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Layered crystallinity of organic semiconductors is crucial to obtaining high-performance organic
thin-film transistors (OTFTs), as it allows both smooth-channel-gate-insulator interface formation and
efficient two-dimensional carrier transport along the interface. However, the role of vertical transport
across the crystalline molecular layers in device operations has not been a crucial subject so far. Here, we
show that the interlayer carrier transport causes unusual nonlinear current-voltage characteristics and
enormous access resistance in extremely high-quality single-crystal OTFTs based on 2-decyl-7-phenyl[1]-
benzothieno[3, 2-b][1]benzothiophene (Ph-BTBT-C,,) that involve inherent multiple semiconducting
m-conjugated layers interposed, respectively, by electrically inert alkyl-chain layers. The output character-
istics present layer-number (n)-dependent nonlinearity that becomes more evident at larger n (1 < n < 15),
demonstrating tunneling across multiple alkyl-chain layers. The n-dependent device mobility and four-
probe measurements reveal that the alkyl-chain layers generate a large access resistance that suppresses the
device mobility from the intrinsic value of about 20 cm? V~!s~!. Our findings clarify the reason why

device characteristics are distributed in single-crystal OTFTs.
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I. INTRODUCTION

High layered crystallinity is regarded as the most
fundamental requirement for organic semiconductors
(OSCs) in obtaining high-performance organic thin-film
transistors (OTFTs). Studies over the last decade have
revealed that all the small-molecule OSCs giving high-
performance OTFTs exhibit high layered crystallinity,
which is associated mostly with the formation of the
layered-herringbone- (LHB) type molecular packing motif
[1-8]. The LHB is known to be the most suitable packing
motif for producing two-dimensional molecular assemblies
composed of aligned planarlike z-electron molecules.
Thus, the obtained high layered crystallinity allows the
production of uniform channel semiconductor layers that
have flat semiconductor-insulator interfaces, along which
efficient charge-carrier transport takes place [2,3,9—-12].

Among the wide variety of these materials developed so
far, it was recently reported that in some OSC materials the
layered crystallinity is considerably enhanced by substitut-
ing the z-electron cores asymmetrically with normal alkyl
chains [6,8,10]. A particular example is seen in benzo-
thieno[3, 2-b][1]benzothiophenes (BTBT) with asymmet-
ric phenyl and alkyl-chain substitutions (Ph-BTBT-C,,):
when the BTBT core is substituted by sufficiently long
alkyl chains (m > 5), the compounds exhibit bilayer-type
LHB packing whose bilayer unit is formed by the
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antiparallel alignment of a pair of polar monomolecular
layers, each composed of unipolar orientations of asym-
metric molecules, such that the z-electron cores are in
contact [4,6]. It was demonstrated that the high layered
crystallinity in Ph-BTBT-C,, can be ascribed to the
separate formation of semiconducting z-electron-core
layers and subsidiary alkyl-chain layers, where the intra-
layer chain-chain interactions contribute to stabilize the
layered molecular packing of the z-electron-core layers [6].
Note that the alkyl-chain substitution of OSCs was origi-
nally introduced to enhance the solvent solubility for use in
solution-based thin-film processing [13,14], which now
attracts considerable attention for the expectation of
realizing printing-based device production (or printed
electronics) technologies. In this context, these materials
are quite promising, because the resultant high layered
crystallinity allows the formation of extremely uniform,
large-area thin films through the self-organization of
molecules under rather mild conditions within the OSC
solution [2,3,6,8].

It is expected in such layered crystals that the carrier
transport becomes highly anisotropic in nature, because the
intermolecular interactions within and across the molecular
layers are considerably different from each other. In
particular, anisotropic conduction should become more
apparent in the alkyl-substituted OSCs because the electri-
cally inert alkyl-chain layers should separate the carrier
transport between, along, and across the semiconducting
n-conjugated layers [15]. However, such anisotropic
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conduction in the layered crystals and thus its role in device
operations have not yet been understood.

