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Inverted coplanar or bottom-gate bottom-contact (BGBC)-type thin-film transistors (TFTs) present
several advantages for the manufacture and application of organic TFTs, although serious difficulties
are encountered when trying to achieve sufficiently high performance. Recently, it was demonstrated
that both high mobility and ideal ON-OFF switching are attainable in BGBC-type printed organic TFTs
with highly clean semiconductor-gate dielectric interfaces. However, an unknown channel material
dependence in the device performance is found. Here, we show that the stability of semiconduc-
tor/metal/dielectric ternary interfaces is a crucial factor in the operation of BGBC-type organic TFTs. We
fabricate single-crystal organic semiconductor (OSC) films with various numbers of layers using two dif-
ferent materials (phenyl/alkyl-substituted benzothieno[3,2-b]benzothiophene and phenyl/alkyl-substituted
benzothieno[3,2-b]naphtho[2,3-b]thiophene) on highly lyophobic Cytop gate dielectric surfaces. The
transfer characteristics exhibit notable time-dependent degradation, which clearly depends on the material,
layer number, and encapsulation. Kelvin-probe force microscopy measurements reveal that the degrada-
tion is ascribed to contact resistance at the source electrodes, while it can be more suppressed in multilayer
(two or more layers) OSCs. Atomic force microscopy and in-plane x-ray diffraction profiles present signs
of the transformation in single molecular bilayer OSCs laid on the electrodes. The results suggest the
importance of the quality of the OSC layer at ternary interfaces, providing a clue for improving the
performance of BGBC-type organic TFTs.

DOI: 10.1103/PhysRevApplied.21.024005

I. INTRODUCTION

For wide application of organic thin-film transistors
(TFTs), improvements are required in the performance
indexes of electrical characteristics, such as device mobil-
ity, switching sharpness, operation voltage, and opera-
tion stability. It is expected that the parasitic resistance
of the semiconductor bulk arising between the channel
and the source or drain electrodes can be reduced by
adopting coplanar [bottom-gate bottom-contact (BGBC) or
top-gate top-contact] TFTs, which are in principle more
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advantageous than staggered [bottom-gate top-contact
(BGTC) or top-gate bottom-contact] TFTs. This is sim-
ply because vertical transport across the channel layer is
necessary in the latter [1]. Additionally, inverted copla-
nar or BGBC-type TFTs are more promising for practical
uses, because this type of device should allow a variety of
manufacturing processes to be used for the stacking and
patterning of electrode and/or dielectric components with-
out having adverse effects on the organic semiconductor
(OSC) channel layer [2–4].

Meanwhile, it is known to be quite difficult to obtain
BGBC-type organic TFTs that exhibit sufficiently high
performance, as compared to BGTC-type organic TFTs
that are utilized as standard. It has been pointed out
for vacuum-deposited polycrystalline BGBC-type organic
TFTs that the crystal growth mode of the OSC layer on
an electrode surface or edge is distinct from that on a
gate dielectric surface, which eventually limits the car-
rier injection and device performance [2,5–8]. Further-
more, there are often serious unknown difficulties when
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trying to achieve high performance in BGBC-type organic
TFTs composed of either polycrystalline or single-crystal
OSC films fabricated either by solution or vacuum pro-
cessing [9–11]. One problem is that the origin of the
performance deterioration is not understood, although a
few recent studies have reported high device performance
in BGBC-type organic TFTs [3,12–14]. The following
aspects have been proposed as the origin of the deteriora-
tion: (1) the applied electric field from the gate does not
work effectively for carrier injection [15–17]; (2) space
charge accumulates at the conduction path [18–20]; and (3)
other effects [4,7,21–26]. Thus far, a way of constructing
ideal BGBC-type organic TFTs has not been clarified or
established.

Recently, it was reported that both high mobility and
ideal ON-OFF switching are attainable in solution-processed
BGBC-type organic TFTs [10]. A notable feature is that
the devices exhibit extremely sharp switching character-
istics close to the theoretical limit, which is ascribed to
the formation of highly clean semiconductor-gate dielec-
tric interfaces with the use of the highly lyophobic Cytop.
The production of such interfaces was enabled by adopt-
ing the extended meniscus-guided (EMG) coating tech-
nique. However, it was also shown that the device mobil-
ity strongly depends on the OSC channel material. The
mobility value is more than 10 times lower than that of
BGTC-type TFTs for phenyl/alkyl-substituted benzothieno
[3,2-b]benzothiophene (Ph-BTBT-Cn) [27–29], while a

comparably high value is obtained for phenyl/alkyl-
substituted benzothieno[3,2-b]naphtho[2,3-b]thiophene
(Ph-BTNT-Cn) [30–32]. [The molecular structures of
Ph-BTBT-Cn and Ph-BTNT-Cn are shown in Fig.
1(a)]. We consider that the observed channel material
dependence is associated with the unknown problem
at the semiconductor-metal-dielectric ternary interfaces,
and thus offers a unique opportunity to clarify why many
BGBC-type TFTs fail to operate.

