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ment. The need for high annealing/curing temperatures renders
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oxide FETs rather incompatible to inexpensive, flexible substrates, which are commonly used for high-throughput and roll-to-roll additive manufacturing
techniques, such as printing. To overcome this serious limitation, here we demonstrate an alternative approach that enables completely room-temperature
processing of printed oxide FETs with device mobility as large as 12.5 cm?/(V s). The key aspect of the present concept is a chemically controlled curing
process of the printed nanoparticle ink that provides surprisingly dense thin films and excellent interparticle electrical contacts. In order to demonstrate the
versatility of this approach, both n-type (In,05) and p-type (Cu,0) oxide semiconductor nanoparticle dispersions are prepared to fabricate, inkjet printed
and completely room temperature processed, all-oxide complementary metal oxide semiconductor (CMOS) invertors that can display significant signal gain

(~18) at a supply voltage of only 1.5 V.
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olution processed/printed electronics

is a rapidly growing field in material

science.' ™ In accordance with future
technological demands, among others,
printed logics are presently receiving sub-
stantial research attention; the numerous
novel application opportunities involving
printed logics include radio frequency iden-
tification (RFID) tags, intelligent packaging,
electronic textiles, electronic papers, disposa-
ble medical diagnostics, etc*~® Traditionally,
solution processed organic semiconductors
have been studied for printed, flexible FETs,
whereas transistors from inorganic materials
(mostly involving inexpensive and nontoxic
metal oxides) have been introduced rela-
tively recently. Although oxide semicon-
ductors typically exhibit excellent environ-
mental stability and superior electronic
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transport properties (such as high intrinsic
carrier mobility)” ~° compared to organics,
their successful implementation into printed,
high performance devices has remained
rather challenging; for example, high perfor-
mance, solution processed oxide FETs have
only been achieved for devices that are
fabricated at high temperatures, in particular,
above the glass transition temperature of
inexpensive, flexible substrates (polymer, cel-
lulose, etc.). In fact, the need for high process
temperature is on top of the list of challenges
that must be overcome for most of the
anticipated technological applications. The
analysis of literature results shows a direct
relationship between the field-effect mobility
(4rer) and the annealing/processing tempera-
tures can be drawn;'® recent results show
high device mobility (uger >100 cm?/(V s))
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for solution-processed oxide FETs that are annealed at
higher temperatures'""'? (at least 400 °C), where uger
of less than 1 cm?/(V s) are observed for devices
processed at around 150 °C or lower.'®"*'* Of course,
efforts have continuously been made to reduce the
process temperatures without compromising on the
device performance; to name a few, techniques such
as combustion synthesis'> or sol—gel on chip'® have
been proposed which have resulted in urer values
around 10 cm?/(V s) at process temperatures around
200—250 °C. On the other hand, alternative annealing
techniques, such as plasma annealing,17 microwave
irradiation'® and UV curing'® have also been investi-
gated to replace the thermal annealing step and to
keep the substrate temperature low. However, so far,
nearly all these techniques require an additional
process step and instrumentation which may not be
compatible with high-throughput roll-to-roll printing
processes. In the given context, here we propose and
demonstrate a distinctly different approach to fabri-
cate oxide transistors and logics that allows for com-
plete room temperature processing without an extra
process step being involved. The concept includes
printing of an oxide semiconductor based nanoparti-
culate ink to form the transistor channel and a room
temperature chemical flocculation process leading to
interparticle physical contacts and densification of the
printed layer.

