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ARTICLE INFO ABSTRACT

Article history: The small-molecule organic semiconductor 2,9-di-decyl-dinaphtho-[2,3-b:2’,3’-f]-thieno-
Received 29 May 2013 [3,2-b]-thiophene (C;,-DNTT) was used to fabricate bottom-gate, top-contact thin-film
Received in revised form 15 August 2013 transistors (TFTs) in which the semiconductor layer was prepared either by vacuum depo-
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Available online 19 September 2013 sition or by solution shearing. The maximum effective charge-carrier mobility of TFTs with

vacuum-deposited C;o-DNTT is 8.5 cm?/Vs for a nominal semiconductor thickness of
10 nm and a substrate temperature during the semiconductor deposition of 80 °C. Scan-

Key WO.rdS“ . . ning electron microscopy analysis reveals the growth of small, isolated islands that begin
Organic thin-film transistors . . . .

C10-DNTT to coalesce into a flat conducting layer when the nominal thickness exceeds 4 nm. The
Thin-film morphology morphology of the vacuum-deposited semiconductor layers is dominated by tall lamellae
Contact resistance that are formed during the deposition, except at very high substrate temperatures. Atomic
Solution shearing force microscopy and X-ray diffraction measurements indicate that the C;o-DNTT mole-

cules stand approximately upright with respect to the substrate surface, both in the flat
conducting layer near the surface and within the lamellae. Using the transmission line
method on TFTs with channel lengths ranging from 10 to 100 pm, a relatively small contact
resistance of 0.33 kQ cm was determined. TFTs with the C;o-DNTT layer prepared by solu-
tion shearing exhibit a pronounced anisotropy of the electrical performance: TFTs with the
channel oriented parallel to the shearing direction have an average carrier mobility of
(2.8 £0.3) cm?/V s, while TFTs with the channel oriented perpendicular to the shearing
direction have a somewhat smaller average mobility of (1.3 +0.1) cm?/V s.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction nents and products, for example in flexible active-matrix
displays or flexible sensors [1-5]. One important require-

Organic thin-film transistors (TFTs) have gained great ment for most applications is a high charge-carrier mobil-
interest for their potential application in electronic compo- ity. In 2007, the small-molecule p-channel semiconductor

dinaphtho-[2,3-b:2’,3'-f]-thieno-[3,2-b]-thiophene (DNTT)

was introduced and showed a relatively high hole mobility

* Corresponding author. up to 3 cm?/V s, combined with excellent air stability [6,7].
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(2,9-di-decyl-dinaphtho-[2,3-b:2’,3’;-f]-thieno-[3,2-b]-thi-
ophene) showed even higher hole mobilities up to 12 cm?/
V's [8-11]. These results show that the strategic introduc-
tion of alkyl substituents into the molecular structure has
an important effect on the crystal structure and/or thin-
film morphology of organic semiconductors and thereby
on the TFT performance. The structure of C;o-DNTT is
shown in Fig. 1. The molecule has a calculated length of
39.3A, a (001) interlayer distance (d-spacing) deduced
by structural X-ray analysis of 38.0 A and a HOMO energy
of —5.38 eV [8]. Here we investigate the evolution of the
thin-film morphology of vacuum-deposited C;o-DNTT
films as a function of the film thickness and the substrate
temperature during the deposition and the correlation
with the effective field-effect mobility and the contact
resistance of the TFTs. In addition to C;o-DNTT TFTs with
a vacuum-deposited semiconductor layer we have also
prepared TFTs in which the semiconductor was deposited
by solution shearing and investigated the in-plane spatial
anisotropy of the charge transport in the solution-sheared
semiconductor films.

