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Abstract
Low-concentration deposition techniques such as inkjet printing for forming carbon nanotube
(CNT) transistor channels typically result in higher on–off current ratio, while lowering the
field-effect mobility compared to traditional high-concentration techniques. In this paper, we show
that inkjet-printed devices can have both high field-effect mobility and on–off current ratio by
utilizing coffee ring induced thickness variation in the channel. The coffee ring effect occurs
naturally in printed patterns with most solvents and substrates, and it pushes dissolved particles to
the edges of printed features. Thickness variation and coffee ring effect are usually avoided in the
channel of solution processed thin-film transistors by implementing additional expensive steps in
the fabrication process. Instead, here, we control these variations and utilize them to create
inkjet-printed CNT channels with printing induced thickness variation that improves transistor
properties. Printing properties such as printing speed, and number of layers are studied to
manipulate capillary flow and form thicker line edges, which ultimately enhance current transport
in the CNT network. A two-pass printing pattern with separate lines improves the field-effect
mobility five times compared to a pattern with connected lines that has no defined edges. The
field-effect mobility increases from 1.1 to 5.7 cm2 V−1 s−1 at a drain voltage of−2 V.

1. Introduction

An important research focus in the area of printed
thin-film transistors (TFTs) is to explore simple, inex-
pensive and versatile fabrication processes for large-
area electronics. For instance, conventional TFTs used
in active-matrix backplanes are rigid and their fab-
rication needs chemicals for etching, masks, and
expensive vacuum processes. Printing is a solution
processing approach to realize low-cost and low-
temperature electronics on a variety of substrates
[1–3]. Direct-write printing techniques such as inkjet
and aerosol jet are advantageous for rapid prototyp-
ing and the ability tomodify the design while printing
[4]. Moreover, inkjet printing can cover a larger range
of film thickness and patternwidth, and has high edge
sharpness compared to other printing techniques [5].
It is widely considered as a promising technique to
deposit carbon nanotube (CNT) inks for the chan-
nel of TFTs [6, 7]. CNT TFTs are used in flexible

displays and electronic circuits, mainly as switches
and invertors [8–10]. As-grown CNTs have a large
number of metallic tubes, whereas CNT inks with
high semiconducting percentage have been success-
fully formulated [11, 12]. CNT inks have been depos-
ited as thin films using inkjet printing to make TFTs
[7, 10, 13, 14], strain and chemical sensors [15, 16],
and conductive films [17, 18]. When choosing the
proper deposition technique for CNTs in TFT chan-
nels, one usually needs to compromise between high
mobility and high on–off current ratio. High-density
solution processing techniques such as drop casting
[19] and spin-coating [20] lead to high field-effect
mobilities and low on–off current ratio, while low-
density techniques such as spray-coating [8, 19] and
inkjet printing [21, 22], in general, lead to higher on–
off current ratio at the cost of lowering the field-effect
mobility. Additionally, it is difficult to maintain both
high transistor current and low leakage current with
any deposition technique [23].
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Generally, film thickness non-uniformity is
avoided when a layer is solution-processed for a
device [24, 25]. The coffee ring effect is a major chal-
lenge when forming films from solutions. The coffee
ring is the ring-shaped pattern that is left around
the edge of printed patterns after the solvent evap-
orates. During the evaporation process, the edge of
the droplet evaporates faster. The contact line, which
is the interface of the solid, liquid and the surround-
ing vapor, is pinned. The contact line tends to stay
pinned, therefore, the loss of solvent is compensated
by liquid flowing from center to the edges. As a res-
ult, this capillary flow takes most of the solute to the
edges [26]. In the case of lines, the pattern will be lin-
ear instead of circular. Researchers have been working
on removing the coffee ring effect in CNT TFTs, since
it causes the aggregation of the tubes on the edges of
the printed pattern [27, 28]. One way to eliminate it
is by eliminating the pinning, for instance by using a
non-wetting substrate [29], or reversing the capillary
flow by using a mixed solvent system [30–32]. At the
same time, careful control over squeezing CNTs at
desirable locations can help regulate their position
and film morphology in the TFT channel. The per-
formance of CNT TFTs improves by regulating CNTs
inside the TFT channel using solution processing
techniques [23, 33, 34]. With inkjet printing, CNTs
can be aligned on droplet edges as a result of capillary
flow [17, 35]. Tilted drop-casting causes the CNTs to
exhibit liquid crystal behavior in the vicinity of the
receding contact line, which causes regulated bundles
of CNTs to form due to the high local concentration
of CNTs [33]. Modulating the density of CNTs by
inkjet printing fewer number of layers in the chan-
nel region closer to the source and drain electrodes
lowers the energy barrier for injection of electrons
[23]. As coffee ring effect naturally occurs as the film
is forming, utilizing it rather than trying to prevent
it will obviate the requirement for surface treatment
[27] or the use of multiple solvents to reverse capil-
lary flow [35]. Therefore, it is more convenient and
agrees well with the nature of inexpensive solution
processed printed electronics to engineer and utilize
this effect.

