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ABSTRACT: The molecular order of organic semiconductors at the gate dielectric is the most critical factor determining carrier
mobility in thin film transistors since the conducting channel forms at the dielectric interface. Despite its fundamental
importance, this semiconductor—insulator interface is not well understood, primarily because it is buried within the device. We
fabricated dinaphtho[2,3-b:2/,3'-f ]thieno[3,2-b]thiophene (DNTT) thin film transistors by thermal evaporation in vacuum onto
substrates held at different temperatures and systematically correlated the extracted charge mobility to the crystal grain size and
crystal orientation. As a result, we identify a molecular layer of flat-lying DNTT molecules at the semiconductor—insulator
interface. It is likely that such a layer might form in other material systems as well, and could be one of the factors reducing
charge transport. Controlling this interfacial flat-lying layer may raise the ultimate possible device performance for thin film

devices.
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1. INTRODUCTION

When the gate of a field-effect transistor is biased, the electric
field forms a conducting channel at the dielectric interface. The
molecular order of organic semiconductors in the channel at this
interface is the most critical factor determining carrier mobility in
thin film transistors (TFTs).'™ Charge mobility, as extracted
from transistor I—V measurements, varies not only with the
semiconductor, but also with the combination of the dielectric
with the semiconductor.' > The gate dielectric can influence
charge mobility through physical or electronic interactions. For
instance, a high surface energy surface will interact more strongly
with polar or polarizable faces of crystals. Rough surfaces more
readily initiate crystal growth and would be expected to produce
multicrystalline films with smaller grains and a broader
distribution of crystal orientations. Random dipoles at the
surface, as measured by permittivity, which may be produced by
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the chemical termination of the dielectric surface or by defects
near the surface of the dielectric, tend to produce charge traps or
dope an organic semiconductor film on top of it.* This effect is
observed even when the gate dielectric is physically laminated
onto separately grown high-quality single crystals® or when the
gate dielectric is a polar gas vs vacuum.’ To alleviate these issues,
various techniques, such as monolayer modifications, introduc-
tion of intermediate layers, or post-treatments, have been
devised.”®

Despite its fundamental importance, the nature of the
semiconductor—insulator interface is not well understood
primarily because it is buried within the device. Often the
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Figure 1. Relationship between grain size and field-effect mobility. (a—e) Atomic force microscope height images with increasing grain sizes. The white
scale bar is 2 ym in each image. (a) 77 K the molecules were not able to diffuse and the film is irregular. (b) 213 K and (c) 298 K combination of planar
phase with distinct grains and rod phase DNTT growing on top. (d) 350 K and (e) 393 K thin films have distinct grains larger than in films formed at
lower temperatures. (f) Graph of field-effect mobility versus grain size. Insets show the molecular structure of DNTT and the structure of the transistor
devices. Filled circles were fitted using the model in the paper. Open circle was not included for fitting but used to confirm the model and fit. (g) Possible
boundaries between grains. In the central pane, the dotted lines are guides for the eye to show the crystal mismatch.

interface is complicated by additional monolayers. Organic
semiconducting acenes or thienothiophenes are also typically
modified with alkyl functional groups. With either monolayers on
the dielectric or alkyl functional groups on the semiconductor, an
additional alkyl layer is inserted into the interface. Here, we
avoided this confounding effect by using dinaphtho(2,3-b:2/,3-
f1thieno[3,2-b]thiophene (DNTT), one of the most studied and
highest mobility thienothiophenes that is free of additional alkyl
chains. Thienothiophenes have higher stability against oxidation
than acenes like pentacene. We report findings on thermally
evaporated DNTT films deposited directly on native silicon
dioxide substrates at temperatures between 77 to 400 K. This
combination of DNTT directly on silicon dioxide provides one
of the simplest interfaces possible for a field-effect device. We
identify a molecular layer of flat-lying DNTT molecules at the
semiconductor—insulator interface, which could be one of the
factors affecting charge transport and ultimately device perform-
ance.

