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ABSTRACT: In organic field-effect transistors (OFETs), surface modification of
the gate-dielectric is a critical technique for enhancing the electrical properties of
the device. Here, we report a simple and versatile method for fabricating an
ultrathin cross-linked interlayer (thickness ∼3 nm) on an oxide gate dielectric by
using polymeric silsesquiazane (SSQZ). The fabricated siloxane film exhibited an
ultrasmooth surface with minimal hydroxyl groups; the properties of the surface
were chemically tuned by introducing phenyl and phenyl/fluorine pendent groups
into the SSQZ. The growth characteristics of two semiconductorspentacene (p-
type) and N,N′-ditridecyl-3,4,9,10-perylene tetracarboxylic diimide (PTCDI-C13,
n-type)on this ultrathin film were systematically investigated according to the
type of pendent groups in the SSQZ-treated gate dielectric. Pentacene films on
phenyl/fluorine groups exhibited large grains and excellent crystalline homoge-
neity. By contrast, PTCDI-C13 films exhibited greater crystalline order and
perfectness when deposited on phenyl groups rather than on phenyl/fluorine groups. These microstructural characteristics of the
organic semiconductors, as well as the dipole moment of the pendent groups, determined the electrical properties of FETs based
on pentacene or PTCDI-C13. Importantly, compared to FETs in which the gate dielectric was treated with a silane-coupling
agent (a commonly used surface treatment), the FETs fabricated using the tunable SSQZ treatment showed much higher field-
effect mobilities. Finally, surface treatment with an ultrathin SSQZ layer was also utilized to fabricate flexible OFETs on a plastic
substrate. This was facilitated by the facile SSQZ deposition process and the compatibility of SSQZ with the plastic substrate.
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1. INTRODUCTION

Much attention has been devoted to developing flexible
electronics that can be fabricated on plastic substrates.1−8 In
particular, organic field-effect transistors (OFETs) have
emerged as promising devices for use in flexible display
backplanes. Although significant effort has been devoted to the
realization of flexible OFETs, various issues must still be
addressed to enhance their performance. In OFETs, charge
carriers pass through the interface between the gate dielectric
and semiconductor, making the properties of this interface
crucial to device performance.9,10 Insertion of an ultrathin
nanolayer at the interface can significantly change device
performance parameters such as the field-effect mobility,
current on/off ratio and threshold voltage.11−14 In this regard,
self-assembled monolayers (SAMs) have been widely used to
modify the surfaces of common oxide gate-dielectric materials
such as SiO2 or AlOx in OFETs with a bottom gate

structure.15−20 A typical approach has been to dip the target
substrate in a solution containing a silane coupling agent for a
couple of hours, resulting in the formation of a nanolayer by
reaction-mediated self-assembly. However, SAM formation in
such systems is a subtle process involving hydrolysis and
condensation. When fabricating the SAM, atmospheric H2O,
solvent type, and reaction temperature must be controlled to
obtain a well-organized SAM on which to grow a well-
organized organic semiconductor film with low interface trap
density.18,21 If the phase-state and packing density of the SAM
are not optimized for subsequent organic semiconductor
growth, the electrical properties of the OFET will be degraded
significantly.22
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As an alternative to the use of a SAM, a spin-coated thin
polymer layer (i.e., polystyrene) can be employed to modify the
surface characteristics of an inorganic gate-dielectric.23−25

Because such a polymer layer protects the hydroxyl groups of
the oxide gate-dielectric, the charge trap density can be reduced
and the electrical properties can be greatly enhanced.24