From a fundamental perspective, four paramet-
ers influence the formation of coffee ring effect: ink
concentration, substrate surface roughness, printing
stage temperature, and stage speed or droplet depos-
ition rate.

As the droplet evaporates, variations in solvent
evaporation rate within the droplet induce convect-
ive currents, impacting the distribution of the solutes,
within the droplet [36]. Increasing solute concen-
tration causes an increase in the particle concentra-
tion in the coffee ring edge, since the increase in
the solute concentration enhances the pinning of the
contact line. However, the final coffee ring intens-
ity depends on both capillary and Marangoni flows

which are in opposite directions. In the case of many
CNT inks, due to the presence of surfactants, increas-
ing the concentration results in a negative surface ten-
sion gradient toward the droplet edge and thus an
inward Marangoni flow [37, 38]. As a result, there is
an optimal CNT ink concentration, which can lead to
the maximum coffee ring effect.

In addition to pinning due to accelerated dry-
ing at the edges, surface roughness of the sub-
strate can also cause pinning of the contact line.
According to the Wenzel model, cosθ* = rcosθ,
where θ* is the apparent contact angle, r is the
roughness of the smooth surface, and θ is the
intrinsic contact angle of the ideal smooth surface.
Increasing roughness (r), decreases the apparent con-
tact angle (θ*) [39], which means stronger pinning
of the contact line, and thus a stronger coffee ring
effect.

The flow dynamics of the particles inside a prin-
ted droplet or line is the result of non-uniform evap-
oration flux along the droplet interface and poten-
tially a temperature gradient in the droplet [40–43].
The outward capillary flow that moves the solute
particles to the edge of the droplet is evaporation-
driven, meaning that by increasing substrate temper-
ature the transfer of solute increases, which ultimately
increases the coffee ring effect. However, the final cof-
fee ring patterns are a product of both capillary and
Marangoni flows. On a heated substrate the droplet
surface closer to the edge is warmer than the apex,
therefore it has lower surface tension. This causes a
circular Marangoni flow from the droplet apex to the
edge on the surface and toward the droplet center in
the bulk.

Droplet deposition rate controls the time between
successive droplets during which the ink can flow
to the edges of the line, can flow between adjacent
droplets, and dry. Decreasing the stage speed means
decreasing droplet deposition rate, which leads to
a longer time between droplets relative to the dry-
ing time analogous to higher stage temperature at
a higher stage speed. This effect can be exploited
to print lines on challenging substrates using the
stacked-coin morphology [43]. Here, the effect of
deposition rate on coffee ring effect in lines is studied.

Here, we present CNT TFTs with an inkjet-
printed CNT channel. With drop-on-demand inkjet
printing, lines with controlled morphologies were
printed on an Si/SiO2 wafer. Inkjet printing paramet-
ers were varied to manipulate the formation of the
coffee ring effect in the channel of the TFTs. When
separate lines were printed, due to the coffee ring
effect, thicker edges were formed while connected
lines dried uniformly with random puddles formed
in the pattern. Transistor I–V characteristics and con-
tact resistance at the CNT/metal interfaces were stud-
ied. Thickness profiles and atomic force microscopy
(AFM) images of the printed CNT channels show
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tube configurations in the CNTnetworks that explain
the device behavior.