2. EXPERIMETAL PROCEDURES

2.1. Fabrication Methods. Most DNTT thin films in this study
were deposited at a fixed rate of 0.6 A/s onsilicon dioxide substrates that
were held at temperatures between 400 to 77 K. The samples with the
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largest grains were fabricated at a low rate of 0.1 A/min deposited on a
substrate at room temperature.

2.2, Transistor Measurement Methods and Mobility Deter-
mination. The output and transfer characteristics of the DNTT thin
film transistors were measured in ambient air using a Keithley 4200 SPA.
The voltages that were applied to the source-drain and gate were in the
range of =60V < V3, <0Vand —60 V < V, <0V. Channel lengths were
100 pym and widths were 2 mm or 3 mm. Both the forward and reverse
scans were recorded in order to detect any hysteresis. In most cases the
devices exhibited very good characteristics with a well-defined saturation
regime, low contact resistance, low leakage current of 1 X 107'° A (factor
of 1x 10° lower than the on-current of the transistor in saturation
regime) and ON/OFF ratio on the order of 1 X 10°. The charge mobility
p of the DNTT thin film transistors in this study was extracted from their
transfer characteristics using the following two formulas

Id(lin) lu]_m g (V V)V:is

(1)

Id(sat) (V V)2

~Hat g (2)
Where the subscripts lin and sat refer to the linear and saturation
regimes, respectively; I is the drain current, C, is the gate dielectric
capacitance per unit area; V,, V,, and Vy, are the gate, threshold, and
source-drain voltages; and W and L are the channel width and length,

respectively. The mobility values as a function of temperature, shown in

DOI: 10.1021/am507528e
ACS Appl. Mater. Interfaces 2015, 7, 1833—1840


http://dx.doi.org/10.1021/am507528e

ACS Applied Materials & Interfaces

-1

(9) <010> Orientation
(010) (010)

L (100) L (001)

(h) (001) <001> Orientation

—
- —

.

T (001) S
(010) g wlo ]
¢ ©
3 ‘E —a—(001) out-of-plane
c 60r -@-(001) in-plane 1
£
< 40t R
W 2
(]
Z 20f g
K
[]
e | L9 L4 99—
% 100 200 300 400
] Substrate temperature (K)

Figure 2. 3D GIXD cross-sections from samples prepared at (a) 77, (b) 213, (c) 300, (d) 350, and (e) 393 K. Black dashed line in a identifies the off-axis
(003) peak. The yellow lines in e highlight the variation in orientation in the sample prepared at 393 K. (f) Above 200 K, (001) orientation is dominant.

(g) (010) orientation represented by the in-plane (001) peak. (h) (001) orientation represented by the out-of-plane (001) peak. (i) Relative intensity of
each orientation.

Figure 1f represent the saturation mobility i, extracted from transfer conducted at PLS-II 9A U-SAXS beamline of Pohang Accelerator
curves measured at Vg, = —60 V. Representative curves from each device Laboratory in Korea. The X-rays coming from the in-vacuum undulator
are presented in Figure S1 in the Supporting Information. (IVU) are monochromated (wavelength 4 = 1.109 A) using a double
2.3. Grazing Incidence X-ray Diffraction Measurements. crystal monochromator and focused both horizontally and vertically
Grazing-incidence X-ray diffraction (GIXD) measurements were (450 (H) x 60 (V) um? in fwhm @ sample position) using K—B type
1835 DOI: 10.1021/am507528e
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Table 1. Crystallographic Parameters Derived from GIXD Analysis

