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ABSTRACT: Solution-processed organic field-effect transistors (OFETs) using
chemically modified copper electrodes are reported. The purpose of this study is to
shed light on the use of inexpensive copper electrodes in bottom-contact OFETs, which
is consistent with the major goal of organic electronics: the realization of low-cost
electronics. 6,13-Bis(triisopropylsilylethynyl)pentacene was used for solution-processed
hole-transporting molecular films and pentafluorobenzenethiol was used to form self-
assembled monolayers (SAMs) on the contact metals. We conducted a comparative
study on copper and gold contacts and realized that, under the same performance
improvement schemes, via SAM treatment and controlled crystal growth, the copper

electrode device experienced a more significant enhancement than the gold electrode

device. We attribute the beneficial effects of SAMs to the improved charge injection and transport properties, which are critical
double effects from the fluorinated aromatic SAM structure. Grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements showed that templating property of SAMs promotes the crystallization of TIPS-pentacene films at the metal/
organic interface. The presented result indicates that copper can be regarded as a promising candidate for reducing the use of
gold in organic-based circuits and systems, where the cost-effective production is an important issue.

KEYWORDS: organic field-effect transistors (OFETs), copper electrodes, self-assembled monolayers (SAMs), charge-carrier injection,

crystallization, TIPS-pentacene

B INTRODUCTION

Organic field-effect transistors (OFETs) are experiencing
continuous improvement in performance and offer new
opportunities for flexible, lightweight, large-area displays and
microelectronic systems.l_3 The recent development of stable,
high-performance soluble organic semiconductors enables
organic electronics to steadily proceed toward the goal of
low-cost electronics, which takes maximum advantage of
inexpensive solution-based deposition techniques.”* Despite
the obvious orientation toward a low-cost technology, the
precious metal gold is still a predominant choice for source/
drain electrodes in OFETSs, because of its chemical inertness,
high electrical conductivity, processability, and ability to form a
low-injection-barrier junction with most p-type organic semi-
conductors.’ In addition to these inherently outstanding
properties of gold, the demonstration of OFET performance
improvement by formation of self-assembled monolayers
(SAMs) on the gold surface”® has opened up the possibilities
of tuning contact energetics and controlling film morphology at
the metal/organic interface, further solidifying the position of
gold as the most popular metal electrode in OFETs.”"
Surprisingly, reducing the use of gold has been of only minor
interest in OFET research, despite its potential cost impact.
Several groups have recently addressed this issue and drawn
attention to copper as an alternative.'' " Copper is the most
extensively used metal for cables, wires, and electrical contacts,
because of its high conductivity and low cost."*"> The favorable
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work function of copper for both hole and electron injection, as
well as its well-established processability and the availability of
printable copper-containing inks,' are other attractive features
for OFETs. In the literature, a small number of reports have
addressed Cu-electrode OFETs in the bottom-gate top-contact
architecture, which shows fairly good performance.'>'*'”'®
Physically, this staggered top-contact geometry takes advantage
of large injection area’” and continuous channel carrier
distribution®® and is thus expected to exhibit the best transport
property of a given semiconductor without serious contact-
related problems. For large-scale integrated circuits, however,
the bottom-contact structure is more suitable, because of its
compatibility with the lithographical patterning of electrodes
prior to semiconductor deposition. Di and co-workers have
suggested chemically modified bottom Cu electrodes with the
charge-transfer complex Cu-tetracyanoquinodimethane (Cu-
TCNQ) for pentacene,'' rubrene, tetracyanoquinodimethane
(TCNQ), and copper phthalocyanine (CuPc) transistors.”!
These results point out the functionalization of Cu electrodes
as a promising approach for high-performance copper bottom-
contact OFETs.

Here, we report on the solution-processed 6,13-bis-
(triisopropylsilylethynyl)pentacene (TIPS-pentacene) transis-
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tors with Cu bottom electrodes modified by pentafluorobenze-
nethiol (PFBT) SAMs (Figure 1). To the best of our
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Figure 1. Chemical structure of (a) 6,13-bis(triisopropylsilylethynyl)-
pentacene (TIPS-pentacene) and (b) pentafluorobenzenethiol
(PEBT).

knowledge, this is the first attempt to match Cu electrodes
with a solution-processed organic semiconductor and also the
first demonstration of SAM-treated Cu electrodes in OFETs. It
is found that PFBT modification results in significant
performance improvement to copper bottom-contact OFETs,
bringing them within an order of magnitude to the trans-
conductance found in Au-electrode devices fabricated under an
identical process. In this work, we examine both spin-cast and
directionally grown TIPS-pentacene films. The spin-cast film
reveals the crystal-templating properties of the SAM-treated

electrodes. We also apply a directional drying crystal growth
method to creating TIPS-pentacene grains. These devices
permit examination of charge-transport anisotropy of the TIPS-
pentacene thin films and grain-boundary effects.