In general, nanodispersions can either be stabilized
electrostatically with high charge density at the nano-
particle surface or electrosterically which involves
grafting or adsorption of stabilizer molecules at the
particle surface. In the first case, it is rather not possible
to obtain a heavily loaded (particle loading) nanodis-
persion with sufficient shelf life. As a consequence of
the limited particle concentration in such an ink, the
printed layers typically become highly porous and
inhomogeneous, thereby resulting in limited device
performance.'® On the other hand, with electrosteric
stabilization, it is usually possible to have very high
nanoparticle loading in the ink along with long shelf
life; the adsorbed stabilizer molecules can be very
efficient in preventing reagglomeration of particles in
the dispersion. However, the established stabilizer mol-
ecules are often either insulating or semi-insulating;
consequently, they hinder electronic charge transport
and hence again an additional heating step at high
temperatures is required to remove them. Neverthe-
less, a solution to this problem can be offered stem-
ming from the studies on relative adhesion stability (or
destabilization tendency) of different stabilizer mol-
ecules at different pH levels and ionic concentrations.
For example, a systematic study involving several poly-
electrolytes as polymer stabilizers for magnetic oxide
nanoparticles has been reported by Golas et al.,'
where it has been shown that nanoparticles with a
polyelectrolyte shell made of poly(sodium acrylate) or
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poly(sodium vinylphosphate) can be destabilized by
addition of an appropriate ionic species, such as NaCl.
This phenomenon strongly depends on the pH level
and the concentration of the NaCl added to the
dispersion. In the following study, it is demonstrated
that this approach can also be utilized for low-
temperature fabrication of high-performance, printed
oxide electronics. By selecting a suitable concentration
of an ionic species for the chosen polymer stabilizer
and the pH level, the nanoink can be designed in such
a manner that on one hand it shows a long shelf life
and on the other hand the concentration of the ionic
species increases during the ink drying process to
quickly reach the critical level. At the critical concen-
tration the stabilizer molecules are removed from the
nanoparticle surface leading to interparticle physical
contacts and subsequent densification of the nano-
particulate film. A schematic representation of the
chemical curing and densification process has been
illustrated in Figure 1. In fact, it has been shown for
metallic particles that this effect may even induce neck
formation and sintering of nanoparticles at room
temperature.’*?' To the best of our knowledge, this
technique has never been used for active elements of
an electronic device, such as the transistors. As an
obvious difference to other low temperature nanopar-
ticle film curing techniques mentioned earlier, this
approach does not require any extra process step or
additional processing time. Furthermore, the electrical
performance is not at all compromised in this process
as it can be clearly seen from an unprecedented FET
device mobility (12.5 cm?/(V s)) of In,O3 nanoparticle
channel n-type MOSFET (NMOS). This performance for
solution processed oxide FETs is certainly exceptional,
in particular when the completely room temperature
processing aspect is taken into account. For the fabri-
cation of FETs, a composite solid polymer electrolyte
is chosen to serve as the gate insulator, because such
polymeric electrolytes (a) show high capacitance and
can reduce the drive and gate voltages down to only a
few volts and (b) can closely follow the surface topol-
ogy of the semiconductor films and provide highly
conformal semiconductor/dielectric interface even for
the rough semiconductor surfaces.'®'"??

RESULTS AND DISCUSSION

Preparation and Characterization of the Nanoinks. Sodium
salt of poly(acrylic acid) (PAANa) is chosen as the
stabilizer; PAANa ligands adsorb to the nanoparticle
surface during the ink preparation and thereby reduce
the surface energy of the nanoparticles resulting in
a reduced tendency for agglomeration. Indeed, the
nanoink thus produced is found to be quite stable, at
least for the time period of several months (Figure 2a,c).
Next, it is found necessary to optimize the concentra-
tion of the flocculation agent (in the present study we
use NaCl) in such a manner that it does not induce
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Dispersion/ink Printing

RT drying

Figure 1. Schematic representation of the chemically controlled destabilization and flocculation process of the printed
nanoink droplets. The NaCl loaded semiconducting oxide nanoinks show spontaneous stabilizer removal from the

nanopatrticle surface during the ink drying process.
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Figure 2. Stability of the In,O5 nanoinks with PAANa as the stabilizing ligands and different halide ion concentration. (a) In,03
nanoink with 20 mM Nadl, after 2 months of ink preparation; (b) In,03 nanoink with 50 mM NaCl, after 1 h of ink preparation;
(c) DLS particle size distribution of the In,0; nanoink with 20 mM NaCl concentration, as a function of the elapsed time.
Surface morphology of the printed In,03 thin films, SEM images showing surface topography of the printed droplets from

nanoparticulate inks that contain (d) no NaCl and (e) 20 mM NadCl, respectively.

