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We fabricated a high-quality perhydropolysilazane (PHPS)-derived SiO, film by intense pulsed UV irradiation
and applied it as a gate dielectric layer in high-performance organic field-effect transistors (OFETs) and
complementary inverters. The conversion process of PHPS to SiO, was optimized by varying the number
of intense pulses and applied voltage. The chemical structure and gate dielectric properties of the PHPS-
derived SiO, films were systematically investigated via Fourier transform infrared spectroscopy and
leakage current measurements, respectively. The resulting PHPS-derived SiO, gate dielectric layer
showed a dielectric constant of 3.8 at 1 MHz and a leakage current density of 9.7 x 1072 A cm™2 at 4.0
MV cm™. The PHPS-derived SiO, film was utilized as a gate dielectric for fabricating benchmark p- and
n-channel OFETs based on pentacene and N,N’-dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-Cg),
respectively. The resulting OFETs exhibited good electrical properties, such as carrier mobilities of 0.16
(£0.01) cm? V7 s7¢ (for the pentacene OFET) and 0.02 (+0.01) cm? V™1 s72 (for the PTCDI-Cg OFET)
and an on-off current ratio larger than 10°. The fabrication of the PHPS-derived SiO, gate dielectric
layer by a simple solution process and intense pulsed UV irradiation at room temperature serves as
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Introduction

Organic electronic devices such as organic light-emitting
diodes,' organic solar cells,” and organic field-effect transis-
tors (OFETs)** have attracted significant attention because
they offer several advantages such as large-area processability,
low weight, ease of fabrication processability, and flexibility.
In particular, an OFET is a fundamental component in the
development of electronic devices such as displays,” smart
cards, and radio-frequency identification tags.*” In the past
decade, the electrical properties of OFETs have been improved
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considerably and have already reached a level comparable to
or even higher than the performance levels of amorphous Si
transistors.**** In addition to the development of semi-
conductors with high carrier mobilities and electrodes with
high conductivities, the development of gate dielectric mate-
rials is crucial for the fabrication of high-performance OFET
devices. Thus far, high-performance OFETs have been ach-
ieved using inorganic gate dielectrics such as SiO,, Al,O;, and
HfO,."*** However, they are usually prepared by complex,
expensive vacuum processes such as physical vapor deposi-
tion,"* chemical vapor deposition,’>"” and atomic layer
deposition.™®*®

SiO, is one of the most important insulating materials for
application as a gate dielectric or encapsulation layer in
various electronic devices. Several research groups have
fabricated the SiO, layer by conversion of spin-on-glass (SOG)
materials such as perhydropolysilazane (PHPS), silsesquiox-
ane, tetraethyl orthosilicate, and tetramethyl orthosilicate.>*>*
Because of the low cost, simplicity, and excellent substrate
adaptability of this approach, this process can replace the
conventional vapor deposition process. PHPS, used in this
study, is one of the most widely used SOG materials because of
its low carbon contamination and ability to form dense
films.**** Among the various methods for the conversion of
PHPS to SiO,, a commonly utilized one is thermal
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annealing.””*® However, this process requires high tempera-
tures above 500 °C, which limits the applicability of PHPS on
polymer substrates with low glass transition temperatures. To
overcome this problem, various types of low-temperature
conversion methods using catalysts have been developed.
For instance, gaseous ammonia®® or hydrogen peroxide®*> can
promote the conversion of PHPS to SiO,.** However, achieving
complete conversion of PHPS to SiO, remains difficult.
Furthermore, significant contamination by catalysts may
result in a fatal defect in the film and degradation of the gate
dielectric properties.

In this study, conversion of PHPS was performed using
intense pulsed UV light (IPL), which is a rapid and efficient
conversion method at room temperature. The conversion of
PHPS to SiO, by IPL irradiation is a more effective approach for
the synthesis of a dense silica film than the previous method of
using vacuum UV, which requires complicated equipment
such as a vacuum chamber.**** Moreover, the former approach
is more efficient than the latter one in a similar spectral range
because PHPS is exposed to photon energies higher than its
structural binding energy (92 kcal mol ').* In this study, the
SiO, layer obtained by IPL irradiation of PHPS was utilized as
a gate dielectric layer in high-performance OFETs and
complementary inverters. The conversion of the spin-coated
PHPS film was systematically controlled by varying both the
number of intense pulses and the applied voltage. The struc-
tural properties and gate dielectric properties of the PHPS-
derived SiO, films were systematically investigated by Four-
ier transform infrared (FT-IR) spectroscopy and leakage
current measurements, respectively. In addition, a comple-
mentary inverter—which is a fundamental component of logic
circuits—was constructed by integrating a p-type pentacene
OFET and an n-type PTCDI-Cg OFET with the SiO, gate
dielectric derived from IPL-converted PHPS.