However, the polymer layer can be easily destroyed by
subsequent processing of the organic semiconductor.4 In
previous works, cross-linked polymers (i.e., polyvinylphenol
or poly(vinyl alcohol) with a cross-linking agent) have been
used to fabricate a robust polymer film.11,26,27 However, a
drawback of this method is that the residual hydroxyl groups
remained in the cross-linked film, which triggered charge
trapping and device instability. As a single component cross-
linking solution, poly(methyl silsesquioxane) (PMSSQ) was
synthesized and a siloxane network film with minimal hydroxyl
groups was fabricated by spin coating a PMSSQ solution and
subsequent thermal annealing.28−31 A bulk PMSSQ film or
PMSSQ/oxide dual layer was used as a gate-dielectric for high-
performance OFETs. However, the surface roughness of the
PMSSQ film was relatively high because of the rapid cross-
linking reaction. In addition, it was not easy to reduce the
thickness of the PMSSQ film down to a few nanometers while
maintaining a smooth surface after cross-linking.
In the present study, to overcome the shortcomings of

PMSSQ, polymeric silsesquiazane (SSQZ) was spin-coated on
an oxide gate-dielectric (SiO2) to fabricate an ultrathin polymer
layer that is chemically anchored on the gate-dielectric. Under
humid conditions, Si−OH groups form spontaneously and
further annealing at 150 °C leads to a Si−O−Si network with
neighboring Si-NH2 groups or Si−OH groups on SiO2/Si
substrates. Compared to PMSSQ, the SSQZ cross-linking
reaction was significantly slower, and thus the cross-linked
ultrathin layer (thickness of ∼3 nm) contained a lower density
of hydroxyl groups and a smooth surface (roughness of ∼0.4

nm) was uniformly formed on the oxide surface. By introducing
phenyl or fluorine pendent groups in SSQZ, it was possible to
examine the growth characteristics of representative p-type and
n-type organic semiconductors and the variation in the
performance characteristics of the resulting OFETs according
to the type of pendent groups. Furthermore, flexible p-type and
n-type OFETs with a cross-linked SSQZ interlayer were
fabricated on plastic substrates.

2. EXPERIMENTAL SECTION
2.1. Materials. SSQZ with phenyl pendant groups (Ph-q) was

synthesized by a previously reported method using phenyltrichlor-
osilane (Aldrich).32,33 SSQZ with both phenyl and fluorine pendent
groups (PhF-q) was synthesized using the following procedure. A 10
wt % solution containing phenyltrichlorosilane and trifluoroethyltri-
chlorosilane (Aldrich) in pyridine was added to a three-neck flask
equipped with a gas inlet and a condenser under a moisture-free
nitrogen atmosphere. The solution was cooled to 0 °C with constant
stirring, and ammonia gas was introduced. The reaction proceeded for
3 h, after which time excess ammonia was removed by flowing
nitrogen through the solution. A white solid salt was removed by
filtration under nitrogen. The solvent was removed from the filtrate
under vacuum to yield PhF-q. The crude product was redissolved in
tetrahydrofuran and purified by reprecipitation from methanol. The
resulting white powder was dried under vacuum overnight and stored
in a drybox prior to usage. The Mw (8200) and polydispersity index
(3.69) of PhF-q were determined using gel permeation chromatog-
raphy (GPC, Waters), calibrated with narrow MW polystyrene
standards.

2.2. Device Fabrication. SSQZ thin films were fabricated by spin-
coating a 0.1 wt % solution of SSQZ in tetrahydrofuran (THF) onto a
SiO2 (thickness 300 nm)/Si substrate at 3000 rpm for 60 s, followed
by thermal annealing at 150 °C for 12 h. For flexible FETs, AlOx
dielectric (thickness 50 nm) was deposited on an ITO-coated
polyethylene naphthalate (PEN) substrate (Tenjin DuPont Films)
by a plasma-enhanced atomic layer deposition (PE-ALD) process and
the cross-linked SSQZ film was deposited in a manner similar to that
used for SSQZ deposition onto the SiO2/Si substrate. Pentacene or

