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ABSTRACT

One-step direct nanoimprinting of metal nanoparticles was investigated to fabricate nano-/microscale metallic structures such as nanodot and
nanowire arrays. This was done at low temperatures and pressures, utilizing the low melting temperature and viscosity of metal nanopatrticle
solutions. Through precise control of the fluidic properties of the nanoparticle solution and the mold design, high-quality nanoscale features

with no or negligible residual layer were nanoimprinted. Nanoscale electronic devices were also demonstrated, including nanowire resistors
and nanochannel organic field effect transistors with an air-stable semiconducting polymer.

Nanoimprinting lithography (NIL) is emerging as an alterna- als with the desired flow properties. The imprinting material
tive nanopatterning technology to traditional photolithogra- flow is usually achieved by heating to a temperature at which
phy that allows the fabrication of two-dimensional or three- the materials exhibit liquid or viscoelastic behavib#?
dimensional structures with submicrometer resolution and However, nanoimprinting for metals is significantly harder
the patterning and modification of functional materials. Its {5 achieve due to their high melting temperature. Metal

major advantages are low-cost, high-throughput production animprinting is typically an indirect process where a
of various nanostructures with operational ease. NIL has beenpolymer (e.g., PMMA) pattern is first created by nano-

applied in various fields su.ch as b|olog|call nanodevices, imprinting, which is then used as mask for dry etching of a
nanophotonic devices (gratings and photonic crystal struc- . . )

3 : 6 : predeposited metal film or as part of the metal lift-off
tures)?2 organic electronic$,® and the patterning of mag- . o
netic materialé process! As one can see, conventional metal nanoimprinting

involves multiple steps and expensive processes, thereby

In nanoimprinting, a mold with nanostructures is pressed . ) ) .
to deform and shape a thin material film deposited on a increasing the cost of manufacturing and offsetting the

substrate. Therefore, to achieve successful nanoimprinting,2dvantages of the nanoimprinting process. Very few direct
the material needs to have proper flow properties (e.g., Metal nanoimprinting processes have been demonstrated so
viscosity and surface tension) adjustable for complete mold far due to the high melting temperature of metals. As
pattern replication within reasonable processing temperaturesalternatives to metal direct nanoimprinting, a few solid-state
and pressures. For nanoimprinting, materials with low embossing methods based on plastic deformation of metal
viscosities are desirable and usually are either thermoplasticsthin films have been introduced. These approaches involved
(e.g., poly(methyl methacrylate), PMMA), thermoset poly- either deformation of metal film under very high presdéire
mers? UV-curable polymer$;'®or other deformable materi-  or deformation of a metal thin film/polymer multilayer under
lower pressuré? Evidently, these processes are limited by
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Figure 1. Thermal (melting) characteristics of SAM-protected nanoparticles. (A) Melting temperature of gold nanoparticles with different
size calculated from the equatiéhlnset is the TEM picture of nanoparticles. Dotted line represents bulk gold melting temperature (1336

K). (B) Resistivity (dotted line represents bulk gold resistivity (2.4&%cm)). (C) Reflectivity at 514.5 nm wavelength. Dotted line represents

bulk gold reflectivity (0.65) and insets represent the optical images of nanoparticle film before (left) and after (right) the nanoparticle
melting. (D) Mass change (measured by Seiko Instruments SSC 5200 TG/DTA 220 in nitrogen environment) at various heating temperatures.
Inset is the schematic representation of a single nanoparticle with SAM. Dotted line represents the theoretical mass percentage of gold in
gold nanoparticles.

larger number of applications, liquid-based material nano- printing!® laser-induced forward transfét,and thermal
imprinting is more ideal. imaging?* which can provide only limited resolution down

In this paper, we demonstrate a novel metal direct to 20—50 um.
nanoimprinting method based on the utilization of a metallic ~ Nanomaterials exhibit remarkable specific properties due
material in the form of a nanoparticle solution. This process to their large surface to volume ratio, large surface energy,
eliminates the need of intermediate polymer nanoimprinting and spatial confinement, which cannot be observed in bulk
steps for dry etching or vacuum deposition. Here, a metal materials. Metal nanoparticles show large melting temper-
nanoparticle solution was effectively used as a precursor toature depression due to the thermodynamic size eféet.
use the solution processable form of the metal componentCompared to the melting temperature of bulk gold (1063
for the nanoimprinting process, thereby eliminating the need °C), 2—3 nm sized gold nanoparticles start to melt at around
to exceed the bulk metal melting temperature. The nano- 130-140°C, a range that is compatible with flexible polymer
imprinted nanoparticles can be transformed into conductive substrates (Figure 1A). The metal nanoparticles can be
and continuous metal films by low-temperature nanopatrticle transformed from an insulator to a conductor after energy
melting. This approach offers the considerable advantage ofinput by heating on a hot plate or via laser irradiation. The
using low temperatures and pressures, which can be potengold nanoparticles used in this study were encapsulated with
tially applied to flexible substrate electronics. a hexanethiol self-assembled monolayer (SAM) and were