In this study, we investigate the operations of sharp-
switching BGBC-type organic TFTs based on both Ph-
BTBT-Cn and Ph-BTNT-Cn. We focus on the dependence
of the device characteristics on the number of layers of
single-crystal OSC films and on their temporal variations.
We find that the devices composed of single molecular
bilayer films of Ph-BTBT-Cn exhibit rapid and notable
degradation of the device characteristics, while the degra-
dation is evidently suppressed by using multilayer (two
or more layers) films, Ph-BTNT-Cn films, or by encap-
sulation. We use Kelvin-probe force microscopy (KPFM)
to investigate the electric potential variation along the
channel, and we also investigate the OSC film mor-
phology around the ternary interfaces using atomic force
microscopy (AFM) and x-ray diffraction (XRD) mea-
surements. Based on the results, we discuss the origin
of the degradation in the device characteristics, and the
important roles of the ternary interfaces in BGBC-type
organic TFTs.

(a) (d)(b)

(e)
(c)

FIG. 1. Single-crystal TFTs with various numbers of layers of OSC films. (a) Chemical structures of Ph-BTBT-Cn and Ph-BTNT-Cn.
(b) Schematic cross section of TFTs. (c) Optical image of various numbers of layers of OSC films with a mixed solution of Ph-BTBT-
Cn. The red dashed line shows the boundary between regions with uniform thickness of OSC films. The black dashed line rectangle
shows one of the TFTs with a uniform layer number. (d) Transfer characteristics of four layers of Ph-BTBT-Cn TFTs. The mobility
value is estimated as 9.1 cm2 V–1 s–1. The SS value is extracted by the linear fit of current slope in the range from |I d| = 10−11.5 to
10−10 A. (e) Layer-number dependence of the device mobility in the linear regime several days after device fabrication.
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II. EXPERIMENT

A. Manufacturing BGBC-type TFTs with different
numbers of layers

Figure 1(b) schematically shows a cross section of the
BGBC-type organic TFTs that we produce. We use heav-
ily p-doped silicon plates with a 100-nm-thick surface
SiO2 layer as substrates. The Cytop layer is spin-coated (at
2000 rpm for 60 s) using a solution of Cytop (CTL-809M;
AGC Inc., Japan) diluted with the solvent (CT-Solv.180;
AGC Inc., Japan) at a ratio of 1:4. The Cytop layer is then
cured in a vacuum oven (at 50 °C for 10 min at 0.08 MPa,
80 °C for 15 min at 0.02 MPa, and 180 °C for 60 min at
0.02 MPa). To form the source and drain electrodes and U-
shaped metal guide required for the EMG coating (see Sup-
plemental Material Fig. S1 [33]), 0.5-nm-thick Cr and 25-
nm-thick Au are vacuum deposited through a shadow mask
on top of the Cytop layer. The electrode surface is modified
by chemical vapor treatment with pentafluorobenzenethiol
(PFBT) (>95.0%; Tokyo Chemical Industry Co., Ltd.,
Japan).

The OSC materials are synthesized according to the
literature [30,34]. It is reported that the use of a mixed solu-
tion of OSCs with different alkyl chain lengths effectively
suppresses the multiple stacking of molecular bilayer films
[10,35]. Thus, we use a mixture of Ph-BTBT-C10 and
Ph-BTBT-C14 for fabricating Ph-BTBT-Cn films, and a
mixture of Ph-BTNT-C10 and Ph-BTNT-C12 for fabricat-
ing Ph-BTNT-Cn films. The respective compounds are
dissolved in chlorobenzene (Wako Special Grade; Fujifilm
Wako Pure Chemical Corp., Japan) at 0.05 or 0.1 wt %.
The solutions are mixed at different mixing ratios to
control the layer-number thickness of single-crystal OSC
films by the moderate suppression of the multiple stack-
ing of bilayer units. For example, we utilize a volume
ratio of 9:1 (Ph-BTBT-C10:Ph-BTBT-C14) to fabricate
single molecular bilayer films (hereafter referred to as
single-layer films), and a ratio of 97:3 to obtain films
with several layers (hereafter referred to as multilayer
films), as presented in Fig. S1 in the Supplemental Mate-
rial [33]. Finally, the EMG coating technique is used
to obtain uniform larger-area single-crystal OSC films
on the Cytop surface under ambient pressure and tem-
perature. The fabricated films are dried under ambient
temperature.