organic semiconductor
(p-type pentacene
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Results and discussion

Fig. 1a shows a schematic image of OFETs including a SiO, gate
dielectric layer derived from PHPS by IPL irradiation. A heavily
doped Si wafer was used as a gate electrode. Commercial PHPS
(18 wt% in xylene; DNF Co., Korea) was deposited by the spin-
coating method onto the Si wafer to a thickness of around
524 nm. As is clear from the chemical structure in Fig. 1a, PHPS
(number-average molecular weight (My,): 2000 g mol ", weight-
average molecular weight (M,): 10000 g mol™*, and poly-
dispersity index (PDI): 2.3) is an inorganic polymer with a Si-N
skeleton and Si-H side groups.”®**® In this study, PHPS was
converted to SiO, by IPL irradiation and its gate dielectric
properties were compared with those of thermally derived SiO,
(from the same PHPS) and commercial thermally grown SiO,.
Onto the PHPS-derived SiO, gate dielectric layer was deposited
a p-type pentacene film or an n-type PTCDI-Cg film by the
thermal evaporation method. Finally, Au source and drain
electrodes were patterned through the thermal evaporation
method. The channel length (L) and width (W) were 100 and
1000 pm, respectively.

Fig. 1b shows the curing mechanism of PHPS. PHPS can be
converted to SiO, through two different mechanisms: (i)
hydrolysis and polycondensation in the presence of water*® and
(ii) a photolytic process in the presence of oxygen.** In the
presence of water molecules under humid conditions, oxidation
occurs by the hydrolysis of both the Si-N and the Si-H bonds,
which leads to a release of gaseous ammonia and hydrogen and
the formation of silanol groups. In the subsequent thermal
condensation process, the silanol groups are transformed into
SiO, by the elimination of H,O. However, thermal treatment has
some drawbacks in that high processing temperatures above
500 °C and long processing times-longer than 5 h-are required
for complete conversion of PHPS to SiO, without the formation
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Fig. 1

(a) Schematic structure of OFETs based on SiO, gate dielectric layer derived from PHPS by IPL. The left panel shows the chemical

structures of pentacene and PTCDI-Cg, and the right panel shows the chemical structure of PHPS. (b) Curing mechanism of PHPS.
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of intermediates such as silanol groups. This process is similar
to the typical sol-gel reaction. In the case of the photolytic
process, high-energy UV irradiation causes dissociation of
chemical bonds and generation of ozone molecules (O;) and
oxygen radicals (O, one-dimensional). This results in the direct
substitution of a Si atom with activated oxygen and, finally, the
formation of SiO,. IPL irradiation induces a nuclear reaction by
accelerating charged particles with kinetic energy, which is
stronger than the irradiation by an ordinary UV lamp. IPL
irradiation uses a photon energy of 4.43-12.4 eV with a wave-
length range of 100-280 nm, which corresponds to the UV-C
range in the electromagnetic spectrum. The high-energy UV
photons promote the dissociation of the Si-N bond and the
formation of Si free radicals and consequently form SiO,
through oxidation with activated oxygen. The IPL irradiation
method drastically reduces the conversion time (<2 h), which
consequently results in an improvement in the productivity
compared to the thermal annealing method, which requires
high temperatures (>500 °C) and long processing times (>5 h).
Furthermore, this room-temperature process enables the
deposition of materials on plastic substrates with low glass
transition temperatures.