detachment of the ligands immediately upon addition
to the nanodispersion, thereby ensuring sufficiently
long shelf life of the inks. However, the concentration
of the flocculation agent quickly becomes supercritical
during the first phase of the ink drying process so
that the ligands are removed from the particle surface,
which then allows sufficient time for the nanoparticu-
late layer densification process to take place. The
optimum amount has been found to be 20 mM
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concentration of NaCl in the formulated nanoink that
has shown long-term ink stability. In contrast, a con-
siderably higher concentration (for example, 50 mM
NaCl) destabilizes the dispersion rather quickly; nearly
all the particles can be found to reagglomerate and
settle down already within 1 h of the ink preparation
(Figure 2b). On the other hand, the 20 mM Nadcl
containing nanoink also reaches the critical NaCl con-
centration during the drying process and desorbs the
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PAANa ligands from the In,03 particle surface (as has
been schematically shown in Figure 1). The strong
capillary force acting on the particles during the last
phase of the ink drying process establishes interparti-
cle physical contacts and brings all the uncovered
particles closer together, resulting in a considerable
densification of the nanoparticulate layer, as can be
seen from the comparative scanning electron micro-
scope (SEM) images (Figure 2d,e) of the printed In,03
layers from the nanoparticulate ink without and with
NaCl, respectively. Although it is known that a neutra-
lized poly acrylic acid (PAA) is a conducting polymer
(which partially allows interparticle electronic trans-
port even when the nanoparticles are encapsulated by
PAANa),?® the advantage of this chemically controlled
stabilizer removal and the nanoparticles densification
process is immediately reflected in the /—V measure-
ments performed on the printed layers without and
with NaCl additive (see Supporting Information Figure
S3). While the electrical transport measurements on
the nanoparticle film with intact PAANa shell indicates
Schottky contacts and poor conductivity, in contrast,
the Nadl treated film shows completely Ohmic beha-
vior and nearly 2 orders of magnitude lower sheet
resistance.

Further evidence of the chemical removal of stabi-
lizer molecules due to addition of 20 mM NaCl to the
ink is obtained from a systematic and comparative
X- ray photoelectron spectroscopy (XPS) study of the
chemical structure of thin films with and without NaCl
additive in the nanoink. XPS data analysis reveals that
the distinct spectral fingerprint of the intact PAANa
ligand shells, which is the carboxylic group in the C 1s
spectrum, is only present in the printed films prepared
from the ink without NaCl, and in contrast is not
recognizable for the thin films prepared from NaCl
containing nanoink, suggesting the removal of PAANa
ligands from the nanoparticle surface. Moreover, the C 1s
spectrum of the thin film without NaCl additive changes
significantly after several hours of X-ray irradiation and
becomes similar to the spectrum of the sample with NaCl
additive, whereas the sample with 20 mM NaCl does not
have any changes for hours of X-ray irradiation.

Fabrication and Electrical Characterization of In,0; Nanopar-
ticle Channel NMOS Device. The device fabrication starts
with preparation of the passive structures. High quality,
surface-polished, soda-lime float glass was used as the
substrate; the passive structures are fabricated with sput-
tered tin doped indium oxide (ITO) and structured using
e-beam lithography. All the FETs were prepared with an in-
plane FET device geometry.'%?? After prestructuring of
the electrodes, the oxide nanoparticle channel layer was
printed using a commercial Dimatix DMP 2831 inkjet
printer, followed by printing of a suitably designed com-
posite solid polymer electrolyte on top which served as
gate insulator.?>**~?° The electrolyte dried quickly at room
temperature by evaporation of the excess solvent.
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Figure 3. (a) Transfer characteristics and (b) drain current
(Ip)—drain voltage (Vp) curves of a typical In,O3 transistor
device that is processed completely at room temperature
from printed and chemically compacted nanoparticulate
films; (c) gate current (I, displacement current)—gate vol-
tage (V) relationship of the same FET device showing the
voltage scan rate dependence of gate current that is
measured with an applied drain voltage (Vp) of 2 V; (d)
calculated current density (at the saturation regime, at Vg =
1V) is plotted versus the gate voltage scan rates; the slope
(4.9 ,uF/cmz) provides the specific capacitance (Cp,) of the
semiconducting channel.

The transistor characteristics were then recorded
using an Agilent 4156C parameter analyzer. Figure 3a,b
illustrates the transfer and current—voltage curves of a
typical In,03 channel FET printed from a In,O3 nanoink
containing 20 mM NaCl. The key features (or figures
of merit) include high ON/OFF ratio (lon/lorr) > 105,
positive threshold voltage (~0.35V) (i.e., the FETs operate
in accumulation mode), high specific transconductance,
gm of about 3.5 uS/um (transconductance is defined
as the drain current dependence on the gate voltage
modulations, g,, = (dlp/dVg), and an extremely small
subthreshold slope, S (gate voltage modulation required
to change the drain current by 1 order of magnitude) of
only 78 mV/decade, which is close to the theoretical limit
of 60 mV/decade* The other important figure of merit
of the FET device, the charge carrier field-effect mobility
is calculated from the transconductance in the saturation
regime, using the following equation:*'

_ 9b _ Wi CVs — V1)
In = 3V [

Vb = const.