crystallographic parameters 77K 213 K 300 K 350 K 393K
(001) peak from q, profile q (&™) 0.3837 0.3831 0.3831 0.3855 0.3848
d-spacing (A) 16.4 16.4 164 16.3 16.3
fwhm (A7) 0.02420 0.02404 0.02420 0.02054 0.02244
(001) abundance 18.8% 94.4% 96.4% 96.8% 98.7%
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Figure 3. (a) Out-of-plane (q,) and (b) in-plane (q,,) diffraction profiles extracted from GIXD images of Figure 2a—e. The (001) orientation and {010)
orientation is designated when (00!) peaks or (0k0) peaks appear only in the out-of-plane GIXD profile, respectively. (c) Measurement of 7* peak
intensity relative to incident angle from angle-resolved NEXAFS for calculating molecular tilt angle. (d) Molecular tilt angle calculated from the angle
dependent 7* peak intensity and corresponding field-effect mobility prepared at 77, 213, 300, 350, and 393 K.

mirrors. The GIXD sample stage is equipped with a 7-axis motorized
stage for the fine alignment of sample and the incidence angle of the X-
ray beam was set in the range of 0.1—0.15°, which is close to the critical
angle of DNTT. GIXD patterns were recorded with a 2D CCD detector
(Rayonix $X165) and X-ray irradiation time was 2—40 s dependent on
the saturation level of detector. Diffraction angles were calibrated by a
precalibrated sucrose (Monoclinic, P21, a = 10.8631 A, b = 8.7044 A, c =
7.7624 A, b= 102.938°)° and the sample-to-detector distance was about
225.5 mm.

2.4. Measurements of Near-Edge X-ray Absorption of Fine
Structure. All the NEXAFS measurements were performed at room
temperature at the 2A elliptically polarized undulator (EPU) beamline
of the Pohang Light Source (PLS). We used the partial-electron-yield
detection mode for NEXAFS spectra by recording the sample current
normalized to a signal current measured simultaneously using a gold
mesh in ultrahigh vacuum. We used a polarized (p-polarized)
synchrotron photon beam (~100%) with an energy in the range of
279-320 eV with a spectral energy resolution of AE = 100 meV and a
probing depth of ~20 A for surface-sensitive measurements.
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3. RESULTS AND DISCUSSION

The DNTT films form as expected and are similar to those
prepared with pentacene by other groups. We observed 4
different morphologies on films with a thickness of ~20—30 nm:
amorphous, rod, planar, and bulk (Figure la—e), which are
consistent with pentacene films.'™"° In AFM, the films
deposited at 77 K appear amorphous and of low density (Figure
la).

At deposition temperatures above 77 K, planar grains form and
merge into a planar film (Figure lb—e). At intermediate
temperatures the rod morphology forms atop films thicker
than a few monolayers, and appears as tall, narrow features. At
higher temperatures, we see bulk phase formation."®> The
similarity between the above findings on DNTT and previous
reports on pentacene is not surprising because of the similar
molecular structures of the two materials. Film thicknesses of 30
nm were used in most cases in this work, but the grain sizes of the
films prepared at 350 and 400 K were difficult to discern, so films
were also prepared at these temperatures with only 2-5
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monolayers so that the grain sizes could be accurately measured.
The sizes of the crystal grains in the planar region in samples
deposited at 213, 300, 350, and 393 K were 0.5, 0.9, 1.7, and 2.3
um, respectively. The sample deposited at 77 K did not show a
clear planar phase, and instead we put an upper bound of 0.3 ym
based on the apparent size of grains.

The electronic properties of field-effect devices using our
DNTT films are similar to those found in the literature. The
mobility values extracted from the saturation regime of I-V
measurements on transistors comprising those films, are plotted
against grain size in Figure 1(f). The transistor mobility increases
as a function of substrate temperature for the same evaporation
rate, which could be attributed to the larger crystal grain sizes and
tewer grain boundaries in films deposited at higher temperatures.
The films prepared at 77 K, which do not contain a planar phase,
exhibited very poor transistor performance having a mobility of
~2 X107 em? VisTl At higher temperatures of 213, 300, 350,
and 393 K the respective extracted mobility values were 0.24 +
0.02, 0.61 + 0.05, 0.73 + 0.08, and 0.74 =+ 0.09 cm®> V™' s7L,
These values are consistent with previous re4ports on the mobility
of DNTT films grown on silicon dioxide.'*'®