B EXPERIMENTAL SECTION

Device Fabrication and Characterization. Bottom-gate, bot-
tom-contact OFET's were fabricated on a heavily doped p-type Si wafer
with a 300-nm thermal oxide layer, which serves as a common gate
electrode/gate dielectric structure. The substrates were ultrasonically
cleaned with acetone and isopropanol. With a S-nm chromium
adhesion layer, 50-nm Au or Cu source/drain electrodes were
deposited by thermal evaporation. For SAM formation on electrodes,
selected samples were immersed in a 10 mM PFBT solution in
isopropanol for 30 min, followed by rinsing with pure isopropanol and
blow drying with nitrogen. All samples were treated with
hexamethyldisilazane (HMDS) for reduced trap states at the
semiconductor/insulator interface, by spin-coating a neat HMDS
solution at 3000 rpm for 1 min. TIPS-pentacene solution was prepared
at a concentration of 15 mg/mL in 1,2-dichlorobenzene. For spin-cast
TIPS-pentacene films, we used a spin seed of 1000 rpm for 30 s,
followed by an annealing step at 100 °C for 30 min. For textured
TIPS-pentacene films, the substrate was covered with drop-cast TIPS-
pentacene solution and immediately moved onto a tilted drying stage
for a desired directional growth, where the samples were left at 100 °C
for 1 h for complete drying of the solvent-rich films. Current—voltage
characteristics of the as-fabricated devices were recorded using a
Keithley Model 4200 semiconductor characterization system.

Opitical Microscopic Analysis. Optical microscopic images were
taken using a Nikon Eclipse E600FN microscope under crossed
polarizers, coupled with a Canon Rebel T1i EOS 500D digital camera.
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Figure 2. Electrical and morphological characteristics of the spin-cast TIPS-pentacene transistors showing the effect of SAM treatment: (a)
comparison of the transfer characteristics (inset shows the device structure; W is the channel width and L is the channel length); (b,c) output
characteristics of the transistors with PFBT-treated electrodes ((b) PFBT-Au and (c) PFBT-Cu); and (d—g) polarized optical microscopic images
on the TIPS-pentacene films at the near-electrode region ((d) bare gold, (e) bare copper, (f) PFBT-Au, and (g) PFBT-Cu).
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Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)
Measurement. Grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurements were carried out at the X9 undulator-
based beamline at the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory. The incident X-ray beam (4 =
0.09184 nm) was collimated using slits and focused onto the sample
position using Kirkpatrick—Biaz mirrors. This provides a spot 100 ym
(width) x 80 um (height) at the sample position whose footprint
along the sample spreads out by the inverse incident angle. The sample
stage was located inside the vacuum chamber (pressure ~ 40 Pa),
where both the incident angle and sample translation are computer-
controlled. A two-dimensional (2-D) charged-coupled device (CCD)
detector was positioned ~270 mm from the center of the sample stage
to collect the GIWAXS images inside the same vacuum chamber. Data
conversion to g-space was accomplished by calibration, using silver
behenate powder.

~
~

B RESULTS AND DISCUSSION

Spin-Cast OFETs. We first examined the influence of PFBT
SAMs on thin-film morphology and transistor performance.
Figure 2a shows that the chemical treatment on both Au and
Cu electrodes significantly improves the performance of spin-
cast TIPS-pentacene transistors, in terms of the on-to-off
current ratio and field-effect mobility (up;). The extracted
mobility values will be given and discussed in more detail
hereinafter. Note here that the Cu-electrode devices experience
a particularly significant enhancement. We infer that the
performance improvement comes from the double effect of
PFBT; the SAM provides both for a reduction in the injection
barrier and a crystallization of TIPS-pentacene. These two
effects simultaneously improve the transistor charge injection
and transport properties.