The TFT channel is isolated from unnecessary parts
by removing the outside OSC films with uniform thick-
ness using a micromanipulator (Axis Pro; Micro Sup-
port Co., Ltd., Japan), as shown in Fig. S2 in the
Supplemental Material [33]. Optical microscope images
and crossed-Nicols micrographs are collected with a
digital microscope (VHX-6000; Keyence Corp., Japan).
The layer number of the channel semiconductor layer
is determined using AFM (VN-8010; Keyence Corp.,
Japan).

B. Device and thin-film characterization

The electrical characteristics are measured in a glove
box filled with N2 gas using a semiconductor parameter
analyzer (E5270A; Agilent Technologies Inc., USA). The
channel length L is 100 μm. The channel width W varies
from device to device, ranging from 100 to 800 μm, as
the areas with uniform thickness are selected from the
single-crystal OSC films [see Figs. 1(c) and S2 in the Sup-
plemental Material [33]]. The gate capacitance is estimated
as 22 nF cm−2, composed of the series capacitance of
Cytop and SiO2, with relative permittivity 2.0 and 3.9 and
thickness 30 and 100 nm. To encapsulate the OSC chan-
nel layer of the TFTs, we use another Cytop layer that is
spin-coated with a solution diluted with solvent to a ratio
of 1:1 with solvent on top of the devices and heated at a
temperature below the glass transition point (108 °C). The
thickness of the encapsulating film is about 200 nm.

KPFM measurements and observation of the surface
morphology of the OSC films are conducted with MFP-
3D (Asylum Research, USA). The in-plane XRD mea-
surements are conducted by a thin-film diffractometer
(SOR-SmartLab; Rigaku Co., Ltd., Japan) installed in
the beamline BL-7C at the Photon Factory, High-Energy
Accelerator Research Organization (KEK). Diffraction
intensity is recorded using a scintillation counter.

III. RESULTS AND DISCUSSION

A. Material and layer-number dependence of device
mobility

We successfully obtain OSC films with various layer
numbers on top of the Cytop layer and source and drain
electrodes for both Ph-BTBT-Cn and Ph-BTNT-Cn, as
presented in Figs. 1(c) and S2 in the Supplemental Mate-
rial [33]. The OSC films are stacked only in bilayer
units within very large single-domain crystal films, as
confirmed by AFM measurements and crossed-Nicols
polarized microscope observation. The BGBC-type TFTs
with different layer-number thicknesses are fabricated by
extracting the OSC films with uniform thickness areas, as
shown in Fig. 1(c). We find that almost all devices exhibit
turn-on voltage (Von) around 0 V, sharp switching with
the subthreshold swing (SS) value of 60–80 mV dec−1,
and negligible hysteresis, regardless of the thickness or
the OSC material, as shown in Fig. 1(d). We observe clear
dependence of the ON current on the thickness of the OSC
films, associated with the difference in the device mobility.

Figure 1(e) summarizes layer-number dependence of the
device mobility for both Ph-BTBT-Cn and Ph-BTNT-Cn
TFTs, measured a few days after device fabrication. The
single-layer TFTs of Ph-BTNT-Cn exhibit higher mobil-
ity than those of Ph-BTBT-Cn, as consistent with a pre-
vious report [10]. Importantly, multilayer TFTs exhibit
much higher mobility than single-layer TFTs based on
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the same OSCs. Note that the difference owing to the
layer-number dependence is much larger than the differ-
ence expected from the in-plane anisotropy of the crystal
films [35]. It is worth mentioning that the multilayer TFTs
of Ph-BTBT-Cn exhibit a higher mobility (average value
of 6 cm2 V−1 s−1) than those of Ph-BTNT-Cn (average
value of 4 cm2 V−1 s−1), for which the material depen-
dence is reversed compared with the case of single-layer
TFTs. Nonetheless, the material dependence of the mul-
tilayer TFTs is rather similar to that of the BGTC-type
single-crystal TFTs [27–31].