In this study, we investigate the inherent anisotropic carrier
transport in 2-decyl-7-phenyl[1]-BTBT (Ph-BTBT-C,)
OTFTs composed of nearly perfect single-crystal thin films
with both controllability and uniformity of the molecular-
level thickness over the whole channel region. For this
purpose, we fabricate Ph-BTBT-C, single-crystal thin films
that have a controllable layer-number thickness of between 1
and 15 over a millimeter-scale area by a controlled solution
process for self-organized single-crystal ultrathin film
formation. Bottom-gate, top-contact field-effect transistor
characteristics of the films were investigated using two- and
four-probe techniques [16-19]. As a result, we succeed in
separately measuring the contributions of the intralayer and
the interlayer carrier transport in the single-crystal OTFTs.
Based on the results, we discuss how the active layer
thickness affects the device performance in single-crystal
Ph-BTBT-C;, OTFTs.

II. EXPERIMENT

Ph-BTBT-C, is synthesized and purified as described
elsewhere [6]. We use heavily p-doped silicon wafers
with (or without) 100-nm thermally grown silica layers
as substrates. They are fully cleaned by sonication for 3 min
in each of deionized water, acetone, ethanol, and deionized
water. We use a blade-coating technique at regulated
temperatures to fabricate large-area single-crystal thin
films of Ph-BTBT-C,, with the use of the solution in
chlorobenzene. We use a thin glass plate coated with Cytop
(CTL-809M Asahi Glass Co., Ltd., Japan) as the coating
blade whose motion is controlled by a stepping motor
(SHOT-302GS; SIGMA KOKI Co., Ltd., Japan). The
thickness of the single-crystal films can be roughly con-
trolled by the solution concentration and sweep rate, which
range from 0.1 to 0.15 wt. % and from 1 to 3 um/s,
respectively.

The obtained single-crystal thin films are characterized
by a polarized optical microscope (Axio Scope Al; Carl
Zeiss Microscopy GmbH, Germany). Thickness and height
profiles of the films are measured by tapping-mode AFM
(Dimension 3000 Nanoscope IIla; Bruker Co., Ltd., USA).
The x-ray diffraction data are collected by an imaging plate
diffractometer (DSC; Rigaku Co., Ltd., Japan) at BL-8B
(A=1.55 A) in the Photon Factory (PF), High-Energy
Accelerator Research Organization (KEK) for the results
shown in Fig. 3(c), and by thin-film diffractometer (SOR-
SmartLab; Rigaku Co., Ltd., Japan) at BL-7C (1 = 1.38 A)
for the results shown in Fig. 3(d). The diffraction intensity
is recorded by an oscillation photograph (Aw = 5°) in the
former and by a @w-26 scan using a scintillation counter in
the latter.

To fabricate single-crystal OTFTs with bottom-gate top-
contact geometry, source and drain electrodes are fabricated
by the thermal deposition of Au through a shadow mask.

We take much care to suppress thermal radiation from the
evaporation source to the semiconductor films, by putting a
radiation shield over the hot metal source. The shield has a
small hole with a diameter of 5 mm, through which the
evaporated Au and heat radiation can pass. We also control
the substrate temperature at 20 °C by a circulation cooling.
For the proper evaluation of the mobility, part of the thin
films outside the channel is trimmed away by using
micromanipulator (Axis-Pro; Systems Engineering Inc.,
Japan). The OTFT characteristics are measured by one
or a pair of two-channel source-measurement units
(B2912A; Keysight Technologies, Co., Ltd., USA) for
the conventional two-probe and gated-four-probe measure-
ments, respectively. In the measurement of transfer char-
acteristics in the linear regime [Figs. 6(d)-6(f)], the applied
drain voltage is not unified for the films with a different
layer-number thickness, because of the different injection
voltage.