An interface dipole layer can significantly change the contact
energetics and also affect the chemical interaction at a metal/
organic interface.”> As described in our previous study,” the
electron-withdrawing character of fluorine provides the PFBT
monolayer with a strong dipole moment that points downward
to the metal substrate. This arrangement leads to an increase in
the metal work function, compared to an untreated surface.
Although no direct measurement of the energy levels was
conducted in the present study, we can refer to the recent
reports on the work functions of PFBT-treated electrodes.
Table 1 shows that the work function change of copper by

Table 1. Literature Values of the Properties of Gold and
Copper

Value
property Au Cu

electrical conductivity at 300 K*  4.403 X 10° S/cm 5.797 X 10° S/cm
work function of the atomically  5.31-5.47 eV 4.48—-5.10 eV

clean surface”
work function of the air-exposed ~ 4.7—4.9 eV 4.65 eV

surface
work function of the PFBT- 5.7-5.9 eV 5.45 eV

treated surface®

“Data taken from ref 14. “Data taken from refs 24—26. “Data taken
from refs 25 and 26.

PFBT SAMs reaches +0.8 eV, which makes the PFBT-Cu
electrode a good hole-injecting contact into the highest
occupied molecular orbital (HOMO) level of TIPS-pentacene.
Therefore, improved charge-carrier injection is the first reason
for the spectacular improvement of our Cu-electrode OFET
characteristics. However, the slight upward bending at low
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drain voltage (Vp) in the output curves of the PFBT-Cu device
in Figure 2¢ shows that contact resistance problem still exists at
the source/channel edge.”” Note that the output curves of the
PFBT-Au device in Figure 2b have almost-ideal linear-regime
characteristics. Despite significant improvement, the work
function of PFBT-Cu is still lower than that of PFBT-Au
(Table 1) and it accounts for the fact that a contact resistance is
still present.

The morphological effect is revealed by the polarized optical
microscopic images shown in Figures 2d—g. The PFBT-treated
samples exhibit a distinctive morphology in the electrode
region, whereas the untreated samples show undistinguishable
or continuous morphology in both the electrode and the
insulator regions. Although less pronounced in the PFBT-Cu
sample, Figures 2f and 2g show that the characteristic
morphology of the electrode region slightly extends toward
the insulator region, which bears a resemblance to the images
reported by Jurchescu and co-workers on fluorinated $5,11-
bis(triethylsilylethynyl) anthradithiclphene (diF-TESADT) films
deposited on PFBT-Au electrodes.”**7>° To explain this effect,
these authors put forward the so-called “contact-induced
crystallization” phenomenon that leads to a well-ordered
organic layer at the near-electrode region. It should be noted
here that the “driving force” for the contact-crystallization effect
on diF-TESADT is generally attributed to the sulfur—fluorine
reaction between PFBT and diF-TESADT, which is also known
to promote the molecular packing of diF-TESADT.**° Even if
similar contact-induced crystallization takes place for TIPS-
pentacene, its origin cannot be the same type of reaction,
because of the absence of S or F atoms in its molecular
structure (Figure la). It is thus reasonable to infer that the
main origin of the contact-induced crystallization of TIPS-
pentacene by PFBT-treated electrodes is the so-called
“templating effect”, which is regarded as a characteristic of
aromatic SAMs.”'**" A well-ordered PFBT monolayer on a
gold or copper surface forms a two-dimensional (2-D) structure
of periodically positioned upright benzene rings, which serve as
a template for the growth of TIPS-pentacene crystallites.

Grazing-Incidence Wide-Angle X-ray Scattering (Gl-
WAXS). In order to further investigate the morphological
aspect, we carried out structural analysis of the TIPS-pentacene
films in the PFBT-treated Au and Cu samples by means of
GIWAXS measurement.”>*® Figures 3a—d show the 2-D
GIWAXS pattern of the TIPS-pentacene films on the electrode
and insulator regions of the PFBT-Au and PFBT-Cu samples.
Strikingly well-defined peaks centered along the out-of-plane
g.-direction are observed in all four images, thus indicating that
TIPS-pentacene is highly crystalline with a preferred
orientation corresponding to lattice planes parallel to the
substrate. The main peaks that appear along the g,-direction at
dxy = O (see Figure 3e) can be identified by referring to the
triclinic lattice structure of TIPS-pentacene.”® As illustrated in
Figure 3f the (001) peak corresponds to the “edge-on”
orientation with a 7—n stacking direction that favors the
charge-transport in OFET's, while “face-on” crystallites that give
rise to the (111) peak do not contribute to the in-plane charge
transport. From the peak positions estimated in Figure 3e, we
extract two characteristic g, components: goo; = 3.95 nm™' and
g1y = 9.82 nm™'. These components correspond to the
interplanar spacings dyo; = 27/qgo; = 1.59 nm and d,; = 27/
qi11 = 0.64 nm, which are close to the values calculated from
the lattice parameters of the TIPS-pentacene single crystal®*
and thin film.*> The profiles in Figure 3e clearly show that the
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Figure 3. Two-dimensional (2-D) GIWAXS patterns of the spin-cast TIPS-pentacene films on (a) the electrode region in the PFBT-Au sample, (b)
the insulator region in the PFBT-Au sample, (c) the electrode region in the PFBT-Cu sample, and (d) the insulator region in the PFBT-Cu sample.
(e) Scattering profiles along the g.-axis at g,, = 0. Each profile is labeled by the corresponding 2-D GIWAXS image (Miller indices of the
crystallographic planes are located at the corresponding peak position). (f) Two characteristic orientations of the TIPS-pentacene crystallites, with