B. Time-dependent TFT characteristics and effects of
encapsulation

Figures 2(a) and S3 in the Supplemental Material [33]
show the temporal variation in the transfer characteris-
tics of the respective TFTs with different layer numbers
or OSC materials, measured repeatedly after device fabri-
cation. No voltage is applied between the measurements.
The characteristics exhibit a strong time dependence, and
depend on the layer number and materials, as seen in Fig.
2(b). Single-layer TFTs composed of Ph-BTBT-Cn exhibit

mobility at 4 cm2 V−1 s−1 immediately after device fabri-
cation, whereas a gradual but significant degradation of the
ON current is observed within 200 h. In contrast, the mobil-
ity of multilayer (three layers) TFTs is much more stable,
with the initial high mobility of 8 cm2 V−1 s−1 being main-
tained for up to 200 h. The distribution of mobility values
is estimated at 2–9 cm2 V−1 s−1 for both the single-layer
TFTs measured immediately after device fabrication and
the multilayer TFTs (see also Fig. S4 in the Supplemental
Material [33]). Previous studies have reported a mobility of
over 10 cm2 V−1 s−1 for Ph-BTBT-C10 [12,27–29], which
is somewhat larger but close to the value observed in this
study.

For Ph-BTNT-Cn, the speed of degradation of the device
mobility in single-layer TFTs varies greatly from device
to device, as shown in Fig. S5 in the Supplemental
Material [33]. The degradation of some devices proceeds
much more slowly than for Ph-BTBT-Cn. The results
demonstrate that the observed layer-number and material
dependence is associated with the difference in the speed
of degradation. In contrast to the time-dependent degrada-
tion of mobility, we find that the turn-on voltage, switching
sharpness, and hysteresis exhibit a high temporal stabil-
ity; low-voltage operation below 3 V with a small SS

(a)

(b) (c)

FIG. 2. Transfer characteristics of
TFTs with various OSC materials and
layer numbers. All devices are stored
under nitrogen atmosphere. (a) Transfer
curves in the linear regime measured at
various times after device fabrication. The
schematic of each device structure above
the gate dielectric layer is also shown. (b)
Temporal variation in the device mobility
extracted from the transfer curves. (c)
Temporal variation in the SS value of the
single-layer Ph-BTNT-Cn TFTs.
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value of less than 70 mV dec−1 [Fig. 2(c)] is achieved.
Even in the case of single-layer Ph-BTBT-Cn, the SS value
for most of the devices remains less than 70 mV dec−1

for up to 150 h. The results lead us to conclude that the
varied time-dependent degradation of mobility in BGBC-
type TFTs causes the apparent difference of the device
mobility shown in Fig. 1(e), whereas the subthreshold
characteristics are kept stable.

We also investigate the atmospheric effects on the tem-
poral variation in the TFT characteristics. The single-layer
Ph-BTBT-Cn TFTs are subjected to various atmospheres
(air, N2 gas, and vacuum), and the temporal variation in
the device characteristics are measured. We also measure
the temporal variation for TFTs encapsulated by Cytop
layers [Fig. 3(a)]. We did not observe any damage on
the semiconductor layer due to the encapsulation process
[see Fig. S6(a) in the Supplemental Material [33]]. We
find that the degradation occurs at any atmospheric con-
ditions up to 200 h, but not in the case of the encapsulated
TFTs, as shown in Figs. 3(b) and S6 in the Supplemental
Material [33]. The encapsulated TFTs exhibit exception-
ally high stability while maintaining the initial mobility.
Furthermore, we also observe an interesting feature in that
the degradation of mobility is gradually saturated in air
after 100 h, whereas this characteristic is further degraded
in nitrogen gas for both Ph-BTBT-Cn and Ph-BTNT-Cn,
as seen in Figs. 3(c) and S7 in the Supplemental Mate-
rial [33]. In addition, drain or gate bias stress between
each measurement does not affect degradation speed in
the device characteristics (see Fig. S8 in the Supplemen-
tal Material [33]). Note that these results contrast with the
general understanding that the degradation of TFT charac-
teristics is attributed to the effects of exposure to ambient
air and bias stress [36,37].

