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ABSTRACT: Single-walled carbon nanotube (SWCNT) random networks
have become strong candidates for next-generation electronics due to their
exceptional mechanical, electrical, and optical properties. However, metallic
nanotubes in networks generally incur a trade-off between the charge carrier
mobility and on/off ratio, limiting the performance of SWCNT-based devices.
Therefore, various methods to increase the purity of semiconducting
nanotubes in entire random networks have been reported, but this direction
has faced other issues, such as nanotube shortening, higher cost, and higher
energy. Here, we introduce SWCNT random network-based thin-film
transistors (SWCNT TFTs) with a varying purity profile of semiconducting
SWCNTs across the channel, exploiting the superior mobility of metallic
SWCNTs by partially tuning the semiconducting SWCNT purity and
developing a novel perspective on metallic nanotubes in semiconductor
channels. Based on the high-precision drop-on-demand capability of inkjet
printing and various concentrations of semiconducting SWCNT ink, we form selectively patterned channel regions with different
semiconducting SWCNT purities. The metallic nanotube-dominant region drastically increases the carrier density with a minimized
Schottky barrier, while high-purity semiconducting regions at the channel boundaries effectively block off-state leakage through
carrier depletion. As a result, the SWCNT TFTs with selectively patterned metallic nanotube regions show superior carrier mobility
(75.50 cm2 V−1 s−1) and channel width normalized on-current (34.33 nA μm−1) without compromising the on/off ratio (1.62 ×
107). To show the feasibility of our device in high-performance electronics, we demonstrate all-inkjet-printed flexible display driving
circuits with two transistors that enable low-power, high-performance operation in display applications.
KEYWORDS: single-walled carbon nanotube, thin-film transistor, channel purity engineering, energy band engineering, inkjet printing,
percolation pathway

■ INTRODUCTION
In recent years, single-walled carbon nanotube (SWCNT)
networks have drawn significant interest in both industry and
academia for their impressive mechanical, electrical, optical,
and thermal properties.1−5 In particular, their customized
processability,6−9 superior electrical charge carrier mobi-
lity,10,11 and low Schottky barrier (SB) with metal electro-
des12−14 are the most favorable for transistors for next-
generation electronics. However, metallic SWCNTs (M-
CNTs) randomly distributed in as-grown SWCNT networks
form leakage paths while boosting the carrier mobility, creating
a strong and long-standing trade-off between the carrier
mobility and on/off ratio.15,16 In this regard, many efforts have
been made to completely eliminate M-CNTs from channels via
sorting methods such as density gradient ultracentrifugation,17

gel chromatography,18 DNA wrapping,19 dielectrophoresis,20

and conjugated polymer wrapping.21 However, these methods

generally require high energy and costs or cause other
performance issues arising from nanowire shortening.
Furthermore, homogeneous, isotropic random networks of
even highly purified semiconducting SWCNTs (S-CNTs) still
cannot enhance the performance due to the limited carrier
density of S-CNTs themselves and junction-induced mobility
degradation. To alleviate these issues, anisotropic or additional
geometries have been employed in channel regions, such as
network density profiles,22 nanotube alignment,23 and double-
gate structures.9 However, they are still uncompetitive
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compared to industrial transistors in terms of both perform-
ance and fabrication complexity, limiting a window of
performance engineering around the previous trade-off curve.

In this work, we report a universal, scalable, and highly
customizable method for SWCNT thin-film transistors (TFTs)
that offers a wide spectrum of performance engineering far
deviated from the previous upper bound. Unlike previous
approaches that exclude M-CNTs, we partially utilize the
superior carrier mobility of M-CNTs in a random network by
introducing a spatially varying purity profile of S-CNT across
the channel. Specifically, we engineer the S-CNT purity of the
channel center differentiating the M-CNT content of the area.
At the source/drain (S/D) junction areas, S-CNT dominant
channel (SDC) areas are formed. At the middle of the channel,
an additional M-CNT is printed and forms an M-CNT added
channel (MAC) area, where an excessive amount of M-CNTs
significantly increases the carrier concentration by forming a
percolation pathway.24 Therefore, the MAC acts as a highly
carrier-doped semiconductor with a narrow bandgap, facilitat-
ing hole transport and thereby resulting in higher on-current
and carrier mobility. At the same time, the SDC areas at the
channel boundaries act as depletion regions under reverse bias,
efficiently blocking the off-state leakage current. Varying the S-
CNT purity of the channel center allows us to continuously
adjust the device performance of semiconducting purity