2. Transistors with vacuum-deposited semiconductor

All organic TFTs were fabricated on p-doped thermally
oxidized silicon substrates that simultaneously serve as
global back-gates. For the TFTs with a vacuum-deposited
semiconductor the gate dielectric consists of a 100-nm-
thick layer of thermally grown silicon dioxide, an 8-nm-
thick layer of aluminum oxide (by atomic layer deposition)
and a self-assembled monolayer of n-tetradecylphosphon-
ic acid (obtained by immersion in a 2-propanol solution)
[7,12,13]. In this case, the gate dielectric has a total
thickness of 110 nm and a capacitance per unit area of
34 nF cm 2. The organic semiconductor was deposited in
vacuum at a pressure of about 10~® mbar. During the
semiconductor deposition the temperature of the substrate
holder was set to a specific value between room tempera-
ture and 180 °C, and the nominal thickness of the vacuum-
deposited semiconductor layer was measured with a
quartz crystal microbalance. The deposition rate was about
1 nm/min. The source and drain contacts were formed on
the top surface of the semiconductor by evaporating gold
in vacuum through a silicon stencil mask [13].

All electrical measurements were performed in ambient
air at room temperature. The effective hole mobilities of
the TFTs were calculated from the saturation transfer char-
acteristics with the following formula [14]:
ID:%(VGS_VW)Z: (1)
where Ip is the drain current, u is the effective field-effect
mobility, C; is the gate-dielectric capacitance per unit area,
W is the channel width, L is the channel length, Vs is the
gate-source voltage, and Vy, is the threshold voltage.

In a first series of experiments, the C;o-DNTT was
deposited at a substrate temperature of 80°C and the
nominal thickness of the semiconductor layer was varied
between 1 and 25 nm. The measured transfer characteris-
tics and the effective mobility as a function of nominal
semiconductor thickness are shown in Fig. 2. For a nominal
semiconductor thickness of less than 4 nm the drain cur-
rent is below the noise level. For a nominal thickness of
4 nm, which corresponds to the calculated length of the
molecules, a small field effect with an on/off ratio of 10°
and an effective mobility of about 10> cm?/V s is measur-
able. Upon increasing the nominal C;o-DNTT thickness
from 4 to 10 nm, the on-state drain current, the on/off ratio
and the effective mobility increase. At a nominal thickness
of 10 nm the maximum mobility of 8.5 cm?/V s is reached.
For a nominal C;o-DNTT thickness greater than 10 nm the
mobility does not show a thickness dependence within
the process fluctuations.

Interestingly, the vacuum-deposited C;o-DNTT films
have a pronounced topology with extremely tall lamellae
protruding from the surface. Even for a nominal thickness
of less than 10 nm, these C;o-DNTT lamellae have eleva-
tions of over 100 nm, making it difficult to obtain useful
AFM (atomic force microscopy) images of the surface.
Therefore, the semiconductor morphology was investi-
gated by scanning electron microscopy (SEM). Fig. 3 shows
SEM images of C;o-DNTT vacuum-deposited at a substrate
temperature of 80 °C with a nominal semiconductor thick-
ness of 0.5 nm, 1.0 nm, 3.0 nm and 6.0 nm. In these images
the bare substrate appears light gray and the lamellae
appear white. In addition, the SEM images show dark gray
regions which appear in the form of small, isolated islands
when the nominal thickness is very small (e.g., 0.5 nm,
1.0 nm) and which begin to coalesce when the nominal
thickness is increased to about 3 nm and form a connected
and finally closed layer for a nominal thickness greater
than about 4 nm respectively 10 nm. Since 4 nm is the
nominal thickness at which the electrical measurements
indicate the onset of a field effect (see Fig. 2), these dark
gray regions are believed to represent the extent of the flat
conducting channel layer formed by the C;o-DNTT mole-
cules on the substrate surface. From the SEM images, the
exact thickness of these conducting channel regions cannot
be determined.

