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ABSTRACT Semiconducting single-wall carbon nanotubes are
very promising materials in printed electronics due to their excellent
mechanical and electrical property, outstanding printability, and
great potential for flexible electronics. Nonetheless, developing

scalable and low-cost approaches for manufacturing fully printed
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high-performance single-wall carbon nanotube thin-film transistors remains a major challenge. Here we report that screen printing, which is a simple,

scalable, and cost-effective technique, can be used to produce both rigid and flexible thin-film transistors using separated single-wall carbon nanotubes.

Our fully printed top-gated nanotube thin-film transistors on rigid and flexible substrates exhibit decent performance, with mobility up to 7.67 cm* V" s
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on/off ratio of 10* ~ 10°, minimal hysteresis, and low operation voltage (<10 V). In addition, outstanding mechanical flexibility of printed nanotube

thin-film transistors (bent with radius of curvature down to 3 mm) and driving capability for organic light-emitting diode have been demonstrated. Given

the high performance of the fully screen-printed single-wall carbon nanotube thin-film transistors, we believe screen printing stands as a low-cost,

scalable, and reliable approach to manufacture high-performance nanotube thin-film transistors for application in display electronics. Moreover, this

technique may be used to fabricate thin-film transistors based on other materials for large-area flexible macroelectronics, and low-cost display electronics.
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electronics has drawn tremendous in-
1-12

Printing technology in manufacturing

terest during the past few decades.
Compared with traditional fabrication
approaches in which multistaged photo-
lithography and vacuum deposition are re-
quired, printing is a cost-effective and scal-
able technology with high throughput and
is highly compatible with low-temperature
processing, which provides an important
way in mass production of large-area flex-
ible electronics at extremely low cost.'>'*
Among various kinds of printed electronics,
separated single-wall carbon nanotube
(SWCNT) thin-film transistors (TFTs) have
attracted growing attention due to their
high mobility, high on/off ratio, low opera-
tion voltage, and potential application in
flexible electronics.'>™"°
Recently, intensive research effort has
been devoted to develop low-cost printed
SWCNT TFTs and integrated circuits with
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high performance. The printing techniques
used in the past research can be mainly
divided into two groups. The first one is of
high registration accuracy represented
by aerosol—jet printing and inkjet printing.
The second one is of high scalability and
throughput represented by gravure print-
ing and flexographic printing. Up until now,
inkjet and aerosol—jet printing have been
used for fabricating SWCNT TFTs,2° 22 2T1C
pixel control circuits for organic light-
emitting diode (OLED) control®® and digital
circuit applications.?>?*?°> The advantages
of those two printing techniques are the
high printing resolution and uniformity,’
which endow printed devices with small
dimension and decent electrical perfor-
mance. Nevertheless, those techniques, lim-
ited by low scalability and throughput, may
not be suitable for mass production to
further reduce the cost of printed electro-
nics. For research of highly scalable printing
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technology of SWCNT TFTs, pioneer work has been
done by Cho's group which demonstrated gravure-
printing-based R2R process for manufacturing carbon
nanotube (CNT) radio frequency identifications,?® full
adders?’ and D flip-flops.?® However, the performance
is moderate due to the nature of printed layers and the
quality of the active channel material.?° Recently, as a
milestone, Javey's and Cho's group reported fully
gravure-printed large-area flexible top-gated CNT TFTs
with excellent electrical performance.29 In their work,
semiconductor-concentrated nanotube solution was
used as channel material and high-k barium titanate
(BTO)/poly(methyl methacrylate) hybrid ink was
printed as gate dielectric, which significantly improved
the mobility («) and on/off ratio of the printed SWCNT
devices. Moreover, the printed devices showed low
operation voltage (<10 V) and outstanding mechanical
bendability. Later in 2013, flexographic printing and
transfer were reported by Ohno's group for SWCNT TFT
fabrication, starting from SWCNTs grown by chemical
vapor deposition.>® Mobility of 157 cm? V=' s was
achieved by using polyimide as the gate dielectric for
the back-gated devices.

