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Abstract

Ceramic-polymer nanocomposite dielectric consisting of an epoxy solution with Propylene
Glycol Methyl Ether Acetate as the solvent and Barium Titanate nanoparticles with capacitance
in excess of 60 pF/mm” was developed and utilized as the gate insulator for organic field effect
transistors (OFETs). The high relative permittivity (k = 35), bimodal nanocomposite utilized had
two different filler particle sizes 200 nm and 1000 nm diameter particles. Bottom gate organic
filed effect transistors were demonstrated using a commercially available printing technology for
material deposition. A metal coated plastic film was used as the flexible gate substrate. Solution
processable, p-type arylamine based amorphous organic semiconductor was utilized as the active
layer. Fabricated OFETs with the solution processed nanocomposite dielectric had a high field-
induced current and a low threshold voltage; these results suggest that the low operating voltage
was due to the high capacitance gate insulator. In this paper, we review the characteristics of the
nanocomposite dielectric material and discuss the processing and performance of the printed

organic devices.



Introduction

Organic circuits with a performance suitable for certain applications have been demonstrated
during the past few years. These applications include flat-panel displays, low-end smart cards,
electronic identification tags as well as sensing devices [1-5]. The driving force for developing
organic electronics is the fact that they are flexible, lightweight, and the prospect of low cost
manufacturing. Due to the fact that polymers cannot withstand high processing temperature, one
has to use low processing temperature techniques. The low processing temperature feature of
the integrated circuits based on organic field effect transistors (OFETs) provides the opportunity
for low cost processing [6].

Despite the significant progress in optimizing the performance of OFETs, the reported
operational voltage of these devices is often too high causing their integration in low cost,
disposable electronic products to be rather difficult. In order to be implemented as a viable
technology, OFETs must offer a substantial performance advantage compared with the current
technology. From the performance point of view, the most important parameters are charge
carrier mobility, on/off current ratio and the operational voltage range. Up to now, the highest
mobility values, superior to amorphous silicon (a:Si), have been obtained for pentacene-based
OFETs with sufficiently high on/off ratios [7]. However, the operating voltages required to
produce such performances were un-practically high, around 100 V. The reason for that was
shown to be the mobility dependence on the accumulated charge in the OFET channel. Since this
charge is proportional to both the dielectric constant and the gate voltage, it has been suggested
that the use of high dielectric constant materials will allow the necessary charge to accumulate at
much lower voltages [8]. High gate capacitance is a desirable parameter for OFETs, because it

allows a higher charge density to be induced at lower voltages and it increases drive capability.



The capacitance can be increased by using a thinner dielectric or by using a high permittivity
insulator material. High permittivity inorganic materials such as barium titanate and barium
strontium titanate were used to reduce operating and threshold voltages [9]. Increased
capacitance means that the semiconductor may operate in a different regime, with significantly
higher density of carriers in the channel and/or reduced field acting perpendicular to the
direction of transport. Increasing the gate capacitance enables trap states responsible for a
threshold voltage to be filled at a much lower gate voltage, and further carrier accumulation will
therefore result in free carrier flow.

We report the use of solution processed high k barium titanate (BaTiOs, denoted as BTO from
now on) nanocomposite as dielectric material for low operating voltage printed OFETs.
Polymeric OFET insulators (e.g. Poly (methylmethacrylate) [10]. Benzocyclobutene [11], Poly-
4-vinylphenol [12], and Polyvinyl alcohol [13], etc), which are solution processable, have to be
fairly thick to avoid pin-holes and their dielectric constants k are rather low. These gate
insulators produce low gate capacitance and consequently, high device operational voltage
exceeding 30 V. Metal oxides (HfO2 [14], Gd203 [15], Al203 [16], Ta2Os [17], etc.), have a
higher dielectric constant than polymers, but their sputtering process is rather expensive which
significantly increases the device’s manufacturing cost. Additionally, the high processing
temperature required for metal oxides is not compatible with the flexible polymeric substrates
used in most printed electronics applications. SiO2 has often been used as an OFET insulator,
but more for the reason of availability rather than performance, as SiO2 does not display much
higher capacitance than polymers (x ~ 3.9). Self assembly technology was used to deposit top
gate dielectric layer formed with SiO2 nanoparticles [18]. Self assembly was also utilized to

modify an SiO2 thin layer for use in an OFET that used evaporated Pentacene organic



semiconductor [19]. Recently, high « titanium dioxide nanoparticles [20] have been used to
formulate nanocomposite gate insulators with higher field-induced current than that of
conventional devices due the increased insulator dielectric constant. Titanium dioxide has been
used as an inorganic oxide core of a polymer shell nanocomposite high « dielectric for OFETs
[21].