The chemical structure of the PHPS-derived SiO, films was
investigated by FT-IR spectroscopy. Fig. 2 shows the FT-IR
absorption spectra of the PHPS-derived SiO, films and their
gate dielectric properties. The as-coated PHPS film showed
three characteristic absorption bands, which were attributed to
the N-H, Si-H, and Si-N bonds.?®*?*¢*** In the spectrum, the
absorption bands positioned at 1178 and 3372 cm ™"
sponded to the bending and stretching modes of the N-H bond,
respectively. The absorption peak at 2165 cm ™" corresponded to
the stretching vibration of the Si-H bond, and the absorption
peaks at 920 and 840 cm ' were attributed to the stretching
vibrations of Si-N in the Si-N-Si bond. The curing condition of
PHPS was systematically optimized by varying both the number
of intense pulses and the applied voltage, as shown in Fig. 2a
and b. Specifically, Fig. 2a shows the FT-IR spectra of the PHPS
films prepared at various applied voltages. The number of
intense pulses was fixed at 6000 counts. With an increase in the
applied voltage of the IPL irradiation, the Si-N, Si-H, and N-H
absorption bands decreased gradually and disappeared
completely at 3.0 kV. Simultaneously, absorption peaks at 800
and 1170 ecm ™', attributed to the stretching vibrations of the Si-
O and Si-O-Si bonds appeared, respectively.***** In addition,
a new absorption peak at 3670 cm™ ' corresponding to the Si-
OH bond-appeared at 3.0 kv, which was related to the unde-
sirable dangling bonds formed during the conversion process.*!
It could be concluded that the SiO, network was formed by the
hydrolysis of the Si-NH bonds and the subsequent formation of
the Si-O bond. Subsequently, the number of intense pulses was
increased to 8000 counts while maintaining the applied voltage
at 3.0 kv. With an increase in the number of intense pulses, the
stretching vibration of the Si-H bond at 2165 cm ™" decreased
gradually, as shown in Fig. 2b. Although the absorption peak of
the Si-OH bond disappeared completely at 8000 counts,
microcracks were formed on the PHPS-derived SiO, film
(Fig. S11) and the leakage current increased significantly

corre-
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(Fig. S2). The FT-IR spectrum of the SiO, film derived from IPL-
converted PHPS was compared with that of a SiO, film derived
from PHPS by thermal treatment at 600 °C for 5 h, as shown in
Fig. 2c. Both these FT-IR spectra were similar to each other in
terms of the shape of the absorption peaks achieved by the
different conversion methods. It is noteworthy that the PHPS
films could be converted to SiO, by IPL irradiation at room
temperature, similar to what could be achieved via thermal
treatment. However, it was considered that the electrical prop-
erties of the PHPS-derived SiO, film would be affected by its
subtle SiO, lattice structure. Therefore, the PHPS-derived SiO,
films were prepared for use as a gate dielectric layer in OFETSs
under the optimized condition of 3.0 kv and 6000 counts ach-
ieved via systematic variation of the irradiation conditions.

The leakage current densities of the SiO, gate dielectric
derived from IPL-converted PHPS were measured using the
metal-insulator-metal (MIM) geometry, as shown in Fig. 2d.
The PHPS film converted at 1 kV showed a huge leakage current
even under an electric field lower than 0.1 MV cm ™. With an
increase in the applied voltage during the IPL irradiation to 2.5
kv, the leakage current reduced gradually and then saturated
above 2.5 kV. For example, the PHPS-derived SiO, film con-
verted at 1.5 kV showed a leakage current density of 7.9 x 10~
A cm™? at 1.5 MV ecm ™' and that converted at 2.5 kV showed
a leakage current density that was more than one order of
magnitude lower, 3.0 x 107" A em™?, at 1.5 MV cm ™. Fig. 2e
shows the leakage current density of the PHPS-derived SiO, film
at 1.5 MV cm ™' as a function of the applied voltage. A further
increase in the voltage to up to 3.0 kV improved the electrical
stability at high electric fields above 2 MV ecm™". This leakage
current level was superior compared with those of typical
polymer gate dielectrics such as poly(methyl methacrylate),
polystyrene, and fluorinated polymers.*™® As a result, the
PHPS-derived SiO, film at 3.0 kV and 6000 counts were chosen
as a gate dielectric layer for fabricating the OFETs. Fig. 2f shows
the specific capacitance of the optimized PHPS-derived SiO,
film as a function of frequency. The film thickness was around
525 nm (Fig. S31). The capacitance value was measured to be
3.48 nF cm™? at 100 Hz, and it showed a weak dependence on
frequency. The dielectric constant (k) calculated from the
capacitance and thickness was around 3.8 at 1 MHz, which was
identical to that of a thermally grown SiO, layer (k ~ 3.9). It
should be noted that PHPS was fully converted to SiO, by the
IPL irradiation at room temperature and that this film exhibited
high electrical stability.