Screen printing, in which screen masks are used to
deposit materials onto large-area substrates with high
throughput, is considered as one of the scalable print-
ing techniques and has been widely used in printed
electronics."”31733 Benefiting from its simplicity, scal-
ability and environment-friendly process,’' this tech-
nique shows tremendous potential for mass pro-
duction of large-area electronics at very low cost. There
are two advantages of screen printing when compared
with other scalable printing techniques such as gra-
vure or flexographic printing. First, the masks for screen
printing are usually made of fabric or stainless steel
mesh, which are much more cost-effective than en-
graved metal masks for gravure printing.'* The second
advantage is that alignment between the screen mask
and the substrate can be easily performed right before
printing, as the screen mask is semitransparent, and
both the screen mask and the substrate are planar.
These advantages enables the alignment to be per-
formed in a parallel-plate fashion with good accuracy.
In contrast, the gravure printing and flexographic
printing usually have either the mask or the substrate
on a roller, making alignment in both X and Y direction
difficult. Hence, the alignment capability of screen
printing makes this technique particularly suitable for
fabrication of multilayered structures. A lot of research
has been done in screen-printed TFTs, especially for
organic TFTs.3? However, the performance is usually
limited by the inherent properties of the organic
channel materials.

In this paper, we report the first fully screen-printed
top-gated TFTs on rigid and flexible substrates using
semiconductor-enriched SWCNT solutions. Silver (Ag)
source (S) and drain (D), high-k barium titanate dielectric
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and Ag gate (G) were printed sequentially in the fabrica-
tion process with low-temperature baking (~140 °C).
The printed devices showed mobility up to 7.67
cm? V7' 577, low operation voltage (<10 V), current
on/off ratio of 10* ~ 10°, and excellent mechanical
flexibility. In addition, OLED control capability of printed
SWCNT TFTs was demonstrated by connecting an
external OLED to a representative TFT. Overall, the good
electrical characteristics, low-temperature and cost-
effective fabrication process, and outstanding mechan-
ical flexibility of fully printed SWCNT TFTs suggest screen
printing is very promising to become a practical tech-
nique for device and display applications.

RESULTS AND DISCUSSION

Figure 1a illustrates the fabrication process of printed
TFTs on rigid Si/SiO, wafer and flexible poly(ethylene
terephthalate) (PET) substrate. The surface of substrate
was first functionalized with poly-L-lysine and then a
uniform random SWCNT network was formed by im-
mersing the substrate into semiconductor-enriched
SWCNT solution for 35 min. Second, Ag source, drain,
and barium titanate dielectric were printed, followed
by etching of unwanted SWCNTs that were not cov-
ered by Ag electrodes and BTO dielectric. Finally, Ag
gate was printed. More details of the experiments are
shown in the Method Section. Figure 1b shows the
configuration of a fully printed TFT on PET substrate
and Figure 1c is a schematic diagram exemplifying the
screen printer and screen printing process. Ink was first
applied on the screen mask by a stainless spatula and
then spread by a squeegee on the whole patterned
area. Then the squeegee was moved across the mask
with certain pressure so that the ink was squeezed
through the mesh in the desired pattern area and then
printed on the substrate. Eventually, the printed layer
was cured in an oven at 140 °C. In the printing process,
mask specifications, clearance, squeegee angle, print-
ing speed, ink properties, and pressure are key factors
which determine the quality of printed layers' In
addition, there are X-Y-6 adjustment micrometers on
the printer to ensure good alignment between differ-
ent layers. Figure 1d,e shows optical images of printed
12 x 10 TFT arrays on a Si/SiO; and a PET substrate,
respectively. The SWCNT network was inspected by
field-emission scanning electron microscopy (FE-SEM)
as shown in Figure 1f.

We carried out significant amount of work to opti-
mize the printed TFT performance by using BTO ink
and Ag ink of different concentrations preparedvis
dilution. The characteristics of TFTs printed with differ-
ent ink dilution ratios are shown in Figure 2. We
selected TFTs with channel length (L) ~ 105 um and
channel width (W) ~ 1000 um as examples. BTO and Ag
inks were purchased from commercial sources and
then diluted using diethylene glycol ethyl ether ace-
tate as the solvent with different volume ratio (Vo 1/Vini)-
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Figure 1. Fully screen-printed SWCNT TFTs on rigid and flexible substrates. (a) Schematic diagram shows the fabrication
process of fully printed top-gated SWCNT TFTs. (b and c) Schematic diagrams show the configuration of a fully printed TFT on
PET substrate and screen printing system, respectively. (d and e) Optical images of fully printed TFT arrays on a 4 in. Si/SiO,
wafer (d) and a 12 x 12 cm PET sheet (e). (f) FE-SEM image of deposited SWCNT film.