Figure 1. (a, left) Chemical structures of the Ph-SSQZ and PhF-SSQZ used in this study; (right) reaction scheme for Ph-SSQZ and PhF-SSQZ. (b)
XRR curves and (c) AFM images of Ph-SSQZ- and PhF-SSQZ-treated SiO2/Si. (d) FT-IR spectra of the Ph-SSQZ film as a function of annealing
time at 150 °C.
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N,N′-ditridecyl-3,4,9,10-perylene tetracarboxylic diimide (PTCDI-
C13) was then thermally evaporated onto the SSQZ-treated SiO2/Si
or AlOx plastic substrates. The Au source/drain electrodes were
deposited by thermal evaporation through a metal shadow mask.
2.3. Characterization. The thickness of the SSQZ layer and the

crystalline structures of the pentacene and PTCDI-C13 thin-films were
investigated using synchrotron X-ray experiments performed at the 5A
beamline at the Pohang Accelerator Laboratory (PAL). The chemical
structure of the SSQZ layer was confirmed by Fourier transform
infrared spectroscopy (FT-IR). The surface morphologies of the SSQZ
layer, pentacene, and PTCDI-C13 were characterized by atomic force
microscopy (AFM) in tapping mode. The current−voltage character-
istics of the FETs were measured using a Keithley 4200-SCS
semiconductor parameter analyzer under ambient conditions.

3. RESULTS AND DISCUSSION
Figure 1 shows the mechanism of the cross-linking reaction of
SSQZ with phenyl pendent groups (Ph-q) or phenyl/fluorine
pendent groups (PhF-q). Via this mechanism, completely cross-
linked Si−O−Si networks can be generated by hydrolysis and
subsequent condensation reactions of SSQZ.32,34 Si−N−Si
linkages in the SSQZ break into Si−OH and Si−NH2 groups,
and the reactive Si−OH groups attack the Si atom of the Si−
NH2 groups at a mild temperature of 150 °C to form Si−O−Si
bonds with release of NH3. During the process, the
condensation reaction can also be preceded with the Si−OH
groups in the SiO2/Si substrate and it is possible to fabricate a
robust ultrathin layer on the SiO2/Si substrate. X-ray reflectivity
(XRR) profiles of fabricated SSQZ films with Ph-q and PhF-q
on SiO2/Si substrates showed that the films were ultrathin
layers with thicknesses of around ∼3 nm (Figure 1b and Table
1). In addition, atomic force microscopy (AFM) images

showed smooth surface morphologies (roughness ∼0.4 nm)
(Figure 1c). These findings demonstrate that the cross-linked
SSQZ film is uniform and ultrathin, characteristics that are
required for efficient surface modification of inorganic gate-
dielectrics such as SiO2 or Al2O3. To examine the chemical
structure of the SSQZ layer as a function of annealing time at
150 °C, FT-IR spectra were measured of films annealed for up
to 12 h (Figure 1d). The peaks at 940 and 3365 cm−1, which
correspond to Si−N and N−H stretching vibrations,
respectively,32,33 dramatically decreased as the annealing time
was increased. This can be explained by hydrolysis in the Si-
NH-Si linkage. On the other hand, the peak at 1025 cm−1,
which was not discernible prior to annealing, increased sharply
with increasing annealing time. This vibrational peak derives
from the Si−O−Si linkage. From these results, the proposed
reaction mechanism as shown in Figure 1a can be rationalized.
Because the signal at 900 cm−1 associated with Si−OH groups
becomes negligible after 12 h of annealing at 150 °C, the
characteristics of the remaining OH groups can be
elucidated.30,31 The chemical stability of the Ph-q or PhF-q

was tested by immersing the SSQZ-treated SiO2/Si substrate
into common organic solvents such as chloroform and toluene.
We observed no change in the thickness or surface morphology
of the film, confirming the chemical inertness of the Ph-q and
PhF-q. As expected from the low surface energy of fluorine
groups, the surface energy of PhF-q was much lower than that
of Ph-q (Table 1). In summary, a Ph-q or PhF-q layer can be
uniformly deposited onto a SiO2/Si substrate via a mechanism
involving hydrolysis and a polycondensation reaction, and the
resulting ultrathin and robust layer provides a smooth surface
ready for efficient gate-dielectric functioning in OFETs.
To examine the effects of SSQZ treatment on the growth

characteristics of p-type/n-type organic semiconductors, we
thermally evaporated pentacene (p-type) or PTCDI-C13 (n-
type) on top of SSQZ-treated SiO2/Si substrates. Figure 2a

