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Abstract: We improved the performance of pentacene-based thin film transistors by changing the curing environ-
ment of poly(4-vinylphenol) (PVP) gate dielectrics, while keeping the dielectric constant the same. The field-effect
mobility of the pentacene TFTs constructed using the vacuum cured PVP was higher than that of the device based
on the Ar flow cured gate dielectric, possibly due to the higher crystalline perfection of the pentacene films. The
present results demonstrated that the curing conditions used can markedly affect the surface energy of polymer gate
dielectrics, thereby affecting the field-effect mobility of TFTs based on those dielectrics.
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Introduction

Organic thin-film transistors (OTFTs) have received con-
siderable attention in recent years, and device performances
comparable to those of amorphous silicon transistors have
been achieved. Many groups have reported field-effect
mobilities greater than 1 cm?/Vs for OFETs in which penta-
cene is used as the active layer.' The surface characteristics
of the gate dielectric strongly influence the quality of the gate
dielectric-semiconductor interface hence the device perfor-
mance.’” In the last decade, considerable effort has been
devoted to the fabrication of OTFTs using organic gate
dielectrics®** for use as switching devices for flexible dis-
plays. Although great advances have been made in the
improvement of OTFTs using polymer gate dielectrics,
there has been relatively little research into the effects of the
surface energy of polymer gate dielectrics on device perfor-
mance.” Furthermore the effect of processing condition of
polymer gate dielectric on the OTFTs device performance
has never been reported. For polymer gate dielectrics the
surface characteristic is affected much by the processing
conditions especially for the cured polymer gate dielectrics
such as poly(4-vinylphenol)(PVP).

Halik and coworkers showed that pentacene TFTs fabri-
cated using PVP as the polymer gate-dielectric layer had field-
effect mobilities as high as 3 cm?/Vs.!* Katama and cowork-
ers examined the effect of modifying the SiO,/Si substrate
by spin-coating with a polymer thin film; they used several
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kinds of polymer, including poly(vinylidene fluoride), poly-
styrene, poly(methyl methacrylate), and poly(vinyl alco-
hol), which exhibited different surface energies."”” However,
varying the type of polymer coating also changed other
physical properties of the gate dielectrics, such as the dielectric
constant and surface polarity. In the case of organic gate
dielectrics, therefore, it is not easy to separate the effect of
the surface energy of the gate dielectric from other effects.
Moreover, in the case of PVP, the surface properties of a
gate dielectric coated with this polymer are sensitive to the
curing conditions such as the cure environment and sched-
ule. This means that for the same chemical composition of
the PVP pre-polymer, curing agent, and solvent, PVP gate
dielectrics with different surface properties can be generated
by varying the curing conditions.

In the present study, to investigate the effect of the surface
energy of an organic gate dielectric on the electric proper-
ties of TFTs, we used a single type of polymer gate dielec-
tric, PVP, and controlled the surface energy by simply changing
the curing environment (i.e. in vacuum or in Ar gas flow).
This approach made it possible to change only the surface
energy while keeping the other properties of the gate dielec-
trics, such as the dielectric constant, the same.

Experimental

The M, of the PVP was 20,000 g/mol, and poly(melamine-
co-formaldehyde) (PMF) was used as the cross-linking agent.
PVP and PMF were dissolved in propylene glycol methyl
ether acetate (PGMEA) (about 15 wt%) in a 1:1 equivalent
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Table 1. Properties of PVP Gate Dielectrics with Various Curing Environmental Condition and Device Properties

Gate Dielectric Device
Curing Contact Angle (° ield- ff  Thresh
" gle (°) " da » RMS . . Field-Effect = On/O Threshold
Condition Jsj 2 };5/ 2 }/j 2y Roughness ]%1ele(;tr1f Mobility Current Voltage
Water Dijodomethane (MJ/m?) (mJ/m’) (mJ/m’) @A) onstan (em¥Vs) Ratio V)
Vacuum 88 42 1.5 37.1 38.6 3 4.3+0.10 0.87 3.7x10* -18
Ar Gas 70 31 7.6 38.1 45.7 3 4.2+0.15 0.59 1.5x10* -20
y? and 7 are the polar and dispersion components of the surface energy, respectively.
by, is the surface energy of cured-PVP gate dielectrics. y=y+y%
molar rgtlo. All chem1ca1§ were purchased frorp Aldr.lch and @ 7~ Takeoff Angle
used without further purification. The gate dielectric films . 20°
were formed by spin coating the prepared solutions at 3,000 . &S
rpm onto heavily doped n-type Si wafers as gate electrodes, - 9Q°

with subsequent curing for 2 h at 200 °C in a vacuum oven
or Ar flow chamber.

