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Nanowire (NW) complementary inverters based on NW channels
and NW electrodes are a promising core logic unit of future sub-
miniature, high density and textile-type configured electronic cir-
cuits. However, existing approaches based on short NWs (<150 pm)
or non-woven nanofibers cannot provide precisely-coordinated
NW inverters due to the difficulty in the position and alignment
control of each NW. In particular, the large-scale fabrication of
highly-aligned metal nanoelectrode (NE) arrays with low resistivity
is a challenging issue. Here, we developed large-scale-aligned
AgNE arrays with very low resistivity by using printed NW litho-
graphy, and then demonstrated NW complementary inverters by
combining with direct-printed organic semiconducting NWs. The
width of the AgNEs was controlled from 250 to 1000 nm; their
resistivity was 2.6 pQ cm which is quite comparable with that of Ag
films (1.6 pQ cm). We expect that this approach will facilitate
advances in the large-scale fabrication of nanoelectronics which
will be compatible with printed electronics.

Nanowire (NW) transistors and inverters composed of indivi-
dually-defined semiconducting NW channels and metallic NW
electrodes are expected to become key building blocks for
high-density nanoelectronics."™ Until now, research on tran-
sistors and inverters based on NWs had mainly focused on the
development of semiconducting NW-based devices with metal
film electrodes.” " To realize large-scale-integrated NW tran-
sistors and inverters, uniformly-patterned and highly-conduc-
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tive metal NW electrodes must be fabricated on a large area.
Conventional short metal NWs (<150 pm) usually produced
randomly-distributed two-dimensional (2D) conductive mats
that have percolation networks with a lot of junctions between
the NWs."”>™” Such conductive films suffered from rough
surface morphology, low dispersion uniformity, and uncontrol-
lable alignment and positioning of individual NWs.

Electrospinning is another method to construct very long
and continuous metal NW networks by using an easy and cost-
effective solution process. However, electrospun metal NWs
converted from polymer/metal precursor composite NWs
require high temperature annealing (>300 °C) which limits the
selection of substrates and materials. Moreover, these polycrys-
talline metal NWs have relatively higher resistivity (>13 times)
than those of bulk metals."®2° On the other hand, a combi-
nation of metal evaporation and the electrospun organic NW
networks produces highly-conductive metal NW networks by
patterning metal thin layers using randomly-coiled long and
continuous NWs as masks.”’>* However, all previous electro-
spinning-based methods produce only non-woven or roughly-
aligned metal NW networks so that they cannot develop large-
scale-integrated NW transistors and inverters with NW chan-
nels and NW electrodes. Therefore, a process that does not
have these limitations should be developed.

In this work, we reported printed NW lithography (PNL) to
fabricate a simply-patterned and position- and dimension-con-
trollable 1D Ag nanoelectrode (AgNE) array with low resistivity
by using electrohydrodynamic NW printing (E-NP) which is a
simple, inexpensive and rapid process to control the large-
scale-aligned NW arrays. Our precisely-arranged AgNE was nearly
as conductive (resistivity ~2.6 pQ cm) as bulk Ag (1.6 pQ cm),
whose resistivity was much lower than those of previously
reported electrospun polycrystalline AgNWs obtained from
thermal treatment (5.7-20.8 pQ cm).*** Compared to the pre-
viously-reported metal NW networks produced by patterning
methods using randomly-oriented inorganic short NWs (<10 pm)
grown by chemical synthesis or using randomly-coiled non-woven
electrospun NW networks as patterning masks,>>* our direct-
printed, highly-aligned, arbitrarily-long and pattern-customizable
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AgNE arrays were much appropriate for use as source and drain
(S/D) electrodes for transistor and inverter arrays, which is promis-
ing to replace the conventional optical lithography processes for
fabricating nano-sized electrode arrays on a large area. We
demonstrated NW transistors and complementary inverters com-
posed of highly-aligned organic semiconducting (OSC) NWs and
AgNEs; this is the first NW inverter (voltage gain ~18) fabricated
by non-contact direct printing. We expect our AgNEs patterned by
the PNL process to have a wide applicability owing to their easy,
simple and heating-free procedures to control the width, number,
spacing, location, direction and orientation,***” and good
adhesion between the metal film and substrates.