M

where, Ip is the drain current, L (~10 um) and W (~80 um)
are the length and width of the printed channel,
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respectively; Vg and Vg are the applied gate voltage
and the threshold voltage, respectively; and C is the
specific capacitance (for electrolyte gated FETs, it is in
fact the electrical double layer capacitance, Cpy). All the
other parameters being accurately known, it is neces-
sary to obtain a precise value of Cp,. Here, the most
reliable estimation can be obtained from the displace-
ment/charging current measured on the device itself.
In order to ensure precise calculation of Cp_ of the
semiconducting channel, special care is taken to mini-
mize the overlap of the printed electrolyte layer with
the passive structures (to avoid displacement current
from the ITO electrodes). Next, as shown in Figure 3c,
the gate current (Ig) is recorded while the gate voltage
(V) is scanned with different scan rates. It can be seen
that the displacement/charging current is negligible at
the Off-state of the FET, shoots up when the transistor
switches on and increases monotonically thereafter
for larger positive gate voltages; in fact this feature
further confirms the fact that /g is resulting mostly from
the semiconducting channel material, In,03, and not
from the high conducting ITO (for metallic or metal-like
(such as ITO) electrodes, in absence of surface reaction/
Faradaic currents, the displacement current should be
fairly constant with varying gate voltages).?* A similar
gate voltage dependence of the displacement current
in electrolyte-gated FETs has also been observed ear-
lier for organic field-effect transistors.>>? It can be
noticed here that /g, i.e., the displacement current from
the semiconducting channel, increases monotonically
with an increasing carrier accumulation at higher
positive gate voltages; hence from Figure 3¢, it is in
fact possible to calculate Cp, of the semiconducting
In,03 channel at any intermediate gate voltage. In
order to obtain Cp, at the saturation regime, the dis-
placement currents at Vg =1V are plotted in Figure 3d
as a function of Vg scan rates. From this plot Cp, is
estimated to be 4.9 /4F/cm2 at Vg =1V (for details see
Supporting Information). Substituting this value in
eq 1, the calculated grer comes around 12.5 cm?/(V s),
which is surprisingly high for completely room tem-
perature processed and printed oxide FETs. In addition,
field-effect mobility of the device has also been esti-
mated for different gate voltages in the saturation
regime by calculating the instantaneous double layer
capacitance and transconductance at every gate po-
tential (Figure S5) and subsequently substituting the
values in eq 1. Notably, the calculated mobility values
do not vary significantly with varying gate potential.
One may still wonder that a large mobility value of
the electrolyte-gated FETs (EG FETSs) is of limited im-
portance, as the speed of the EG FETs must be gov-
erned by the mobility of ions in the electrolytes. How-
ever, this criticism is not fully valid, at least not for the
printed FETs. Electrolyte-gating is usually associated
with large parasitic currents (due to large capacitance
of the electrolytic insulator); when this parasitics are
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controlled to lower values, the speed of electrolytic
polarization can be fast enough for printed electronics,
that is the speed of printed FETs are not determined by
the electrolytic-polarization time. This is because of the
fact that the speed of the printed FETs is strongly
limited by the large channel lengths, coming from
the low printing resolution of the commercial printers
(in the range of tens of micrometers), which is why the
polarization time of a high conducting electrolyte
systems does not appear to be too high in compar-
ison. In this regard, our earlier publications with oxide
semiconductors estimate?? and demonstrate®® that
electrolyte-gated FETs can attain beyond MHz switch-
ing speed; similar results have also been reported
by other groups working with either organic semi-
conductors?® or carbon nanotubes (CNTs).3*3*

The performance can further be improved to uger =
14 cm?/(V s) when the printed nanoparticles are an-
nealed at 100 °C, which is still well below the critical
temperature of flexible, low-cost substrates. The trans-
fer and current—voltage curves of a typical device
fabricated with NaCl containing In,03 ink and subse-
quently heated at 100 °C are shown in Supporting
Information Figure S7. Important figures of merit of
In,O3 FETs fabricated without NaCl, with NaCl and
dried at 100 °C are listed in Table S1.