The RMS roughness measured using an atomic force
microscope (AFM) and the surface energies of the polymer
gate dielectrics are listed in Table I. The surface energies of
the gate dielectric films were evaluated by measuring the
contact angles of two test liquids, distilled water and
diiodomethane.'® The dielectric constants (k) of the PVP
gate dielectrics were obtained from C-V measurements'’
(Agilent 4284A) and the thickness of the PVP gate dielec-
{rics were determined using ellipsometry. To investigate the
chemical bonding states of the cured PVP gate dielectric
surface, X-ray photoemission spectra (XPS) of the Ar gas
flow and vacuum cured PVP surface were obtained using
the 2B1 and 4B1 beam lines at the Pohang Accelerator Lab-
oratory, Korea; an incident photon energy of 640 eV was
used to obtain the C 1s and N 1s core level spectra. The 500 A
pentacene film was deposited on top of the insulator surface
at a deposition rate of 0.2 A/sec and a substrate temperature
of 50 °C using an organic molecular beam deposition sys-
tem. The structure of the pentacene films on gate dielectrics
were investigated using X-ray diffraction (XRD) and AFM.

Results and Disscusion

Table I shows the surface properties of the PVP dielectrics
cured either in a vacuum or Ar gas flow. The surface energy
of the PVP cured under Ar gas flow conditions is higher
than that of the PVP cured in a vacuum oven. Especially, the
dispersion component of gate dielectrics is very similar,
whereas the polar component of surface energy for each
gate dielectric is quite different. To investigate the effects of
the curing condition on surface composition of gate dielec-
trics, we obtained angle resolved C 1s and N 1s spectra. Fig-
ure 1 shows the take-off angle dependent atomic ratio of
differently cured PVP surfaces. For N 1s, the N/C intensity
ratio from Ar gas flow cured PVP gate dielectric film is
higher than vacuum cured one for various take-off angles,
which causes higher polar component in surface energy due
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Figure 1. Angle-resolved high resolution C 1s and N 1s X-ray
photoemission spectra for a different gate dielectric: (a) vacuum
cured PVP and (b) Ar gas flow cured PVP.

to the unshared electron pairs in N atoms. These results show
that the cross-linking agents, PMF molecules are richer on
the surface of Ar gas cured PVP gate dielectric than vacuum
cured one because PMF molecules are more easily evapo-
rated in vacuum condition than Ar gas flow condition.
Top-contact thin film transistors (TFTs) with a gold elec-
trode (channel width 800 4m, length 100 zm) were used for
analyzing the electrical characteristics of the pentacene
TETs. Current-voltage measurements were carried out in air at
room temperature using Keithley 236 voltage source units.
Figure 2(a) shows the drain current (/) versus drain voltage
(V) curves obtained for the OTFTs fabricated using gate
dielectrics with PVP films that were cured either under vac-
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Figure 2. (a) Output curves and (b) transfer curves of pentacene
TFTs with different gate dielectrics: (closed circles) vacuum cured
PVP, (open squares) Ar gas flow cured PVP.

uum or Ar gas flow. These figures show typical output char-
acteristics of transistors and saturation behavior at high
drain voltage (Vp). Interestingly, the maximum saturation
current at each gate voltage was markedly higher for the
gate dielectric with lower surface energy, i.e. vacuum cured
PVP. Figure 2(b) shows plots of the square root of || in the
saturation region at ¥,=-60 V as a function of the gate volt-
age for the prepared devices. From each linear fit in Figure
2(b), the threshold voltage (V7y) and field-effect mobility
(1) in the saturation region were determined.”” The charac-
teristic electric properties of the two devices are summarized
in Table I. We found that the pentacene TFTs constructed
using vacuum cured PVP showed higher average mobility
(0.87 cm?/Vs) than the corresponding TFTs fabricated using
Ar gas flow cured PVP (0.45 cm?/Vs). This tendency was
always appeared in many experiment sets. The field-effect
mobility of the pentacene TFTs thus increased as the surface
energy of the gate dielectric decreased, in agreement with
previous results.” Surprisingly, our results show that a sim-
ple change in the curing condition of the gate dielectrics can
have a marked effect on the field-effect mobility.
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Figure 3. AFM images of pentacene films of three thicknesses
on each gate dielectric: (a) pentacene on vacuum cured PVP and
(b) pentacene on Ar gas flow cured PVP.