shows AFM images of pentacene films (thickness 50 nm)
deposited on three substrate types: untreated and Ph-SSQZ-
and PhF-SSQZ-treated SiO2 dielectrics. The pentacene grains
on the Ph-q substrate had much smaller grain sizes than those
on the PhF-q substrate. This can be attributed to the lower
surface energy of PhF-q giving rise to a lower nucleation
density. The grain size of pentacene on PhF-q is comparable to
or even higher than that on bare (untreated) SiO2. Because the
Ph-q and PhF-q surfaces are smooth, the growth behavior on
the ultrathin layers is not affected by heterogeneous nucleation.
Figure 3b shows AFM images of 50 nm thick PTCDI-C13 films
on the three types of substrate. All of the films showed similar
rod-like morphologies of crystalline PTCDI-C13 molecules.
However, although the morphology of the organic semi-
conductor films are similar, the molecular ordering and
crystalline microstructure within the films may differ.
Figure 3 shows the structural characteristics of pentacene

films on the three substrate surfaces. Normal mode XRD scans
of untreated (bare) SiO2 (Figure 3a) exhibited (00l)
diffractions of the thin-film crystalline phase (a = 5.946 Å, b
= 7.558 Å, γ = 89.77°, d(001) = 15.5 Å), with small peaks
corresponding to the bulk crystalline phase (indicated by
arrows in the higher order peaks).35 These two polymorphs are
typical in thermally evaporated pentacene thin-film where thin-
film crystalline phase is energetically less stable than bulk
crystalline phase. For the two types of SSQZ-treated SiO2
substrate, however, only peaks corresponding to the thin-film
crystalline phase were detected, although their intensities were
smaller than those of pentacene on the untreated SiO2. This
result indicates that surface treatment of the SiO2 with a

Table 1. Surface Characteristics of Untreated and Ph-SAM-,
Ph-SSQZ-, and PhF-SSQZ-Treated SiO2 Dielectrics

dielectric surface properties

dielectric surface
modification

thickness
(nm)

surface roughness
(nm)

surface energy
(mJ/m2)

bare
Ph-SAM 0.8 (±0.2) 0.3 (±0.1) 42.8 (±3.1)
Ph-SSQZ 3.1 (±0.2) 0.4 (±0.1) 41.4 (±2.8)
PhF-SSQZ 3.3 (±0.1) 0.4 (±0.2) 31.9 (±1.7)

Figure 2. AFM images of 50 nm thick (a) pentacene and (b) PTCDI-
C13 films deposited on untreated and Ph-SSQZ- and PhF-SSQZ-
treated SiO2 dielectrics.
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hydrophobic SSQZ layer increases the crystalline homogeneity
of the pentacene film. Interestingly, when PhF-q was used, the
(00l) peak intensity increased considerably compared to the
system with Ph-q (Figure 3a, inset). Grazing incidence X-ray

diffraction (GI-XD) showed a pronounced difference in the
pentacene crystalline structure depending on the surface
characteristics of the substrate. Figure 3b shows diffuse
scattering intensities of (002) diffraction peaks along the

Figure 3. (a) XRD patterns of 50 nm thick pentacene films deposited on untreated and Ph-SSQZ- and PhF-SSQZ-treated SiO2 dielectrics; (inset)
enlarged (001) peak of the XRD pattern. The 2D GIXD patterns along the (b) qz and (c) qxy directions, corresponding to the out-of-plane and in-
plane directions of the pentacene films, respectively.