C. Potential drop at ternary interfaces in BGBC-type
TFTs

To investigate the origin of the degradation in device
characteristics, we measure the local surface electric
potential distribution along the channels using KPFM,
which allows us to discriminate and compare the channel
and contact resistance [38–40]. First, we use single-layer
Ph-BTBT-Cn TFTs and single-layer Ph-BTNT-Cn TFTs
in the KPFM measurements. Figure 4 shows the poten-
tial profiles through the channel area in the linear regime
(Vd= −0.5 V, Vg=−3 V). In the respective measurements,
we confirm that the drain potential is 0.5 V (=|Vd|) lower
than the source potential, while the potential profiles are
changed considerably by the change in the gate voltage
Vg, as seen in Fig. S9 in the Supplemental Material [33].
We observe that the electric potential decreases gradually
along the channel in both the single-layer Ph-BTBT-Cn
TFTs and Ph-BTNT-Cn TFTs immediately after device
fabrication, as seen in Fig. 4(a). After 78 h, a potential

(a)

(b) (c)

FIG. 3. Transfer characteristics of single-layer Ph-BTBT-Cn
TFTs under various atmospheres. (a) Device structures above
the gate dielectric layer. (b),(c) Temporal variation in the device
mobility. TFTs stored in a laboratory, in a glove box filled
with N2 gas, and in a chamber (10−4 Pa) are shown as “Air”,
“Nitrogen,” and “Vacuum”, respectively.

drop around the boundary of the source electrode and
channel increase significantly and the potential in the chan-
nel become almost flat in the single-layer Ph-BTBT-Cn
TFT. The single-layer Ph-BTNT-Cn TFT also exhibits a
similar potential drop at the source electrode edge after
79 h, although the drop is clearly smaller than that of the
single-layer Ph-BTBT-Cn TFT. The results indicate that
the effective drain bias applied to the channel decreases
with time in the single-layer TFTs, which proceeds more
rapidly in Ph-BTBT-Cn TFTs than in Ph-BTNT-Cn TFTs.

To investigate the layer-number dependence of the
potential distribution, we conduct KPFM measurements
of the single-layer and multilayer (four layers) Ph-BTBT-
Cn TFTs that exhibit mobility of 0.02 cm2 V−1 s−1 and
6.0 cm2 V−1 s−1, respectively. Figure 4(b) shows the
potential profiles for single-layer and multilayer TFTs
based on Ph-BTBT-Cn and Ph-BTNT-Cn. We observe a
large and a small potential drop around the edges of the
source and the drain electrodes, respectively, in the case of
the single-layer Ph-BTBT-Cn TFT. In contrast, the poten-
tial drop is negligibly small in the case of the multilayer
Ph-BTBT-Cn TFT, where the drain potential uniformly
and gradually decreases along the channel. As seen on the
two-dimensional maps of the surface potential shown in
Fig. S10 in the Supplemental Material [33], these potential
drops around the contacts are uniformly observed in the
single-layer TFTs but not in multilayer TFTs. A similar
trend is also observed in the saturation regime (Vd=−3 V,
Vg= −3 V) (see Fig. S9 in the Supplemental Material
[33]).

The potential drop observed at the electrode edge in the
single-layer Ph-BTNT-Cn TFTs is not considerable, but
is slightly larger than that in the multilayer (two layers)
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(a) (b)

FIG. 4. Surface potential distribution in the linear regime (Vd=−0.5 V, Vg=−3 V) along the TFT channel. (a) Time dependence
of surface potential of specific (upper) single-layer Ph-BTBT-Cn and (lower) single-layer Ph-BTNT-Cn TFTs. (b) Layer-number
dependence of surface potential of (upper) Ph-BTBT-Cn and (lower) Ph-BTNT-Cn TFTs, respectively. Ph-BTBT-Cn and single-layer
Ph-BTNT-Cn TFTs are measured within 20–40 h. The multilayer Ph-BTNT-Cn TFTs are measured at approximately 250 h. “S” and
“D” correspond to source and drain electrodes, respectively. Each dashed line represents the boundary between the electrode and the
channel.

TFTs. The layer-number dependence is basically simi-
lar between Ph-BTBT-Cn and Ph-BTNT-Cn, whereas the
potential drop in Ph-BTNT-Cn is much smaller than that
in Ph-BTBT-Cn. These features are consistent with the
trend of the device mobility; the TFTs with higher mobil-
ity exhibit a smaller potential drop. Thus, we conclude
that the degradation of the device mobility depending on
layer number and material is attributed to the contact
resistance. This means that the contact resistance should
increase with time, especially in single-layer Ph-BTBT-Cn
and Ph-BTNT-Cn TFTs.