Figure 2a,b shows the thickness variation of printed
BTO and Ag layers as a function of Vo /Vink. Due to the
nature of screen printing, ink used for this technique
requires high viscosity, which results in inherently thick
printed layers. In Figure 2a,b, the thicknesses of un-
diluted (UD) BTO and Ag layers after printing are 8.1
and 10 um, respectively, measured using a profil-
ometer. The thickness variation from sample to sample
was observed to be around £0.5 um. We note the
thickness can be reduced by diluting the inks. For
example, diluted BTO ink with Vo /Vink = 1:4 led to
printed BTO layer of ~5 um in thickness, while diluted
Ag ink with Vo //Vink = 1:4 and Vo //Vin = 1:3 led to Ag
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electrode of ~6 um and ~3.5 um, respectively. To
facilitate printing of multiple layers for the SWCNT TFTs,
we needed Ag source and drain electrodes with height
that would not negatively affect the printing of sub-
sequent BTO, so we focused on Ag inks diluted with
volume ratios of 1:4 and 1:3. The transfer characteristics
of SWCNT TFTs printed using inks of different dilution
ratios are shown in Figure 2¢,d. To study the effect of
BTO ink dilution, we can first compare the curves
in Figure 2¢,d corresponding to diluted Ag ink with
Vsol/Vink = 1:3. When undiluted BTO ink was used,
the printed SWCNT TFTs show low on-current
(~0.4 uA) and low transconductance (~0.059 #S/mm)
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Figure 2. Characterization of SWCNT TFTs printed with different ink dilution conditions. (a and b) Thicknesses of printed BTO
and silver layers as a function of dilution ratios. (c) Transfer (Ip—Vg) characteristics of TFTs printed with inks of different
dilution ratios (Vo/Vink), measured at Vps = —1 V. (d) Transconductance exacted as a function of gate voltage.

at Vg =—10Vand Vps = —1 V. Remarkably, on-current
and the peak of transconductance (Figure 2d) in-
creased up to ~3 uA and ~0.27 uS/mm when we used
the 1:4 diluted BTO for dielectric layer. We attribute the
improved on-current to both improvement in gate
capacitance and mobility when thinned dielectric
was used. First of all, at a given gate voltage (Vg),
thinner gate dielectric can lead to higher gate capaci-
tance and stronger gate-channel coupling, and thus
the number of carriers in the channel increases. More-
over, based on the multiple trap and release (MTR)
model,*® the increased charge in the channel can lead
to greater filling of interface traps, causing the ratio of
free to trapped carriers to increase. As a result, devices
with thinner dielectrics would show higher field-effect
mobility. Both the enhanced mobility and increased
number of carriers contributed to larger drain current
(Io) and transconductance when diluted BTO was used.

In addition, we observed that Ag inks of different
dilution ratios also affect the performance of printed
devices even when the same kind of BTO was used for
gate dielectric printing. As shown in Figure 2c,d, with
the same dilution ratio of BTO, more diluted Ag ink for
source and drain would improve the on-current and
peak transconductance. Interestingly, we found that
dilution of Ag ink for source and drain had an impor-
tant effect on the thickness of the subsequent printed
BTO dielectric, which had a directimpact on the device
performance. Here we propose that capillary effect
plays a critical role in the solution-based printing
process. After source and drain printing, a “trench”
with width = 105 um in the channel region was formed
between the rather high source and drain electrodes.

CAO ET AL.

