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A major obstacle to the development of organic transistors for
large-area sensor, display, and circuit applications is the funda-
mental compromise between manufacturing efficiency, transistor
performance, and power consumption. In the past, improving the
manufacturing efficiency through the use of printing techniques
has inevitably resulted in significantly lower performance and
increased power consumption, while attempts to improve perfor-
mance or reduce power have led to higher process temperatures
and increased manufacturing cost. Here, we lift this fundamental
limitation by demonstrating subfemtoliter inkjet printing to define
metal contacts with single-micrometer resolution on the surface of
high-mobility organic semiconductors to create high-performance
p-channel and n-channel transistors and low-power complemen-
tary circuits. The transistors employ an ultrathin low-temperature
gate dielectric based on a self-assembled monolayer that allows
transistors and circuits on rigid and flexible substrates to operate
with very low voltages.
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To realize a sustainable society, it is imperative that industrial
manufacturing processes undergo a transformation with
minimal impact on the environment. From this viewpoint,
emerging printable electronics technology (1-6) has attracted
considerable attention because it has the potential to drastically
reduce ecological footprints and the energy consumed in man-
ufacturing. Moreover, this technology is expected to reduce the
material wastage that results from the use of a particular quantity
of ink at a certain location.

In particular, digital fabrication that employs inkjet tech-
nology is expected to play an important role in industrial
manufacturing processes because this technique can be applied
for patterning high-purity electrically functional materials
without preparing original patterning masks (7, 8). This ap-
plication would consequently lead to a reduction in manufac-
turing costs and/or turnaround time. Inkjet technology has
recently proliferated into the area of mass production of color
filters for liquid crystal displays (9, 10); this further indicates
that this would be the right time for the emergence of printed
electronics.

However, there still exists a rather wide gap between the
resolution required for high-performance electronic devices,
such as transistors, and the typical resolution of conventional
inkjet printers. For example, microprocessors based on single-
crystal silicon field-effect transistors with a gate length of 32
nm are now in mass production (11), and active-matrix liquid-
crystal displays in notebook computers and flat-screen tele-
vision sets employ amorphous-silicon thin-film transistors
(TFTs) with a channel length of ~2 um. On the other hand,
an inkjet print head typically maintains a discharge volume on
the order of several picoliters, which creates dots with a
minimum diameter of ~30-50 wm on regular paper. The
minimum size of a droplet ejected from an inkjet head
determines the printing resolution, and it is, in principle,
limited by surface tension. This makes it difficult to reduce the
droplet volume below ~1 pl.
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The present work demonstrates the feasibility of employing
inkjet technology with subfemtoliter droplet volume and
single-micrometer resolution for electronic device applica-
tions. We have manufactured p-channel and n-channel organic
TFTs with source/drain contacts prepared by subfemtoliter
inkjet printing of Ag nanoparticles deposited directly on the
surface of the organic semiconductor layers, without the need
for any photolithographic prepatterning (12, 13) or any surface
pretreatment (14, 15). This allows us to prepare top-contact
TFTs with a channel length of 1 wm. In contrast to bottom-
contact TFTs (in which the contacts are defined before the
deposition of the organic semiconductor and hence the chan-
nel length can be very small through the use of photolithog-
raphy or electron-beam lithography), top-contact TFTs benefit
from significantly lower contact resistance (16) but require a
contact patterning technique that does not harm the organic
semiconductor (17). Because the amount of organic solvent
dispensed during subfemtoliter inkjet printing is extremely
small and the Ag nanoparticle calcination temperature after
subfemtoliter inkjet printing is low (130°C), the morphology of
the organic semiconductors is not disturbed. As a result, TFTs
that combine short channel length (1 wm) with small contact
resistance (5 kQ-cm) and small parasitic capacitance are
demonstrated.