Fabrication of Complementary Metal Oxide Semiconductor
(CMOS) Inverters. CMOS technology has always been
essential for logic electronics in order to ensure negli-
gible static power dissipation. Although it may be
possible to realize unipolar logics (for example, only
with NMOS devices), 3> their low signal gain, large
power dissipation and poor noise margin values are
often not acceptable. In this regard, toward all-oxide
CMOS electronics, the problem lies in the fact that an
equally good p-type oxide semiconductor is rare. Con-
sequently, while there exists at least a few reports on
solution-processed hybrid CMOS inverters with p-type
organic and n-type inorganic FETs,*”*® demonstration
of solution-processed and high-performance all-oxide
integrated CMOS technology has not yet been reported.

However, here we report not only all-oxide semi-
conductor channel CMOS logics but also that with a
complete room temperature processing. The design
strategies (using a high (W/L),:(W/L), ratio) help us to
realize high performance logic operation. The CMOS
inverters in this case are built using In,O3 and Cu,0
nanoparticles for the n-channel (NMOS) and the
p-channel (PMOS) MOSFETs, respectively, following
the identical PAANa stabilized nanoink preparation
and destabilization approach described above. High
purity, single phase Cu,0 nanoparticles were synthe-
sized (see Methods for details) and the nanoink
was prepared again with the PAANa stabilizer, and
20 mM Nadl as the flocculation agent. Characteriza-
tion of the Cu,O nanoparticles and the printed
Cu,0 layer with NaCl additive are presented in the
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Figure 4. (a) Transfer and (b) drain current (/p)—drain
voltage (Vp) curves of a Cu,0 channel PMOS transistor
device printed and processed at room temperature. The
Cu,0 nanoparticulate channel layer has been fabricated
from 20 mM NaCl containing, PAANa stabilized Cu,0 nanoink.

Supporting Information Figure S8, S9. While the
printed In,03 nanoparticle films are surprisingly dense
and homogeneous, nearly resembling sputtered thin
films, the printed Cu,O films are in comparison found
to be relatively granular, which is mainly because of the
strongly agglomerated as-synthesized nanopowders,
which are not fully fragmented/ruptured during the ink
preparation. The effect of this poorer film quality is
directly reflected in the electrical performance. The
transfer and current—voltage curves of a typical PMOS
are shown in Figure 4a,b. The saturated ON current
(Ip,sat), ON/OFF ratio and other transistor characteristics
are naturally found mediocre compared to the NMOS
devices.

All the passive components of the PMOS devices
and the CMOS inverters are again designed by e-beam
lithography and structured with sputtered, high work
function metal electrodes such as platinum [Cr(2 nm)/
Pt(25 nm)], to especially suit the p-type semiconduc-
tor/metal contact. The channel length of the PMOS and
the NMOS are kept 2 and 10 um, respectively; the width
of the devices has also been varied to end up with
a W/L ratio of PMOS to NMOS equal to 10 [ie,
(W/LD)p:(W/L), = 10:1]. The voltage transfer, the signal
gain and the inverter drive current plots are shown in
Figure 5. The voltage gain of the inverter is examined
for Vpp starting from 0.5 to 1.5 V with an interval
of 0.25 V, while keeping GND at 0 V (Figure 5a,
inset). The inverter exhibits an ideal rail-to-rail out-
put voltage behavior with a calculated voltage gain
(A, = (dVour)/(dViy)) of around 18 for a supply voltage
(Vpp) of 1.5 V (Figure 5b). A complete switch between
0 and 1.5 V is observed for a V)y of 1.5 and 0 V,
respectively. This result is not only the first demonstra-
tion of a solution processed all-oxide inverter, or a first
room temperature processed oxide electronics, to the
best of our knowledge the measured signal gain ob-
tained in this study is also the highest reported value
for any oxide electronics to date, even when compared
to UHV grown all-sputtered thin film transistors
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Figure 5. Electrical characteristics of a typical completely
room temperature processed, printed all-oxide CMOS in-
verter. (a) Output voltage (Vour), (b) Voltage gain (A,) and (c)
drive current (Ipp) of the integrated inverter at different
supply voltages (Vpp) are plotted. The CMOS inverter is
comprised of In,03 (n-type) and Cu,O (p-type) MOSFETs.
Inset: the circuit diagram of the CMOS inverter.