To evaluate the sheet resistance of the OSC chan-
nels separately from the contact resistance, we also apply
the transfer line method (TLM) for the single-layer and
multilayer Ph-BTBT-Cn TFTs. The results are shown in
Fig. S11 in the Supplemental Material [33]. From the
results, we find that the slope in the TLM plot (corre-
sponding to the sheet resistance) remains constant with
time, whereas the intercept at L = 0 μm (corresponding
to the contact resistance) increases gradually with time.
We evaluate the sheet resistance as 3.0−3.3 M�/sq for
the single layer and as 1.8−1.9 M�/sq for the multi-
layer. The contact resistance increases more rapidly in the
single layer than in the multilayer. All the results indi-
cate that the mobility degradation is mainly caused by the
time-dependent contact resistance, and not by the sheet
resistance.

D. Transformation of OSC films on metal electrodes

To further investigate the origin of the degradation,
we conduct a structural characterization of OSC films
deposited both on Cytop and PFBT-modified Au electrode
surfaces. Figures 5(a)–5(f) and S12 in the Supplemental
Material [33] show the surface topography map measured
by AFM for single-layer and multilayer (five layers) films
of Ph-BTBT-Cn. We find that the images exhibit a rela-
tively rough surface morphology in the case of a single
layer on electrodes, whereas the surfaces remain flat and
homogeneous for single-layer films on Cytop and multi-
layer films on both Cytop and electrodes. The morphology
of the single-layer film on electrodes is composed of a rela-
tively rough “base region” [observed as gray-colored areas
in Figs. 5(a) and 5(e)], accompanied by “raised particles,”
which are granular areas with a certain thickness (observed
as white-colored areas in the same figures). The raised par-
ticles are 10–200 nm in lateral size and the step height
from the base region is estimated at approximately 5 nm, as
seen in Fig. 5(g). Interestingly, the step height is close to
the thickness of a single molecular bilayer (5.3 nm). The
lateral size and number of these raised particles increase
with time, as seen in Fig. 5(h). This feature contrasts with
the fairly stable surface morphology for a single layer on
Cytop. It is most probable that the additional bilayer area
gradually grows on top of the base region. On the other
hand, we investigate whether the base region is a surface of
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i)

FIG. 5. Morphology of (a),(c),(e) single-layer
and (b),(d),(f) multilayer (five layers) of Ph-
BTBT-Cn films (a),(b) around contact edge,
(c),(d) on Cytop, and (e),(f) on electrodes. Images
of the single-layer film show the temporal varia-
tion of a specific area. Those of the multilayer film
are obtained more than one month after device
fabrication. Color scale is common for each row.
(g) Height profiles of the blue dashed lines on
the right-hand image of (e). The black dashed
line at 5.3 nm corresponds to the thickness of a
single layer. (h) Statistical distribution extracted
from (e). The average height of the base region
corresponds to 0 nm. (i) Schematic illustration of
structure of single-layer films. Single-layer film is
partially defective, disordered, and stacked.

an OSC layer or a bare electrode by using crossed-Nicols
microscope observations and polarized absorption mea-
surements. We observe a clear optical anisotropy owing to
Ph-BTBT-Cn over the entire electrode surface with identi-
cal peak energy at about 3.3 eV [41], as seen in Figs. S13
and S14 in the Supplemental Material [33]. Therefore, it is
assumed that the base region on the electrode is not a bare
electrode surface but instead involves a single layer of Ph-
BTBT-Cn with retained crystalline anisotropy but possibly
a more disordered arrangement, as shown in Fig. 5(i).

We conduct in-plane XRD measurements more than
100 h after device fabrication to investigate the

structural difference between Ph-BTBT-Cn on electrodes
and on Cytop. Single-domain crystal films are fabricated
and extracted for the XRD measurements, as shown in
Table I and Fig. 6. We first search for (020) in-plane
diffractions, and then scan the ϕ angle with 2θ fixed at
a specific angle corresponding to each (020) diffraction.
Sharp Bragg reflections are observed for all the films, indi-
cating that the Ph-BTBT-Cn films are composed mainly of
a single domain with aligned lattice spacing even for the
single layer on electrodes (see also Fig. S15 in the Sup-
plemental Material [33]). However, the peak position of
the scattering vector is clearly different for the single layer
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(a) (b)

(c)

