectric is a
11
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potential candidate to replace SiO; or other polymeric intermetal dielectric materials and that

it could be an ideal alternative for flexible devices.

2.4 Reliability and air-stability test for the PS-—PMMA composite dielectric film

In order to realize the reliability and the stability of the PS—-A—PMMA composite dielectric
film, we measured electrical properties for the waiting period of time in air. The integrated
MIM device on a PI cleaned Petridish at room temperature exposure to atmosphere and using
four—point probe system, the leakage current densities were measured from day 1 to weeks 4
to check the device functionally working or damaged for this long duration of time. The
results are shown in Figure 4 (a—d) for leakage current density measurements from day 1 to
weeks 4 for the PS-h—PMMA film as gate dielectric layer. In the beginning of the stability
test, the leakage current density of the newly made MIM capacitor was of 8.05x10'° A cm™.
The leakage current density gradually increases to higher value after the waiting period for
week 1 to 4. But after 2 weeks, the MIM capacitor device still shows a promising dielectric
property, the leakage current density was about 7.73x10~ A cm . Further, after 4 weeks or
more the device properties go down to very high leakage current density i.e., 5.74x10° A cm™
2, At this moment, the device properties hardly considered as an ideal device functioned well
worth to be further use into transistor application. We conclude that the composite dielectric
material deposit on a PI substrate showed good time stability. This result emphasized the
importance of these tests in future to open up the way to further modification to be used for
the long stability of time.

We have found the PS-b-PMMA composite film has high leakage current after 4
weeks. Because of the direct exposition of the device to air envirenment could be the cause of
long-term stability of polymer based devices are affected by oxidative decomposition in air.
In addition, the film at low thickness could suffers by deep-level defects due to long term

exposion in air. If deep-level defects possibly touch each other and form a contact line but
12
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otherwise still can grow in all other directions, then the material of the contact line is drained.
By this process two deep-level defects merge and form a single one and that is expected
reason of high leakage current after 4 weeks. Although PS—-h—PMMA is an organic composite
materials film and oxidation in air might be expected, the device characteristics were
essentially unchanged after 1 month; longer term stability has not been investigated. Further,
we took double layer (thickness 28 nm) J-V measurement for PS-»—PMMA film and the
device properties were found very stable and leakage current not even further changed while
we put the sample in air-ambient condition for more than 1 month. The J-V results in air-

ambient condition from day 1 to weeks 4 are shown in supplementary information Figure S1.

2.5 Performance of TFT with PS-h—PMMA as gate dielectric as ZnO as channel layer

To investigate the potential of the PS-b—PMMA film as a gate dielectric and ZnO was used as
a semiconductor channel layer for TFT on a plastic PI substrate with the sample photographic
image is shown in Figure 5 (a) and the device geometry shown in Figure 5(b). Figure 1(c)
show representative transfer characteristics (Ips—Vgs), at Vps =10 V, of our ZnO—TFT with
the PS-h—-PMMA film as a gate dielectric, respectively. As gate voltage increased, the
increased drain current showed a good fit to the square relation in the saturation drain current

equation [21];

— /usat CIW

2L (VGS - Vth )2 (6)

DS
where Ip, 1s drain current in the saturation regime; W/L is the width to length ratio; u,, is
mobility in the saturation regime; C; is dielectric capacitance per unit area, Vs is gate voltage;
and V7, is threshold voltage, which is estimated of 2.6 V. The highest saturation—region field—
effect mobility obtained was about 2.48 cm” V™' s, which compared to maximum mobilities

of 1 cm® V™' s for a-Si:H TFTs as well more or less with the saturation—-region field—effect
13
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mobility of TFTs reported by other groups [22]. The Output characteristics of PS-b—-PMMA
as gate dielectric with ZnO as semiconductor were measured at 0—10 V with step of 2 V as
shown in Figure 5 (d). Which showed the drain current saturated at a very low voltage,
showing effective pinch off behavior. Our results suggest that deposition of the composite
ternary system interlayer could be a simple and efficient surface—treatment of polymeric gate
insulators for high—performance ZnO—TFTs.