Figure 4. (a) XRD patterns of the 50 nm thick PTCDI-C13 films deposited onto untreated and Ph-SSQZ- and PhF-SSQZ-treated SiO2 dielectrics;
(inset) enlargement of the (001) peak of the XRD pattern. The 2D GIXD patterns along the (b) qz and (c) qxy directions, corresponding to the out-
of-plane and in-plane directions of the PTCDI-C13 film, respectively.
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Debye rings. Because diffuse scattering originated from the
crystal mismatch of pentacene, the small diffuse scattering
observed in PhF-q is indicative of crystal homogeneity of
pentacene from this surface. Remarkably, (002) diffraction
peaks corresponding to bulk crystalline phase is slightly tilted
with respect to the surface normal direction (qz, indicated by
white arrow in bare and Ph-q). On the other hand, such tilted
crystalline phases are barely detected for pentacene on the PhF-
q substrate. In accordance with the out-of-plane reflection
pattern, three intense in-plane reflections, {1, ±1}, {0, 2}, {1,
±2} in the thin film phase reflections,36 appear nearly vertically
at a given qxy for the system with a PhF-q substrate (Figure 3c).
On the other hand, the observation of tilted in-plane reflections
for the untreated SiO2 (indicated by red arrows) matches well
with the tilted bulk crystalline phase along the out-of-plane
direction (Figure 3b). This finding confirms that, in this system,
the bulk crystalline phase, which is slightly tilted along qz
direction, significantly contributes to the overall crystalline
structure of pentacene. Thus, the crystalline homogeneity of
pentacene decreases in the following order: PhF-q > Ph-q >
bare (untreated) SiO2.
PTCDI-C13 exhibits preferential molecular ordering due to

its long alkyl chains. When PTCDI-C13 grows on a substrate
surface, it forms (00l) planes oriented parallel to the surface in
order to minimize the surface energy.37−40 Accordingly, normal
mode XRD patterns of PTCDI-C13 films deposited onto
untreated and Ph-SSQZ- and PhF-SSQZ-treated SiO2 dielec-
trics (Figure 4a) only show (00l) diffraction spots. The
intensity of the (002) diffraction (Figure 4a, inset) decreases in
the following order: Ph-q > PhF-q > bare (untreated) SiO2.
Because the edge-on orientation with alkyl chains exposed to
the substrate surface is beneficial for the π-overlap of
conjugated planes, preferential orientation with (00l) planes
oriented normal to the surface can contribute to the lateral
transport of charge carriers.37 Figure 4b shows the angular
spread of (00l) diffraction spots. The PTCDI-C13 film on Ph-q
exhibited lower angular spread than that on PhF-q. The GI-XD
patterns in Figure 4c show Bragg rod in-plane reflections along
the qz direction at a given qxy, which can be indexed as {0,1},
{1,0}, {1, ±1}, {1, ±2}.13 These in-plane reflections originate
from the π-overlap of conjugated planes and their azimuthal
spreads are directly correlated with the distortion of the crystal
planes. The XRD pattern of the PTCDI-C13 film on Ph-q
exhibits the lowest tilting of the in-plane reflections, indicating
that this film has the lowest degree of lattice distortion. On
PhF-q, by contrast, the lateral growth of molecules is prohibited
a little. Further study is underway to investigate the reasons for
this behavior. It should be emphasized that SSQZ with only ∼3
nm thickness can affect growth characteristics of organic
semiconductors (i.e., pentacene, PTCDI-C13) differently by
having different functional groups.
To investigate the correlation between growth characteristics

of organic semiconductors and the electrical properties of
OFETs, we deposited Au source/drain electrodes directly onto
pentacene or PTCDI-C13 films. Figure 5 shows the output and
transfer curves of pentacene FETs and PTCDI-C13 FETs. For
comparison, devices were also fabricated using phenyltrichlor-
osilane to modify the SiO2/Si substrate surface; the phenyl-
terminated SAM (Ph-SAM) was fabricated by immersing a
SiO2/Si substrate in phenyltrichlorosilane solution in toluene
for 1 h. The pentacene FET with PhF-q exhibited a higher on-
current than did the corresponding device using Ph-q (Figure
5a). The electrical properties were further examined by