2. Experimental section

2.1. Substrate preparation
P-type silicon wafers with a 300 nm oxide layer
(University Wafers, Inc., South Boston, USA) were
used as substrates with the p++ silicon as the gate
electrode. The siliconwaferswere cut and sonicated in
isopropanol, acetone, and deionized (DI) water each
for 10 min. Next, they were dried with air and were
plasma treated at 50W for 1min. Prior to CNT print-
ing, the surface was functionalized by drop-casting
poly-L-lysine (PLL, 0.1%w/v inwater, SigmaAldrich,
Canada) for 5min, followed by rinsing with DI water,
drying with air, and storing in a desiccator for 20min.
PLL is commonly used to increase the adhesion of
solution processed carbon nanotubes to the surface
of silicon dioxide (SiO2) [4, 44, 45]. PLL is a biocom-
patible polymer with a positive charge which forms
a stable layer by adsorbing to the negatively charged
SiO2 present on the surface.

2.2. Inkjet printing CNT channel
The CNT solution with a 1 mg ml−1 concentration
and 99.9% semiconducting tubes (IsoNanotubes-S,
NanoIntegris Technologies, Inc., Quebec, Canada)
was used as purchased without further dilution. A
custom-built inkjet printer with a 60 µm diameter
nozzle (Microfab Technologies, Inc., Plano, TX) was
used. A pulse with a voltage of 23 V, rise and fall time
of 12 µs, and dwell and echo time of 40 µs was used
to jet the droplets. The printed patterns were stored in
a desiccator for 24 h. Next, they were rinsed with DI
water, dried and finally annealed at 100 ◦C for 30min.
In the case of two-pass prints, after this step, a second
pass was printed with lines offset by half the line spa-
cing to ensure the coffee ring was located between the
coffee ring lines of the first pass printed lines, followed
by rinsing and annealing in the same way. As a con-
trol, the CNT solution was also drop-cast on the as-
cleaned and functionalized silicon substrates for 2 h.
Then, they were rinsed also, dried and annealed at
100 ◦C for 30 min.

2.3. Inkjet printing CNT line patterns
Parallel lines of the CNT solution were inkjet-
printed in the channel of a TFT with a

bottom-gate-top-contact device configuration. The
reason for adopting a top-contact configuration was
that to print the CNT lines and engineer the cof-
fee ring effect in the printed lines, it was neces-
sary to have a flat surface on which the capillary
flow has its natural direction toward the edges of
the pattern. While in a bottom-contact configura-
tion, the silver electrodes add thickness, roughness,
and surface energy variation to the surface, which
would disrupt the formation of the CNT coffee ring
patterns.

During the printing process, the line spacing,
number of layers, and the stage speed were varied
for each experiment, while the drop spacing was kept
constant (90 µm) for all the experiments. The line
spacing changes the overall concentration of CNTs
inside the channel and it was kept constant for a given
number of layers. Figure 1 shows the device fabric-
ation process in the following steps: functionaliza-
tion of the SiO2 surface with PLL, printing CNT ink
in three different patterns (one-pass connected, one-
pass separate, and two-pass separate lines), rinsing
and annealing of the ink solvent and additives, and
printing source and drain electrodes with silver nan-
oparticle ink. In one-pass connected lines, there is
no separation between the lines and no defined cof-
fee ring is formed across the lines, instead a layer
with non-uniform thickness forms (figure 1, first
row). In the one-pass separate lines pattern, lines are
printed with a line spacing between them (figure 1,
second row). This spacing was chosen to be the
minimum before the lines would merge. The cof-
fee ring effect can be seen in the thickness profiles
of printed CNT solution in separate lines (figure 1,
second row, inset figure). To achieve two-pass sep-
arate lines, after the one-pass separate lines were
rinsed and annealed, a second pass of lines was prin-
ted with an offset of half the line spacing, followed
by rinsing and annealing of the patterns (figure 1,
third row). After rinsing and annealing of the ink,
the CNTs remain on the surface. The channel length
and width of the devices are 80 µm and 1300 µm,
respectively.

