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In this paper, we discuss design considerations for an n-channel metal-oxide-semiconductor field-effect transistor
(MOSFET) with a lateral asymmetric channel (LAC) doping profile. We employed a 0.35 pm standard complementary
MOSFET process for fabrication of the devices. The gates to the LAC doping overlap lengths were 0.5, 1.0, and 1.5
pm. The drain current (I,,y), transconductance (g,,), substrate current (I,;), drain to source leakage current (I,z), and
channel-hot-electron (CHE) reliability characteristics were taken into account for optimum device design. The LAC
devices with shorter overlap lengths demonstrated improved I,y and g,, characteristics. On the other hand, the LAC
devices with longer overlap lengths demonstrated improved CHE degradation and I, characteristics.

Keywords: Metal-oxide-semiconductor field-effect transistor, Lateral asymmetric channel doping,
Transconductance, On-state drain current, Channel-hot-carrier degradation

1. INTRODUCTION

Epoxy resin is a good material for the electrical insulating
systems in heavy electric equipments because it has good me-
chanical and thermal properties as well as excellent electrical
properties [1-3]. Therefore, new epoxy-based composites hav-
ing higher performance with lower cost have been developed in
the electric application fields and it was found that 65~80 wt%
loading of micro-silica improved not only the mechanical and
thermal properties but also the dimensional stability of the neat
epoxy insulator in the heavy electric equipments which were
generally operated at 40-60C. Furthermore, a new concept of
the mixture of nano- and micro-fillers for epoxy-based compos-
ites was proposed by Imai et al. [4-6], where the mixture systems
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were composed with micro-silica and nano-silica or nano-
scaled multilayered silicate.

Generally, the multilayered silicates such as montmorillon-
ite, saponite, hectorite, talc, mica, etc. [7-9] are naturally syn-
thesized in bulk shape and they are purchased in fine particles
of um scale. Therefore, a micro-scaled multilayered silicate
should be separated each other into sheet-like monolayers in
the polymer matrix in order to maximize the merit of nano-
sized filler [8,9]. However, it is very difficult for the polymer
chains to penetrate into the hydrophilic interlayers of the mul-
tilayered silicate. Therefore, many researchers have studied to
develop polymer nanocomposites with fully separated nano-
silicates.

There are five synthetic methods to prepare polymer/ organo-
clay nanocomposites: (1) in-situ polymerization, (2) direct melt
intercalation, (3) solution intercalation, (4) direct layered silicate
method and (5) dispersion and aggregation method [10-12]. In
the in-situ polymerization process, an organoclay is swollen in
the oligomer reactants or monomers for a certain amount of
time and then polymerization reaction is initiated by adding a
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Fig. 1. Specimen preparation and electrodes arrangement for the pre-
vention of edge breakdown.

curing agent or a peroxide initiator, respectively. In the direct
melt intercalation process, a molten thermoplastic is mixed with
an organoclay and then the mixture is annealed at a tempera-
ture above the glass transition temperature of the polymer. In
the solution intercalation process, organoclay is dispersed in a
polar solvent such as toluene or N, N-dimethylformamide form-
ing swelled gel structures. Then, a polymer solution is added to
the swelled gel structures and the polymer chains intercalates
between the clay layers. In the direct layered silicate method,
the layered silicates with molecular level are directly synthesized
from the clay precursor of gel shape in the polymer solution and
in the dispersion and aggregation process, clay solution and
polymer latex are mixed and polymer chains are penetrated into
the intergallery of the layered silicate.

In this study, ultrasonication process was combine with the in-
situ polymerization process in order to prepare epoxy/ organo-
clay nanocomposites .

2. EXPERIMENTS
2.1 Materials

Cloisite® 93A(Southern Clay Products Inc., Gonzales, TX, USA)
was used as a multilayered silicate, which was a natural mont-
morillonite modified with M2HT (methyl, dehydrogenated tal-
low quaternary ammonium) as a sort of quaternary ammonium
salt. The molecular structure of the M2HT was as follows:

H
|

CHs— NT—HT
|
HT

where, HT was hydrogenated tallow (~65% C18; ~30% C16;
~5% C14) and the anion was chloride. The multilayered silicate
was dried at 100C for 10 hours in vacuum oven and stored at a
desiccator.