A deeper trench formed by less-diluted Ag source and
drain would have stronger capillary effect and thus
more BTO material would be trapped in the trench
when BTO was printed. Hence, the resulted printed
BTO was thicker than the BTO layer in more-diluted S/D
case. As shown in Supporting Information Figure ST,
with the same BTO ink with V,,/Vin = 1:4 for dielectric,
the resulted BTO layer when 1:3 diluted Ag ink was
used for source and drain is ~5 um in thickness and
thinner than the ~6.5 um BTO layer when 1:4 diluted
Ag ink was used for source and drain patterning.
Nonetheless, overdiluted BTO (Vo)/Vink > 1:4) caused
gate leakage through pinholes in the gate dielectric.
Hence we optimized the ink dilution as Vo/Vin = 1:3
for Ag source and drain, Vi, /Vi, = 1:4 for BTO gate
dielectric, and undiluted Ag ink for gate for the follow-
ing study, and the profiles of the printed electrode,
dielectric layer, and gate are shown in Supporting
Information Figure S2 as examples.

On the basis of the optimized dilution conditions, the
electrical performance of fully printed SWCNT TFTs on
rigid Si/SiO, substrate was further studied, as shown in
Figure 3. Transfer characteristics of a representative TFT
with L =105 «m and W= 1000 «m are shown in Figure 3a.
The device exhibits current on/off ratio of ~3 x 10%,
extremely small hysteresis, and normalized peak trans-
conductance of ~0.43 uS/mm at Vps = —1V.The mobility
was calculated with the following equation:>®

L1 dip
“Tw CoxVsp dVg

where L and W are the channel length and width
of the device. Vsp is the source and drain voltage and
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Figure 3. Electrical characteristics of fully printed top-gated SWCNT TFTs on Si/SiO, substrate, with ink dilution of V/V;n =
1:3 for the silver source and drain, Vo /Vink = 1:4 for the BTO dielectric, and undiluted silver for the gate. (a) Double-sweep of
transfer characteristics of a representative TFT measured at Vps = —1 V, showing very small hysteresis. (b) Transfer
characteristics under different drain voltages (from —1 to —3 V in 0.5 V steps). (c and d) Output characteristics of the same
device in triode regime (c) and saturation regime (d), respectively.

is 1 V. Isp is the current flowing from source to drain
and Vi is the gate voltage. C,, is the gate capacitance
per unit area and can be calculate using the following
equation if we consider the SWCNT network as a
uniform thin-film:?*

Eo&r

Cox = = 6.195 x 10 ~° F/cm?

(004

where ¢, is the relative dielectric constant of the BTO
(~35 forthe BTO ink we used), &y is the vacuum dielec-
tric constant, and t,, is the thickness of the BTO layer
(~5 um). Then the calculated field effect mobility is
7.67 cm®V~' S'". The gate leakage current as a
function of gate voltage at Vps = —1 V is shown in
Supporting Information Figure S3, and the small
leakage current (<0.5 nA) indicates excellent insulat-
ing property of the printed BTO dielectric layer. The
transfer curves with Vps ranging from —0.1 to 0.1 V are
shown in Figure 3b. The output curves in Figure 3c
exhibits a clear linear regime, illustrating good ohmic
contacts between the printed Ag electrode and the
SWCNT network. Additionally, current saturation due
to pinch-off effect was clearly observed as shown in
Figure 3d. Statistical study of 15 fully screen printed
SWCNT TFTs with L ~ 105 um and W ~ 1000 um is
shown in Supporting Information Figure S4, exhibit-
ing good uniformity in terms of mobility, current on/
off ratio, on-current density, and threshold voltage.

After the demonstration of fully printed high-
performance SWCNT TFTs on rigid substrate, screen
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printing was also used in fabricating SWCNT TFTs
on flexible substrate. Figure 4 shows the mechanical
flexibility of fully screen-printed TFTs on PET substrate.
Flexible TFTs were wrapped onto glass vials of different
radii (R) during the measurement. The optical image of
the measurement setup is shown in Figure 4a and the
transfer characteristics of different bending conditions
are shown in Figure 4b. The extracted mobility and on/
off ratio as a function of bending radius in Figure 4c,d
indicate that there is little measurable degradation of
the flexible SWCNT TFT while bent with radius of
curvature down to 3 mm. Our results indicate the great
mechanical stability and flexibility of the SWCNT net-
work and the TFT structure.