Results

The TFTs employ vacuum-evaporated aluminum gate elec-
trodes patterned by shadow-masking and a gate dielectric
based on a combination of a thin layer of aluminum oxide (3.6
nm thick) and a molecular self-assembled monolayer (SAM) of
n-octadecylphosphonic acid (2.1 nm thick) (18). The alumi-
num oxide film results from a brief oxygen-plasma treatment
required to create a sufficient density of hydroxyl groups for
molecular adsorption, and the SAM is prepared from a
2-propanol solution at room temperature. The gate dielectric
capacitance is 0.7 uF/cm?, so the TFTs operate with voltages
between 2 and 3. Thirty-nanometer-thick films of pentacene
and hexadecafluorocopperphthalocyanine (F;sCuPc) are de-
posited in vacuum and patterned by shadow-masking to pro-
vide the semiconductor films for the p-channel (19, 20) and
n-channel (21) TFTs, respectively.

A subfemtoliter inkjet printer (22, 23) is used to deposit
narrow metal lines with single-micrometer accuracy directly on
top of the pentacene and F;csCuPc layers. The subfemtoliter
inkjet system is described in detail in Materials and Methods.
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Some features of our subfemtoliter inkjet system are similar to
the electrohydrodynamic jet system recently reported by Park
et al. (24), but an important difference is that our system is
used to print metal nanoparticle inks directly onto the surface
of high-mobility organic semiconductor films. The “ink” con-
sists of monodispersed Ag nanoparticles with a diameter of
2~3 nm functionalized with a proprietary dispersing agent and
suspended in tetradecane as a nonpolarized organic solvent
(Harima Chemicals; NPS-J-HP, viscosity 10 mPa-s). The Ag
content by volume is 10%. Calcination of the inkjet-printed
lines at a temperature of 130°C for 1 h in nitrogen removes the
dispersing agent and fuses the nanoparticles into a homoge-
neous metallic line with large electrical conductivity (22, 23,
25, 26). As a result, top-contact TFTs with high-resolution
inkjet-printed source/drain contacts are obtained.

The performance of the subfemtoliter inkjet system is
illustrated in Fig. 1. The Ag nanoparticle droplets dispensed
from the inkjet nozzle have a volume of 0.7 = 0.2 fl and a
diameter of <1 um in air. The diameter of the Ag dots thus
created on the pentacene surface can be controlled between 2
pm and 6 um, and the thickness of the dots is 30 nm. Fig. 1 a
and b shows optical microscope and atomic force microscope
(AFM) images of a pentacene film with an array of printed Ag
dots after calcination with an average diameter of 2 = 0.5 um.
The distinct morphology of the pentacene film and the excel-
lent uniformity of the inkjet-printed metal dots are clearly
seen. Fig. 1 ¢ and d confirms that inkjet-printed metal lines
with linewidths as small as 2 um are uniform and continuous.
Fig. 1c also shows that lines with a width of 1 wm can be created
as well, although the uniformity is insufficient to guarantee
metallic connectivity over long distances. Lines having a width
of 2 um, however, can be written uniformly and reproducibly
over large areas, as shown in Fig. 1d.

To control the thickness and electrical conductance of the
metal lines, multiple inkjet passes are performed. Fig. 1 e and
f illustrates the evolution of the morphology and electrical
resistivity of an inkjet-printed Ag line with an increasing
number of passes. The effective thickness of the line increases
linearly with the number of passes, from 30 nm after a single
pass to 600 nm after 20 passes. After calcination (performed
at a temperature of 130°C for 1 h in nitrogen), the line
resistivity is measured at room temperature in air. Fig. 1fshows
that 10 passes are sufficient to obtain continuous lines with a
resistivity of <25 uQ-cm, which is sufficiently low for practical
applications.

Compared with picoliter inkjet printing, subfemtoliter print-
ing significantly reduces the calcination temperature required
to achieve near-bulk metal resistivity. Low calcination tem-
peratures are important for the manufacturing of top-contact
devices because temperatures above ~150°C will irreversibly
damage the organic semiconductors (27, 28). Using the same
Ag nanoparticle ink, but employing a conventional picoliter
inkjet system, we obtained a resistivity of (56 = 8) uQ-cm after
calcination at 130°C, and a temperature well above 150°C was
required to obtain a resistivity below 25 uQ-cm. With subfem-
toliter printing, a calcination temperature of 130°C is sufficient
to obtain a resistivity of 25 uQ-cm.