(TFTs).° Notably, the measured switching threshold
voltage (i.e., when V| = Vou7) is quite close to the ideal
value (Vpp/2)* for low Vpp (Supporting Information,
Table S2); however, it becomes significantly lower with
increasing Vpp and for Vpp= 1.5 V it is only 0.39 V;
this result suggests unmatched electron and hole
mobility and comparatively weaker performance of
the p-channel MOSFET. However, this in turn leaves a
large scope for improvement of the CMOS perfor-
mance with superior quality of as-prepared Cu,O
nanoparticles. The observed static current is less than
0.5 nA when Vpp and Vy is equal to1.5 V (Figure 5¢);
thus, the static power dissipation is less than 1 nW; such
low static power consumption is one of the acclaimed
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qualities of CMOS technology. The other important
parameter, the noise margin of the logic gate is directly
related to the reliability and robustness of the logic
circuit: the higher the noise margin is, the more reliable
the circuit will be. To ensure a stable operation of an
inverter, its high (for logic state “1”) and low (for logic
state “0") noise margins, Nyy and Ny need to be
sufficiently positive,*' ideally both should be close to
Vpp/2. On the other hand, the undefined region (where
the output signal is neither “1” nor “0”) should be as
low as possible. A comparison of noise margins and
undefined regions of the inverter for each supply
voltage is summarized in Table S2 and a representative
plot of the noise margin for a supply voltage of 1.5 Viis
shown in Supporting Information Figure S10. Again the
noise margin values are nearly ideal for low supply
voltages, while the undefined region remains fairly
constant around 0.2 V for all Vpp values.

CONCLUSION

Complete room temperature processing of n- and
p-type MOSFETs, and CMOS inverters has been demon-
strated. The chemically controlled destabilization and
flocculation of the nanoparticles during the ink drying
step ensure a nearly complete removal of the organic
stabilizer from the nanoparticle surface and then an
effective reagglomeration of the printed particles (by
the strong capillary force). The reduction of the surface

METHODS

Nanoparticle Preparation. Copper oxide (Cu,0) nanoparticles
were synthesized as follows.*? 12 g of Cu(NO3),-2.5H,0 and
14 mL of triethanolamine (TEA) was dissolved in 400 mL of DI
water. In order to ensure a homogeneous solution, it was then
stirred for about 30 min. Next, under continuous stirring 17 mL
of 6 M NaOH was added dropwise to the solution to precipitate
Cu(OH),, followed by an addition of nearly 2 mL of 13.7 M
N,H,4-H,0, which then completely reduced the precipitated to
Cu,0, thus the color of the precipitate gradually turned red. At
the end, the precipitate was carefully collected by filtration and
washed several times with ample amount of distilled water, and
finally dried in a vacuum oven at 60 °C for overnight.

Nanoink Preparation. The printable grade of semiconducting
nanoparticulate ink was prepared from commercially available
indium oxide (In,O3) nanoparticles (Plasmachem GmbH) and
self-made Cu,O nanoparticles. Double-distilled water was
used as the ink solvent; the nanoparticle loading was limited
to 10 wt % to obtain a long-term stable nanodispersion. Sodium
salt of poly acrylic acid (PAANa) (Sigma-Aldrich) was used as the
stabilizer. The optimum loading of the stabilizer was found to
be around 10 wt % of the weight of the oxide nanoparticles.
A homemade dispersing unit based on a commercially avail-
able dissolver/mixer (Dispermat) was used to prepare the
nanodispersion/nanoink. The ink preparation process was ana-
logous to a liquid media milling process, where 0.2—0.3 mm
diameter zirconia pearls were used as the milling material in
order to break the large agglomerates. The nanoparticles—
stabilizer mixture was spun with the zirconia pearls for 90 min
at a rotational speed of 8000 rpm, which was then followed by a
separation process for zirconia pearls and the remaining large
agglomerates, by a series of filtration steps through 5, 0.45, and
0.2 um syringe filters, respectively.
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energy, the usual driving force toward agglomeration
may also contribute in the compaction process. Con-
sequently, high quality, dense and low roughness
oxide nanoparticulate films can be printed by one step
inkjet printing at room temperature. Furthermore,
the chemical flocculation process not only allows for
highly dense thin film formation, but it fortunately also
removes the polymer stabilizer and thereby reduces
the amount of carbon at the nanoparticle surface
which is crucial for the formation of high quality
semiconductor/dielectric interface. This achievement
surmounts a long-standing, formidable challenge to
obtain solution-processed high-performance oxide
FETs completely at room temperature and without
an additional curing step. The Cu,0 and In,03 based
CMOS logics demonstrated here can be considered as
the building blocks for future studies toward large-
scale integrated circuits. Moreover, this concept may
generally be quite attractive to any other nanomater-
ials-based devices; high quality, densely packed nano-
particulate films can be prepared just by one step inkjet
printing at room temperature and without compromis-
ing on their electronic transport properties. Therefore,
at a little more speculative level, one can also foresee
the use of this technique with other functional nano-
particles, either oxides or nonoxides (e.g., sulfides
or selenides), for printed electronic devices beyond
printed logics, for example, sensors, photovoltaics, etc.