Direct metal nanoimprinting is a new method that simpli- synthesized using a two-phase reduction mefidaktails
fies the manufacturing process and allows potential applica- of the synthesis can be found in the Supporting Information.
tions that are not compatible with photoresist or solvent The size of the synthesized nanoparticles is distributed in
chemistry. It allows simultaneous large-scale definition of the range of £3 nm as measured by transmission electron
metallic patterns with superior resolution, ranging from microscopy (TEM) (Figure 1A, inset). The thermal (melting)
several millimeters down to nanometer scales less than 150characteristics of nanoparticles were investigated at various
nm. In addition to being time and cost efficient, the process heating temperatures on a hot plate. When the melting starts,
enables creation of smaller features compared with otherthe nanoparticles experience significant effects, such as
direct printing techniques such as inkjet print#g® screen dramatic change in the electrical resistivity (Figure 1B),
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min (to ensure complete cooling) and the PDMS mold was
carefully removed from the substrate (Figure 2E). Finally,
the nanoimprinted sample was heated on a hot plate at 140
°C to induce nanoparticle melting to transform collections
of nanopatrticles into a continuous conducting film (Figure
2F).

A PDMS mold was used instead of hard mold (e.g., silicon
or quartz) because it can be easily replicated from an original
silicon master and since it also allows evaporation of organic
solvents and greatly contributes to the residual layer mini-
mization due to the great conformal contact between the
PDMS mold and the substrdteduring the nanoimprinting

process. Detailed fabrication process of the PDMS mold can
be found in the Supporting Information. Metal nanoparticles
carried by liquid solvents have several advantages over dry

Figure 2. Nanoparticle nanoimprinting process. (A, B) Dispensing or aerosol state nanoparticles by providing much greater
nanoparticle solution on SyP+ Si wafer. (C, D) Pressing PDMS . aqging flexibilit2® The most critical properties for