III. RESULTS AND DISCUSSION

A. Layer-number control of single-crystal thin films

Large-area single-crystal domains of Ph-BTBT-C, with
controlled layer-number (n) thicknesses between n =1
(5.3 nm) and n = 15 (80 nm) are successfully grown by
adjusting processing parameters of a blade-coating tech-
nique [Fig. 1(a)]. Figure 1(b) shows an example of obtained
single-crystal thin film after the whole film other than this
single-crystal domain is trimmed out. The obtained films
are composed of large single-crystal domains, each of
which exhibits a clear change in brightness on rotating
the film about an axis perpendicular to the substrate in
the crossed-Nicol polarized microscope image [Figs. 1(c)
and 1(d)]. Each of the single-crystal domains is composed
of several distinct regions with different colors [Fig. 2(a)].
The monocolored area corresponds to film with a constant
layer-number thickness, as confirmed by atomic force
microscopy (AFM) and x-ray diffraction measurements,
and also by the color analyses for multilayer films, as
described below.

We conduct AFM measurements over the entire film
area, and the monocolored area is observed to have a
constant height. In contrast, the images show clear molecu-
lar steps at the boundaries between different colored areas.
An example is given in Fig. 2(b): No steps are observed in
the AFM height profiles of the ocher-colored or light-
blue-colored areas, but the height profile at the border
exhibits multiple steps with a step height of 5.3 nm that
corresponds to the bilayer thickness. We do not observe
step heights other than 5.3 nm on the Ph-BTBT-C, single-
crystal films, which is in contrast to the different step
heights seen on spin-coated polycrystalline thin films of
Ph-BTBT-C,, produced at an elevated temperature [10].

We measure out-of-plane x-ray diffraction from the
monocolored area of the films [Fig. 3(a)]. To detect the
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diffraction from single domain only, we remove the film
around the monocolored area; an example is presented in
Fig. 3(b). We observe clear Laue fringes in addition to the
(00l) Bragg peaks, as presented in the diffractograms
shown in Figs. 3(c) and 3(d). The observed Laue fringes
are coincident with the respective layer-number thickness
as measured by AFM. Note that this is a unique example for
the observation of clear Laue fringes for organic single-
crystal thin films [20-25]. These observations afford clear
evidence that the films have the well-defined layer structure

FIG. 1. (a) Schematic for
blade-coating process. (b)
Optical microscopy image
of single-crystal thin film.
(c),(d) Crossed-Nicol polar-
ized micrographs of (b). Scale
bar is 1 mm.

of an exceptionally homogeneous molecular-level thick-
ness over the whole monocolored area. The agreement of
the layer numbers in the AFM profiles and the Laue fringes
ensures the accuracy of the discrete layer-number deter-
mination by AFM. We hereafter use the term “layer
number,” n, to refer to the number of bilayer units which
are stacked to form the thin films on the substrate, and we
analyze the thickness dependence of the device character-
istics by using the layer number measured with AFM as a
key parameter.

FIG. 2. (a) A micrograph of a
single-crystal film with thickness
variation. The observed color varia-
tion is due to the molecular-level
thickness variation. (b) A cross-
sectional height profile observed by
AFM. No step was observed in the
monocolored area of the film, but
multiple bilayer steps were found
where the color change at the

border between the ocher-colored
and light-blue-colored area. The
inset is an expanded micrograph of
(a) around the border. Scale bar:
(a) 200 pm, (b) 50 pm.

40
distance (um)
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FIG. 3. (a) Schematic for the diffraction experiment. (b) Cross-sectional height profile of a single-crystal film with a thickness of n = 8
bilayer thickness, and the micrograph (inset). (c) Diffractograms of the films with a thickness of n = 6, 7, 8 on SiO,/Si substrates, and
the diffraction intensity profile for the film of n = 8. (d) Diffraction intensity profile of the film of n = 5 on Si substrate without a silica
layer. The observed Laue fringes are clearer due to the absence of x-ray scattering of silica layer. Scale bar in (b) is 1 mm.