A commercialized diglycidyl ether of bisphenol A (DGEBA)
type epoxy resin whose trade name was YD 128 (Kukdo Chem.
Co., Seoul, Korea) was used. The epoxy equivalent weight was
184~190 g/eq and the viscosity was 11,500-13,500 cps at 25C.
Curing agent was 3- or 4-methyl-1,2,3,6-tetrahydrophthalic
anhydride (Me-THPA) whose grade name was HN-2200 (Hi-
tachi Chem. Co., Tokyo, Japan). It is widely used in the field of
electrical insulation fields. A tertiary amine type accelerator was
benzyl-dimethyl amine (BDMA, Kukdo Chem. Co.).
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Fig. 2. X-ray scattering diffractometer patterns for (a) 93A powder

and cured epoxy nanocomposites after ultrasonification for (b) 15
minutes and (c) 30 minutes.

2.2 Preparation of nanocomposite

Epoxy base resin (DGEBA, 100 g) and Cloisite 93A (5 g) were
well-mixed with an 500 W probe-type ultrasonicator (VC 505,
Sonics & Materials Inc., Newtown, CT, USA) at a frequency of 20
kHz for 15, 30 60, and 120 minutes, and then Me-THPA (80 g)
and BDMA (0.9 g) were sequentially poured into the epoxy base
resin/ multilayered silicate mixture using a mechanical stirrer for
30 minutes. The mixtures were poured into a specimen mold and
degassed in vacuum oven. They were cured at 150°C for 2 hours.
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Fig. 3. Transmission electron microscope images for cured epoxy
nanocomposites after ultrasonification for (a) 0 minute, (b) 15 min-
utes, (c) 30 minutes and (d) 120 minutes.

2.3 Instrumental analyses

The change of interlayer distance was measured by wide-angle
X-ray scattering diffractometer (WAXD, XRD30; Rigaku, MD,
USA). The X-ray beam was nickel-filtered Cu K1 (A = 0.154 nm)
radiation operated at the tube voltage of 40 kV and the tube cur-
rent of 30 mA. The scanning range was 26 = 1.0-100 with a rate of
1°/min.

The morphology of the layered silicate in the epoxy matrix was
observed by a high-resolution transmission electron microscope
(TEM, Hitachi S-4100; agency Korea, Seoul, Korea). The nano-
composite was cut into ultrathin sections of about 70-90 nm by
a Power TOME X microtome equipped with a diamond knife and
the ultrathin sections were placed on a 200 mesh copper grid.
The measurement was performed using an accelerating voltage
of 200 kV.

To measure glass transition temperature (Tg), shear test was
carried out by a dynamic mechanical analyzer (DMA2980, TA In-
strument Ltd., USA) at a frequency of 1.0 Hz and a heating rate of
10°C/min. The specimen dimension was 12.5 mm x 7.0 mm x 3.0
mm and the nitrogen purge rate was 110 mL/min.

Flexural test was carried out by universal testing machine
(SHM-C-500, Shamhan Tech., Seoul, Korea). Specimen was pre-
pared under the recommendation of JIS B7502 and they were
tested at a crosshead speed of 10 mm/min at 23C and 50% rela-
tive humidity.

2.4 AC insulation breakdown

Sphere-plate electrodes were arranged to measure the AC
insulation breakdown strength as shown in Fig. 1. The cast speci-
men was designed to be 0.25 mm thickness at the most thin
point and the electrodes were arranged at the point with the
expectation that the insulation breakdown would take place in
that point. However, edge breakdown took place in many cases,
so the upper half of the sphere electrode was insulated by epoxy
resin and PET film in order to prevent the edge discharge and
breakdown. The electrodes and specimen were dipped into the
insulating oil at 30°C and high voltage was applied until the elec-
trical breakdown with rising speed of 2 kV/s.
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Table 1. Glass transition temperature, Tg measured from tand peak
temperature of DMA curve for cured epoxy nanocomposites after
ultrasonification for various time.

Ultrasonification time (min) Tg (C)
15 161.4
30 154.1
60 162.7
120 161.4

DMA: dynamic mechanical analyzer.

Cumulative Probability Percentage (%)
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Flexural Strength (Nfmm?2)

Fig. 4. Flexural strength for (m) cured neat epoxy resin and for cured
epoxy nanocomposites after ultrasonification for various time: (e) 15
minutes, () 60 minutes and (V) 120 minutes.