Fig. 3 shows the device performance of OFETs with the SiO,
gate dielectric derived from IPL-converted PHPS. The electrical
properties of these OFETs were compared with those of an OFET
with the SiO, gate dielectric thermally derived from PHPS and
an OFET with the thermally grown SiO, gate dielectric. Fig. 3a
shows the output characteristics (drain current (Ip) versus drain
voltage (Vp)) of the pentacene OFET with the SiO, gate dielectric
derived from IPL-converted PHPS at various gate voltages (Vg).
The curves showed the gate modulation of I, in both the linear
regime and the saturation regime. The left panel of Fig. 3b
shows the transfer characteristics (Ip-Vs) of the pentacene
OFET with the SiO, gate dielectric derived from IPL-converted

RSC Adv., 2019, 9, 3169-3175 | 3171
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(a) FT-IR spectra of PHPS films prepared at various applied voltages during IPL irradiation. The number of counts was fixed at 6000. (b) FT-

IR spectra of PHPS films prepared at various numbers of intense pulses of IPL. The applied voltage was fixed at 3.0 kV. (c) FT-IR spectra of SiO, film
derived from PHPS by IPL irradiation (3.0 kV and 6000 counts) and that derived from PHPS by thermal treatment (600 °C and 5 h). (d) Current
density of PHPS films prepared at various applied voltages during IPL irradiation as a function of electric field. (e) Current density of PHPS films
prepared at various applied voltages during IPL irradiation at 1.5 MV cm™L. (f) Specific capacitance of SiO, film derived from PHPS by IPL irradiation

(3.0 kV and 6000 counts).

PHPS at Vp = —40 V. The pentacene device turned on sharply
near 0 V and its I increased with a decrease in Vg in the
negative direction, which is a characteristic feature of p-type
operation of a transistor. The carrier mobility (u) in the satu-
ration regime was evaluated according to the formula I, = Cs-
uW(Vg — Vin)?/(2L), where L and W are the length and width,
respectively, of the device channel; Cs is the specific capacitance
of the gate dielectric (3.48 nF cm™> for IPL-converted PHPS),
and Vry is the threshold voltage.*”*® The u value of the penta-
cene OFET with the SiO, gate dielectric derived from IPL-
converted PHPS was 0.16 (£0.01) em® V™' s~'. It should be
noted that this value was comparable to those of the OFETs with
the SiO, gate dielectric thermally derived from PHPS (0.14
(£0.01) em®> V' s7') and the thermally grown SiO, gate
dielectric (0.15 (+0.01) cm® V' s ') (see Fig. S47). The on-off
current ratio was around 10° and Vi was around —50 V. The
device parameters, including u, the on-off current ratio, and
Vru, are summarized in Fig. 3c.

3172 | RSC Adv., 2019, 9, 3169-3175

Additionally, PTCDI-C; was utilized as the n-type semi-
conductor counterpart to pentacene utilized as the p-type
semiconductor. The right panel of Fig. 3b shows the transfer
characteristics of the PTCDI-Cg OFET with the SiO, gate
dielectric derived from IPL-converted PHPS at V, = +40 V. In
contrast to I, of the pentacene OFET, that of the PTCDI-Cg OFET
increased with an increase in Vg in the positive direction, which
is a direct signature of the n-type operation of a transistor (also
see Fig. S5T). The PTCDI-Cgz OFET with the SiO, gate dielectric
derived from IPL-converted PHPS showed electron mobility of
0.02 (£0.01) cm? V' s, The lower carrier mobility of the n-
type OFET than of the p-type OFET may be attributed to the
fact that electrons were easily trapped at the charge-trap sites
formed at the interface between the semiconductor layer and
the gate dielectric layer. However, this value was comparable to
those of the OFETs with the SiO, gate dielectric thermally
derived from PHPS (0.01 (£0.018) cm® V™' s7') and the ther-
mally grown SiO, gate dielectric (0.02 (£0.002) cm®> V™' s71).

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Output characteristics of p-type pentacene OFET with SiO; film derived from PHPS by IPL irradiation (3.0 kV and 6000 counts). (b)

Transfer characteristics of p-type pentacene (left) and n-type PTCDI-Cg (right) OFETs with SiO, film derived from PHPS by IPL irradiation (3.0 kV
and 6000 counts). (c) Carrier mobility, on—off current ratio, and threshold voltage of OFETs with SiO, film derived from PHPS by IPL irradiation
(3.0 kV and 6000 counts), SiO, film derived from PHPS by thermal treatment (600 °C and 5 h), and commercial thermally grown SiO film.