A schematic cross-section of the completed transistors is
shown in Fig. 2a. We have manufactured TFTs with channel
length ranging from 1 um to 100 um. Fig. 2b shows optical
microscope images of pentacene TFTs with channel length of
1 pwm, 2 pum, and 5 um after calcination; in each case, the width
of the inkjet-printed contact lines is 5 um. Fig. 2c shows an
AFM image of a TFT with a channel length of 5 um.

The DC electrical characteristics of the TFTs were measured
in air using a semiconductor parameter analyzer (Agilent
4156C). Fig. 3 a and b shows the current-voltage character-
istics of a p-channel pentacene TFT with a channel length of
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Fig. 1. Printed Ag nanoparticles using subfemtoliter inkjet. (a and b) Optical
microscope image (a) and atomic force microscope (AFM) image (b) of fine
dots of Ag nanoparticles deposited by subfemtoliter inkjet printing on the
surface of a thin pentacene film after calcination at 130°C. The diameter of the
dots is ~2 um, and the thickness is 30 nm. The dots were formed with a single
printing pass. (c) Optical microscope image of inkjet-printed Ag lines after a
single printing pass before calcination. Linewidths between 1 um and 5 um
were obtained in a controlled manner by adjusting the electric field inside the
inkjet nozzle. (d) Optical microscope image of inkjet-printed Ag lines after a
single printing pass and after calcination at 130°C. Lines with a linewidth down
to 2 um are uniform and continuous over large areas. (e) Optical microscope
image showing the effect of multiple-pass printing on the evolution of the
morphology of an inkjet-printed Ag line after calcination. The effective
thickness of the line increases from 30 nm after a single pass to 600 nm after
20 passes. (f) Evolution of the electrical resistivity of inkjet-printed Ag lines
with the number of passes after calcination at 130°C for 1 h in nitrogen.

1 pm and a channel width of 300 wm. Because of the large
capacitance of the thin gate dielectric (0.7 wF/cm?), the TFTs
show excellent linear and saturation characteristics for gate-
source and drain-source voltages of 3 V. Despite the short
channel length of 1 wm, the off-state current at Vgs = 0 V is
<20 pA, and the on/off current ratio is ~10°. Despite the small
thickness of the room-temperature gate dielectric, the maxi-
mum gate current at Vgs = —3 Vis only ~100 pA. Fig. 3 ¢ and
d summarizes results obtained from pentacene TFTs with
channel lengths ranging from 1 wm to 100 wm, all having a
channel width of 300 wm. The TFT resistance in the saturation
regime scales linearly with channel length over the entire range
of channel lengths, as predicted by field-effect transistor
theory. By extrapolating the linear fit to a channel length of
zero, an effective contact resistance of 5 k{)-cm is extracted.
This is smaller than the contact resistance of pentacene TFTs
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Fig. 2.  Structure, micrograph, and AFM image of organic transistors. (a)
Schematic cross-section of the organic thin-film transistors with patterned Al
gates, ultrathin gate dielectric, vacuum-deposited organic semiconductor,
and subfemtoliter inkjet-printed Ag nanoparticle source/drain contacts. (b)
Optical microscope images of pentacene TFTs with channel length of 1 um, 2
um, and 5 pm after calcination (the linewidth of the inkjet-printed contact
linesis5 um). (c) AFM image of a pentacene TFT with a channel length of 5 um
and a contact linewidth of 2 um.

with bottom contacts (16) and identical to the contact resis-
tance of pentacene TFTs with evaporated Ag top contacts
(29), which confirms the high quality of the interface between
the organic semiconductor and the inkjet-printed contacts.
Depending on the pentacene deposition conditions, the field-
effect mobility of the TFTs is between 0.03 cm?/Vs (substrates
not heated during pentacene deposition) and 0.3 cm?/Vs
(pentacene deposited onto substrates held at a temperature of
60°C during the vacuum deposition). These mobilities are
comparable to those obtained with evaporated Au source/
drain contacts, suggesting that the mobility is not affected by
the 130°C calcination. This is consistent with our previous
work (27, 28) and with our observation that the morphology of
the pentacene films (examined by AFM) does not change
during calcination at 130°C. Other authors have reported
changes in pentacene morphology and mobility degradation
during annealing (30, 31). The reason for this discrepancy is
unknown but possibly related to the different gate dielectric
materials—i.e., organic dielectrics (polyimide or self-
assembled monolayer) versus inorganic dielectrics (SiO5).