It is important to point out that the layer-number thick-  thickness is confirmed to be 1 [Fig. 4(a)], 5 [Fig. 4(b)],
ness can be easily discriminated by the color of the films. 10 [Fig. 4(c)], 14 [Fig. 4(d)] bilayer thickness by AFM
The areas surrounded by red lines in Figs. 4(a)-4(d) measurement. These films show a clear difference of color,
are single-crystal and molecularly flat domains, whose  blue for ultrathin film and light blue or cream for thicker
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films, as seen in Fig. 2(a). This indicates that the difference
of thickness causes a distinguishable change of reflectivity
and allows us to conduct both two- and four-probe
measurements of single-crystal films with variable layer-
number thicknesses (1 <n <15). To understand the
origin of the color change, we conduct color analyses by
simulating the reflectivity of the multilayer films, i.e.,
Ph-BTBT-C;y (5.3 x nnm)/SiO, (100 nm)/Si (0.6 mm)
[see Fig. 5(a)], based on Fresnel’s equation.

At each interface (j = 1, 2, 3), reflectivity for vertically
incident light with wavelength A can be obtained by the well-
known formula r;(4)=[n;(4)—n;(4)]/[n;1(2)+n;(2)],
where n;(4) is the real part of refractive index of the layer j.
For j > 2, we should consider the multiple reflection to obtain
Fresnel’s coefficient p;

iyt expltailn — i) 4
T 1 rpjy exp[—Ami(n; — ix;)d; /2]

(1)

where «;, d; denote the imaginary part of reflective index
and thickness of layer j, respectively. By substituting p; = r;
and calculating p; until j =3, we obtain the reflection
spectrum R(1) = [p3(1)|>. We use n, = 1.8 and x, =0
for the Ph-BTBT-C,, layer and the reflactive indices of Si
and SiO, are obtained elsewhere [26,27]. Figure 5(b) shows
the reflectivity of R (4 =700 nm), G (4= 550 nm),
and B (1 =440 nm) for 1 <n <20, which agrees well
with the experimental color of single-crystal thin films
[Figs. 4(a)-4(d)].

FIG. 4. Optical image of
single-crystal thin film with
(a) 1 bilayer, (b) 5 bilayers,
(c) 10 bilayers, and (d) 14
bilayers. Scale bars are
1 mm.

B. Layer-number-dependent injection voltage

We produce OTFT devices whose channels are com-
posed of single-crystal domains with a constant layer-
number thickness. The channel dimensions of all the
devices are 400 pm(width) x 250 um (length) for both
the two- and four-probe measurements. Source and drain
electrodes are fabricated with care to suppress thermal
damage of the semiconductor films, and we find that
neither the Au penetration into the single-crystal films
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FIG. 5. (a) Model of multiple reflection. (b) Calculated re-

flectivity of Ph-BTBT-C single-crystal thin film on Si/SiO,
substrate for R (700 nm), G (550 nm), and B (440 nm). The inset
shows the corresponding colors.
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nor the thermal damage by the Au deposition takes place,
considering the layer-number-dependent device character-
istics and access resistance, as presented below. The area
of constant layer-number thickness also extends over the
principal area under the source and drain electrodes for
carrier injection. We first conduct measurements of the
transfer and output characteristics using a conventional
two-probe technique (i.e., V; and I, are probed by the
source and drain electrodes).

Notable layer-number dependence is observed in the
output characteristics, as presented in Figs. 6(a)-6(c).
Nearly Ohmic features are observed in the ultrathin film
(n = 2), whereas the output curve becomes fairly nonlinear
in the low-voltage range in thicker films (n = 6 and 15).
The origin of the nonlinearity should not be ascribed to
Schottky barriers at the metal-semiconductor interface
[28-31], considering the absence of nonlinearity in the
n = 2 film and also the increased nonlinearity in the thicker
films as summarized in Fig. 7(a). Rather, carrier injection
should be inhibited by the much larger interlayer access
resistance in the low-V,; range.