The CNT concentration for one-pass connected
and two-pass separate lines is 4.2× 10−5 mg cm−2

after printing before rinsing, while the one-pass sep-
arate lines pattern has half the concentration. The
following formula was used to calculate CNT con-
centration per cm2 printed in the transistor channel:

Droplet volume (ml)×CNT percentage in the solution
(mg
ml

)
× number of layers

Drop spacing(cm)× line spacing(cm)
.
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Figure 1. The transistor fabrication process in the following steps: functionalization of the SiO2 surface with poly-L-lysine,
printing CNT ink in three different patterns (one-pass connected, one-pass separate, and two-pass separate lines), rinsing and
annealing of the ink solvent and additives, and printing source and drain electrodes with silver nanoparticle ink. In one-pass
connected lines, there is no separation between the lines and no defined coffee ring is formed across the lines. In two-pass
separate lines, after the one-pass separate lines are rinsed and annealed, a second pass of lines are printed with an offset of half the
line spacing. Inset figures: thickness profiles of printed CNT solution in connected lines (first row) and in separate lines (second
row), and optical micrograph of TFTs with channel lengths of 60 and 80 µm (third row) where the scale bar represents 200 µm.

Where in the case of two-pass printed lines, the
droplet volume, the CNT percentage in the solution,
the number of layers, drop spacing, and line spacing
are 1.13× 10−7 ml, 0.01 mg ml−1, 3, 90 µm and
180 µm, respectively. With the pattern printed twice,
CNT concentration becomes 4.2× 10−5 mg cm−2.
In the case of a one-pass connected line pattern, the
line spacing is half (90 µm), therefore resulting in the
same value.

Despite the ink concentration being held constant
to achieve stable jetting, the variation in the number
of printed layers led to changes in CNT concentration

per unit area within the lines. To ensure a uniform
monolayer for good adhesion between the CNTs and
the substrate and thus uniform surface roughness,
the PLL-functionalized SiO2 surface underwent thor-
ough rinsing and was stored in a desiccator, follow-
ing the same procedure for all samples. The temper-
ature of the printing stage remained constant between
experiments to remove it as a confounding factor that
would affect both coffee ring effect and annealing of
the CNT film. In our experiments, the stage speed,
i.e. droplet deposition rate, was deliberately varied to
control the coffee ring effect.
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2.4. Inkjet printing source and drain electrodes
Source and drain electrodes were inkjet-printed on
top of the CNT layer on a heated stage (stacked-
coin [43]) at 120 ◦C using silver nanoparticle ink
(ANP DGP 40LT-15C, Advanced Nano Products,
Co., Sejong, Korea) with a 60 µm diameter nozzle
(Microfab Technologies, Inc., Plano, TX). The silver
nanoparticle source and drain electrodes were prin-
ted with a length of 2 mm (figure 1, third row, inset
figure) while the width of the printed channels is
1300 µm in order to minimize leakage currents.

Heating the stage is necessary to stop the silver
ink from spreading nonuniformly on the previously
deposited CNT network. The stage temperature at
the time of printing the electrodes is 120 ◦C which
is not much higher than the CNT annealing tem-
perature (100 ◦C). In fact, it has been shown that
CNT exposure to high temperature further removes
the solvent and surfactant causing a resistance barrier
reduction in the CNT network which leads to higher
conductivity and transparency [46]. Not to men-
tion that thermal annealing of CNT layers can also
increase their mechanical stability [47]. Therefore,
it is assumed that the heated stage leads to further
solvent removal and increasing conductivity of the
CNT channel.

2.5. Characterization
The transistor I–V characteristics were obtained
using a semiconductor parameter analyzer (Keithley
4200, Tektronix). AFM images were taken with
a Multimode 8-HR scanning probe microscope
(Bruker, Germany). The imaging mode was
ScanAssist-air. Thickness profiles were taken with
a Contour CT-K optical profiler (Bruker Nano, Inc.,
Arizona, USA). The error bars and the average values
were calculated over 8–11 devices for each printed
pattern.