Composite Solid Polymer Electrolyte Preparation. The composite
solid polymer electrolyte was prepared in a similar manner as
had already been reported in our earlier publications.?>?° The
electrolyte consists of four essential ingredients: the synthetic
polymer, poly(vinyl alcohol) (PVA, average M,, = 13—23 kDa,
98% hydrolyzed, Sigma-Aldrich); the plasticizer, propylene car-
bonate (PC, anhydrous, 99.7%, Sigma-Aldrich); the solvent,
dimethyl sulfoxide (DMSO, anhydrous 99.9%, Sigma-Aldrich)
and the supporting electrolyte/salt lithium perchlorate (LiClO,4,
anhydrous, 98%, Alfa Aesar); all these components were used
as-received without any further purification. First, the necessary
amount of PVA (0.3 g) was dissolved in DMSO (6 g) by heating at
90 °C and continuously stirring for about an hour; simulta-
neously, in a different container LiCIO4 (0.07 g) crystals were
dissolved in PC (0.63 g). In the next step, both solutions were
mixed together at room temperature and stirred for another
12—24 h in order to obtain a completely homogeneous solu-
tion. The resultant solution was then filtered through a 0.2 um
syringe filter. The respective concentration of the constituents
was optimized for the finest performance of the polymer-gel
electrolyte; the PVA:PCLiCIO, ratio was kept at 30:63:7; to
ensure that the viscosity of the polymer electrolyte falls within
the preferred window of inkjet printing, the weight of DMSO
was taken 6 times larger compared to the total weight of all the
other components together.

Device Fabrication. In,O; FETs were built using tin doped
indium oxide (ITO) passive structures. The source (S), the drain
(D) and the gate (G) electrodes were defined by e-beam
lithography and fabricated with 150 nm sputtered ITO. The
channel length in this case was kept constant at 10 um. The
PAANa stabilized In,03 nanoinks with or without NaCl were
printed on these prestructured electrodes. In contrast to
the NMOS devices, in case of CMOS inverters, sputtered metallic
[Cr(2 nm)/Pt(25 nm)] thin films were used to fabricate the
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passive structures for both In,05 nanoparticle-based NMOS and
Cu,0 nanoparticle-based PMOS devices. Cu,0 and In;03 na-
noinks were printed separately at the respective locations using
two individual cartridges. After complete drying of the semi-
conductor nanoinks forming the FET channel, the nonaqueous
polymer electrolyte was printed in a way to completely cover
the channel area, and partially the gate electrode. All the
printing steps were carried out with commercially available
Dimatix DMP 2831 inkjet printer.

Characterization of Oxide Nanoparticles, Nanoink and Surface/
Cross-Sectional Morphology of the Printed Nanoparticle Layers. X-ray
diffraction measurements on the as-received In,O5; nanoparticles
were performed using a PANalytical X'PERT Pro X-ray diffractom-
eter with nickel-filtered Cu Ka radiation as the X-ray source. The
surface morphology of the printed nanoparticulate layer and the
cross-section of the printed devices with electrolytic gate insulator
were investigated with a Leo 1530 scanning electron microscope
(SEM). The height of the printed layer was examined by profiling
with a Dektak 6 M stylus profiler with the N-Lite low force package
(Veeco). Electrical measurements were performed using Agilent
4156C semiconductor parameter analyzer and Stiss MicroTec, EP6
probe station. All the electrical measurements were carried out at
ambient conditions and at room temperature.
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