We have also characterized the hysteresis, threshold voltage (V};), on/off current ratio
(Ion/Iofr) and subthreshold slope (SS) for our PS-p—PMMA dielectric based ZnO-TFT. Figure
6 (a) shows the hysteresis in the transfer characteristics. The hysteresis (e.g., voltage shift
(AV) between forward and reverse sweep) is related to charge (electron) trapping within the
dielectric layer. The data showed almost negligible hysteresis (AV~0.12V) for PS-h—-PMMA
film, suggesting a decrease in charge trapping for PS-b-PMMA-ZnO interface. The negligible
hysteresis could be due to low thickness of PS-h—PMMA gate dielectric film. But there is an
obvious trend of hysteresis as a function of the gate dielectric is observed. It can be attributed
to the PS-h—PMMA layer, which fails to attain the charge injection from the gate electrode to
the dielectric-semiconductor interface. When a negative sweep is applied to the gate electrode,
then electrons are easily injected into the gate dielectric. Occurring at the same time, holes in
the semiconductor layer are easily retained in the hole-traps. This verifies the hysteresis
reduction effect of the composite (or hybrid) gate dielectric for wide range of channel lengths.
Further, we have deducted V;,, and S by using Figures 6 (b & c) respectively.

The threshold voltage (V};) is estimated by the extrapolation of the linear portion of the
transfer characteristic graph to the Vg axis as shown in Figure 6 (b). The estimated value of
Vi, from this graph is 2.6 V. Further, to analyze the subthreshold behavior of the device, the
switch-on voltage (V;,) and inverse subthreshold slope (SS, V dec'l) are studied. The V,, is

defined as the gate voltage where the current starts to increase in the semi-logarithmic /ps-Vgs

14
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plot. The SS-value is calculated about 1.12 V dec™ from the graph shown in Figure 6 (c) using

the relation [23];

-1

S5 = &(log 1 s) (7)
oV s

The result obtained here, 1.12 V/decade, is larger than that typically observed for a-Si:H
devices, but it is considerable enough to allow plastic ZnO-TFT use in many applications. In
addition, we have also estimated the I,,/Io¢ current ratio for ZnO-TFT device by using Figure
6 (¢). The estimated I,n/Iof current ratio is 3. 12x10° at Vps=10 V. These device parameters for
our organic composite dielectric and ZnO semiconductor based TFT device are comparable to

results typically obtained for a-Si:H based TFT devices.

2.6 Environment—stability and bendability test for ZnO-TFT

For practical applications, bending test in tensile as well compressive mode and environment—
stability test of our flexible TFT is a matter of concern due to oxygen and moisture trapping
charge in degradation of the device properties. The environment—stability test of the ZnO
based TFT on PS—Hp—PMMA dielectric, was monitored by measuring their mobility, and
on/off current ratio as a function of time from day 1 to week 4 as shown in Figures 7. The
ZnO-TFT performance on PS-H)—PMMA dielectric exhibited good ambient stability on a
flexible PI substrate. However, after exposure in the air for more than 4 week, the ZnO-TFT
on the PS—b—PMMA dielectric exhibited slight changes in mobility from 2.48 cm® V™' ™' to
1.76 cm* V™' s, and on—off current ratio from 3.12x10° to 8.40x10*. This change could be
considered due to the changes in relative humidity for organic dielectric materials in the

ambient condition, which has also been reported for other organic dielectric materials [24].

15
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All measurements reported here were made in room air with no precautions taken to prevent
degradation of the TFT device. Although our organic composite materials film is a fairly
sensitive material and oxidation in air might be expected, the device characteristics were
essentially changed for low thickness of PS—A—PMAA after 1 month and no longer has term
stability been investigated. Since, ambient air stability is very important for current organic
materials based electronic devices, thus we tried passivation layer (double layer of PS—b—
PMMA with thickness about 28 nm) to get long term stability in TFT device characteristics.
Then, no appreciable changes in the transfer characteristics were observed for ZnO-TFT
measured in air and stored under ambient conditions for one month (Supplementary
Information, Figure S2). We have added these double layers PS—-5—-PMMA based ZnO-TFT
results of mobility and on/off current ratio changes shown in inset of Figure 7 to compare
with single layer PS-—PMMA based ZnO-TFT performance for day 1 to 4 weeks. Finally, it
can be concluded from these results that the interface between polymer composite materials
film as a gate dielectric layer and inorganic materials film as semiconductor layer is good and

stable combination for future cheap plastic electronics.

3. Conclusion

We have demonstrated here the composition of appropriate commercially available polymers
and surfactant cross—linking agents affords robust, smooth, adherent, high surface energy,
pinhole free, ultrathin (e.g., 14 nm) film showed low leakage current and good capacitance as
a composite dielectric materials. The PS-h—PMMA film was readily deposited from sol-gel
solution, which adheres strongly on a flexible PI substrate and compatible with ZnO
semiconductor to be used into TFT application. The resulting ZnO-TFT and complementary
MIM capacitor devices function at unprecedentedly low operating voltages for a polymer—
based gate dielectric for single layer (14 nm thick) showed short term stability and for double

layer (28 nm thick) showed get long term stability. In this condition device performed
16
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functionally well even after waiting period of more than a month in air-ambient condistion
intogether bending the sample in compressive and tensile mode. These results clearly shows
that implementing the polymer ternary dielectric system using solution—processing

methodologies offers low voltage, low power operation to be used into electronic applications.