In a second series of experiments, C;o-DNTT layers with
a nominal thickness of 10 nm were vacuum-deposited
onto substrates held at temperatures between 40 and
180 °C. Fig. 4 shows the effective mobility as a function
of substrate temperature during the C;o-DNTT deposition.
As can be seen, the optimum range of substrate tempera-
tures is about 60-80 °C, where the effective hole mobility
exceeds 8 cm?/Vs, while for lower and higher substrate
temperatures the effective mobility is smaller. A similar
relationship between effective mobility and substrate tem-
perature during the deposition has been reported for other

Fig. 1. Molecular structure of the organic semiconductor C,o-DNTT. The calculated length of the molecule is 39.3 A [8].
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Fig. 2. (a) Transfer characteristics of C;o-DNTT TFTs with a vacuum-deposited semiconductor layer having a nominal thickness of 4 nm, 5 nm, 6 nm and
10 nm. The semiconductor was deposited onto substrates held at a temperature of 80 °C. (b) Effective field-effect mobility extracted from the transfer
characteristics in the saturation regime as a function of the nominal C;o-DNTT thickness.
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Fig. 3. Evolution of the thin-film morphology of vacuum-deposited C;o-DNTT when the nominal thickness is increased from 0.5 nm to 6.0 nm. The
semiconductor was deposited at a substrate temperature of 80 °C. The images were obtained by scanning electron microscopy (SEM) with an acceleration
voltage of 1.0 kV. The width of the large images corresponds to 10 um and the width of the small images to 1 um. The bare substrate appears light gray, the

tall lamellae appear white and the flat channel layer appears dark gray.

organic semiconductors as well [15,16]. A possible expla-
nation is that at lower substrate temperatures (<60 °C)
the thermal energy is insufficient to induce long-range
structural ordering within the semiconductor film, there-
fore leading to smaller grain sizes. At higher substrate tem-
peratures (>80 °C) the charge-carrier transport between
the grains is limited by the lack of inter-grain connectivity
caused by partial dewetting of the organic molecules. This
is confirmed by SEM observations which indicate the
formation of macroscopic cracks at very high substrate
temperatures (160 and 180 °C).

The analysis of the semiconductor morphology by SEM
indicates that the number of lamellae per unit area is sig-
nificantly smaller when the C;o-DNTT is deposited at high-
er substrate temperatures (see Fig. 5). This suggests that
the lamellae are a metastable configuration, while the flat
channel layer represents the thermodynamically stable
configuration. At a substrate temperature of 180 °C the
number of lamellae is sufficiently small so that the mor-
phology of the flat conducting channel layer near the sur-
face can be analyzed in a useful manner by AFM. The
result is shown in Fig. 6. The AFM image shows that the
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Fig. 4. Effective hole mobility in saturation as a function of the substrate
temperature during the C;o-DNTT deposition. The nominal semiconduc-
tor thickness is 10 nm. As can be seen, the optimum substrate temper-
ature is in the range of 60 to 80 °C. The dashed line is a guide-to-the-eye.

semiconductor grows primarily in the form of flat terraces
with a step height of approximately 4 nm. This step height
corresponds to the calculated length of a single C;o-DNTT
molecule [8], suggesting that each terrace corresponds to
a monolayer in which the molecules stand approximately
upright with respect to the substrate surface.

To elucidate the structure of the vacuum-deposited
semiconductor layers in more detail, X-ray diffraction
(XRD) spectra were recorded on four C;o-DNTT layers
deposited at substrate temperatures of 80 °C and 180 °C
with nominal thicknesses of 10nm and 100 nm (see
Fig. 7). Since the films deposited at a substrate temperature

of 180 °C are essentially devoid of lamellae, the peaks in
the XRD spectra of these films can be assigned to the flat
channel layer near the surface. In contrast, the nominally
100-nm-thick film deposited at a substrate temperature
of 80 °C consist mainly of lamellae, so the peaks in the
XRD spectra of this film can be unambiguously assigned
to the lamellae. From the indexed Bragg peaks, average
(001) interlayer spacings along the out-of-plane direction
of (37.1 £0.7) A for a substrate temperature of 80 °C and
(38.3 £ 0.4) A for a substrate temperature of 180 °C are cal-
culated when the nominal thickness is 10 nm, whereas the
average (0 0 1) interlayer spacings along the out-of-plane
direction are (37.2 +0.1) A for a substrate temperature of
80°C and (37.5+0.1)A for a substrate temperature of
180 °C when the nominal thickness is 100 nm. These lattice
constants agree satisfactorily with the XRD data reported
by Kang et al. [8] as well as with our AFM results discussed
above and further confirm that the molecules stand
approximately upright with respect to the substrate
surface, both in the flat conducting channel layer near
the surface as well as in the lamellae. Assuming that the
C10-DNTT molecules have a length of 39.3 A, as calculated
by Kang et al. [8], these average d-spacings of
(37.2+0.1)A and (37.5+0.1)A correspond to average
molecular tilt angles of (18.8 £ 0.5)° at a substrate temper-
ature of 80 °C and (17.4 + 0.5)° at a substrate temperature
of 180 °C.