To fabricate AgNE arrays by PNL, a highly-conductive Ti
(3 nm)/Ag thin layer (100 nm) was thermally evaporated onto a
SiO, (100 nm)/Si substrate (Fig. 1a). A precisely-controlled
chemical wet etching mask of a poly(vinylidenefluoride-co-
trifluoroethylene) (PVDF-TrFE) organic NW array was printed
onto the Ti/Ag thin layer. Various patterns of NWs were simply
obtained by adjusting parameters such as printing speed, direc-
tion and location. Local spiraling caused by repulsion among
positively-charged NWs under high electric field within a short
distance (7 mm) between a nozzle tip and a grounded substrate
resulted in spontaneously coiled NWs while the collector was
not moving (ESI Fig. 1). Therefore, when the moving speed of
the collector is fast enough, linear NW arrays are produced
(Fig. 1b and c) and when the speed is slower than the nanowire
jetting speed, serpentine NW arrays are produced (Fig. 1d).
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An as-printed pristine PVDF-TrFE NW has a perfectly circu-
lar cylinder shape so that it has a small contact area with the
surface of the Ag layer (Fig. 2a). This small adhesion cannot
prevent the etchant from soaking under the NW masks, and
therefore impedes the formation of continuous and conduct-
ing NE arrays after wet etching (Fig. 2b). Therefore, a solvent
vapor annealing step using tetrahydrofuran (THF) to collapse
the PVDF-TrFE NW was conducted at 45 °C to increase the
contact area between the NW mask and the Ag film. As the
annealing time ¢,,, was increased, the NW became progress-
ively flatter, and the contact area enlarged until the annealing
time t,nn = 40 min (width ~1.2 pm) (Fig. 2c and d); no further
change occurred at t,n, > 40 min (ESI Fig. 21). A mixture of
ammonium hydroxide (NH,OH), hydrogen peroxide (H,O,)
and methanol (CH;0H) was used as a chemical etchant to
remove the regions of the Ti/Ag layer that were not protected
by the NW masks.

The composition of the etchant mixture was important for
the formation of AgNEs (ESI Fig. 31). When the amount of
CH30H was too high (NH,OH:H,0,:CH3;OH = 1:1:1 or
1:1:0.5), the boundaries of the Ag layers were not clear
because a weak etchant needs sufficient time to remove the Ag
layer; during this time the etchant slightly diffused under the
masks irregularly and resulted in rough edges (ESI Fig. 3a and bf).
The etchant without dilution (NH,OH:H,0,:CH;0H =
1:1:0) removed the Ag layer too fast, so that the pattern
boundary was also unclear (ESI Fig. 3df). In our case, an

NW mask
printing il SRS

NW mask
removal
AgNEs array
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Fig. 1 AgNE arrays fabricated by PNL. (a) Schematic description of the fabrication procedures of AgNEs by PNL. A NW mask array was printed by

E-NP. Scanning electron microscopy (SEM) images of AgNE arrays with various patterns: (b) parallel lines, (c) perpendicular grid lines, and (d) alter-
nate straight and serpentine lines (scale bar: 300 pm).
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Fig. 2 SEM images of PVDF-TrFE NW masks and resultant AgNE pat-
terns after wet etching at different solvent vapor annealing times. (a)
Cross view of PVDF-TrFE NW masks and (b) top view of resultant AgNE
patterns without solvent vapor annealing. Cross-section of PVDF-TrFE
NW masks with solvent vapor annealing for (c) 20 and (d) 40 min. Top
morphology of AgNEs with widths of (e) 250, (f) 500, (g) 750, and (h)
1000 nm. (i) Serpentine pattern of the AgNE. (j) /-V curve of each single
AgNE. The average resistivity is 2.6 + 0.3 pQ cm.

etchant mixture ratio of NH,OH: H,0,:CH;0OH = 1:1:0.25
was quite appropriate to obtain clear pattern edges (ESI
Fig. 3ct).

The specific etching mechanism while the sample was
immersed in the etchant mixture is as follows:***° first, H,O,
oxidized Ag to AgOH, which then reacted with NH,OH to form
Ag(NH3)," which is soluble in the etchant. A thin Ti layer (3 nm)
was also etched away by the etching solution (Scheme 1).
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Scheme 1 Etching mechanism of the Ag layer.

The etchant was washed away using copious flow of water.
These procedures did not affect the PVDF-TrFE NWs. Finally,
the NW masks were removed by washing with acetone. The
result was a uniformly-patterned, highly-conductive and large-
scale AgNE array.

With various bottom areas of the collapsed NW masks, the
width of the AgNEs was controlled from 250 to 1000 nm
(Fig. 2e-h). A serpentine AgNE was also developed (Fig. 2i); it
might be potentially used in flexible and stretchable devices in
the near future.