3. Results and discussion

Two factors, number of layers and printing speed,
which controls delay between adjacent droplets, were
used to adjust the intensity of the coffee ring effect.
Figure 2(a) shows 2D optical thickness profiles of
CNT lines printed without separation (connected
lines). One-pass connected lines result in a ran-
dom distribution of the CNT solution on the sub-
strate with the formation of occasional puddles.
Figure 2(b) shows separate lines printed with low
speed (100 µm s−1). At low speed, due to the
longer delay in printing between subsequent droplets,
droplets are dried and pinned before the next droplet
hits the substrate while the intersection of the two
adjacent droplets redissolves as the second drop is
printed. In contrast, at higher speed, each incom-
ing droplet promptly merges with its predecessor,
resulting in a larger liquid ink amount, an increased
capillary flow toward the pattern edges, and a stronger

coffee ring effect. The addition of layers to the pat-
tern serves to amplify the coffee ring effect in the
same manner. Figure 2(c) shows separate lines prin-
ted with one, two, three and four layers of CNT solu-
tion from left to right, respectively, all printed with
a speed of 400 µm s−1. Figure 2(d) shows the cor-
responding 1D thickness profiles across the printed
lines in the y-direction for the different number of
layers. The thickness variation across each line in
figures 2(c) and (d) is negligible for one layer, while
for three and four layers, there is larger thickness at
the edges compared to the center of the lines, i.e. a
coffee ring was formed. AFM images of the lines in
figures 2(c) and (d) are presented in supplementary
information (figure SI 5). All the thickness profiles
were taken before rinsing and annealing of the pat-
terns, with fillers, binders, and additives of the ink
still present, which makes it challenging to observe
individual nanotubes in the AFM images but optical
profilometry and AFM show the same trends. In the
fabrication process of two-pass separate lines pat-
terns, the acquisition of a thickness profile, which
is amplified by the presence of the fillers, binders,
and additives of the ink, to demonstrate the two-pass
profile is not possible since the first pass of prin-
ted CNTs is rinsed before printing the second pass.
Figure 2(e) shows plots of two transistor metrics,
the on–off current ratio and the field-effect mobility
versus the number of layers for transistors printed at
400µms−1. In all the plots, themetricswere extracted
from linear transfer characteristics (IdVg) of devices
measured atVd=−5V. Increasing the number of lay-
ers improves the device performance up to a certain
point and after that point (from four layers) the per-
formance deteriorates. This can be explained by the
optical thickness profile of printed lines with four lay-
ers in figures 2(c) and (d). For a larger number of lay-
ers, thicker line edges are formed, however the center
of the lines are not depleted ofmaterial as it is the case
in lines with three layers. This means that enhanced
performance is due to the coffee ring effect and not
simply the overall CNT concentration in the chan-
nel. Figure 2(f) shows plots of the same device proper-
ties versus printing speed for transistors printed with
three layers. Increasing printing speed enhances the
coffee ring effect and this improves device proper-
ties. However, the direct speed–performance relation-
ship breaks down at high speed. The reason is that
at higher printing speed, while material is pushed
to the line edges, it is also pushed to the ends of
the lines, ultimately reducing the CNT concentra-
tion in the channel (see supplementary information,
figure SI 2).

After exploring the factors affecting the coffee
ring effect, transistors with the most pronounced line
edges (printed with three layers and at 400 µm s−1)
were compared with a connected pattern without a
gap between the lines. Such a connected pattern is
conventionally used in printed CNT TFTs and does
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Figure 2. 2D optical thickness profiles of (a) lines printed without separation (connected lines), (b) separate lines printed at low
speed (100 µm s−1), and (c) separate lines with one, two, three, and four layers from left to right printed with a speed of
400 µm s−1. (d) The corresponding 1D thickness profiles across the lines for lines in (c). Dashed lines in (c) show the scanning
direction where the x–z coordinates were extracted from the 2D optical profile images. The coffee ring effect is most intense in
films with three layers. Log of on–off current ratio and field-effect mobility measured at Vd =−5 V (e) versus number of printed
lines at 400 µm s−1, and (f) versus printing speed for printed lines with three layers.

not exhibit clearly defined coffee ring lines in the
channel [7, 13, 44, 48].