In this work, bottom gate OFETSs were fabricated on a flexible metal coated plastic substrate with
the BTO/epoxy nanocomposite as the gate insulator. As active material we have used a solution
processed polytriarylamine (PTAA) based_organic semiconducting material that was spray
coated over the metal electrodes and the gate insulator. BTO nanocomposite dielectric
properties were investigated. High relative permittivity (k = 35) was obtained with the 60 v%
bimodal BTO nanoparticle loading in the dry film. The fabricated OFETs with the

nanocomposite dielectric layer had a high field-induced current with a low threshold voltage.

Experimental Details

Bottom gate OFETs were fabricated using a metal coated plastic film as the substrate and gate
electrode as shown in Figure 1. A specialty bimodal nanocomposite was formulated by
Huntsman Advanced Materials for our evaluation. A two-part epoxy solution (Probelec® 81,
Huntsman, Switzerland) with propylene glycol methyl ether acetate as the solvent was utilized as
the polymer matrix [22]. To insure homogeneous dispersion of the BTO particles in the polymer
matrix, a non-ionic fluorosurfactant of the polyalky ether type 116 (CHEMGURAD S-222N)
was used as BTO particle surfactant. The curing agent used in this study was an anhydride cross-
linking agent (1-Methoxy-2-Propanol, LMB 7228) form Huntsman Advanced Materials.[22] The

barium titanate ceramic filler consisted of two different particle sizes: 200 nm and 1000 nm



diameter at a particle distribution ratio of 1:3 by weight [22]. In bulk BTO ceramics, grain size
has a strong effect on the dielectric constant at room temperature for the grain size below
approximately 10 um [23]. Dielectric constant increases with decreasing grain sizes up to a
maximum at approximately 1000 nm. Below this size, dielectric constant sharply decreases
again, in conjunction with the reduction of tertragonality and of remanent polarization. Crystal
structure of BTO powder changes with its size. According to Uchino [24], at room temperature,
tetragonality decreases as BTO powder size decreases slowly down to about 300 nm. Below this
size it sharply decreases again, and at approximately 100 nm it disappears, which means cubic or
pseudocubic structure with very low dielectric constant. Having the selected two different
particle sizes (200 and 1000 nm) enhances the BTO particle surface coverage in the cured film
and results in a higher nanocomposite dielectric constant. Previous studies by Cho [25] had
indicated that a higher dielectric constant is achieved with a bimodal nanocomposite compared
to a unimodal one with the same particle loading. Our dielectric characterization results agreed
with this finding. We formulated unimodal (200 nm BTO particles only and 1000 nm BTO
particles only) and bimodal nanocomposites (200 and 1000 nm BTO particles) at the same
loading level of 60v%. The BTO/Epoxy nanocomposite gate dielectric was roller coated at a
rate of 30 inches per minute using a 2 inch diameter stainless steel rod. Cured nanocomposite
dielectric film thickness was about 9 um as determined using an optical profilometer (WYKO
Systems) and 5 um thick pad printed metal electrodes were used for both the sources and drain.
The channel width and length were 1000 um and 150 um, respectively. Approximately 200 nm
thick PTAA amorphous organic semiconductor was spray coated on top of the source and drain.

PTAA polymers are p-type materials, only hole transient is observed. The bulk mobility of the



PTAA polymer is approximately 10~ cm*/V.s The OFET fabrication process was done under
ambient condition.

Nanocomposite dielectric cure profile was determined using Differential Scanning Calorimeter
(DSC) model 2200 from TA Instruments. The surface morphology of the BTO/Epoxy
nanocomposite was examined using both optical microscopy as well as Scanning Electron
Microscopy (SEM). To determine the dielectric properties of the nanocomposite film, parallel
plate capacitors were fabricated using the same substrate and electrode metals. The fabricated
capacitors had a 5 pm dielectric thickness as measured using an optical profilometer.
Capacitance measurements were done using an HP 8753C Network Analyzer from 100 Hz to
100 KHz. The electrical characterization of the printed OFETs was done using a Keithly 2400

Source meter while devices were held under vacuum in a dark chamber.

Results and Discussion

Figure 2 shows the DSC results of 60 v% filler BTO/Epoxy nanocomposite. After curing, the
glass transition temperature (Tg) was measured using DSC under modulated mode. The cure
reaction stars at about 65°C and the curing peak appeared at approximately 85°C. The Tg. of
the nanocomposite is around 70°C . To ensure complete curing, the nanocomposite was cured at
150°C for 1 hour in a ventilated oven. The curing behavior displayed makes the nanocomposite
suitable as a printed insulator on flexible organic substrates.

It must be noted, however, that the permittivity is not the only parameter for the optimal material
choice, as the dielectric is also required to have high dielectric breakdown, yield a uniform and
defect- and pinhole-free film, and be deposited from an orthogonal solvent to the semiconductor.