The current-voltage (I-V) curve of the AgNWs showed an
average resistivity of 2.6 + 0.3 pQ cm which is only 1.6 times
higher than that of bulk Ag (1.6 pQ cm) (Fig. 2j). The resistivity
of the AgNEs was consistent regardless of the pattern width and
was excellent compared to that of the previously reported
AgNWs which had a higher resistivity due to organic residues
and many grain boundaries in the polycrystalline nanofiber.*>°

NW complementary inverters were realized with two p- and
n-type NW field-effect transistors (FETs) composed of p- or
n-type OSC NWs as active channels and AgNEs as S/D electro-
des (Fig. 3). OSC NWs in the NW devices were also fabricated
by E-NP (Fig. 3a). For the comparison of the intrinsic electrical
properties of p- and n-type OSC NW FETSs, 10 strands of p- and
n-type OSC NWs were printed on the S/D electrodes. In the
NW inverters, the output currents of each NW FET were easily
balanced by adjusting the number of OSC NWs.

Before the wet etching step, the PVDF-TIFE solution was
drop-cast to form Ag contact pads for measuring probes (ESI
Fig. 41). On the pre-patterned AgNE array, two kinds of OSC
NWs were printed;*” one was an n-type poly{[N,N9-bis(2-octyl-
dodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl ]-alt-
5,59-(2,29-bithiophene)} (P(NDI2OD-T2), Polyera Activink
N2200) OSC NW and the other was a p-type poly(3-hexylthio-
phene-2,5-diyl) (P3HT) OSC NW (Fig. 3b). The OSC NWs were
thermally annealed at 150 °C over 30 min under vacuum to
improve the contact between the OSC NWs and the electrodes.
In this step, bottom-gate and bottom-contact (BG-BC) geo-
metric NW FETs and an inverter were constructed (ESI
Fig. 5at). Highly-doped Si and a SiO, (100 nm) layer under the
AgNEs were used as the gate electrode and dielectric layer of
BG-BC geometric NW devices. To develop high electrical per-
formance inverters, the FETs must have high output currents.
Therefore, we cast a PVDF-TrFE high-k polymer dielectric layer
(500 nm) on the OSC NWs for the fabrication of a top-gate and
bottom-contact (TG-BC) configuration based on the higher
dielectric constant (10.4) of PVDF-TrFE than that (3.9) of SiO,
(Fig. 4a).>°>' Al gate electrodes (100 nm) were thermally-de-
posited on the polymer dielectric layer using metal shadow
masks (Fig. 3a).

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 NW FETs and inverters with AgNEs. (a) Schematic description of
the fabrication procedures of NW FETs and inverters. (b) SEM images of
cross junction of OSC NWs and AgNEs.

Regardless of the device configuration (i.e. BG-BC and
TG-BC) of FETs (ESI Fig. 5a and 4at), p-type NW FETs had a
higher field-effect hole mobility (unpgscagne ~ 1.04 x 1073
em® V7' s pnrgecagne ~ 6.70 x 1071 em?® V7' s7Y) than
p-type control FETs composed of P3HT NWs and Ag thin film
S/D electrodes (unpo-soag film ~ 5.20 x 107* em? V7' s7,
Hh,16-BC,Ag film ~ 4.52 X 107" em?® V™' s71) (ESI Fig. 5b and 4bf).
In contrast, n-type control devices with N2200 NWs had a slightly
higher field-effect electron mobility (pepcncag film ~ 1.44 X 1072
em® V7' s fergsoag fitm ~ 8.15 X 1072 em® V' s7Y) than n-type
NW FETS (e pe-poagne ~ 1.14 X 1072 em® V7' s, pre rgno agne ~
4.42 x 107> em® V' s7") (ESI Fig. 5¢ and 4ct). These mobility
variations resulted from the difference in the carrier injection
barrier between the work function WF of the electrode and the
highest occupied molecular orbital (HOMO) of the P3HT p-type
semiconductor or the lowest unoccupied molecular orbital
(LUMO) of the N2200 n-type semiconductor.

The WFs of both the AgNE and Ag film were analyzed by
Kelvin Probe measurement. In comparison with the WF of the
Ag film, the AgNE had 0.2 eV higher WF because of the surface
oxidation of the AgNE during wet etching (ESI Fig. 67).