modulated SWCNT TFTs (SPM-TFTs) such as on-current
(Ion), off-current (Ioff), and mobility by controlling the MAC
fabrication parameters such as the purity and density of M-
CNTs. As a result, the device with optimized MAC parameters
achieves remarkably high hole mobility (75.50 cm2 V−1 s−1)
and a channel width (W) normalized on-current (Ion/W) of
34.33 nA μm−1 while maintaining an extremely low channel
width normalized off-current (Ioff/W) of 2.09 fA μm−1 and
consequently a high on/off ratio (1.62 × 107). With tailored
performance modification of SPM-TFTs, we also demonstrate
an all-inkjet-printed flexible display driving circuit with two
TFTs with different channel S-CNT purity, which has a higher
maximum on-current and fine switching performance, high-
lighting the feasibility of our approach in industrial
applications.

■ RESULTS AND DISCUSSION
Concept and Morphology of the SPM-TFTs. Figure 1a

and b illustrate the concept and structure of our SPM-TFTs.
The channel region was first formed by uniformly printing
highly purified S-CNT ink (99%). The channel center’s CNT
content is then adjusted by additionally printing CNT ink from
90% purity S-CNT ink (which stands for 10% M-CNT) to
70% M-CNT ink. Accordingly, the SDC regions with fixed
high S-CNT purity were located at the boundaries of the

Figure 1. (a) Conceptual illustration of an all-inkjet-printed SPM-TFT on a flexible PEN substrate and (b) additionally printed M-CNT area in the
SPM-TFT channel. (c) Gradation of the S-CNT and M-CNT purity along the channel direction and (d) energy band diagram of the SPM-TFT
according to the M-CNT ratio in the MAC area. (e) Conceptual transfer curves showing the Ion increase and Ioff decrease in the SPM-TFT
according to the M-CNT ratio in the MAC area.
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channel, containing a minimized amount of M-CNTs. The
entire manufacturing process was based on inkjet printing,
which allowed us to automatically and precisely define the
geometries and levels of the SDC and MAC areas at a spatial
resolution of 5 μm and a volume resolution of 10 picoliters.
Figure 1c shows the S/M-CNT purity across the channel.
While the SDC region maintains high-purity S-CNTs, the
MAC region has a higher ratio of M-CNTs with lower S-CNT
purity due to the additional printing of M-CNTs. The effect of
the patterned M-CNT on the energy band structure is
schematically illustrated in Figure 1d. As the S-CNT purity
in the MAC decreases, increased M-CNTs form more
percolation pathways, which gradually narrows the bandgap
of the MAC.25 For the SDC regions, the M-CNT depletion
ensures a wide bandgap. In the on-state, a large number of
carriers in the MAC increases carrier mobility and on-current.
Furthermore, the anisotropic bandgap profile along the
channel direction induces a large potential drop across the
SDC areas and makes the SB between the S/D and the channel
sharper and thinner, which facilitates hole tunneling and
transport in the on-state (Figure 1e). In the off-state, the large
bandgap of the SDC and carrier depletion due to the extremely
low M-CNT content efficiently block electron injection and
prevent an unwanted leakage current.