The relationship between grain size and mobility can be fitted
reasonably well using a theory, developed for other organic
semiconductor systems, that treats grain boundaries as an energy
potential barrier.'®"” The nature of the grain boundaries is
unknown, but could be composed of an air gap, different crystal
phases, or crystal mismatch between the grains, as depicted in
Figure 1g. The grain boundaries in DNTT films are likely similar
to those in pentacene films. The effective mobility, p.q is
expressed as

_ Mg
He LaW/kT

1+a I 3)
where /i is the charge mobility within a single grain, L is the
grain size, and «a is the hopping or tunneling probability across
boundaries or the probability for a charge to hop vertically to the
next crystal layer, which might also form a connecting channel
between grains.'® V; is the height of the potential barrier at the
grain boundaries. The best fit to the data (Figure 1f) is obtained
for jig = 1.25 cm* V™' s71. The data point in Figure 1f with a grain
size of 8.2 yum is from a DNTT film deposited at a very low rate at
room temperature. The corresponding mobility value is 1.04 cm®
V~'s7!. This is the highest mobility to-date for DNTT thin films
deposited directly on silicon dioxide and fits eq 3 very well.
Therefore, to the extent to which the simplifying assumptions
behind eq 3 are valid, the charge mobility within a single grain of
our prepared films on silicon dioxide is 1.25 cm? V™' s7!. This
value is consistent with the literature, is lower than the measured
mobility of ~10 cm® V™' s7* for an ideal interface of transistor
with a vacuum gap on single crystal,'® and is lower than a mobility
value between 2.5 and 4 cm® V™' s ™! measuared for single-crystal
DNTT transistors using a fluorinated CYTOP dielectric.”® The
nature of the interface between the dielectric and organic
semiconductor reduces the mobility of the films relative to the
single-crystal mobility with an ideal dielectric or a nonpolar, low
surface free energy dielectric.*

The films are multicrystalline and principally composed of
grains with the preferred DNTT orientation. We performed
multidimensional synchrotron GIXD experiments in order to
study the crystallinity of the prepared thin films and understand
the film structure (Figure 2a—e, Table 1). The GIXD data fit well
to the monoclinic space group P2, characteristic for DNTT

Mg
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crystals indicating that the structure of our polycrystalline thin
films is the same as that for single crystals (Figure 3a, b, and
Figure S2 in the Supporting Information)."* According to theory,
for crystal grains with a (001) orientation, the (00l) peaks appear
in the out-of-plane (q,) direction, whereas the (110), (020), and
(120) peaks appear in the in-plane (q,,) direction. In contrast, for
crystal grains with a (010) orientation, the (00!) peaks appear in
the q,, direction, and the (020) peak appears in the q, direction.
On the basis of that argument and given our GIXD data, only two
crystal orientations are present in each of the films: the preferred
(001) crystal orientation (Figure 2h), which is dominant in all
the films prepared above 200 K (Figure 2d, white stars) and is
considered to give the best transistor characteristics; and the
(010) orientation (Figure 2g), which is dominant in the films
prepared at 77 K (Figure 2a), and is also present in trace amounts
in the other films (Figure 2d, black stars). Higher substrate
temperatures increase the relative proportion of the (001)
orientation and reduce the relative proportion of the (010)
orientation. It is interesting to note that based on the GIXD data,
the rod morphology shown in Figure 1b, c shares the same crystal
structure as the planar morphology (Figure 1d, e). Furthermore,
there are two exceptions to the pure (010) or (001) orientations
for the crystalline molecules. In Figure 2e the (00!) peaks form an
arc, which is about 5° wider than is observed for the samples
prepared at other temperatures, indicating that in that case grains
are beginning to deviate from the (001) orientation.”® This
deviation is consistent with a transition from planar to bulk phase
growth of the DNTT films. There is also an additional weak
(001) peak at 40° from the surface normal in the GIXD for the 77
K sample.