FIG. 6. In-plane x-ray diffraction (XRD) measurements of Ph-
BTBT-Cn films. (a) XRD profile of single layer on PFBT/Au
collected by scanning the ϕ angle with 2θ fixed at 19.88° corre-
sponding to the (020) diffraction. (b) XRD profile of single layer
on PFBT/Au and on Cytop collected by scanning the 2θ angle
with ϕ fixed at the optimal angle. q is the scattering vector. The
inset is the layered-herringbone packing motif of Ph-BTBT-C10.
(c) Crossed-Nicols micrograph of the single layer on PFBT/Au.
The yellow dashed line shows a single-domain crystal film, as
used for XRD measurements.

on electrodes compared to that on Cytop, as presented in
Fig. 6(b). The b-axis length of the single layer on elec-
trodes is estimated at 7.98 Å, which is slightly but clearly
longer than that of the bulk crystal (7.76 Å) [42], whereas
the value is almost the same for the single layer on Cytop
(7.77 Å) and for the multilayer on electrodes (7.70 Å).
Additionally, in ϕ-angle scanning, the peak width of the
single layer on electrodes is wider than that on Cytop, indi-
cating that the crystallinity of the single layer on electrodes
is worse than that on Cytop.

Based on the results of the AFM and XRD measure-
ments, we conclude that the single-layer films of Ph-
BTBT-Cn should undergo a gradual but qualitative change
on electrodes, even though the single-crystalline nature
seems to be preserved. We consider that the gradual change
in the OSC single layer should be responsible for the
contact resistance as proved by KPFM, and also for the
time-dependent degradation of the device mobility.

TABLE I. b-axis length extracted from 2θ scan of XRD. The
value of bulk crystal is referenced from the literature [42].

Single layer
on Cytop

Single
layer on

PFBT/Au

Multilayer
on

PFBT/Au
Bulk

crystal

b-axis
length
(Å)

7.77 7.98 7.70 7.76

E. On the material and layer-number dependence of
TFT characteristics

Based on the experimental results presented thus far, we
discuss the origin of the material and layer-number depen-
dence of the TFT characteristics. We first point out that the
possible strain of the OSC layer due to the step of thick
electrodes (25 nm) can be excluded for the observed per-
formance deterioration in the BGBC-type organic TFTs
used in this study when we consider the uniform poten-
tial drop at the contact along the channel width direction
(see Fig. S10 in the Supplemental Material [33]) and the
gradual and reproducible degradation of the device mobil-
ity (see Fig. S5 in the Supplemental Material [33]). We
note that the height slope at the electrode edge should have
a slight angle, considering the edge width of about 1 μm
against the edge height of 25 nm.

Thus, it is reasonable to consider that the degradation
of the device characteristics should be associated with the
gradual and qualitative change in the ultrathin single layer
on the PFBT/Au electrode surfaces caused by the rel-
atively high surface energy or surface roughness of the
electrodes. It is most probable that the material and layer-
number dependence of device mobility is related to the
difference in fragility or robustness of the OSC layer on the
electrodes, which causes the increase in the contact resis-
tance at the semiconductor-metal-dielectric ternary inter-
face and eventually causes the time-dependent degradation
of the device characteristics. The qualitative change in the
single layer of Ph-BTBT-Cn on electrodes is accompa-
nied by a slight variation in the lattice constants while the
crystalline anisotropy is maintained. Although the details
of the molecular arrangement on the electrodes is not yet
clear, we conjecture that the as-grown film having a qual-
ity that differs from that of the bulk crystal is the origin
for the motion of OSC molecules and eventually causes
the gradual film transformation, including the growth of
raised particles on top of the base region. Although mor-
phological or structural evolution has been observed in
vacuum-evaporated and spin-coated OSC films [43,44],
it is worth noting that a similar phenomenon occurs in
single-crystalline films growing at the air-liquid interface
of the meniscus [45–47]. As additional evidence of the
qualitative change in the single layer, we confirm that the
degradation is accelerated by heating single-layer TFTs
at temperatures lower than the temperature of the liquid-
crystalline transition of Ph-BTBT-Cn or for the deposition
of PFBT (see Fig. S16 in the Supplemental Material [33])
[30]. This result is consistent with our discussion con-
sidering that the film transformation is expected to be
accelerated by the thermal motion of OSC molecules.