3. RESULTS AND DISCUSSION

To evaluate the effect of ultrasonic wave on the arrangement of
the silicate layers, WAXD patterns for (A) the original Cloisite 93A
powder and for the cured epoxy nanocomposites after ultrasoni-
fication for (B) 15 minutes and (C) 30 minutes were shown in Fig.
2. The pattern for the original Cloisite 93A showed a peak at 26 =
3.67°, which could be interpreted as the interlayer distance (d-
space) of the montmorillonite to be 2.40 nm. The d-space could
be calculated by introducing the 20 value to Bragg’s formula [12],
A = 2d sin6, where A was the wavelength of X-ray beam (A = 0.154
nm), d was the d-space and 6 was the scattering angle. However,
the peak at 20 = 3.67° disappeared as the epoxy/Cloisite 93A mix-
ture was cured after ultrasonification and the pattern intensity
at lower angle than 20 = 1.5° (d-value was over 5.87 nm) became
strong. It meant that the Cloisite 93A was in intercalated state,
but not in exfoliated state. The patterns after ultrasonification for
60 and 120 minutes were also showed the similar, which were not
displayed in Fig. 2. However, the effect of ultrasonification time
was very little.

The intercalation state was confirmed by TEM observation, as
shown in Fig. 3. Image (A) was for the cured epoxy/Cloisite 93A
system without ultrasonification treatment, where the silicate
layers were displayed as dark lines with ordered arrangement
and narrow interlayer distance. This implied that the conven-
tional ‘in-situ polymerization’ method for the preparation of
nanocomposite for our epoxy system was not proper method. As
the ultrasonification time increased, the interlayer distance be-
came broader, as shown in the images (B)-(D), however the order
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Table 2. Weibull parameters of flexural strength in Fig. 4.

Ultrasonication Shape Scale parameter B10 value
time (min) parameter (N/mm?2) (N/mm?2)
Neat epoxy 6.35 156.7 110.1

15 min 5.45 141.2 92.7
60 min 7.56 180.8 134.4
120 min 5.67 166.1 111.8

Table 3. Weibull parameters of AC insulation breakdown strength in
Fig. 5.

Ultrasonication Shape Scale parameter B10 value
time (min) parameter (kV/mm) (kV/mm)
Neat epoxy 5.88 161.2 109.9

15 min 22.59 170.8 154.7
30 min 16.38 165.8 162.1
60 min 21.79 186.6 168.3
120 min 24.05 177.2 161.4

of arrangement was almost maintained without any exfoliated
state. It was well-agreed with the results of WAXD analyses.

To estimate the effect of the intercalated silicate layers on the
flexural strength and electrical breakdown strength, glass transi-
tion temperature, Tg was measured from tand peak temperature
of DMA curve and it was listed on Table 1. Tg value was not de-
pendant with the ultrasonification treatment time. Generally,
silicate mineral with micro-scale may attribute to increment of
Tg value owing to the hydrogen bonding between a hydroxyl
group in epoxy matrix and silanol group on the silicate surface.
When the silicate layers were intercalated into nano-scaled lay-
ers, its surface area became broader so that the hydrogen bond-
ing site increased. However, increased number of nano-scaled
layers maybe interrupted the cure reaction between epoxy resin
and curing agent resulting low Tg. Therefore, Tg value was not
dependant with the ultrasonification treatment time.

Figure 4 showed Weibull plots of flexural strength for neat
epoxy resin and epoxy nanocomposites, and the Weibull param-
eters such as shape and scale parameters and B10 value were
obtained from the Weibull plots and listed in Table 2. In here, the
shape parameter could be obtained from the slope meaning the
data distribution, and the scale parameter represented the flex-
ural strength by which 63.2% of the cumulative probability was
expected to fail. The B10 value referred to the flexural strength at
which 10% would fail (90% would survive) under a given stress.
The statistical analysis showed that flexural strength of the neat
epoxy was 156.7 N/mm® and that for the nanocomposite of 60
minutes was 180.8 N/mm?, the largest value. This result was well
agreed with the result of Tg, that is, the higher Tg was the higher
flexural strength was.

Figure 5 showed Weibull plots of AC insulation breakdown
strength for neat epoxy resin and epoxy nanocomposites and the
parameters were listed in Table 3. The statistical analysis showed
that AC insulation breakdown strength was 161.2 kV/mm in the
neat epoxy resin and those for the epoxy nanocomposites were
remarkably modified by addition of intercalated silicate. Despite
of the better intercalation effect in the epoxy nanocomposites
after ultrasonification for 120 minutes, however, the insulation
breakdown strength was highest in the epoxy nanocomposites
after ultrasonification for 60 minutes. It would be because in-
creasing number of nano-scaled monolayers maybe interrupted
the cure reaction between epoxy resin and curing agent resulting
low breakdown strength.