analyzing the transfer characteristics (Figure 5b); the results
are summarized in Table 2. The field-effect mobilities of
pentacene FETs calculated from the saturation regime in the
transfer characteristics decreased in the following order: PhF-q
> Ph-q > Ph-SAM > bare. The mobility of 0.60 (±0.14) cm2/
(V s) obtained using PhF-q could be further increased by
changing the operating conditions of the evaporator or by using
a pentacene source with high purity. The high mobility in the
PhF-q device can be attributed to the combined effect of the
large grain size (Figure 2a) and crystalline homogeneity (Figure
3). By contrast, the PTCDI-C13 FETs exhibited a different
trend in the field-effect mobility: Ph-q > PhF-q > Ph-SAM >
bare. The higher mobility in the Ph-q device can be explained
by the structural analysis in Figure 4, which showed that
PTCDI-C13 on Ph-q had higher crystalline order and
perfectness compared to that on PhF-q. Interestingly, all the
FET devices suffer from large charge injection barriers, as
indicated by nonlinear behavior at the low drain voltage of the
output characteristics (Figure 5c). This is caused by the use of
Au source/drain electrodes with high work function that exhibit
large mismatch with LUMO level of PTCDI-C13. For this
reason, all the electrical properties of PTCDI-C13 FET devices
shown in Table 2 were extracted from the transfer character-
istics at the saturation regime (drain voltage of 80 V). Thus, we
surmise that the effects of charge injection in four different
types of the dielectric surface (i.e., bare, Ph-SAM, Ph-q, PhF-q)
are nearly the same, and comparative explanation is still valid.
Although Ph-q and Ph-SAM contain the same phenyl group,
the electrical properties of organic semiconductor layers

Figure 5. (a) Output characteristics of pentacene FETs with gate
dielectrics modified by Ph-SSQZ or PhF-SSQZ. (b) Transfer
characteristics of pentacene FETs with untreated and Ph-SAM-, Ph-
SSQZ-, and PhF-SSQZ-treated SiO2 dielectrics where drain voltage is
fixed at −40 V. (c) Output characteristics of PTCDI-C13 FETs with
gate dielectrics modified by Ph-SSQZ or PhF-SSQZ. (d) Transfer
characteristics of PTCDI-C13 FETs with untreated and Ph-SAM-, Ph-
SSQZ-, and PhF-SSQZ-treated SiO2 dielectrics where drain voltage is
fixed at 80 V.
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deposited on substrates modified with Ph-q and Ph-SAM were
quite different. The surface coverage of Ph-SAM might not be
high due to the short alkyl chain of Ph-SAM. Thus, it is not as
effective as Ph-q or PhF-q for constructing a full-coverage
surface modification layer without hydroxyl groups. For this
reason, the field-effect mobilities of pentacene or PTCDI-C13
FETs with Ph-SAMs are much lower than those with Ph-q.
Interestingly, for both pentacene and PTCDI-C13 FETs, the
threshold voltage (Vth) and turn-on voltage (Von) shifted
depending on the functional group in SSQZ. FETs with PhF-q
showed positively shifted Vth and Von compared to FETs with
Ph-q. This behavior can be attributed to the dipole moment of
the fluorine groups that accumulate hole carriers (p-type) or
deplete electron carriers (n-type).41−43 This result demon-
strates that SSQZ treatment can be used to control Vth and Von
by adopting different functional groups in SSQZ.
To investigate the potential application of SSQZ treatment

for the fabrication of flexible transistors, p-type/n-type organic
transistors were constructed on a PEN substrate. To impart
low-voltage operation to the flexible transistors, a thin
aluminum oxide (AlOx) dielectric layer of thickness 50 nm
(specific capacitance = 140 nF/cm2) was deposited on an
indium tin oxide (ITO)-coated PEN substrate by plasma-
enhanced atomic layer deposition (PE-ALD). Subsequently, an
ultrathin Ph-q layer was deposited on the AlOx/ITO/PEN
substrate by spin-coating, and then a semiconductor layer and
source/drain electrodes were deposited in a similar manner to
that used for the SiO2/Si substrate. The SSQZ molecules react
with the hydroxyl groups in AlOx followed by a polycondensa-
tion process, which leads to the formation of an ultrathin SSQZ
layer on the AlOx/ITO/PEN substrate. Figure 6a shows a
photographic image of the flexible/transparent pentacene FETs
on a plastic substrate, and Figure 6b shows their electrical
properties. It should be noted that the transfer characteristics of
the FETs do not display hysteresis under dual sweeps when the
devices are operated at low voltage (below −5 V). Because Ph-