On the basis of the measured high on/off ratio, high
mobility, small hysteresis, and low operation voltage,
we further studied the application of these fully printed
low-cost SWCNT TFTs in display electronics. For proof
of concept, a typical printed top-gated TFT was con-
nected to an external OLED, whose structure is shown
in Supporting Information Figure S5. The schematic
diagrams of the measured circuits are in the insets of
Figure 5a—c. The current which flows through the
OLED (loep) is plotted as a function of gate voltage
at different Vpp in Figure 5a. A driving current of
22.5 uA was measured at Vg = —20Vand Vpp =5V,
which is more than sufficient for driving the OLED that
requires 1 uA to have observable light emission.
The family curves of o ep — Vss measured at different
gate voltages are shown in Figure 5b, and Figure 5c
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Figure 5. Fully printed SWCNT TFTs for OLED control. (a) lo ep— Vs family curves correspond to values of Vpp from 2.5to 5 Vin
0.5 V steps. (b) lo ep—Vss family curves correspond to values of Vg from —10 to 2 V in 2 V steps. (c) Optical images showing

external OLED intensity change versus Vg with Vpp =3 V.

indicates that the intensity of light emission changed
with increasing V. The OLED was very bright at Vg =
—10 V, Vpp = 3 V and then the light intensity was
reduced by increasing Vg. Eventually, the OLED was
turned off at Vg = 6 V. On the basis of the data above,
we demonstrated that the fully screen-printed SWCNT
TFTs exhibited good OLED control capability and might
have potential for large-area, flexible and low-cost
display electronics applications.
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CONCLUSION

In summary, we have fabricated fully screen-printed
top-gated SWCNT TFTs on both rigid and flexible sub-
strates. In this study, semiconductor-enriched SWCNT
solution was used as channel materials and high-k gate
dielectric was printed. In addition, the optimization of ink
dilution was studied and the printed devices exhibited
mobility up to 7.67 cm?V~" s, on/off ratio of 10* ~ 10°,
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minimal hysteresis, low operation voltage, and outstand-
ing mechanical flexibility. On the basis of the good
performance, the OLED driving capability of fully printed
TFTs was demonstrated. Our work shows that screen
printing has great potential for mass production of large-
area, cost-effective and high-performance CNT TFTs for
applications in macroelectronic applications.

One concern about screen printing may be the
printing resolution, which is related to several factors.
First of all, specifications of the screen mask is an
important factor including the mechanical strength

METHODS

Separated Nanotube Deposition. The substrates of Si/SiO, (oxide
~300 nm) or PET (~200 um, Asada mesh, Inc.) were first cleaned
with oxygen plasma under 100 W for 90 s.Then the substrates
were immersed in poly-L-lysine aqueous solution (0.1% w/v, TED
PELLA, Inc.) for 8 min to functionalize the surface. This step was
followed by rinsing the functionalized substrate using de-
ionized (DI) water. Later, SWCNT network was deposited by
immersing the substrate in purified semiconductor-enriched
CNT solution (IsoSol-5100, #23—081, Nanointegris, Inc.) for 35
min. After rinsed with DI water and dried by nitrogen gun, the
samples were baked on a hot plate at 120 °C for 1 h. Unwanted
SWCNTSs were etched using oxygen plasma (100 W) for 80s.

Ink Dilution and Screen Printing. In this work, both the silver ink
(AG-959, Conductive Compounds Inc.) and BTO ink (BT-101,
Conductive Compounds, Inc.) were diluted by diethylene glycol
ethyl ether acetate (Solvent 20, Conductive Compounds, Inc.).
Thicknesses of printed layers were measured by a profilometer
(Dectak II, Veeco). During printing, the screen printer (ZT-320,
TOPRO Ltd.) was manually operated with squeegee angle (see
Figure 1c) of 80° and clearance of 1.25 mm for silver ink and
1.5 mm for BTO ink, at a printing speed ~30 cm/s. After printing,
samples were baked in an oven (Blue M 0 V-8A) at 140 °C for
2 min (for silver electrode) or 8 min (for BTO dielectric). Electrical
measurements were carried out using an Agilent 4156B under
ambient conditions.
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