The morphology of the SDC and MAC was first
characterized by scanning electron microscopy (SEM) (Figure
2a,b). The interface between the SDC and MAC in the SEM
image clearly shows a stepwise increase in the CNT density.
The calculated areal coverages of SWCNTs in the SDC and
MAC areas are 52.2% and 71.2%, respectively, showing the

distinct density difference between the two regions (Figure
S1). Since M-CNTs and S-CNTs are indistinguishable in SEM
images, we further carried out Raman spectroscopy to spatially
characterize the metallicity in the channel. Compared to the
SDC, the average spectra taken from the MAC show clear
differences in the radial breathing mode (RBM) and G− band.
For the RBM (100−300 cm−1), a specific peak at
approximately 172 cm−1 is observed, indicating that CNTs of
a specific diameter are concentrated in the MAC region.20,26 In
addition, the Raman spectra taken from the MAC region show
a clear and broad G− band (1560−1580 cm−1), showing
distinct chirality27 and stronger electron−phonon coupling of
M-CNTs (Figure 2c,d). The strong electron−phonon
interaction in M-CNTs causes Kohn anomalies28 in the
phonon dispersion, and the low-frequency component of the
G− subband arises. Figure 2e and f show the spatial mapping of
integrated intensities from 162 to 182 cm−1 and over the G−

band in the channel, which clearly shows the high portion of
M-CNTs in the MAC.

Effect of the MAC Purity, Length, and Density. We
characterized the transfer characteristics of the SPM-TFTs and
compared them with those of uniform density and purity
devices. To minimize the effect of fabrication parameters other
than the density and purity profiles of the SWCNT channel,
the devices were fabricated on a heavily doped p-type silicon
wafer with a 200-nm-thick-grown dioxide layer. The channel
width (W) and length (L) were fixed at 300 and 300 μm,
respectively. We first compared three reference TFTs (RTFTs)
with uniform purity S-CNTs, which contained 99%, 90%, or
30% S-CNTs (99-RTFT, 90-RTFT, 30-RTFT). The 99-RTFT

Figure 2. (a) Conceptual morphology of the selectively metalized channel and (b) SEM image of the channel area showing a boundary between
MAC and SDC areas. Raman spectra taken with a 521 nm laser of the (c) RBM and (d) G band. Spatial map of the MAC and SDC areas obtained
from integrated intensities (e) from 162 to 182 cm−1 and (f) from 1560 to 1580 cm−1.
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and 90-RTFT were made by printing 99% and 90% purity S-
CNTs, respectively, and the 30-RTFT was fabricated by
printing 70% purity M-CNTs over the entire channel area.
Different ink compositions are identified by ultraviolet−visible
(UV−vis) spectroscopy (Figure S2). In these uniform TFTs,
as the purity of S-CNTs decreases, the rise in Ioff is much
greater than that in Ion, resulting in a reduced on/off ratio.
Additionally, a severe shift of the threshold voltage (VTH)
around 2 V is observed in the case of a low S-CNT purity
device. In the case of the 30-RTFT, the device almost loses its
transistor characteristics due to the rapid rise in Ioff (Figure 3a,
Table 1).

However, the effect of M-CNTs is different in the case of the
SPM-TFTs. For the SPM-TFTs, a fixed S-CNT purity of 99%
was used to form the SDC areas, and two different M-CNT
inks of 10% and 70% were additionally printed at MAC (10-
SPM-TFT, 70-SPM-TFT). The 10-SPM-TFT shows low Ioff
(1.20 pA), which corresponds to an Ioff/W of 3.99 fA μm−1 and

excellent switching behavior, including low VTH and subthres-
hold swing (SS). The device also exhibits good on-state
characteristics in terms of Ion (2.12 μA), which corresponds to
an Ion/W of 7.08 nA μm−1 and mobility of 25.01 cm2 V−1 s−1,
which is 3.5 times higher than that of the 99-RTFT, achieving
an on/off ratio of 1.86 × 106. The performance enhancement is
even more pronounced in the case of the 70-SPM-TFT. The
70-SPM-TFT shows notable Ion (10.30 μA), which corre-
sponds to an Ion/W of 34.33 nA μm−1 and fine mobility of 75.5
cm2 V−1 s−1, 16 and 12 times higher than those of the 99-
RTFT while maintaining low Ioff (Ioff = 0.63 pA, Ioff/W = 2.09
fA μm−1) and great switching performance comparable to that
of the 99-RTFT. That is, as the M-CNT concentration of the
MAC increases in SPM-TFTs, Ion and mobility also increase
without compromising the off-state properties. As a result, the
SPM-TFT shows a surprising on/off ratio of 1.62 × 107.