The device showed an on-off current ratio of around 10> and
Vry of around +50 V. A slight hysteresis between the forward
and reverse sweeps was observed in both OFETs because of the
generation of charge traps from the Si-OH groups formed
during the conversion process (see Fig. 2a). The gate leakage
currents of both the p-type and the n-type OFETs were also
monitored during measurement of the transfer curves. It is
noteworthy that both these devices showed a gate leakage
current of around 10~ '° A, which was comparable to that of the
device with the SiO, gate dielectric thermally derived from
PHPS.

Finally, a complementary inverter, which is the most basic
component of logic circuits, was constructed by integrating
a p-type pentacene OFET and an n-type PTCDI-Cg OFET with
the SiO, gate dielectric derived from IPL-converted PHPS
(Fig. 4a). The p-type OFET was connected to the supply

This journal is © The Royal Society of Chemistry 2019

electrode, whereas the n-type OFET was connected to the
ground. Both these OFETs shared the same input and output
terminals. Fig. 4b shows the corresponding circuit diagram.
Fig. 4c shows the voltage transfer characteristics of the con-
structed complementary inverter at four different Vpp values.
The device exhibited ideal rail-to-rail output swing. When
a low input voltage (Vyy) was applied, the p-type OFET turned
on but the n-type OFET turned off. Thus, the output voltage
(Vour) was the same as the applied Vpp, (10, 20, 30, or 40 V). As
Vin increased, the p- and n-type OFETs turned off and on,
respectively. Vouyr approached 0 V. Fig. 4d shows the static
gain-which refers to the absolute value of dVoyr/dVin—of the
inverter as a function of Viy. The device showed a maximum
inverter gain of 1.8 at Vpp = 40 V.

RSC Adv., 2019, 9, 3169-3175 | 3173
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Conclusion

We fabricated OFETs and a complementary inverter including
a Si0, gate dielectric layer derived from PHPS by IPL irradiation.
The spin-coated PHPS was completely converted to SiO, by
optimizing both the number of intense pulses and the applied
voltage. PHPS-derived SiO, films at 3.0 kV and 6000 counts were
utilized as a gate dielectric layer in p-type pentacene and n-type
PTCDI-Cg OFETs. The gate dielectric properties of the PHPS-
derived SiO, films were systematically investigated. The result-
ing SiO, films were successfully applied as a gate dielectric layer
in p-type pentacene and n-type PTCDI-Cg OFETs. The resulting
OFETs showed good electrical properties, such as carrier
mobilities of 0.16 (£0.01) cm”> V~ " s~ " (for the pentacene OFET)
and 0.02 (£0.01) cm® V' 57" (for the PTCDI-Cg OFET) and an
on-off current ratio larger than 10°, which were comparable to
those of OFETs with commercial thermally grown SiO, and SiO,
thermally derived from PHPS. The use of IPL to convert PHPS to
SiO, for use as a gate dielectric layer in OFETs is expected to
serve as a novel approach for the fabrication of large-area flex-
ible electronics in the flexible device industry of the future.

Experimental
Device fabrication

A Si wafer was used as the substrate. The substrate was cleaned
in an ultrasonic bath sequentially with acetone, isopropanol,
and deionized water for 10 min each. An 18 wt% PHPS solution
(DNF Co., Ltd., Korea) in xylene was spin-coated onto the
substrate at 5000 rpm for 30 s. The PHPS film was prebaked on
a hotplate at 150 °C for 10 min to remove residual solvent. The
resulting film was converted to SiO, by using IPL (X-1000,
xenon) at room temperature. The distance between light
source and sample was 2.5 cm. A pulse width of 500 ps and
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pulse interval of 0.64 Hz were used in the air atmosphere. Both
the number of intense pulses and the applied voltage were
varied. The thickness of the PHPS-derived SiO, film was around
524 nm. Pentacene and PTCDI-Cg films, each 40 nm in thick-
ness, were deposited onto the gate dielectric at a rate of 0.1 As™*
by using a thermal evaporator. Finally, Au source and drain
electrodes were thermally deposited through a shadow mask.
The channel length (L) and width (W) were 100 and 1000 pm,
respectively.

Characterization

Fourier transform infrared (FT-IR) spectra of samples were
recorded on a Nicolet 6700 FT-IR Spectrometer from Thermo-
Electron. Specific capacitances of gate dielectrics were
measured with Agilent E-4980A LCR meter. Electrical properties
of transistors were measured using Keithley 4200 semi-
conductor characterization system.
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