Figures 3(a) and (b) show the transfer char-
acteristics for two-pass separate, one-pass separate,
and one-pass connected line patterns measured at
Vd =−2 V on logarithmic and linear scales, respect-
ively. From one-pass connected and one-pass separ-
ate and to two-pass separate line patterns, a shift of
threshold voltage (V t) toward negative gate voltage is

observed, andV t changes from11.4 V to 12V to 8.4 V.
The separate-line patterns result in deviceswith better
performance. From one-pass connected to one-pass
separate to two-pass separate lines, the field-effect
mobility increases from 1.1 to 1.5 to 5.7 cm2 V−1 s−1

and the on–off current ratio changes from 2.3× 105

to 8.2× 105 to 3.6× 105 at Vd = −2 V. These per-
formance metrics are summarized in table 1. One-
pass separate lines have the highest on–off current
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Figure 3. (a) Transfer characteristics of the three printing patterns at Vds =−2 V on a log scale. Dashed curves are gate current
for each printing pattern and colors are the same as in (b). (b) The same transfer characteristics on a linear scale with error bars
representing 8–11 devices. (c) Output characteristics of a representative transistor for each pattern, from top to bottom: one-pass
connected, one-pass separate and two-pass separate lines. (d) Field-effect (µfe) and low-field (µ0) mobilities and (e) width
normalized contact resistance (RcW) for the three patterns. The two-pass separate line pattern improves the devices in two ways:
increasing the low-field mobility of the carriers in the channel and decreasing the contact resistance.

ratio due to lower concentration of CNTs. With this
coffee ring methodology, with equal overall concen-
trations of CNTs (from one-pass connected to two-
pass separate), the device properties improve remark-
ably. However, the off-current and the gate leak-
age current increase slightly as well although the
CNT concentration remains unchanged from one-
pass connected to two-pass separate lines. Figure 3(c)
shows the output characteristics (IdVd) of one-pass
connected, one-pass separate and two-pass separate

line patterns from top to bottom, respectively. The
curvature in IdVd characteristics at lowVd in the one-
pass connected line pattern is an indication of a non-
ohmic contact [49], while the drain current does not
saturate at high Vd. Conversely, in devices with two-
pass separate line patterns, the linear regime has a
constant slope, and the drain current almost satur-
ates at high Vd. Devices with one-pass separate line
pattern also exhibit improved behavior compared to
one-pass connected lines.

7
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Table 1. Transistor performance metrics for different CNT
deposition patterns in the channel.

Pattern µfe (cm
2 V−1 s−1) Ion (A) V t (V)

One-pass connected 1.1 1.2× 10−5 11.4
One-pass separate 1.5 1.6× 10−5 12
Two-pass separate 5.7 4.9× 10−5 8.4

Two-pass separate lines pattern has an equal con-
centration of CNTs compared to one-pass connected
pattern. However, it demonstrates higher field-effect
mobility and current transporting capacity. To invest-
igate the device behavior further, we studied the chan-
nel and the contacts by calculating low-field mobility
and contact resistance. Using the Y-function method
(YFM), the width normalized contact resistance and
the low-field mobility of the three printing patterns
(two-pass separate, one-pass separate and one-pass
connected) were extracted. Low-field mobility is the
intrinsic carrier mobility (µ0) and field-effect mobil-
ity (µfe) is the carrier mobility in the presence of an
electric field which is influenced by contact effects.
The Y-function is defined as:

Y=
Id√
gm

=

√
W

L
Coxµ0Vd ×

(
Vg −Vt

)
(1)

where gm, W, L, Cox, and µ0 are transconductance,
transistor width and length, dielectric capacitance per
unit area (here SiO2), and low-field mobility, respect-
ively. Using the transfer characteristics in the linear
regime (Vd = −2 V) and from the slope and the y-
intercept of Y versus Vg, µ0 and Vt are extracted [50,
51]. Later, using equation (2), and by extracting the
x-intercept of 1√

gm
versus Vg −Vt, θ is extracted

1
√
gm

=
1+ θ

(
Vg −Vt

)√
W
L Coxµ0Vd

(2)

and,

θ = θ0 + θ∗ = θ0 +Gm ×Rsd (3)

where θ0 (≈ 0) , Gm and Rsd are the mobility reduc-
tion coefficient, the transconductance parameter and
the total source and drain resistanceswhich in the case
of identical electrodes is defined as:

Rsd = 2×Rc (4)

where Rc is the contact resistance associated with
one electrode. The Y-function allows the extraction
of contact resistance from individual devices. The
results in figures 3(d) and (e) show a remarkable
increase of both field-effect (derived from the trans-
fer characteristics) and low-field mobilities and the
decrease of contact resistance in the two-pass sep-
arate lines pattern compared to the other patterns.
The low-field mobility increases from 1.2 to 1.5 to
7.3 cm2 V−1 s−1 while the width normalized contact

resistance changes from 2.6 to 1.9 to 0.3 kΩ·cm for
one-pass connected, one-pass separate and two-pass
separate lines, respectively.