To elucidate the n-dependent nonlinearity, we estimate
the injection voltage (Vj,;) to be the voltage at the point
where the extrapolated linear fit of the 7,-V,; curve (at
V, = —40 V) crosses the V; axis [see Figs. 6(a)-6(c)] [32].
The fitting is performed around the point with the highest
slope ranged 5 V. Note that the values correspond to the

TABLE I. Parameters of layer-number dependence.
Hiey [cm?/V's] 0 Vij [V]
18.5 0.47 0.67 (n—1)

required drain bias for injecting carriers into the channels.
We see that V;,; reaches a maximum of about —10 V for the
n =15 film. Note that in top-contact OTFTs based on
polycrystalline Ph-BTBT-C;, films Ohmic features are
observed in the output characteristics even in the case of
films with a thickness of 35 nm, which corresponds to the
n =7 film in this study [10]. This implies that the highly
ordered alkyl-chain layers should be responsible for the
notable nonlinearity in the output characteristics. The Vi
plot, shown in Fig. 7(b), can be well fitted by a linear
dependence on n — 1, corresponding to the number of
paired alkyl-chain layers, in the following form (see also
Table I):

Here, we ignore the contribution by the unpaired alkyl-
chain layer on the top film surface. It is most probable
that the observed feature of the Vj,; is ascribable to the
tunneling of carriers across the paired alkyl-chain layers, as
discussed in the next subsections.
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FIG. 6. Device characteristics of Ph-BTBT-C,, single-crystal OTFTs with different layer-number thickness. Output characteristics
(a)—(c) and transfer characteristics (d)—(f) for the OTFTs with a thickness of (a),(d) n = 2, (b),(e) n = 6, and (c),(f) n = 15. Drain
voltages applied in the transfer characteristics measurements are —10, —15, and —15 V, respectively.
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FIG. 7. Tunneling transport
and layer-number dependence
of injection voltage and device
mobility. (a) Measured (solid
curves) and simulated (broken
curves) normalized output char-
L acteristics for Ph-BTBT-C,,
single-crystal OTFTs with a
variety of layer-number thick-
nesses. (b) Layer-number depe-
4 ndence of injection voltage
(Vi) and (c) device mobility
in the linear regime. (d) Sche-
matic for interlayer access re-

15 sistance caused by insulating
alkyl-chain layers.
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C. Layer-number-dependent device
mobility and access resistance

Typical transfer characteristics in the linear regime
(Vy=—100r — 15 V) are presented in Figs. 6(d)-6(f)
for devices with different layer numbers of n =2, 6,
and 15. The device mobility (u}.,) in the linear regime
is estimated by the standard equation

Iy = (W/L)uh,Ci(Vy = Vi)V, 3)

The device mobility is highest in the n =2 film
(3., = 17.5 cm®> V-1 s7!) and lower in the thicker films

WS, =43 cm?*V-ls! and uld =3.5cm?V-lisTh.
Figure 7(c) summarizes the n dependence of yufj, for all
the measured devices (63 in total). The average value of
Mie, decreases with an increase in n.

To extract the components of the interlayer transport, we
can describe p., in terms of the channel resistance R,
interface resistance R;,, and interlayer access resistance

R}.. by using the following equation:
Iugev & 1/(Rch + Rint + Rarllcc)' (4)

Here, we assume that Rl is the only parameter that
contributes to the n dependence of pJ., [see Fig. 7(d)] and
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RI.. can be divided into the contribution from both source
electrode (R,.s) and drain electrode (Ry.p); Ricc =
R}..s + Rycp- We then define the mobility attenuation

factor [33], (n), as

9(”) = R;lcc (Rch + Rint)’ <5>

ey = Hhey/[1 4 0(n)]. (6)

Here, 6(n) denotes the ratio of R to the total resistance
of the single-bilayer device (n = 1), and we assume that the
contribution by the unpaired alkyl-chain layer on the top
film surface can be ignored for all the devices. We also
consider that the parasitic resistance (R,) only comes from
the access resistance R, ® R, in contrast to the previous
report [28]. Here, we do not use the term ‘“contact
resistance,” as we would like to mention that not only
the electrode-semiconductor interface but also the vertical
transport within semiconductor layer considerably affects
the OTFT characteristics. We find that the experimental
results are well reproduced by Eq. (6) when 6(n) takes the
form