This journal is © The Royal Society of Chemistry 2017
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Because the HOMO (5.0 eV) of P3HT is better-matched with
the WF of the AgNE than the WF of the Ag film, the higher
Unagne Of p-type NW FETs than the pp sp fim Of p-type control
FETs is reasonable. However, in n-type N2200 NW devices, the
WF of the Ag film is more comparable with the LUMO (4.0 eV)
of N2200 than the WF of the AgNE. Therefore, n-type control
devices with Ag film electrodes showed a slightly higher
electron mobility than n-type NW FETs.

Despite the increased WF of the AgNEs, the intrinsic carrier
mobility of n-type N2200 NWs was 10 times higher than that of
p-type P3BHT NWs in the BG-BC NW FETs, so BG-BC NW com-
plementary inverters were fabricated with 10 times more P3HT
NWs (100 strands) than N2200 NWs (10 strands) to match the
output currents of both devices (ESI Fig. 5df). Because of the
well-balanced characteristics of p- and n-type FETs, the voltage
transfer characteristic (VIC) was stable and the switching
threshold voltage V\; was 15.2 V, which is very close to half of the
supply voltage Vpp, and the voltage gain was 6 (ESI Fig. 5et).

TG-BC geometric p-type NW FETs with a high-k polymer
PVDF-TrFE dielectric layer had a hole mobility py, r6-sc,agne ~
6.70 x 107" em® V™' s7! that was more than two orders of mag-
nitude higher than that of p-type NW FETs with the BG-BC
configuration (un go-pc,agne ~ 1.04 X 107> em?® V™' s71) because
PVDF-TrFE has many fluorine moieties which have strong
electronegativity, so they cause better hole accumulation at the
interface between the PVDF-TrFE dielectric layer and the P3HT
NW than at the interface between the SiO, dielectric layer and
the P3HT NW.***' In n-type NW FETs, a small enhancement
was obtained in TG-BC geometric devices (e rg-Bcagne ™~
4.42 x 107> ecm® V' s7') compared to the BG-BC structure
(He,BG-BC,AgnE ~ 1.14 X 1072 em?® V' s71) because the fluorine
moieties of PVDF-TrFE were not effective for the accumulation
of electrons at the interface between the polymer dielectric
layer and the n-type semiconducting N2200 NW.>%3!

In contrast to BG-BC geometric FETs, the TG-BC p-type NW
FETs showed almost 10 times higher carrier mobility than the
n-type NW FETs. Therefore, 10 times more N2200 NWs
(100 strands) were printed than P3HT NWs (10 strands) in the
TG-BC NW complementary inverters (Fig. 4d); as a result of
the much increased output current of FETs we achieved an
excellent switching behavior with Vy; = 27.2 V and a voltage
gain of 18 (Fig. 4e).

In conclusion, we developed large-scale NW complementary
inverters based on novel position- and dimension-controllable
1D AgNE arrays with low resistivity that were fabricated by a very
simple PNL patterning process. The width of the AgNEs was
controlled from 250 to 1000 nm and their average resistivity was
2.6 pQ cm, which is only 1.6 times higher than that of bulk Ag.
This first NW inverter array realized by a non-contact direct-
printing method showed a voltage gain of 18. Based on these
results, we expect that more complicated logic gates such as
NAND and NOR gates can also be developed with metal NEs.
Our process does not use any complicated, expensive electron
beam and optical lithography. Therefore, our approach would
be promising to generate potential alternative nanoelectrodes
for future applications of printed nanoelectronics by replacing

Nanoscale, 2017, 9, 15766-15772 | 15769
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Fig. 4 Characteristics of TG-BC geometric NW FETs and inverters with a PVDF-TrFE dielectric layer. (a) Specific device structure of NW FETs.
Transfer characteristics of NW FETs with (b) p-type P3HT and (c) n-type N2200 NWs compared to control devices with Ag film electrodes. Each FET
was composed of 10 strands of OSC NWs. (d) Specific device structure of the NW inverter. (e) VTC and voltage gain characteristic of NW com-
plementary inverters composed of 10 strands of P3HT NWs, 100 strands of N2200 NWs, and AgNEs.

the conventional electron-beam and optical lithography pro-
cesses to make nanoscale-patterned metal thin film electrodes.