q provides an ultrathin cross-linked layer with minimal
unreacted silanol or amino groups, charge trapping between
the organic semiconductor and dielectric is minimized. Thus,
the pentacene FETs on a flexible substrate showed a high
mobility of 0.3 ± 0.04 cm2/(V s) with negligible hysteresis. The
extremely low hysteresis is due to the unique properties of Ph-q
without hydroxyl groups. Although the PTCDI-C13 FETs on a
flexible substrate also exhibited negligible hysteresis (Figure
6c), the field-effect mobility was only 0.02 ± 0.01 cm2/(V s).
We speculate that the low mobility in the flexible PTCDI-C13
FETs might originate from the rough plastic substrate. It is
inferred from our experiment that the effect of roughness on
the electrical performances of OFETs can be different
depending on the molecular structure and microstructure of
organic semiconductors. Postdeposition annealing can be used
to further enhance the electrical properties of PTCDI-C13
FETs.37,38

4. CONCLUSIONS
We have utilized ultrathin cross-linked SSQZ layers with
different functional groups to modify the surface properties of
the gate-dielectric in n-type/p-type OFETs. The growth
characteristics of pentacene or PTCDI-C13 molecules on the
SSQZ layers were mainly determined by the functional groups
in the SSQZ (i.e., Ph-q or PhF-q). Pentacene films deposited
on PhF-q had large grains and excellent crystalline homoge-
neity. As a result, pentacene FETs with PhF-q exhibited
excellent electrical properties. By contrast, PTCDI-C13 showed
higher crystalline order and perfectness when deposited on Ph-
q rather than PhF-q. In accordance with these microstructural
characteristics, PTCDI-C13 FETs with Ph-q exhibited a much
higher field-effect mobility than the corresponding devices with
PhF-q or Ph-SAM. Surface treatment with an ultrathin SSQZ
layer was also efficient for fabricating flexible OFETs on a
flexible plastic substrate because of the facile deposition process
and compatibility with the plastic substrate. The present

Table 2. Electrical Properties of OFET Devices Based on Pentacene or PTCDI-C13 as the Semiconductor and SiO2 Dielectrics
Whose Surfaces Were Untreated or Treated with Ph-SAM, Ph-SSQZ, or PhF-SSQZ

pentacene PTCDI-C13

dielectric surface
modification

field-effect mobility
(cm2/(V s))

ON/OFF current
ratio Vth (V)

field-effect mobility
(cm2/(V s))

ON/OFF current
ratio Vth (V)

bare 0.12 (±0.08) 1.3 × 106 −12.5 (±3.7) 0.007 (±0.003) 7.5 × 106 11.1 (±4.9)
Ph-SAM 0.25 (±0.07) 3.3 × 106 −8.3 (±2.5) 0.012 (±0.005) 1.2 × 107 12.5 (±4.6)
Ph-SSQZ 0.41 (±0.11) 1.0 × 106 −8.9 (±2.8) 0.11 (±0.03) 8.7 × 107 23.5 (±5.1)
PhF-SSQZ 0.60 (±0.14) 3.0 × 106 −6.8 (±1.5) 0.03 (±0.01) 2.6 × 106 29.2 (±7.2)

Figure 6. (a) Photograph of flexible, transparent pentacene FETs on a Ph-SSQZ-treated AlOx/ITO/PEN substrate. (b) Transfer characteristics of
pentacene FETs (measured at the drain voltage of −5 V) and (c) PTCDI-C13 FETs (measured at the drain voltage of 8 V) on plastic substrates.
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findings indicate that ultrathin cross-linked SSQZ layers
without residual hydroxyl groups are a promising alternative
to commonly used SAMs for enhancing the electrical properties
of OFETs and enabling flexible electronics.
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