The relative abundance of the two main crystal orientations
can be calculated by integrating the intensity of the (001) peak
and comparing the relative integrated intensity in-plane and out-
of-plane. The relative integrated areas for each crystal orientation
were calculated and plotted in Figure 2i, taking into account the
broad peak in Figure 2e. The values for the (001) orientation are
listed in Table 1. Pole figures are not necessary because there are
only two crystal structures observed in most of the samples. The
exception is the 77 K sample, which has an additional peak.
However, for this analysis the additional (001) peak observed in
the 77 K sample was ignored, so the relative abundance of (001)
orientation may be underestimated.

The films also include a minor component of DNTT
molecules that are oriented with the molecular plane parallel to
the dielectric surface. The GIXD data indicates that for films,
deposited at temperatures above 200 K, the preferred molecular
orientation is (001), where the molecular long axis is oriented
approximately orthogonal to the substrate. Therefore, judging
from the GIXD data alone, one would expect that on average, all
molecules are oriented in the (001) direction. However, the tilt
of the plane of the DNTT molecules is about 85° relative to the
(001) direction."* GIXD detects only crystalline regions of the
film and this data needs to be complemented by spectroscopic
measurements that do not depend on crystallinity. According to
NEXAFS, which does not depend on crystallinity, the average
molecular orientation is 70—80° instead of 85° (Figure 3c, d). If
we assume that the minor components of the film are composed
of randomly oriented molecules (magic angle 55°), then 7—34%
of the film would need to be randomly oriented to bring the
average molecular orientation down to 70—80°. Such a high
proportion of randomly oriented molecules would be readily
observable in surface scans by AFM and also obvious as a
background in the GIXD data. Neither of these was observed. On
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the other hand, if we assume that the minor components of the
film are composed of molecules lying flat then only 2—11% of the
film would need to be prostrate on the surface for the average
molecular orientation to be 70—80°. Therefore, it can be
concluded that the reason why the result of the NEXAFS
measurement is 70—80° as opposed to 85° is that, whereas the
majority of the film is crystalline with the molecules standing up,
a small percentage of the film is prostrate on the surface. At least
half of the prostrate molecules can be explained by the minor
crystalline component. The rest would be amorphous.

A thin interfacial flat-lying layer of DNTT between the DNTT
films and the silicon dioxide dielectric surface helps account for
the angle. On the basis of the data and analysis so far, we have
shown that thin films of DNTT thermally evaporated on silicon
dioxide are predominantly crystalline with the molecules
oriented orthogonally to the sample surface and have a small
component composed of molecules lying flat. It is not clear
exactly how this flat-lying component is scattered throughout the
film, however considering that for TFT applications, the most
important part of the film is the interfacial layer with the
insulator, it is worth examining more closely with AFM on
ultrathin DNTT films composed of only a couple of monolayers.
Such a representative scan is shown in Figure 4a, where 1-2
monolayers are deposited at a substrate temperature of ~400 K.
A histogram of the heights in Figure 4a is shown in Figure 4b.
The height of the first layer is 1.90 + 0.14 nm and the height of
the second layer is 1.64 + 0.15. Further details can be found in
the Supporting Information. A single layer of crystalline DNTT
is 1.62 nm,'* whereas the added height of the first layer is roughly
the thickness of one DNTT molecule. We reviewed all of our
images on samples at early stages of growth, using both contact
mode and AC mode, and found that in all instances the bottom
layer was consistently thicker than subsequent layers by roughly
the same amount. No difference was observed in phase contrast
that would indicate that this is an artifact. Our height scale was
confirmed by imaging Au(111) atomic steps on a freshly
annealed Au (150 nm)/mica sample; the measured step height
from multiple images was 0.23 + 0.01 nm. Thus, we conclude
that there is an intermediate layer of flat-lying DNTT that forms
at the interface between the substrate and the crystalline DNTT
film in all of our samples.