Experimental section

Organic nanowire wet etching mask preparation

Poly(vinylidenefluoride-co-trifluoroethylene) (PVDF-TrFE,
75:25, Solvay) was dissolved (15 wt%) in a solvent mixture of
N,N-dimethylformamide (DMF, Aldrich) and tetrahydrofuran
(THF, Aldrich) (w:w = 1:4). The solution was mixed using a
magnetic stirring bar for 3 h to make a transparent homo-
geneous polymer solution. The solution was loaded into a
glass syringe (1 mL, Hamilton) which was connected to a met-
allic nozzle tip (inner diameter = 100 pm). The solution flow
rate was 0.17 pL min™", and a voltage of 1.1 kV was applied to
the syringe. The tip-to-collector distance was 7 mm and the
stage moving speed was 1000 mm s~ ' (electrohydrodynamic
organic NW printer, Enjet Inc.).

The as-printed pristine PVDF-TrFE nanowires were annealed
at 45 °C with THF vapor to transform the perfectly-circular cross-
section of the PVDF-TTFE nanowire into a semi-circular shape.

Ag wet etching

NH,OH (ammonium hydroxide solution, 28-30% in H,O,
Aldrich), H,0, (hydrogen peroxide, 30% in H,0, Daejung) and

15770 | Nanoscale, 2017, 9, 1576615772

CH;0H (methanol, Samchun) were mixed in various volume
ratios. The substrate with organic nanowire masks on the ther-
mally evaporated Ti (3 nm)/Ag film (100 nm) was immersed in
a chemical etchant solution for ~1 s and then rinsed using dis-
tilled water (Samchun) and acetone (Samchun) sequentially to
remove the residual etchant and organic nanowire masks, and
then blown dry using an N, gun.

Fabrication of NW FETs and inverters

Poly(3-hexylthiophene-2,5-diyl) (P3HT, Aldrich) and poly(ethyl-
ene oxide) (PEO, M,, = 400000, Aldrich) were mixed (w:w =
7:3) in a solvent mixture of chlorobenzene (CB, Aldrich) and
trichloroethylene (TCE, Aldrich) (w:w = 2:1.3). The concen-
tration of P3HT : PEO in the solution was 3.37 wt%. The solu-
tion was stirred at 50 °C for 30 min, then loaded into a glass
syringe (1 mL, Hamilton) that was connected to a metallic
nozzle tip (inner diameter = 100 pm, Enjet Inc.). The solution
flow rate was 0.17 pL min~'; and a voltage of 1.1 kV was
applied to the syringe. The tip-to-collector distance was
5.5 mm and the stage moving speed was 750 mm s '. The
printed P3HT nanowires were annealed at 150 °C for 30 min
under vacuum. The diameter of the P3HT nanowire was
330 nm.
Poly{[N,N9-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarb-
oximide)-2,6-diyl]-alt-5,59-(2,29-bithiophene)} (N2200 (Polyera
Activink), P(NDI20OD-T2)) and PEO (M, = 400000, Aldrich)

This journal is © The Royal Society of Chemistry 2017
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were mixed (w:w = 7:3) in a solvent mixture of CB and TCE
(w:w = 2:1.3). The concentration of N2200: PEO in the solu-
tion was 3.53 wt%. The solution was stirred at 50 °C for
60 min, and then loaded into a glass syringe (500 pL,
Hamilton) which was connected to a metallic nozzle tip (inner
diameter = 100 pm, Enjet Inc.). The solution flow rate was
0.12 pL min~'; and a voltage of 1.1 kV was applied to the
syringe. The tip-to-collector distance was 5.5 mm and the stage
moving speed was 900 mm s~ . The printed N2200 nanowires
were annealed at 150 °C for 1 h under vacuum. The diameter
of the N2200 nanowire was 310 nm.

For the BG-BC structure with a channel length of 50 pm,
P3HT or N2200 nanowires were printed on the AgNEs. The
substrate was Si/SiO, (100 nm). The AgNEs were disconnected
using a probe measuring tip to act as S/D electrodes.

For the TG-BC structure with a channel length of 50 um, on
the BG-BC structure, a PVDF-TTFE solution in 2-butanone
(40 mg mL™") was spin-coated at 4000 rpm for 90 s, and then
annealed at 80 °C for 2 h under N, to form a 500 nm-thick
dielectric layer. The Al for the gate electrode (100 nm) was ther-
mally evaporated onto the dielectric layer through a metal
shadow mask.

Characterization

The morphology of the AgNEs was obtained by using an
optical microscope (Olympus) and a scanning electron micro-
scope (Philips Electron Optics B.V.). The work functions of the
AgNEs and the Ag film were analyzed using a Kelvin Probe (KP
Technology). The electrical characteristics of FETs and inver-
ters were evaluated using semiconductor parameter analyzers
(Keithley 4200 and Keysight B1500).
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