Analysis of the morphology of the nanocomposite of layers is therefore important for overall



performance, and this can be achieved using several methods such as SEM and optical surface
analysis. BTO particle surface coverage was quite uniform as can be seen from the SEM image
of the cured dielectric shown in Figure 3. The dielectric curing process is partially responsible
for the minimal particle agglomeration seen in the SEM image. Having two different particle
sizes enhances the BTO particle surface coverage in the cured film and results in a higher
nanocomposite dielectric constant. A significant advantage of the bimodal nanocomposite is the
considerable minimization of nano-particle agglomeration as compared to a unimodal

nanocomposite. Significant particle agglomeration was detected when unimodal nanocomposites

of 200 nm BTO and 1000 nm BTO particles were used which resulted in a very high surface
roughness. This high surface roughness made it prohibitive to process thin subsequent layers.
Optical inspection of the surface of bimodal and unimodal nanocomposite surfaces revealed a
significantly smoother bimodal nanocomposite surface. The BTO/Epoxy nanocomposite
dielectric had a breakdown voltage of 23 KV/mm at 1000 Hz.

Dielectric characterization of the nanocomposite dielectric was done through the fabrication of
parallel plate capacitors. A Trans Tech SEALCUP 60, all-mechanical, cam-operated bench
model pad printing machine with a hermetically sealed ink cup was used to print the BTO
nanocomposite dielectric as well as the top silver electrode layer. A metal coated plastic film
was used as the flexible bottom electrode substrate. The fabricated capacitors had a 5 um
dielectric thickness as measured using an optical profilometer. Capacitance measurement was
done using an HP 8753C Network Analyzer from 100 Hz to 100 KHz, and is shown in Figure 4.
Bimodal nanocomposite capacitance density was determined to be 62 pF/mm” with a dielectric
loss tangent (tan¢d ) of only 3% at 30 KHz. Dielectric constant value was calculated from the

capacitance C data using the equation:



C=¢gye A/t

where, € is dielectric constant of the free space (8.85 x 107 F/m), A is the area of the electrical
conductor plate, t is the thickness of the insulating layer, and ¢, is the dielectric constant of the
insulator layer. The nanocomposite dielectric constant (k) was calculated to be 35.

Optical profiling (white light interferometry) using a WYKO NT8000 system (Veeco
Instruments Inc) was used to determine the nanocomposite thickness and surface roughness.
Optical profiling is a standard technique for accurately assessing step heights and other surface
topography. Utilizing the Enhanced Vertical Scanning Interferometry mode of the WYKO
NT8000 optical profilometer, the printed nanocomposite dielectric thickness in the OFET
devices was about 9 um as seen in the 2-D Plot in Figure 5. A comparison of the dielectric
properties of the bimodal nanocomposite with the unimodal nanocomposite is illustrated using
the capacitance frequency data shown in Figure 6. The bimodal nanocomposite displays higher
capacitance than both unimodal nanocomposites at the same particle loading of 60 v%._This is a
combined result of the highest dielectric constant at ~ 1000 nm, higher packing with the bimodal
nanocomposite, high surface to volume ratio, and of significant tertragonality and remanent
polarization. [22, 24]

Printed OFETs were electrically characterized using a Keithly 2400 source meter while the
devices were held under vacuum in a dark chamber. Figure 7 shows the drain-source current (Ip)
verses gate-source voltage (V) of printed OFETs with a BTO/Epoxy nanocomposite gate
insulator at a drain-source voltage (Vp) of -40 V. The device transfer characteristics shown are

for a device that had a channel width (W) of 1000 um and a channel length (L) of 150 pm.



The high current output obtained is due in part to the high capacitance nanocomposite gate
insulator. Further reducing the insulator thickness can lead to even higher current values. The
mobility was extracted from the slope of (Ip)"? verses (V) (Fig. 8) in the saturated region of the
transfer curve where the source-drain current (Ip) is independent of the source-drain voltage (Vp)
and approximately follows the equation:
o] =W C (Vo= Vi)' /2 L)

where C is the capacitance per unit area of the nanocomposite insulator, W is the channel width,
L is the channel length, Vy, is the threshold voltage, and p is the field-effect mobility. The key to
low-voltage operation is the reduction of the threshold voltage and the subthreshold slope. The
field-effect charge mobility was a 1.2 x 107* cm?/V.s and the on/off ratio was in the range of 10°.
The threshold voltage was only 4 V. The on/off ratio and threshold voltage represent significant
improvement over data reported by Zielke et al.[26]. We believe the use of a bimodal
nanocomposite that has lower surface roughness and higher capacitance compared to a unimodal
nanocomposite play a major role in achieving improved performance. Note that the maximum

mobility of the used PTAA semiconductor is 3 x 10 ¢m?/V.s in an optimized device.

Conclusions

In summary, we have demonstrated the potential of using solution processed, high capacitance
BTO/Epoxy nanocomposite as an insulator for printed organic electronics by preparing a high-
performance device with low-voltage operation. We have also shown that the BTO/Epoxy
nanocomposite dielectric can be used to obtain organic transistors with good electrical properties
with an economic and easy process. The device we fabricated with the nanocomposite insulator

was found to have a field-effect mobility of 1.2 x 10~ cm?/V.s and a threshold voltage of only



4 V. This combination of favorable properties demonstrates that OFETs can be operated at low

operating voltages.
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