Experimental Section

Reagents and Materials: Polyimide: DuPont " Kapton® polyimide tape (abbreviated as PI) 38
um in thickness a polymer of imide monomers was used a flexible substrate to characterize
the surface and electrical properties of the PS->—PMMA composite thin—film. The thermal
stability of Kapton PI tape is excellent and allows processing temperature in excess of nearly
400 °C. Ethanol (C,H5OH), 95% solution purchase from Sigma Aldrich and used as solvent
and cleanser. Deionized (DI) and distilled water: The water used was purified with filters,
reverse osmosis, and de ionized system until the resistance was more than 18 MQ. cm . DI
water was used to clean, wash, and be a solvent. Pluronic® P123 Block Copolymer
Surfactant: Pluronic P123 triblock copolymer,
HO(CH,;CH;0),o(CH,CH(CHj3)0)70(CH,CH,O),0H, (abbreviated as P123 or EO,0PO7EOy,
MW = 5800, BASF Corporation), In general, water—soluble triblock copolymers of
poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO), as often denoted PEO—PPO-
PEO, are commercially available nonionic macromolecular surface active agents. Primary
hydroxyl groups a nonionic surfactant that is 100% active and relatively nontoxic. Polystyrene
(PS): ((CsHg)n, Mw = 54 000, Aldrich), Poly(methyl methacrylate) (PMMA): ((C50,Hg),, Mw
= 54 000, Aldrich) is a strong and lightweight material. PMMA ignites at 460 °C (860 °F)
and burns, forming carbon dioxide, water, carbon monoxide and low—molecular—weight
compounds, including formaldehyde. Toluene (C¢HsCHj, Tedia Co. Inc.) was used as a
solvent. The 50 nm thick ZnO layers were deposited at room temperature by radio-frequency

(RF) magnetron sputtering with different Ar and O, mixed gas ratios (pure Ar flow, Ar:0, =
17
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3:1, and 2:1). Chromium (Cr) shots, 99.999%, ADMAT Inc., Size: 3—5 mm, Aluminum (Al)
shots, 99.999%, ADMAT Inc., Size: 3—5 mm, Gold (Au) shots, 98.999%, ADMAT Inc., Size:
1-2 mm. The Cr, Al and Au films to be used as an electrode were deposited over PI substrate
by a thermal coater evaporation system which Cr, Al and Au shots and tungsten boat were
used during deposition process. All of the reagents and precursors were used without the
further purification. Note that all of the experiments were performed in air or in a standard
fume hood.

Precursor Preparation of the PS—-b—PMMA layer solution: In a typical synthesis experiment,
PMMA (0.15 g) and PS (0.05 g) was added to a mixture of P123 (1.0 g) into toluene (15 mL)
under static conditions. The reaction mixture is then stirred for 12 h using a magnetic stirrer at
room temperature. After PMMA and PS were completely dissolved into toluene, the solution
was used to prepare the PS-)—PMMA composite thin film. The mixed solution was then
applied by spin—coating onto a flexible PI substrate in two steps (2000 rpm 20 s and 3000 rpm
30 s). First, the PI pasted onto glass substrate is immersed into the mixed solution for 5—10 s
and then withdrawn. Second, the substrate was cured in a vacuum oven at 100 °C for 10 min.
Then, further surface characterizations and applications in electronic devices (MIM and TFT)
were investigated.

Fabrication of the MIM and ZnO-TFT devices: DuPont Kapton plastic PI substrate with a
thickness of 38 um was used as the flexible substrate for fabricating the MIM and ZnO-TFT
devices. The PI substrate was ultrasonically cleaned using ethanol (Fluka; water content: <
0.1%) for 30 min and then rinsed with DI water. A high—pressure stream of N, gas was then
used to remove the water and any remaining particles from the PI surface. After being cleaned,
the PI substrate was annealed at 200 °C for 1 h under vacuum to achieve relative thermal
stability and to enhance the adhesion strength. Next, Cr (20 nm thick) and Au (80 nm thick)
were sequentially deposited onto the PI substrate using a thermal coater. Au was deposited as