nanoimprinting mold on nanoparticle solution under 5 psi pressure . L . . .
at 80°C. (E, F) Removal of mold and induce nanoparticle melting successful imprinting are viscosity and surface tension of
on hot plate at 140C. The magnified view shows the SAM-  the solutiont'?”o-Terpineol has a very wide viscosity range
protected nanoparticles suspended in organic solvent. from a very high viscosity (almost a solid) at room
temperature to a low viscosity fluid10 cP) at 100°C.
reflectance (Figure 1C), and mass (Figure 1D) around at Moderate heating during the nanoimprinting process allows
140-150°C where the SAMs start to desorb and evaporate the nanoparticle solution to attain low viscosity. This, along
from the nanoparticles. with the conformal PDMS moldsubstrate surface contact,
The SAM-protected nanoparticles were suspended in anfacilitates the complete pattern replication with minimal
o-terpineol carrier solvent (10 wt %). The SAM is critical fesidual layer. Cooling after pattern formation prevents the
for nanoparticles because it not only controls the size of the Imprinted structure from collapsing during the demolding
nanoparticles but also enhances the stability of the nanopar-Step because of the high viscosity of the solution at room
ticles dispersed in solvents. This metal nanoparticle solution temperature. The imprinting processing temperature was
improves processing conditions by allowing low temperature Optimized to achieve the best filling of the solution into the
solution processing of the metal components and is the basis”DMS molds. This was done by balancing the two events
for our direct metal nanoimprinting. that alter the viscosity of the solution: first, the decrease in
Our nanoimprinting process consists of the following wscoelty that occurs with mcre_asing tem.perature, and second,
steps: (i) the metal nanoparticle solution is dispensed on athe simultaneous increase in viscosity that takes place
SiO./P+ Si wafer; (ii) the deposit is imprinted using a poly- beeause of solvent evaporation at elevated temperatures. The
(dimethylsiloxane) (PDMS) mold; and (jii) the patterned OPtimum temperature was found to be 80. Since the
nanoparticles are melted on a hot plate. Figure 2 describesSP?‘?'f'C nanop'arncle material does'not alter elgnlflcantly the
the metal nanoparticle nanoimprinting process. First, highly fluidic properties of the nanoparticle solution, the nano-
doped p-type silicon wafer (Silicon Materials Inc< 0.005 imprinting process developed in this work is quite versatile
Q-cm) which was oxidized to form 100 nm of thermal $iO and hence can be used for a variety of metallic nanopatrticles.
by wet oxidation at 900C for 37 min (Figure 2A) was Furthermore, the technique can be easily applicable to a
prepared and cleaned using piranha solutieBQ parts 96% broad range of functional molecules and nanoparticle materi-
H,SO, :1 part 30% HO, at 120°C). This SiQ/P+ Siwafer  @ls with minimal process modification.
structure is used as a dielectric/gate structure for transistors. Direct nanoimprinting of diverse gold structures, such as
The gold nanoparticles encapsulated by SAM incater- nanodot, nanowire, and serpentine nanowire arrays with
pineol solvent (0.1 mL) were dispensed on top of the,5i0 varying sizes (down to 100 nm), densities, and aspect ratios
P+ Si wafer which was maintained at 8C. The pattern is shown in Figure 3. Figure 3A shows optical darkfield
replication was optimized at this temperature, where the microscope images of arrays of 200 nm (panel A, parts ii,
pattern replication showed the best result with minimal iv, and v, 400 nm pitch) and 400 nm (panel A, parts i, iii,
residual layer. This temperature may cause favorable solutionand vi, 800 nm pitch) sized nanodots with three different
viscosity and surface tension for nanoimprinting process. The shapes (panel A, parts i and iv, circular; panel A, parts ii
PDMS mold was applied on top of a nanoparticle solution and iii, diamond; panel A, parts v and vi, square). While
with a small pressure (5 psi) by a laboratory-built nano- 400 nm dot arrays are clearly visible, 200 nm dots could
imprinting system with a digital load cell and a feedback not be easily observed at the same illumination light intensity
controlled heating stage. (Figure 2C,D). The substrate wasbecause smaller dots scatter less light. The atomic force
heated at 80C for 10 min to allow the nanoparticle solution microscopy (AFM) topography images of the nanodot arrays
to fill the mold and to evaporate the organic solvent. The are shown in Figure 3B. Arrays of square-shaped (Figure
substrate was then cooled down to room temperature for 503B(i, iii)) and circular-shaped (Figure 3B(ii)) nanodots of

Nanoparticle
solution
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Figure 3. Nanoimprinted gold nanofeatures. Optical dark field images of (A) nanodots and (C) nanowires (inset scale bar corresponds to
5 um). AFM topography images of (B) nanodots, (B{¥)) straight nanowires, and (D(v)) serpentine nanowires.

width in the range of 136250 nm (fwhm) with heights of ~ sidewalls and vertical shrinkage compared to feature depths
8—50 nm depending upon the width were successfully of the PDMS mold. These may be due to either reflow of
fabricated by nanoimprinting. The lateral feature size on the the nanoparticle solution and densification during the melting
PDMS stamp was slightly larger than those of imprinted process, incomplete filling of metal nanoparticle solution into
structures by maximum 10%, and the depth was betweenthe PDMS mold, or deformation of PDMS mold by the
40 and 50 nm. Precise control of localization and pattern applied pressure. Similar influence of densification and
replication were achieved with high fidelity and negligible Poisson’s ratio of nanoimprinted polymers on the cross
or no residual layer. In parts C and D of Figure 3 are shown section of the fabricated features has been repdH#d.
one-dimensional nanowires made by nanoimprinting. Figure Significant deviation in the sidewall angle from vertical can
3C shows optical darkfield microscope images of 100 nm change the line width during the nanoparticle melting. As
wide (nominal) nanowire arrays with different pitch (panel the aspect ratio becomes small, the sidewall angle degrada-
C, part i, 200/300/500/900/1700 nm pitch from the bottom) tion becomes more severe for the isolated dots than for the
and serpentine nanowires (panel A, part ii, 2¢ total nanowire features. The maximum aspect ratio that can be
length). The AFM topography images of the nanowire arrays obtained is highly dependent on the size and shape of the
are shown in Figure 3D. Nanowire arrays with relatively features. In this work, we could obtain aspect ratios as large
larger pitch (down to 300 nm pitch) can imprint 200 nm as 1/3 (height/width) from the master pattern with 1/1.7
(fwhm) clean nanowires without discontinuity (Figure 3D, aspect ratio. Because of the compressive deformation of
parts i—iii). However, 200 nm pitch nanowire imprinting  elastomeric mold material (PDMS), the aspect ratio decreased
(Figure 3D, part iv) shows local line discontinuities that may in the case of small or isolated structures.
be a result of incomplete filling at the nanoscale, the line  The imprinting of large and isolated array features sur-
width broadening by possibly material diffusive spreading rounded by large unstructured areas is challenging in terms
and expansion of trapped air or moistditelhis is more of complete filling of the fluid in the PDMS mold and
serious when the line width becomes comparable with the minimizing the residual layei?” This is true for either
pitch. This pattern expansion limits the pattern density and elevated features or cavities and becomes more critical as
reduces resolution. Besides straight nanowires, meanderinghe size becomes smaller. We strived to solve this problem
nanowires (Figure 3D, part v) were printed successfully by designing microscale dummy features near the active
without discontinuity. nanoscale structures and by dispensing precise quantities of
After the nanoimprinted metal nanoparticles are melted the nanoparticle solution. This could help both minimize
and sintered on a hot plate, the nanofeatures show taperedesidual layers and achieve uniform filling of nanoparticle
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Figure 4. Nanoimprinted gold nano-/microfeatures. AFM topography images of (A) nanowire arrays, (C, i) positive microdot arrays, (C,