respect to the substrate.

electrodes are predominantly covered by well-ordered “edge-
on” crystallites, whereas the “face-on” components are localized
at the insulator or far-electrode regions. This finding, together
with the optical images in Figures 2f and 2g, allows us to
convincingly visualize the thin-film growth process. Mimicking
the underlying PFBT templates, solution-cast TIPS-pentacene
molecules principally nucleate on the electrodes; then, the
growth extends outward upon evaporation of the solvent.
Benefiting from this contact-templating effect, the conducting
channel on the insulator mainly consists of desirable (001)
crystallites with only locally existing (111) crystallites, which
leads to the efficient charge-carrier transport through the
molecular orbitals for transistor operation.

Textured OFETs. It is widely accepted that charge transport
ina polycrystalhne organic semiconductor is influenced by
grain boundaries.3*>” We realize that, despite an excellent
crystallinity of the TIPS-pentacene films in the SAM-treated
OFETs, the transport property can be seriously affected by
grain boundaries, because of the relatively small grain sizes seen
in Figures 2f and 2g. To examine the possibility of further
performance improvement, we applied a directional growth
method on the PFBT-modified gold and copper, by which
highly textured elongated grains are obtained. The samples
were dried on a tilted stage, which encourages drying in the
downbhill direction as the drop evaporates and recedes toward
the low side. The growth direction is defined with respect to
the source-to-drain direction (S-D), and its effect on the
electrical characteristics and the thin-film morphology is shown
in Figure 4. Figure 4a shows that, for both gold and copper, the
films grown along S-D give better transistor performance than
the films grown across S-D. The first reason for this tendency is

the in-plane charge-transport anisotropy of TIPS-pentacene
crystals.** Films grown along S-D mostly contain crystallites of
which the 7—7 stacking direction is more favorably aligned with
the charge-transport direction, which, in turn, results in the
higher charge-carrier mobility, compared to the films grown
across S-D.>® The second factor is the grain-boundary effect. In
the case of growth along S-D, elongated single-crystal-like
domains bridge the source and drain electrodes, as shown in
Figures 4f and 4g. In contrast, many grain boundaries limit the
source-to-drain current flow in the films grown across S-D, as
shown in Figures 4d and 4e.

Performance Analysis. Table 2 summarizes the field-effect
mobility (pgg) and threshold voltage (Vi) extracted from the
transfer curves in Figures 2a and 4a, using the conventional
extrapolation method of the saturation-regime square-root
drain current." Upon the two-step performance improvement
scheme, first by SAM treatment and then by texturing, the gy
value of the Cu-electrode transistor increases from 1.3 X 107°
cm?/V s to 0.022 cm?/V s, which is a factor more significant
than that of the Au-electrode device. Comparing the best
performance devices (PFBT-treated textured OFETs with the
growth along S-D), the Au-electrode device has an apparent
mobility only ~5 times higher than the Cu-electrode device,
which is an impressive result when considering the cost
difference. We also note that, comparing six PFBT-treated
transistors, the ppp value of the spin-cast transistor roughly
corresponds to the average g value of the textured transistors
with different growth directions. Together with the correspond-
ing optical images, this finding indirectly confirms that
crystallites in the spin-cast films have random in-plane
orientation with a substantial density of grain boundaries,

3719 dx.doi.org/10.1021/am400325k | ACS Appl. Mater. Interfaces 2013, 5, 3716—3721