To determine the effect of the gate dielectric surface energy
on the morphology and structure of the pentacene film, we
performed AFM and XRD studies of the deposited penta-
cene film. Figure 3 shows AFM images of pentacene films
with thicknesses of 15, 30 and 500 A on each of the gate
dielectrics. When the pentacene film thickness is 500 A, the
morphologies of the films on the two types of gate dielectric
are very similar, with micron-sized pentacene crystalline
grains being observed for both cases. For sub-monolayer
coverage, however, larger crystalline grains were observed
for the PVP surface cured under Ar gas flow (high surface
energy) than for the PVP surface cured under vacuum. In gen-
eral, larger crystalline grains of pentacene have a smaller
number of grain boundaries, which results in a higher trans-
port of carriers and hence a higher field-effect mobility.
However, our results show that the TFTs with smaller pen-
tacene crystalline grains has higher field-etfect mobility,
indicating that other aspects of these systems must be con-
sidered, such as crystal perfection and the interconnectivity
of crystal grains.

Figure 4(a) shows the X-ray diffraction patterns for 50 nm
thick pentacene layers on the two types of PVP gate dielec-
tric. All peaks corresponding to (00/) planes come from the
substrate-induced thin-film phase, which is characterized by
an interplanar spacing of 15.4 A in the pentacene film." The
bulk phase, which exhibits a vertical periodicity of 14.5 A,
was not observed in our results. The XRD patterns of the
pentacene films on the two types of gate dielectric are quite
similar. Next we examined the crystal perfection of the pen-
tacene films on the cured PVP gate dielectrics. We determined
the crystalline quality of each pentacene film from the rock-
ing curve of the (002) reflection,'** as shown in Figure 4(b).
The full-width at half-maximum (FWMH) value for the
pentacene film on the vacuum cured PVP was 0.20, whereas
the FWMH value for the pentacene film on the Ar gas flow
cured PVP was 0.29, indicating that the crystals formed on
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Figure 4. (a) X-ray diffraction patterns of 50 nm thickness pentacene films on vacuum cured PVP (top curve) and Ar gas flow cured
PVP (bottom curve). (b) X-ray rocking curves of pentacene films on vacuum cured PVP (closed circles) and Ar gas flow cured PVP
(open squares) at the center of the (002) Bragg reflections, and (¢) X-ray diffraction patterns of 30 A thickness pentacene films on vac-
uum cured PVP (top curve) and Ar gas flow cured PVP (bottom curve).

the vacuum cured substrate have superior crystalline perfec-
tion. From these results we can infer that the surface energy
of the gate dielectric influences the growth of and molecular
arrangement within the pentacene film on the gate dielec-
tric, which in turn affects the electrical properties of the
final pentacene-based TF¥Ts. We also performed XRD
experiment for each thickness of pentacene film. 15 A
thickness sample on PVP substrate was not shown the pen-
tacene unique patterns. However, 30 A thickness pentacene
samples were shown different patterns in Figure 4(c) XRD
patterns are shown more well ordered pentacene film on
vacuum cured PVP than pentacene on Ar gas cured PVP.
This result was helpful to explain the surface energy of the
gate dielectric influences the initial stage of pentacene
nucleation and growth. The surface energy of a pentacene
film was determined to be 42.1 mJ/m? by simple contact
angle measurement. If the surface energy of the gate dielec-
tric is higher than that of the pentacene film, pentacene mol-
ecules will more strongly bond to the surface of the gate
dielectric than to the surrounding pentacene molecules, caus-
ing them to crystallize less perfectly. This would explain
why of the two gate dielectrics tested, the Ar gas flow cured
PVP gate dielectric, which has a higher surface energy, shows
larger grains from the initial deposition stage (Figure 3) and
a less perfect crystalline structure (Figure 4), which results
in a lower value of the field-effect mobility. Taken together,
our results suggest that the crystalline perfection is a more
critical determinant of the carrier mobility than the initial
grain size of the pentacene thin film on a PVP gate dielectric.

Conclusions
In summary, we improve the performance of pentacene-

based thin film transistors by changing the curing environ-
ment (vacuum or Ar gas flow) of PVP gate dielectrics while
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keeping other parameters, such as the surface roughness and
dielectric constant, the same. Relatively thick pentacene
films of 500 A deposited on these gate dielectrics showed
similar morphologies. For sub-monolayer pentacene cover-
ages, however, the morphology and crystal perfection of the
pentacene film was found to depend slightly on the surface
energy of the PVP dielectric, which was determined by the
curing environment used when fabricating the dielectric.
The field-effect mobility of the pentacene TFTs constructed
using a lower surface energy PVP cured under vacuum was
higher than that of the corresponding TFTs constructed
using Ar gas flow cured PVP.
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