For the purpose of comparison, devices with
drop-cast CNTs were also fabricated and character-
ized. Inkjet printing is an efficient way of increas-
ing on–off current ratio compared to non-patterned
solution deposition techniques such as drop-casting.
However, it has been reported that the mobility usu-
ally decreases due to the decrease in the CNT con-
centration. Here, both criteria have been achieved.
Non-patterned drop-cast devices exhibit a mobility
of 7.5 cm2 V−1 s−1, and an on–off current ratio of
8.2× 102, at Vd = −5 V, while for two-pass separ-
ate line patterns, these figures are 5.7 cm2 V−1 s−1

and 3.6× 105, respectively. Not to mention that for
unpatterned drop-cast devices, the maximum gate
leakage current is 7.6× 10−5 A as opposed to the
much lower gate leakage current of 2.18× 10−10 A
achieved with printed two-pass separate lines.

To investigate the device behavior microscopic-
ally, AFM images of the channels of four printed pat-
terns were taken. The thickness profiles previously
shown in figure 2 represent the printed CNT chan-
nels before rinsing off the additives in the ink. The
un-rinsed profiles show the solute distribution across
the printed lines. After rinsing and annealing of the
samples, the CNTs remain on the surface as shown
in figure 4 with a thickness of a few nanometers as
the surface functionalization with PLL ensures the
adhesion of a thin layer of tubes to the surface [52].
Figure 4(a) shows the randomness of the tubes in the
channel in a one-pass connected pattern with no cof-
fee ring in the channel. Figure 4(b) shows one-pass
separate lines printed at low speed (100 µm s−1),
which has caused random high and low concentra-
tions of CNTs, while CNTs are not drawn to line
borders at the edges, as there is no well-defined cof-
fee ring. Blue arrows point to the line edges in each
image. The improved performance of one-pass sep-
arate lines printed at higher speed (400 µm s−1) can
be explained by the formation of distinguished lines
of interwoven CNTs in figure 4(c) where the tubes are
connected. Figure 4(d) shows AFM images of two-
pass separate lines, which doubles the overall con-
centration of CNTs compared with one-pass separ-
ate line patterns (figure 4(c)) and exhibits wider paths
of interwoven CNTs. These images along with results
in figure 3 and table 1, demonstrate a direct relation-
ship between the intensity of the coffee ring effect and
transistor performance.

Having nanotubes with different diameters
means having different regions with different
intrinsic mobility. In a nanotube network, differ-
ent lengths, diameters and chiralities determine the
intra-tube transport and they all contribute to the
average electronic properties. Moreover, the junc-
tions have a tremendous effect on the carrier trans-
port between the tubes, which manifests itself as
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Figure 4. AFM images of printed patterns of (a) one-pass connected lines, (b) one-pass separate lines printed at 100 µm s−1,
(c) one-pass separate lines printed at 400 µm s−1, and (d) two-pass separate lines printed at 400 µm s−1. A blue arrow shows the
printed line edges in (b)–(d). In (c) and (d), interwoven tubes can be observed on the line edges.

tube-to-tube resistance [53]. Tunneling between
two tubes apart from their energy band gaps also
depends on the angle of the junction [54]. The
angle determines the atomic structure at the junc-
tion, and when the tubes are in-registry, the junc-
tion resistance is low. Certain junction angles cause
the tubes to be in-registry [55]. When coffee ring
effect happens, as AFM images demonstrate, the
tubes form paths by getting entangled on the edge,
in other words, they get knit together forming paths
with lower resistance. This can increase the prob-
ability of tubes having an in-registry configura-
tion, therefore leading to a decrease in tube-to-tube
resistance and eventually the channel resistance.
The macroscopic manifestation of this effect is the
increase of mobility and decrease of contact resist-
ance measured through I–V characteristics of the
device.