ACS Applied Materials & Interfaces

Research Article

(a) 10%
F Vp=-40V textured TIPS-pentacene
105 ¢
10
= ¥
_—_D 107
g 10°
3 —o— PFBT-Au, growth across S-D
£ 10° —a&— PFBT-Cu, growth across S-D
£ —e— PFBT-Au, growth along S-D
1010  —a— PFBT-Cu, growth along S-D
1011 W = 3000 um
L =100 um
1 0.12 . 1 1 L 1
-30 -20 -10 0
gate voltage V, [V]
(b) V,=-30V (C)
LSE PFBT-Au V,=-30V PFBT-Cu
growth along S-D 0.8 growth along S-D
—_ _8 B —
z | < 06
-1 =] 20V
= 20V o
o o
5 5 04t
° | °
10V g 10V
2F
0 1 L 1 L 1 1 Do L 1 L 1 1 L
-40 -30 -20 -10 0 -40 -30 -20 -10

drain voltage V [V]

drain voltage V,, [V]

Figure 4. Electrical and morphological characteristics of the textured TIPS-pentacene transistors showing the effect of crystal-growth direction: (a)
comparison of the transfer characteristics (inset shows the device structure); (b, c) output characteristics of the transistors with the laterally grown
TIPS-pentacene films; (d—g) polarized optical microscopic images on the TIPS-pentacene films at the channel region ((d and e) growth across S-D,

(f and g) growth along S-D).
g g g

Table 2. Summary of the Field-Effect Mobilities and
Threshold Voltages Extracted from the Saturation Regime
Transfer Curves

field-effect mobility, ppg threshold voltage,
sample [em?/V s] Vo [V]
Spin-Casting
bare Au 23 %107 -3.0
bare Cu 13 x107° -7.0
PFBT-Au 0.083 33
PFBT-Cu 0.010 3.0
Texturing
PFBT-Au, growth across 19 x 1073 5.0
S-D
PEBT-Cu, growth across 5.6 %1073 39
S-D
PFBT-Au, growth along 0.12 —0.45
S-D
PEBT-Cu, growth along 0.022 39
S-D

which macroscopically averages the transport properties of the
homogeneously grown lateral and longitudinal grains.

We believe there is significant room for further performance
improvement for PFBT-treated devices. Especially for spin-cast
OFETs, low pgg values can be mainly attributed to the large
channel length (L) of 100 pm. A series of works on spin-cast
diF-TESADT OFETs with PFBT-Au showed that pp increased
by almost 2 orders of magnitude by reducing L from 100 ym
down to S pim, because the crystallinity is worse in the middle-
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channel region than that in the near-electrode region.4’29’30

Various process development schemes can be also applied, e.g,,
comparison among different solvents for TIPS-pentacene
solution and following optimization steps on solution

preparation and deposition conditions.*”

Maximizing the
ordering of the SAMs on a metal surface is another important
approach, which can be achieved by optimizing SAM
preparation conditions, such as immersion temperature and
time.***!

Finally, we note a large positive shift of V; in Table 2 after
deposition of PFBT SAMs in spin-cast OFETs. The shift is as
large as +6.3 V for Au and +10 V for Cu. The increased work
function of gold or copper by PFBT modifies the flat-band
voltage and tends to negatively shift Vi, but its contribution
should remain under approximately —1 V (Table 1). Therefore,
the Vi shift observed here should be dominated by the
reduction of trap states by SAMg. The Vr value in OFETs is
sensitive to the interface trap density, because these states must
be filled before a conducting channel is formed while the
surface Fermi level approaches the transport orbital by applying
a gate voltage (V).**** The positive movement of Vy thus
corresponds to an earlier formation of channel upon a Vg
sweep from the off-state to the on-state. Accordingly, it shows
that highly crystalline TIPS-pentacene films with SAMs contain
a lower density of trap states, because of reduced structural
defects and disorder.*®

dx.doi.org/10.1021/am400325k | ACS Appl. Mater. Interfaces 2013, 5, 3716—3721
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B CONCLUSION

In conclusion, we demonstrate solution-processed organic field-
effect transistors (OFETs) with self-assembled monolayer
(SAM)-treated copper as source/drain bottom contacts. A
significant performance improvement was observed for Cu-
electrode transistors by pentafluorobenzenethiol (PFBT) SAM
chemical modification and the controlled crystal growth. The
effect of SAM was elucidated by improved charge-carrier
injection and the crystal-templating property. The improved
Cu-electrode device showed promising performance that
approaches that of similar Au-electrode devices fabricated
under similar conditions. We believe that this initial result can
suggest the use of SAM-treated Cu electrodes for practical low-
cost electronics and motivate further studies on exploring
various SAM materials for copper and their application to
different organic semiconductors.
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