0(n) = (n — 1) x 0.47. (7)

The fit, assuming u!,, = 18.5 cm? V='s7!, is shown in
Fig. 7(c) by the solid curve ( see also Table I). It is clear that
the interlayer access resistance is proportional to n — 1,
although the experimental value of ul., shows a large
deviation from this trend. The decreased mobility for the
single monolayer device is reported experimentally [34]
and is discussed by calculation [35] in terms of the
enhanced effect of Coulomb scattering and energetic
disorder. However, we consider that the origin to suppress
the mobility as observed in Fig. 7(c) should be different
because of the higher layered-crystal nature of the film.

D. Gated-four-probe measurements

The gated-four-probe technique [Fig. 8(a)] is used to
further investigate the contribution of interlayer conduction
and intralayer conduction. Typical four-probe transfer
characteristics in the linear regime are presented in
Fig. 8(b). The calculated parasitic resistance at source
and drain electrodes (R,,R;) is also plotted in the inset
of Fig. 8(b). Both the values of R, and R, are comparable to
the value of R, indicating that the access resistances at

(@) (b)

o (LS)
N w
= S

N
o
T

FIG. 8. (a) Microscope im-
age of a device for gated-four-
4 probe measurement. Scale bar
is 1 mm. (b) Transfer character-
1 istics obtained by gated-four-
probe measurement obtained
with a OTFT with three bilayers
of film at V, = —15 V. Inset
shows gate-voltage depend-
ence of channel resistance
(red broken line) and parasitic
resistance on source (blue)
and drain electrodes (green).
(c) Device mobility (p;,, black
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both source and drain electrodes affect the device character-
istics. Note that in the experimental estimation of R, and
R,, we extrapolate a potential gradient between two sense
electrodes to the source and drain electrode to obtain a
potential drop between the electrode and the channel layer.
Then, the R, and R, is obtained by dividing the potential
drops by I, However, it is also known that the potential
along the channel layer does not change linearly, which is
previously confirmed by Kelvin probe microscopy mea-
surements [36,37]. According to the reports, the resistance
along the channel close to the drain electrode should be
larger than that close to the source electrode. However, this
effect is not included in our estimation based on the gradual
channel approximation. Hence, such a difference of local
channel resistance should be included in the values of R;
and R;. We consider that this should be the reason why R,
is higher than R;. In contrast, R,.. s and R, p [shown in
Fig. 7(d)] should be basically the same, because these are
connected in series with each other.

The V, dependence of the field-effect mobility estimated
by the slopes of the transfer curves is shown in Fig. 8(c) for
both the two-probe (u}.,) and gated-four-probe measure-
ments (ugepp) for the n =2 film. The pgppp in this
measurement is estimated as 21.6 cm? V! s~!, which is
about 2 times larger than y3,,. The results clearly demon-
strate the effect of a large access resistance.

Figure 8(d) summarizes the layer-number dependence
of ugepp for all the measurements. For 2 <n <4, ugpp
presents slightly higher values as compared to the value
estimated by the n-dependent two-probe measurements
(18.5 cm? V='s7). In contrast, s pp presents a much lower
value at n = 1 and amuch higher value at n = 5. The results
indicate that the channel mobility should be dependent on
the layer number n, though we assume in Eq. (4) that the
intrinsic mobility is invariant against an increase in n.
Furthermore, pgppp becomes much lower again at n > 6.
We conjecture that it might be quite difficult to measure the
correct electrical potential within the channel layer that is
located at the semiconductor-insulator interface for thicker
films, as the sense electrodes are located on the top surfaces
of the thick semiconductor layers. (The sense electrodes are
thermally deposited onto semiconductor thin films at the
same time as source-drain electrodes are fabricated. It means
that the large access resistance should also exist between the
sense electrode and the channel layer.) Additionally,
the sense electrodes are controlled to flow no current by the
use of source measure units, which causes extremely larger
access resistance between the sense electrode and the
channel layer than that between the source-drain electrode
and the channel layer. Hence, the extremely large access
resistance may cause an incorrect estimation of the electrical
potential within the channel layer for thicker films. The
decrease of the error bar should be due to the decrease of the
average mobility. The standard deviation over the average
mobility fluctuates around 0.5 for all n.