It is noteworthy that in the one-pass connec-
ted line pattern (random network) the drain cur-
rent does not saturate at high drain voltages. This
behavior is characteristic of random network CNT
transistors, mainly due to the presence of metallic
tubes [44, 56]. However, the devices with coffee ring
induced alignment show an improved level of drain
current saturation. In fact, linear output curves at
low Vd and drain current saturation at high Vd have
been previously reported with spin-aligned CNTs in
solution-processed CNT transistors [57]. Here, CNT

alignment is achieved in bundles by printing the CNT
ink in separate lines with coffee ring. The alignment
of tubes along the channel length leads to an effective
shortening of the channel as each tube crosses a larger
portion of the channel. Furthermore, the formation
of CNT bundles decreases the tube-to-tube resistance
since there will be a higher probability of tubes hav-
ing an in-registry configuration where the tube–tube
junction angle is low [55]. Therefore, both on-current
and off-current increase in the two-pass separate line
patterns (figure 3(a)). However, this does not deteri-
orate drain current saturation (figure 3(c) bottom).
The reason is that the alignment of CNTs along the
channel increases the percolation threshold [58–61]
because it reduces the probability of the tubes, both
semiconducting and metallic, connecting with each
other (see schematics figure 1, line patterns in second
and third rows). Since the concentration of metal-
lic tubes is significantly lower than the concentra-
tion of semiconducting tubes (99.9% semiconduct-
ing tubes in the ink), this increase in percolation
threshold affects metallic tubes more strongly than
semiconducting tubes, which leads to an improve-
ment in current saturation, which is deteriorated by
metallic tubes in the random network. Therefore, the
simultaneous effects of alignment and bundling of the
CNTs along the channel lead to a decrease in the res-
istance while improving drain current saturation in
the devices.
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The inkjet printing with controlled speed that
induces the coffee ring effect not only changes the
low-field mobility in the channel, which is independ-
ent of contact effects, it also improves the contact res-
istance. Devices with connected line patterns exhibit a
Schottky barrier at the contacts, which is evident from
the non-linear output characteristics at low drain cur-
rent (figure 3(c)), while the aligned patterns are more
linear. As was discussed previously to explain the
high field effect mobility, the interwoven CNTs have
a more in-registry configuration compared to ran-
dom networks allowing better contact between metal
coated CNTs and the channel. Better alignment with
the channel alsomeans thatmore CNTs are in contact
with the source and drain electrodes lowering contact
resistance. Therefore, their contactwith the electrodes
becomes more ohmic [57]. This leads to better cur-
rent injection from the electrodes to the aligned CNTs
which is observed as a decrease in contact resistance.

4. Conclusions

With inkjet printing of the CNT transistor channel,
the CNT concentration is reduced, but the random-
ness of their distribution can be manipulated. While
ensuring both high mobility and high on–off cur-
rent ratio with inkjet printing is difficult, separating
the printed lines in the pattern and forming a cof-
fee ring results in considerable improvement in all
transistor properties. The coffee ring effect, which can
be controlled by printing speed and number of lay-
ers, regulates the CNT network in the channel. By
changing one-pass connected lines to one-pass sep-
arate lines and to two-pass separate lines, the field-
effect mobility extracted at the drain voltage of −2 V
increases from 1.1 to 1.5 to 5.7 cm2 V−1 s−1 and
the on–off current ratio changes from 2.3× 105 to
8.2× 105 to 3.6× 105. The YFM shows a higher low-
field channel mobility and lower contact resistance
caused by the coffee ring induced regulated tubes
comparedwith a randomCNTnetwork. These results
can be explained by the lower tube-to-tube resistance
of CNTs in the thicker line edge regions with inter-
woven CNTs for separate line patterns compared to
connected lines. With these capabilities, inkjet print-
ing is a promising technique to form CNT channels
in TFTs. Inkjet printing of functional inks offers flex-
ibility over pattern design and control over mater-
ial distribution. Future work can be done on redu-
cing the droplet volume and varying environmental
conditions such as temperature and substrate surface
roughness to further control the inkjet printing of the
channel. We hypothesize that a similar effect could
be achieved on other substrates, but it may require
further optimization of the printing parameters and
surface functionalization. Understanding and con-
trolling these fluidic, surface-related, and thermody-
namic aspects are critical for optimizing inkjet print-
ing processes. Further scientific investigation into the

interplay of these factors can lead to enhanced con-
trol over the deposition patterns, ultimately improv-
ing the uniformity and performance of printed elec-
tronic devices.
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