(D, i, ii) positive microdots, and (D, iii, iv) negative microdots (left column, dark field; right row, bright field). Inset scale bars correspond
to 10 um.

solutions in the nanoscale features across the entire imprint-and 8/16um pitch; Figure 4D, parts iii and iv, 3/6m width
ing mold area. The residual layers were analyzed by energyand 16um pitch, 200 nm high).
dispersive X-ray analysis, electrical measurement, optical The low viscosity guarantees efficient transport of the
image, and AFM scanning. These diagnostics showed solution inside the cavities of the mold, enabling equivalent
absence of residual layer in the imprinted area. In particular, results for both positive and negative features. It is known
electrical measurements assured that neighboring nanowireshat the feature size and the positive/negative conformation
are electrically isolated, thereby proving that there are no of the mold have a drastic influence on the imprinting of
continuous and conductive left-over residual layers that may high viscosity polymers and make the negative mold
cause leakage current. conformation more difficult to replicat®.However, partially
Micro-/nanometer size Au lines and positive and negative filled structures are observed in imprinted large and dense
Au dots were fabricated by nanoimprinting. AFM images isolated positive features (Figure 4D, part ii). This may be
and cross sections of nanowires with 450 nm width (fwhm, due to the volume shrinkage, solvent evaporation, and
4 um pitch) and 280 nm height are shown in Figure 4A. trapped air. In contrast, imprinted line features (Figure 4B)
Optical dark field/bright field microscope images of mi- did not show such problems. This partially filled cavity is
crowires of various widths and pitch are presented in Figure usually observed in the viscous flow of thin PMMA film
4B (1/2/4/6/12/14/3@m line with and 4/8/8/16/16/16/32m into the microcavities during the hot embossing lithograjshy.
pitch from i to vii; 300 nm high; darkfield, top row; bright  The step heights of the imprinted nanoparticle features are
field, bottom row). The AFM topography images (Figure found to be functions of the shape and dimensions of the
4C) and optical darkfield (left half) and bright field (right original features on the PDMS mold. Also, it should be noted
half) microscope images (Figure 4D) of imprinted positive that the features have elevated ridges. This is the so-called
and negative micrometer-sized features are shown. Squarérabbit-ear” effect that is probably due to incomplete filling
positive features (from negative mold) of diverse size and of nanoparticle solution in the mold and wetting around the
density are shown (Figure 4C, part i, 2«7 width and 8 surface of the mold. The size-dependence and rabbit-ear
um pitch; Figure 4D, parts i and ii, 3/6m width and 16 effects are shown in Figure 5B, where the data were taken
um pitch, 200 nm high). On the other hand, a variety of from the AFM scanning images of gold line arrays imprinted
square and circular negative features (from positive mold) from PDMS molds of different width (2/4/6/8/10/12/14/16/
is presented (Figure 4C, parts ii and iii, 2.4/4u6 width 18/20/30um) but the same depth (1:2n). As the feature
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Figure 5. Nanoimprinted gold resistors. (A) Optical dark field images of (i) single and (ii) multiline resistors. Inset scale bar corresponds
to 100um. (B) AFM cross section images of single gold resistors with diverse widths and (i) magnified view. Dotted lines represent the
sidewalls of the PDMS mold. The initial height of the PDMS mold without any loading igh2AFM topography image of (C) a single