The interfacial layer may be related to the growth mechanism
for evaporated films. Planar polyaromatic molecules initially
deposit on a substrate most likely in the flat-lying geometry, and
diffuse to a growing crystal grain where they upright themselves
to match the crystal lattice to lower their free energy. At 77 K, the
molecules would not reorient themselves very easily during the
growth process. Some of these molecules could remain in the flat-
lying configuration even with higher substrate temperature
during deposition while the crystalline grains grow over them. A
layer of DNTT molecules would present a reduced energy
surface and lower the energy barrier for subsequent molecules to
be oriented orthogonal to the substrate—modifying the surface
energy essentially the same way as a self-assembled monolayer
would do. This phenomenon would not be limited to DNTT on
silicon dioxide, and might be expected with any organic
semiconductor grown on a surface with a high surface free
energy. Such an interfacial layer would be consistent with the
observations in the literature of pentacene thin films by X-ray
reflectivity measurements and surface enhanced Raman
scattering.”>>> Indeed, based on spectroscopic evidence alone,
a similar interfacial layer was su§§ested to form when pentacene
is deposited on a metal surface.

1838

(¢)

MR AR TR N DR G

1.6nm FEETYIYEE Y
. ' FER ~x§.«
TR ET B U BY

AN ¢ TR R R R R R
it 3SR EL T LT L.

PR PESEER PR D

1.9 nm LSRR “a‘&ﬂiﬂ
FRER R R EI Y
- o -

Figure 4. AFM height analysis. (a) AFM image of 1—2 monolayer film in
tapping mode. Blue color (first layer) is 1.9 nm above the surface.
Salmon color (second layer) is 1.6 nm taller than the first layer. Scale bar
is 4 pm. Inset grayscale box shows phase information for a region
including substrate, first layer, and second layer. (b) Histogram of a
subset of the entire image. (c) Line scan from a including scaled images
of DNTT molecule representing a possible structure for the film.

An interfacial layer right at the dielectric surface could have
dramatic implications. Although it is established that charge
transport in organic TFTs occurs close to the semiconductor—
insulator interface, the thickness of the channel is still being
debated. Some theoretical models treat the charge area as a 2D
gas,25’26 whereas others as a 3D distribution®” and both of these
models fit experimental data quite well. Furthermore, several
reports on pentacene claim that anywhere between 2 and 6
monolayers, or about 3—9 nm, are involved in the transport.zg_30
Although different estimates vary, the thickness of the channel is
clearly very small and the electric field in the channel would be
highest adjacent to the dielectric, which suggests that the
interfacial layer that we have identified certainly plays an
important role. At the surface of the dielectric, it would feel the
electric field stronger than the rest of the channel when the gate is
biased. This layer could act as a source of hole traps or local
differences in dipoles that degrade organic device performance.*!
It might also influence subsequent crystal growth, leading to
more mismatch or defects within grains. On the other hand,
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lowering the surface free energy of silicon dioxide by this
intermediate layer might be required for the preferred crystal
orientation to form on a dielectric without a self-assembled
monolayer. As a whole, although further studies are warranted, it
is already clear that this single monolayer of molecules could have
dramatic implications for organic semiconductor crystal growth
and properties of organic semiconductor devices grown on
oxides.

4. CONCLUSION

On the basis of GIXD and AFM studies, we conclude that DNTT
films are polycrystalline, consistent with previously reported
results in the literature, and are principally composed of (001)
orientation. The films also include some portion with (010)
orientation that is usually minor, but dependent on film
formation temperature. On the basis of statistical analysis of
AFM images showing a 1.9 nm thick first layer, and the
requirement of only upright or prostrate molecules in the film, we
conclude that an interfacial flat-lying layer of DNTT molecules
forms between the preferred orientation DNTT film and the
dielectric surface. This interfacial layer exists in the region with
the highest electric field of the device channel of a field-effect
transistor, and as such could have significant implications for
device performance.
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