a gate electrode over the Cr layer on the PI substrate. The PS—-h—PMMA film, which
18
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functioned as the dielectric layer, was deposited using spin—coating and then cured it in a
vacuum oven at 100 °C for 5 min. At the end of the experiments, Al films with a thickness of
300 nm were pattered as the top electrode using a shadow mask and a thermal coater. The
electrical insulating properties of the PS—-5~PMMA composite film have been optimized for
MIM device on the PI substrate, which makes them suitable candidates for use as a stable
intermetal dielectric in advanced flexible electronic devices. Further for ZnO-TFT device
fabrication, Cr and Au, which had thickness of 20 nm and 80 nm, respectively, were
sequentially deposited through a shadow mask using a thermal coater to function as gate
electrodes. Then, PS-b—PMMA film was deposited using the solution spin—coating process as
described in the previous section to function as an insulator layer. ZnO film was then
deposited on the PS-h—PMMA/Au/Ct/PI substrate by RF magnetron sputtering as a channel
layer with the substrate temperature maintained at room temperature. Finally, source (S) and
drain (D) Au electrodes with a thickness of 100 nm were deposited which yielded the top—
contact electrode ZnO-TFT. The channel length (L) and width (W) were 70 and 1500 pm,
respectively.

The PS-b—PMMA thin—film characterizations and device performance analysis: The
surface morphology of the PS—-h—-PMMA film that coated on a PI substrate was evaluated
using atomic force microscopy (AFM, Digital Instruments Nanoscope, D—5000) with a scan
size of 2 pm x 2 um and a scan rate of 1 Hz. Two methods were used to determine the film
thickness. We used ellipsometery techniques and 2-D AFM image cross section line analyses
to measure the thickness of the thin film. The FT-IR spectrum was recorded with the samples
in KBr pellets (2 mg per 300 mg KBr) on an FT-IR spectrometer (model 580, Perkin—Elmer)
with a resolution of 4.00 cm™'. An infrared spectrum was recorded in the range of 500—4000
cm ' to determine the functional groups in the molecular structure. The FT-IR measurement
was performed at room temperature. The water contact angle on the film surface was

measured using a commercial contact angle meter. Distilled water, ethylene glycol and
19



RSC Advances

diiodomethane were used as the test liquids during the contact angle experiment to calculate
the surface energy. The contact angles were measured using a FTA program after the drop
made contact with the film surface during testing of the flexible PI substrate. The leakage
currents and capacitances in the MIM structured device with the composite film were
measured using an Agilent—4156 probe station and an HP—4284A capacitance—voltage
analyzer, respectively. The output and transfer characteristics of the OTFT were measured

using an Agilent—4156 probe station under ambient conditions.
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Scheme 1. Common materials used in this work with their molecular structures, and the
representation of the copolymer P123, PS and PMMA precursors mixed in toluene in
fabrication steps for fabricating the polymer PS—-5—PMMA composite film on a flexible PI

substrate using the spin—coating process for characterizations and device applications.
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(b) Finger print of PMMA

/

Mean roughness =0.84 nm

Methlyene group of PS
C=C ring from PS

Transmittance(100%)

N C-0-C from P123

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm'1)

Figure 1. (a) AFM image of PS-b—PMMA film (Inset: 2-D AFM image on PI substrate of the
scratch and height profile through the cross-section line for thickness measurement), and (b)

FT-IR spectrum of the PS-b—PMMA composite film a flexible PI substrate.
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Figure 2. (a—) The contact angles for water, ethylene glycol, and diiodomethane measured
on PS—-5—PMMA surface on flexible PI substrate, and (d) a schematic representation of
geometric parameters for determining interfacial energy and the contact angle of a liquid

droplet wetted to a solid film surface.
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Figure 5. (a) Photograph of the ZnO—TFT devices on a 5 cm x 5 cm area on flexible PI
substrate, (b) Schematic representation of the ZnO—TFT device that features PS->—PMMA as
a gate dielectric and ZnO as a semiconductor layer, (c) transfer characteristic (Ips—Vgs), when

Vps=10V, (d) output characteristic (/ps—Vps), where Vs ranges from 0 to 10.0 at 2 V step.
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Figure 7. The performance changes in terms of mobility and on/off current ratio of
PS—b—PMMA film as gate dielctric and ZnO as semiconductor and while the ZnO—TFT
device was bended in tensile and compressive mode (Inset: bended graphic sample images)
exposed in the ambient condition for day 1 to week 4 under bending test. (Insets: their
correspoinding characteristics for double layer PS-b—PMMA film under similar bending

mode and exposed in the ambient condition upto 4 weeks.)
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TEXT

Low-temperature process PS-»—PMMA composite film as gate dielectric deposited over flexible
polyimide substrate, which exhibits high surface energy, high air stability, very low leakage
current density and better dielectric constant as compared to their conventional polymer

dielectrics to use further in plastic ZnO-TFT applications.
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