An additional benefit of the subfemtoliter inkjet device
process described here is that small gate-to-source and gate-
to-drain overlap areas are easily obtained even without precise
alignment of the contacts with respect to the gate electrode,
and without the use of self-alignment schemes (14, 15, 32-34).
For example, the pentacene TFT shown in Fig. 3 a and b has
a parasitic capacitance of only 6 pF. With a carrier mobility of
0.3 cm?/Vs, this translates into a cutoff frequency above 2
MHz—about five orders of magnitude faster than the best
result reported to date for printed organic circuits (35).

The output and transfer characteristics of an n-channel
FisCuPc TFT are shown in Fig. 4 a and b. It has a carrier
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Fig.3. Transistor characteristics of p-type pentacene TFTs. (a and b) Output
(a) and transfer (b) characteristics of a p-channel pentacene TFT with a channel
length of 1 um and a channel width of 300 um. The measurements were
carried out in air. (c) Transfer characteristics of pentacene TFTs with channel
length of 1 um, 6 um, 10 um, and 100 um, showing the scaling of the maximum
drain current with channel length (channel width is 300 um for all devices).
The measurements were taken on TFTs prepared without substrate heating
during the pentacene deposition. (d) The resistance of pentacene TFTs in the
saturation regime scales linearly with channel length, as predicted by field-
effect transistor theory. By extrapolating the linear fit to a channel length of
zero, a contact resistance of 5 kQ-cm is extracted.

mobility of 0.02 cm?/Vs and an on/off current ratio of >10%
These parameters are essentially identical to those of F1cCuPc
TFTs with evaporated metal contacts (18), which again con-
firms the excellent performance of the printed contacts. The
minimum feature size we have obtained when printing on
FisCuPc is essentially identical to the feature size obtained by
printing on pentacene—i.e., dot diameter and linewidth can be
controlled between 2 um and 7 uwm, and the thickness is 30 nm
[see supporting information (SI) Fig. S1].

Using p-channel pentacene TFTs and n-channel Fic,CuPc
TFTs with patterned Al gates, SAM-based gate dielectric, and
inkjet-printed source/drain contacts, we have also prepared
organic complementary inverters. A photograph and the elec-
trical transfer characteristics of such an inverter are shown in
Fig. 4 ¢ and d. The pentacene TFT has a channel length of 50
pm, the F14CuPc TFTs has a channel length of 5 um, and both
TFTs have a channel width of 60 wm. The difference in channel
length is necessary to achieve similar drain currents for both
TFTs despite the significant difference in carrier mobility (0.1
cm?/Vs for the pentacene TFT, 0.02 cm?/Vs for the F1sCuPc
TFT). The inverter operates with supply voltages between 1.5
V and 3 V and with a small-signal gain >10. From a circuit
design perspective, complementary circuits have several ad-
vantages over circuits based on a single carrier type, including
greater noise margin, lower power consumption, and faster
switching speed (36).

Discussion

With the manufacturing process described here, all three
geometry parameters that contribute to the high-frequency
performance of organic TFTs are scaled simultaneously and
with an aggressiveness unprecedented in printed electronics.
First of all, the channel length of the TFTs is reduced to 1 um,
which is the shortest channel length reported for organic TFTs
with patterned gates and printed source/drain contacts. Im-
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Fig. 4. Electrical characteristics of n-type F1¢CuPc TFTs and organic CMOS
inverter. (a and b) Output (a) and transfer (b) characteristics of an n-channel
F16CuPc TFT with a channel length of 10 um and a channel width of 60 um. The
measurements were carried out in air. (c and d) Optical microscope image (c)
and transfer characteristics (d) of an organic complementary inverter. The
pentacene TFT has a channel length of 50 um, the F1gCuPc TFT has a channel
length of 5 um, and both TFTs have a channel width of 60 um. The inverter
operates with supply voltages between 1.5V and 3 V and with a small-signal
gain >10.