The observation that the molecules within the flat chan-
nel layer stand approximately upright with respect to the
substrate surface is not surprising; this has been reported
for many other organic semiconductors [17,18]. On the
other hand, based on kinetic considerations regarding the
formation of the lamellae in the vacuum-deposited

Tsup = 140 °C

Tou = 180°C

Fig. 5. SEM images of C;,-DNTT layers with a nominal thickness of 10 nm vacuum-deposited at substrate temperatures of 80 °C, 120 °C, 140 °C and 180 °C.
As can be seen, the number of the tall lamellae per unit area is significantly smaller at higher substrate temperatures. The width of the images corresponds

to 10 pum.
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Fig. 6. Atomic force microscopy (AFM) image of the surface of a C;o-DNTT layer with a nominal thickness of 10 nm, vacuum-deposited at a substrate
temperature of 180 °C. The green line indicates the line profile depicted on the right. Step heights of approximately 4 nm can be identified. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. X-ray diffraction spectra of C;o-DNTT layers vacuum-deposited at substrate temperatures of 80 °C and 180 °C with nominal thicknesses of 10 nm and

100 nm.

C1o-DNTT layers one may have been expecting that within
the lamellae the molecules are oriented with their long axis
parallel to the substrate surface. However, based on our XRD
spectra, which extend to a scattering angle of 25° and thus
allow us to resolve lattice spacings as small as 3.56 A, we
can rule out the existence of layers with a horizontal orien-
tation of the molecules. The reason is that all Bragg peaks
seen in our XRD spectra, regardless of the substrate temper-
ature during the deposition, can be clearly assigned to
molecular layers in which the C;o-DNTT molecules stand
approximately upright with respect to the substrate surface.

Unfortunately, the extent to which the lamellae con-
tribute to the charge transport in the TFTs is unknown at
this point. We only know that the lamellae do not coalesce
into a connected network (see Figs. 3 and 5) and therefore
are unlikely to sustain lateral charge transport over macro-
scopic distances.

3. Contact resistance analysis

An important undesirable effect of all field-effect tran-
sistors including organic TFTs is the contact resistance
[19,20]. To extract the contact resistance of our C;o-DNTT
TFTs we have applied the transmission line method
(TLM) [19-22]. For this purpose we fabricated TFTs with
channel lengths ranging from 10 pm to 100 pm and deter-
mined the threshold voltage V; individually from the
transfer curve in the linear regime (at Vps=—0.1V) with
the second-derivative method [23]. The total resistance
R= ‘;—gs taken from the linear transfer curve at a specific
overdrive voltage (Vs — Vi = —20 V), was then normalized
to the channel width and plotted as a function of the chan-
nel length (see data points in Fig. 8a). These measurement
data were then fitted to the following equation (see red
line in Fig. 8a):
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Fig. 8. (a) Transmission line method performed on vacuum-deposited C;o-DNTT TFTs with channel lengths ranging from 10 um to 100 pm. The total width-
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length. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Extrapolating the fit to a channel length of zero yields the
width-normalized contact resistance R-W, and the slope of
the fit gives the intrinsic mobility y (i.e., the hole mobility
in the polycristalline channel without the influence of the
contact resistance). For C;o-DNTT TFTs with a semiconduc-
tor layer deposited at a substrate temperature of 80 °C and
a nominal thickness of 10 nm, a width-normalized contact
resistance of 0.33kQ cm and an intrinsic mobility of
8.5 cm?/V s were extracted (see Fig. 8a). For comparison,
the contact resistance of DNTT TFTs with the same contact
length (the distance by which the gate electrode overlaps
the source and drain contacts) is about 0.6 kQ cm [24]. De-
spite the fact that the contact resistance is relatively small,
its influence on the effective mobility for short channel
lengths is evident (see Fig. 8b).