In the case of shape parameter, the value of the neat epoxy res-
in was 5.88 and those for the epoxy nanocomposites were greatly
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Fig. 5. AC insulation breakdown strength for (®) cured neat epoxy
resin and for cured epoxy nanocomposites after ultrasonification for
various time: (A) 15 minutes, (V)30 minutes, (¢) 60 minutes and (m)
120 minutes.

increased by addition intercalated silicate. The higher the gradi-
ent became, the more homogeneous the breakdown strength
data were. These results meant that the intercalated nano-size
silicates with plate-shape were evenly dispersed in epoxy matrix
and provided the improving AC insulation breakdown character-
istics to the epoxy resin.

4. SUMMARY

A new electrical insulating material for the heavy electric
equipments was prepared by mixing epoxy matrix and nano-
sized layered silicate, where nano-sized silicate was pre-prepared
from the multilayered silicate via ultrasonication process. The
WAXD peak at 20 = 3.67° (d-space = 2.40 nm) for Cloisite® 93A
was disappeared in the cured nanocomposite system, and TEM
observation showed that the layered silicates were in the inter-
calated state. Weibull statistical analysis showed that flexural
strength of the neat epoxy was 156.7 N/mm” and that for the
nanocomposite of 60 minutes was 180.8 N/mm?, the largest
value. Weibull statistical analysis for AC insulation breakdown
strength was 161.2 kV/mm in the neat epoxy resin and those for
the epoxy nanocomposites were remarkably modified by addi-
tion of intercalated silicate. These results showed that the inter-
calated nano-size silicates were evenly dispersed in epoxy matrix
and provided the improving AC insulation breakdown character-
istics to the epoxy resin.

REFERENCES

[1] Y. S. Cho, H. K. Lee, M. J. Shim, and S. W. Kim, Mater. Chem.
Phys. 66, 70 (2000) [DOI: 10.1016/50254-0584(00)00272-8].

[2]  R. Sarathi, R. K. Sahu, and P. Rajeshkumar, Mater. Sci. Eng., A
445-446, 567 (2007) [DOI: 10.1016/j.msea.2006.09.077].

[3] T. Tanaka, G. C. Montanari, and R. Mulhaupt, IEEE Trans.
Dielectr. Electr. Insul. 11, 763 (2004) [DOI: 10.1109/
TDEIL.2004.1349782].

[4] T Imai, E Sawa, T. Ozaki, T. Shimizu, S.-i. Kuge, M. Kozako, and T.
Tanaka, IEEJ Transactions on Fundamentals and Materials 126,
1136 (2006) [DOI: 10.1541/ieejfms.126.1136].

[6] T Imai, E Sawa, T. Ozaki, T. Shimizu, R. Kido, M. Kozako, and T.



PN Trans. Electr. Electron. Mater. 12(3) 93 (2011): J.-). Park et al.

[6]

[7]

(8l

Tanaka, IEEE Trans. Dielectr. Electr. Insul. 13, 445 (2006) [DOI:
10.1109/TDEI.2006.1624291].

T. Imai, E Sawa, T. Ozaki, T. Shimizu, R. Kido, M. Kozako, and T.
Tanaka, Proceedings of 2005 International Symposium on Elec-
trical Insulating Materials (Kitakyushu, Japan 2005 Jun. 5-9) p.
239. [DOI: 10.1109/ISEIM.2005.193387].

J.J. Park and J. Y. Lee, IEEE Trans. Dielectr. Electr. Insul. 17, 1516
(2010) [DOI: 10.1109/TDEI.2010.5595553].

X. Kornmann, Synthesis and Characterisation of Thermoset-
Layered Silicate Nanocomposites, Ph.D. dissertation (Lulea,

(9]

(10]

(11]

(12]

97

Sweden 2001, Lulea University of Technology), p. 13-17.

H. G. Jeon, H. T. Jung, S. W. Lee, and S. D. Hudson, Polym. Bull.
41, 107 (1998) [DOI: 10.1007/s002890050339].

L. Liu, Z. Qi, and X. Zhu, J. Appl. Polym. Sci. 71, 1133 (1999)
[DOI: 10.1002/(sici)1097-4628(19990214)71:7<1133::aid-
appl1>3.0.co;2-n].

R. A. Vaia, K. D. Jandyt, E. J. Kramer, and E. P. Giannelis, Chem.
Mater. 8, 2628 (1996) [DOI: 10.1021/cm960102h].

S. Arunvisut, S. Phummanee, and A. Somwangthanaroj, J. Appl.
Polym. Sci. 106, 2210 (2007) [DOI: 10.1002/app.26839].