IV. DISCUSSION

The effect of the parasitic resistance between the channels
and electrodes has been one of the most important issues in
the development of OTFTs. The present study demonstrates
that well-aligned molecules may maximize the large access
resistance between the electrode and channel, although
there are ideally no grain boundaries in the single-crystal
thin films that can minimize the channel resistance.

The interlayer access resistance per one bilayer (R pijayer)
can be estimated to be as large as R pjjayer =389-472Qcm
(Table II) in the Ph-BTBT-C,, single-crystal thin films by
the fitting of device mobility with Eq. (6) and by gated-
four-probe measurement, respectively. In sharp contrast,
previous reports showed that the estimated active-layer
thickness dependence of the mobility and parasitic resis-
tance is very small in polycrystalline thin films. The
parasitic access resistance is estimated as Rs3,, =
80 Qcm (5.3 nm is the single bilayer thickness) for
spin-coated polycrystalline thin films of Ph-BTBT-C,
produced at an elevated temperature [10]. This small access
resistance might be due to the different nature of the
polycrystalline thin films that are composed of several
parts where the well-defined insulating alkyl-chain struc-
ture is violated along the perpendicular to the layer plane
so that a current path can exist without crossing the
insulating alkyl-chain layer.

The large access resistance in single-crystal thin film
should be an important issue, particularly for short channel
devices. Even our devices with L = 250 um exhibit a
notable effect from access resistance. The parasitic effect
will be enhanced in short channel devices, where R,
dominates the device operation due to a small Ry: The
device mobility will show a much smaller value than that
obtained with long channel devices described above.
Therefore, the access resistance from the alkyl insulating
layer should disturb us from fabricating small-size and fast-
operating single-crystal OTFTs.

All of the experimental results demonstrate that
Ph-BTBT-C;, single-crystal thin films exhibit highly
anisotropic carrier transport and nonlinear current-voltage
characteristics along a direction perpendicular to the film
plane. It is most probable that the observed nonlinearity
should be ascribed to tunneling across the electrically inert

TABLE II. Channel resistance (R.,) and access resistance
obtained from layer-number dependence of device mobility
(u-n), gated-four-probe measurement (¢gFPP), and numerical
simulation.

Two probe® Four probe® Calculation”
Rbilayer [104 Q] 12 097 034
Rbilayer w [102 Q Cm} 4.7 3.9 14

‘At V, = —40 V in Fig. 8(b).
"At 0.7 V.
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alkyl-chain layers [38—44]. Tunneling across the insulating
alkyl-chain layer has previously been discussed for self-
assembled monolayers (SAM) that are chemically bonded
on metal electrodes [39-44]. The nonlinear features as
observed in the SAM device are quite similar to our
observations. It is clear that the linear dependence of
Vinj and Rj.. on n — 1 is due to the multiple tunnel barriers
that are connected in series by the interposed semiconduct-
ing layers between the channel and the electrode. We
use the Simmons equation for describing the tunneling
resistance [38],

e eV
I = — S [
tunnel 4xh d2 { <¢0 B )

X exp |:_4Lhd(2m*)l/2 <¢0_%> 1/2:|

eV 4rd eV /2
_ s _ =7 *\1/ s
<¢o+2>exp[ “ om )12(¢o+ 2) H

where ¢y, m*, d, and S denote effective mass, barrier
height, and barrier width of the tunneling barrier, and the
effective area for carrier injection, respectively. The dashed
curves in Fig. 7(a) are simulated -V, curves, obtained by
solving the Kirchhoff equation 7,,; = Irer [39,40,45].