Fig. 9a shows the dependence of the contact resistance
on the nominal semiconductor thickness; no distinct
tendency can be identified. Richards et al. [25] previously
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reported that with greater semiconductor thickness the
contact resistance increases, due to the greater distance
between the top contacts and the conducting channel layer
at the semiconductor/dielectric interface. However, in our
vacuum-deposited C;o-DNTT TFTs most of the deposited
semiconductor material goes into the lamellae which cover
only a fraction of the substrate surface, so that the thick-
ness of the flat conducting channel layer near the surface
does not increase beyond a few monolayers and the con-
tact metal is always close to the conducting channel layer.
This can be nicely seen in Fig. 10, which shows SEM images
of a C;o-DNTT layer with a nominal thickness of 22 nm
vacuum-deposited at a substrate temperature of 80 °C
and partially covered with a 30-nm-thick gold contact,
showing that the gold is in direct contact with the flat
conducting channel layer near the surface. In other words,
the distance which the carriers have to travel from the top
contacts to the channel does not increase significantly
when the nominal semiconductor thickness is increased.
The width-normalized contact resistance as a function of
the substrate temperature during the C;o-DNTT deposition
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Fig. 9. Contact resistance of vacuum-deposited C;o-DNTT TFTs: (a) as a function of the nominal semiconductor thickness and (b) as a function of the
substrate temperature during the deposition. In both cases no distinct correlation can be determined.
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Fig. 10. SEM images of a C;o-DNTT layer with a nominal thickness of 22 nm vacuum-deposited at a substrate temperature of 80 °C and partially covered
with a 30-nm-thick gold layer. In the left SEM image the gold layer is clearly visible in the lower left corner, while in the right image the entire area is
covered with gold. As can be seen, the gold is in direct contact with the flat conducting channel layer near the surface, despite the large density of lamellae.
This explains the observation that the contact resistance does not show a systematic increase with the nominal layer thickness.
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Fig. 11. (a) Distribution of the effective field-effect mobility of C;o-DNTT TFTs in which the semiconductor was deposited by solution shearing. The 30 TFTs
in which the channel is oriented parallel to the shearing direction are indicated in green and the 25 TFTs in which the channel is oriented perpendicular to
the shearing direction are indicated in black. All TFTs have a channel length of 100 um. (b) SEM image of the relatively flat solution-processed C;o-DNTT
film. The white arrow indicates the shearing direction. The width of the image corresponds to 10 um. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

is shown in Fig. 9b. As can be seen, the variation of the con-
tact resistance with the substrate temperature during the
deposition is quite small, from 0.33 to 0.99 kQ cm without
any clear tendency. Nonetheless, it is noticeable that the
substrate temperature at which the contact resistance has
its minimum (60-80 °C) coincides with the substrate tem-
perature for the maximum effective hole mobility as seen
in Fig. 4.

The effects of the substrate temperature during the
C1o-DNTT deposition and of the nominal semiconductor
thickness on the intrinsic mobility o (not shown) are qual-
itatively similar to those on the effective mobility seen in
Figs. 4 and 2b.