line resistor and (D) a multiple line resistor. Inset scale bar correspondsam10

size is increased, the feature height is decreased, and théest sample (20@m). The measured resistivity (3d2-cm)
rabbit-ear effect becomes more significant relative to the obtained from nanoimprinting was almost 1 order higher than
feature height. Gravity becomes important beyond a par- the bulk value (2.6m€2-cm, solid line in Figure 1B), but it
ticular length scale (1, capillary length). This can be was still sufficiently conductive for high-performance elec-
estimated by comparing the Laplace pressyfe ) to the tronics. This resistivity value difference could be explained
hydrostatic pressured«—') wherey is the surface tension, by enhanced carrier scattering in the presence of a polycrys-

p is the liquid density, and is gravitational acceleratiofi. talline structure, rough surfacBfs~ 5 nm), and incomplete
The characteristic length £2') was found to be ap- desorption of hexanethiol layer between gold nanoparticles
proximately 8um. Gravity is negligible for sizes< «™* (4 that would then act as a dielectric layer.

um) in the capillary dominated regime. Cross sectional  Organic field effect transistors (OFETSs) based on solution
shapes with elevated edges and flat, lowered center tend tqrocessable polymeric semiconductors and conductors have
be produced in the capillary and gravity regimes, respec- achieved impressive improvements in performance during
tively. When the channel width is comparable or smaller than recent years as an alternative to inorganic semiconductors.
twice the capillary length (&m), the capillary effect from  These devices have been developed to realize low-cost and
the mold side walls dominates over the entire channel andlarge-area electronic products such as active-matrix displays,
consequently flatter surfaces of larger height are imprinted. chemical sensors, and flexible microelectronics on inexpen-
The electrical properties of the nanoimprinted features are sive polymer substraté3.The most popular solution pro-
crucial for the eventual use in micro-/nanoelectronics ap- cessable materials for electrodes are conducting polymers
plications. Two types of resistivity test configuratiersingle such as PEDOT/PSS that have intrinsically high resistivity
line resistors as shown in Figure 5A, part i (optical dark field (by 2 or 3 orders higher than metal) and are not desirable
image), and Figure 5C (AFM image) and multiple line for electrodes and interconnect materials for large area or
resistors as shown in Figure 5A, part ii (optical dark field high-quality (high-speed) electronigs® It is preferred to
image), and Figure 5D (AFM image)vere fabricated by  use metal electrodes and interconnects for high-quality OFET
direct nanoimprinting. The resistivity) is calculated from structures on polymer devices. However, low-temperature
RAL. The resistanc® was measured with a microneedle metal deposition methods that do not require photolithog-
probe stationA is the cross sectional area of the gold line raphy, or vacuum processes, but are nevertheless capable of
measured from AFM scanning data, anthe length of the producing high resolution are not yet well developed. In this
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Figure 6. Nanoimprinted OFET with air-stable semiconducting polymer. (A) Optical dark field images of (i) single and (ii) multichannel
transistors. Inset scale bar corresponds to 4®0 (B) Schematics of OFET. Top inset is the graphic formula of air-stable carboxylate-
functionalized polythiophene semiconducting polymer. AFM topography image of (C) a single channel OFET and (D) a multiple channel
OFET with big contact pads. Inset scale bar corresponds oni0

respect, the present direct nanoimprinting process of metalnanoparticles were melted at 120, the air-stable carboxy-
nanoparticle solutions enables inexpensive, yet high-resolu-late-functionalized polythiophene semiconducting polymer
tion metal electrodes for OFET applications. was spin coated (3020 nm thickness) and annealed at 120
The OFETs fabricated in this work have a typical bottom °C on a hot plate for 3 min. Figure 6C shows an AFM

gate/bottom contact coplanar transistor configuration (Figure topography image of a single channel OFET where two
6B) wherein the channel length is defined by the separation vertical lines separated by a narrow channel are source and
between the two parallel electrodes (source and drain) ondrain electrodes and the big pad at the end of the narrow
top of the SiQ/P+ Si wafer gate. Carboxylate-functionalized line is for probing. Note the very clean and precise, short
polythiophene (Figure 6B top inset) with increased air channel production by nanoimprinting. The AFM images
stability®* was synthesized, dissolved in warm45s °C) 1,2- show that the source and drain electrode patterns were
dichlorobenzeneoxtDCB) solvent (3 mg/mL) and spin coated replicated precisely and cleanly with no visible residues of
as an active layer. The semiconducting polymer synthesisAu nanoparticles. This eliminates the need of additional wet
can be found in the Supporting Information. etching of Au nanopatrticle residues before usage as OFET