We have assumed a tunnel barrier height of ¢pg = 1.0 eV,
an effective mass m* = m, (which are consistent with
previous reports [39-42]), and a symmetric band structure
for both sides of the tunnel barrier, assuming that both sides
are composed of z-conjugated BTBT layers that have
sufficient conductivity. The calculated result exhibits sim-
ilar exponential-like behavior to the experimental results,
where the tunnel resistance monotonically decreases with
an increase in voltage. We note that R, linearly increases
with the layer number, which excludes the possibility that
space-charge-limited current dominates the interlayer
transport.

The effect of the insulating alkyl-chain layers is also
discussed in regards to the results of Kelvin-force-micro-
scope measurements on layered-crystalline diCg-BTBT
film [15]. In contrast, the present study clearly demon-
strates that the insulating alkyl-chain layer in the highly
layered crystalline OSCs plays crucial roles in the OTFT
device operations in terms of the tunneling and concomitant
large parasitic access resistance.

Finally, it might be important to mention that hole
injection from the source electrodes (and hole ejection to
the drain electrodes) should have a large spatial distribution
over the electrode-semiconductor interfaces when R,.. is
large. This is in contrast to the conventional OTFTs whose
carrier injection should occur at around the closest edge of
the electrodes to the channels [46]. To confirm the effect on
the tunneling-based access resistance in realistic devices,
we numerically estimate the ratio of carrier injection from
the single thicker domain 1 and the outside thinner

@) 50 ym

400 ym

(b)

(n-1)

r1 biIayerX

FIG. 9. (a) The shape of electrode. (b) Schematic cross-
sectional view of carrier injection.

domain 2, as presented in Fig. 9. The ratio is estimated
by comparing the channel conductance and vertical tun-
neling conductance at each domain. We assume ry, =
402 Q/pm (assuming y = 20cm?* V-'s™!, V, =10V, W =
400 um) as the channel resistance per length. Also, we
assume that carrier injection mainly takes place over the
near-edge area [right side of the broken line in Fig. 9(a)]
to define rye=(n—1) ripye=10" (n—1)Q for a
400 x 50 ym? area. The spatial distribution of channel
voltage below the electrode [V, (x), see Fig. 9(b)] and
vertical current density (J (x)) is introduced by calculating
the transfer length [46]. Based on these estimations, we
use devices in which more than 80% of carrier injection
occurs in domain 1 in this paper.

V. CONCLUSIONS

We fabricate a single-crystal thin film of Ph-BTBT-C,,
with a large area more than 1 mm? and controllable layer-
number thickness (1 <n < 15) by blade coating. The
fabricated thin films show clear Laue fringes, which
indicates a highly homogeneous layered structure. The
single-crystal thin-film transistor with a bottom-gate top-
contact geometry exhibits a notable layer-number depend-
ence in nonlinear carrier injection and device mobility. The
analysis on layer-number dependence and the simulation of
nonlinear carrier injection reveals that the substituted alkyl
chains aggregate to form alkyl insulating layers, which
cause tunnelinglike transport in interlayer conduction and
hence large nonlinear interlayer access resistance. The
significance of access resistance is also confirmed by a
large difference between the four-probe mobility and
device mobility and the decrease of four-probe mobility
in large n. We consider that an uncontrolled film thickness
and concomitant enormous access resistance as demon-
strated in this study should be the main reasons for the large
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distribution of single-crystal OTFT device characteristics
that have been reported so far [2,3,47]. We suggest that,
notwithstanding these disadvantages, the intrinsic alkyl-
chain layers, as demonstrated in this study, might also lead
to an alternative paradigm for the single-crystal OTFTs, if
the barrier characteristics are better utilized. For example,
we might be able to realize ultralow-voltage OTFT oper-
ation, if the alkyl-chain layers function as built-in gate
dielectric layers that have extremely homogeneous and
ultrathin characteristics.
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