4. Transistors with semiconductor deposited by solution
shearing

Unlike DNTT, which can only be deposited in vacuum,
the alkylated derivative C;o-DNTT can also be deposited
from solution. For example, Nakayama et al. and Uemura
et al. have previously processed C;o-DNTT TFTs from
solution using a stamp with an inclined surface under
which the solvent is allowed to dry slowly and obtained

mobilities up to 12 cm?/V s [10,26]. We have used an alter-
native method in which the semiconductor solution is
sheared across the substrate surface using a flat, smooth
shearing tool [27]. For this purpose we used the setup
recently described by Stolte et al. [28]. The TFTs were fab-
ricated on silicon substrates with a 100-nm-thick layer of
thermally grown silicon dioxide as the gate dielectric.
The C;o-DNTT was dissolved in o-dichlorobenzene with a
concentration of 4 mg ml~!, and the solution was stirred
at 100 °C for better solubility. During the deposition, both
the oxidized silicon substrate and the shearing tool were
heated to a temperature of 130 °C. After dropping the
semiconductor solution onto the substrate, the shearing
tool was lowered close to the surface and sheared across
the substrate with a speed of 5 mm min~! while being held
exactly parallel to the surface.

Difficulties occurred due to the poor solubility of the
C10-DNTT, so that not the entire substrate surface was
coated homogeneously. To complete the transistors, gold
source and drain contacts were deposited onto the semi-
conductor layer by vacuum deposition through a shadow
mask. In an area of approximately 10 mm?, in which a
homogeneous semiconductor layer was obtained, 30 TFTs
with the channel oriented parallel to the shearing direction
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and 25 TFTs with the channel oriented perpendicular to the
shearing direction were characterized. The results are
summarized in Fig. 11a. The 30 TFTs with the channel ori-
ented parallel to the shearing direction have an average
saturation mobility of (2.8 +0.3) cm?/V s and an on/off ra-
tio of at least 10”. In contrast, the 25 TFTs with the channel
perpendicular to the shearing direction have an average
mobility of (1.3 £ 0.1) cm?/V s and an on/off ratio of at least
10°. The observed anisotropy of the TFT performance indi-
cates that the shearing induces a preferential grain bound-
ary orientation and/or a spatially anisotropic extension of
the grains that favor charge transport along the shearing
direction (see SEM image in Fig. 11b). A similar degree of
anisotropy in the field-effect mobility depending on the
crystallization direction was recently reported for TFTs
based on solution-deposited 6,13-bis (triisopropylsilyle-
thynyl) (TIPS) pentacene [29].

5. Conclusion

In summary, we have fabricated organic TFTs based on
the  high-mobility =~ small-molecule  semiconductor
C10-DNTT. The effective field-effect mobility of TFTs in
which the organic semiconductor layer was prepared by
vacuum-deposition is as large as 8.5cm?/Vs when the
nominal semiconductor thickness is 10 nm and the sub-
strate temperature during the semiconductor deposition
is 80°C. Analysis of the semiconductor morphology by
scanning electron microscopy reveals the growth of small
isolated islands that coalesce into a flat conducting channel
layer when the nominal thickness exceeds about 4 nm.
This analysis together with X-ray structural data also
shows the formation of tall lamellae with a number per
unit area that is strongly affected by the substrate temper-
ature during the C;o-DNTT vacuum deposition. At very
high substrate temperatures (180 °C) the number of lamel-
lae is sufficiently small to allow the morphology of the flat
channel layer to be analyzed by atomic force microscopy.
The results of this analysis together with the XRD data
indicate that the C;o-DNTT molecules stand approximately
upright with respect to the surface. Using the transmission
line method a relatively small contact resistance of
0.33 kQcm and an intrinsic hole mobility of 8.5 cm?/V's
were determined.

In addition to TFTs with a vacuum-deposited semicon-
ductor layer we also fabricated C;o-DNTT TFTs in which
the semiconductor layer was prepared by solution shear-
ing. These TFTs exhibit a clear anisotropy of the in-plane
charge transport depending on the orientation of the tran-
sistor channel with respect to the shearing direction: TFTs
with the channel oriented parallel to the shearing direction
have an average mobility of (2.8 + 0.3) cm?/V s, while TFTs
with the channel oriented perpendicular to the shearing
direction showed a somewhat smaller average mobility
of (1.3 £0.1)cm?/Vs.
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