The degradation proceeds more slowly in some devices
of the single-layer Ph-BTNT-Cn TFTs than in the single-
layer Ph-BTBT-Cn TFTs (see Fig. S5 in the Supplemental
Material [33]). This feature indicates the more robust
nature of the single layer of Ph-BTNT-Cn compared with
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that of Ph-BTBT-Cn, where the larger fused ring num-
ber is likely to be associated with the stability of the
OSC layer. Additionally, significant temporal stability is
obtained in the multilayer TFTs, and a similarly high
stability is achieved in the encapsulated TFTs. We can
consider that the bottom single bilayer, which is located
closest to the electrodes and Cytop layer, works as the
actual channel layer, and that the additional OSC layer
or the encapsulating layer should effectively suppress the
qualitative change on electrodes by restricting the motion
of molecules in the bottom single bilayer. These arguments
imply that the carrier conduction path is mostly restricted
to the bottom single bilayer, which is consistent with the
results shown in Fig. S4(a) in the Supplemental Mate-
rial [33]: single-layer and multilayer TFTs exhibit similar
highest mobility values (9 cm2 V−1 s−1). Furthermore,
the effects of the atmosphere on the device characteristics
present a rather peculiar behavior but can be understood in
terms of the above scenario; the degradation in air becomes
gradually saturated, whereas the degradation proceeds fur-
ther in nitrogen gas or in vacuum, as shown in Figs. 3(c)
and S7 in the Supplemental Material [33]. We consider
that in the former case the absorption of some atmospheric
molecules on the OSC layer or electrodes should restrict
the motion of OSC molecules like an encapsulating layer,
and would eventually suppress the qualitative change in
the single layer.

Finally, we discuss the observed difference in the effect
on the device mobility and the subthreshold characteristics;
the device mobility exhibits severe time-dependent degra-
dation, whereas the temporal variation in the value of SS
and Von is negligibly small. Similar features are observed
in all the devices used in this study. Theoretically, the SS
value is correlated with the density of carrier trap states at
the semiconductor-gate dielectric interface and in the semi-
conductor bulk [48,49]. Therefore, the observed invariant
feature of the SS value implies the highly stable nature of
the semiconductor-gate dielectric interface in the channel
region. Regarding the effect of the contact resistance on SS,
some studies have reported that the contact resistance and
SS were improved simultaneously by the insertion of the
metal oxide layer [50], whereas other studies have reported
that atmospheric exposure of the source and drain elec-
trodes or adoption of different gate dielectrics causes the
change in the contact resistance without affecting the SS
value [21,51]. All these results clearly demonstrate that
the origin of the contact resistance can be clearly separated
from that of the SS values in BGBC-type TFTs when we
utilize an extremely clean semiconductor-gate dielectric
interface with the highly lyophobic gate dielectric layer.

IV. CONCLUSION

We successfully reveal the origin of the considerable
channel material dependence of the device mobility

observed in extremely sharp-switching BGBC-type organic
TFTs based on solution-processed, single-crystalline, and
ultrathin OSC layers of Ph-BTBT-Cn and Ph-BTNT-Cn.
We find that the device mobility crucially depends on
the layer-number thickness of the OSC layers, and that
the difference in the device mobility originates from the
time-dependent degradation of the OSC layers on the elec-
trodes. In particular, the single-layer Ph-BTBT-Cn TFTs
exhibit severe time-dependent degradation, and this fea-
ture can be ascribed to the gradual and qualitative change
in the ultrathin OSC layer on the electrode surfaces as
observed by AFM and XRD measurements, although the
single-crystalline nature of the single layer of Ph-BTBT-Cn
is maintained as confirmed by crossed-Nicols microscope
observation, polarized absorption spectra, and XRD mea-
surements. The gradual and qualitative change in the OSC
layer on the electrodes would be responsible for the contact
resistance at the semiconductor-metal-dielectric ternary
interface as observed by KPFM, which eventually causes
the time-dependent degradation of the device mobility in
BGBC-type TFTs. The observed qualitative transforma-
tion can be ascribed to the fragile nature of the ultrathin
OSC layer on the electrodes, which depends on the OSC
material. We also find that the degradation can be sup-
pressed by using multilayer OSC films or encapsulating
the channel OSC layer.

Our results demonstrate that the stability of the ternary
interface is quite important in realizing the high device
performance of BGBC-type organic TFTs as the most
promising device configuration towards practical device
applications. Understanding the stability of the ultrathin
OSC layer at the ternary interface and the correlation of
the component OSC molecules is crucial for attaining high
performance and printed electronics applications.
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