portantly, this short channel length is obtained along with low
contact resistance because a top-contact structure is used.
Second, the gate dielectric thickness is reduced to a few
nanometers without introducing prohibitive gate leakage. This
means that the TFTs can be operated with low voltages (3 V)
while also assuring that the TFTs have very small off-state
currents (=20 pA), a large on/off current ratio (=~10°), and
excellent drain current saturation even at small drain-source
voltages. Finally, the parasitic capacitance of the transistors is
reduced to a few picofarads because the printed source/drain
contacts have a linewidth of only 2 wm. This extraordinary
miniaturization of the key transistor parameters is achieved
within the boundaries of a low-temperature, flexible-
substrate-compatible, low-cost, large-area manufacturing
approach.

The fact that the source/drain contacts can be inkjet-printed
on top of the pentacene and F;;CuPc surfaces without de-
stroying the organic semiconductors is a direct consequence of
the small volume of the droplets ejected from the subfemtoliter
inkjet head. Because the droplet volume is so small (diameter
<1 wm in air), the organic solvent evaporates before the
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droplet reaches the semiconductor surface, so that the organic
semiconductor films are not harmed by the solvents and there
is no significant spreading of the nanoparticle droplets on the
surface (diameter ~2 um on the surface). Furthermore, the
small size and large surface area of the droplets on the surface
(thickness ~30 nm) reduces the temperature required to
remove the dispersing agent and fuse the nanoparticles into a
metallic line with large electrical conductivity (25 u{-cm at
130°C). Printing the same ink with a picoliter inkjet system, we
have obtained droplets on the surface with a diameter of 50 um
and a thickness of 150 nm, which require a calcination
temperature of 150°C, along with significant changes in the
morphology of the organic semiconductor film.

Although other nonlithographic patterning techniques have
been used to manufacture organic TFTs with micrometer and
submicrometer dimensions (12-15, 37), these methods usually
require prepatterning processes based on original patterning
forms such as photolithography masks, or they work only with
low-mobility semiconductors. In our study, ultrafine pattern-
ing with single-micrometer resolution is demonstrated on
high-mobility p-channel and n-channel organic semiconduc-
tors simply by digital fabrication without any prepatterning
processes or original patterning forms. The main limitation of
the subfemtoliter inkjet system described here is the relatively
small throughput, which is a consequence of the time required
to cover large areas with multiple printing passes. Therefore,
we believe that future manufacturing schemes for large-area
printed electronic systems will benefit from the use of high-
resolution subfemtoliter inkjet printing solely for the defini-
tion of critical device features, such as source/drain contacts
for short-channel TFTs, while employing high-throughput,
low-resolution printing techniques, such as picoliter inkjet
printing, screen printing and gravure printing, to define large-
area features that require lower accuracy, such as bitlines,
wordlines, and interconnects.

Materials and Methods: Subfemtoliter Inkjet System

The nozzle of the subfemtoliter inkjet system is manufactured from a very fine
capillary glass tube with a tip diameter of <1 um. The inside of the capillary
tube is hydrophilic, whereas the outside of the tube is hydrophobic. A pressure
controller is used to control the pressure inside the tube. A fine electrically
conducting wire is located inside the nozzle to charge the ink, and electric
pulses with a voltage of <200 V are applied to eject droplets with subfemto-
liter volume. The ejected droplets travel straight through the electric flux line.
The accuracy of the mechanical xy-stage is better than 1 um. The substrate is
at room temperature.
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Micrograph of the Ag dots and lines on
the F,;CuPc surface
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Fig. S1. Optical microscope and atomic force microscope (AFM) images of inkjet-printed Ag lines on the surface of the n-channel organic semiconductor
F16CuPc. (a) Ag dots created on the F1gCuPc surface. The diameter of the dots is ~2 um, and the thickness of the dots is 30 nm. (b) Ag lines created on the F1sCuPc
surface, which can be controlled between 2 and 7 um linewidth. These dimensions are essentially the same as those on the pentacene surface. (c) AFM image
of the lines on the F1gCuPc. The linewidth is 2 um.
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