Two types of transistor test configuratiensingle channel ~ electrodes.

transistors shown in Figure 6A, part i (optical dark field The sensitivity of conventional organic semiconducting
image), and Figure 6C (AFM topography) and multiple polymers to air necessitates severe precautions during
channel transistors shown in Figure 6A, panel ii (optical dark semiconducting polymer material processing, device fabrica-
field image) and Figure 6D (AFM topographyvere tion and characterization that are usually carried out either
fabricated by direct nanoimprinting. Figure 6A shows single in vacuum or in a nitrogen environment. However, air-free
channel transistors with various channel lengths (Figure 6B, environment adds to the cost of manufacturing, thus offset-
part i, 2/4/6/8/10/12/16/20/30/%0m from left) and 16Q:m ting advantages of the hybrid inkjet direct writing process
channel width and multiple channel transistors with longer that is meant to eliminate vacuum requireméttEhe air-

effective channel width (Figure 6B, part ii, 8@@n for 2—6 stable semiconducting polymer used in this research is a
um channel and 48@m for 8—50 um channel) with same  novel material of a modified polythiophene containing
channel length. electron-withdrawing alkyl carboxylate substituents, exhibit-

The SiQ/P+ Si wafer was cleaned by piranha solution ing high charge mobility® Due to the electron-withdrawing
and dehydrated at 12@ for 10 min. Au nanoparticles were  properties of the carboxylate substituents, the polymer has
then nanoimprinted on this substrate. After the nanoimprinted lower HOMO (highest occupied molecular orbital) energy
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Figure 7. Output and transfer characteristics of OFET with long channeL(A,4 um) and short channel (B, ~ 800 nm) with 16Qum
channel width. For output characteristics measurement, the drain vollggeds scanned from 0 t6 70 V and the drain currentd) was
measured while gate voltag¥y was fixed at—70, —50, —30,—10, 10 V during eacNy scanning. For transfer characteristics measurement
(insets),Vy was scanned from 10 te70 V and the drain current4) was measured whil®y was fixed at—70 V.

levels and therefore provides better oxidative doping stability width and density. It is also worth mentioning that this is
than conventional solution-processable polythiophenes suchaccomplished without using expensive photolithographic
as P3HT3 methods once the nanoimprinting mold is available.

The OFETs performance was characterized using a |n conclusion, we have successfully demonstrated that
HP4155A semiconductor parameter analyzer and a probedirect nanoimprinting of metal nanoparticles enables low-
station with the micropositioning manipulators in a dark temperature metal deposition as well as high-resolution
Faraday cage in air. The transfer and output characteristicspatterning. Nano- to microscale features with a wide range
of the OFETs are shown in Figure 7 for different channel of geometries and dimensions were successfully fabricated
lengths. The OFET with relatively longer channel (Figure by nanoimprinting. Our approach thus has substantial
7A, L ~ 4 um, W ~ 160 um) shows typical output and  potential to take advantage of nanoimprinting for the
transfer characteristics for operation in p-type accumulation application in ultralow cost, large area printed electronics.
mode withlof/l o ratio of 16—10* and threshold voltage/) Combined with an air-stable carboxylate-functionalized poly-
of =25 V while the OFET with relatively shorter channel thiophene, all solution-processed OFETs with micrometer
(Figure 7B,L ~ 800 nm,W ~ 160 um) exhibited output  to submicrometer critical feature resolution were fabricated
characteristics with similaly/lo ratio, but without current  in a fully maskless sequence, eliminating the need for
saturation, lower threshold voltagé)of —15V, and much |ithographic processes. All processing and characterization

larger drain current. This so-called short channel effect is steps were carried out at low temperature and ambient
caused by several reascfidhe mobility extracted fromthe  environment, which will enable further applications to

saturated transfer characteristfcsf the OFET was found  electronics on flexible substrates.

to be around 0.0040.006 cnd/V-s. The nanoparticle nano-
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