The influence of the MAC length and density was further
investigated by varying the printing area and the printing drop

Figure 3. (a) Typical transfer characteristics of reference TFTs and SPM-TFTs. Transfer curves depending on the (b) MAC length (120, 170, and
220 μm) and (c) drop density in the MAC (625, 2500, and 10,000 mm−2). (d) Relationship between the on/off ratio and mobility of SWCNT
TFTs in previous studies and SPM-TFTs.

Table 1. Major Electrical Characteristics of the RTFTs, SPM-TFTs, and Ag-MAC-TFT

99-RTFT 90-RTFT 30-RTFT 10-SPM-TFT 70-SPM-TFT (best/average) Ag-MAC-TFT

mobility (cm2·V−1·s−1) 6.34 44.20 29.41 25.01 75.5/63.57 ± 10.30 27.9
Ion (μA) 0.65 7.69 11.00 2.12 10.30/7.39 ± 1.68 2.95
log10(Ion/Ioff) 5.43 4.90 0.50 6.27 7.21/6.62 ± 0.28 5.85
Ioff (pA) 2.44 25.31 7.20 (μA) 1.20 0.63/2.02 ± 1.23 4.17
SS (mV/decade) 182.44 1856.70 46.28 (V/decade) 204.29 90.80/193.21 ± 0.14 198.68
VTH (V) 1.30 15.00 1.55 2.8/2.21 ± 1.89 1.69
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density (DD), which is an inkjet-printer-controlled droplet
number per 1 mm2. First, to explore the change in the
performance with the MAC length, devices with varying MAC
lengths of 120, 170, and 220 μm were fabricated under a fixed
total channel length of 300 μm (Figure 3b). As the MAC
length increases, the Ion of the device gradually increases while
maintaining a comparatively low Ioff. In addition, we varied the
DD of the M-CNT ink from 625 mm−2 to 10,000 mm−2 to
investigate the influence of the M-CNT density under a fixed
MAC length (220 μm). As shown in Figure 3c, the SPM-TFT
fabricated under a DD of 10,000 mm−2 has the highest Ion.
Namely, the performance enhancement is maximized as the
MAC length and density increase. As a result, the optimized
70-SPM-TFT (n = 15, MAC length = 220 μm, DD = 10,000
mm−2) shows the best performance (Ion = 7.39 ± 1.68 μA,
mobility = 63.57 ± 10.30 cm2 V−1 s−1, Ioff = 2.02 ± 1.23 pA,
on/off ratio = 4.17 × 106±0.28), with high reproducibility
(Figure S3 and Table 1). These values correspond to a more
than 11 times higher Ion, a 10 times higher mobility, and a 70
times higher on/off ratio compared to the 99-RTFT. Figure 3d
compares the mobilities and on/off ratios of SWCNT TFTs in
the literature.4,6,7,22,29−52 Previously reported TFTs based on
SWCNT random networks exhibit a strong negative
correlation between the mobility and on/off ratio. In contrast,
our SPM-TFTs are located completely away from the trade-off
trend area, simultaneously exhibiting the highest mobility and
on/off ratio.

In order to investigate the unique characteristics of SPM-
TFTs, two transistors connected in series with the connecting
electrode length the same as the MAC length of 220 μm were
fabricated in order to distinguish the difference between SPM-
TFT and serially connected two short-channel TFT. Since the
fabricated device has the same structure and fabrication
process as the SPM-TFT except that Ag was printed for its
MAC, it is referred to as a Ag-MAC-TFT. Although the Ag-
MAC-TFT shows enhanced performance (Ion = 2.95 ± 0.54
μA, mobility = 27.9 ± 6.0 cm2 V−1 s−1) compared to the
RTFTs, the increase is much lower than that in the SPM-TFT
(Figures S3a,b, Table 1). The limited performance of Ag-
MAC-TFT will be further discussed in the mechanism part.
Furthermore, a single transistor with a short channel length
(80 μm) that is the same as the sum of the SDC lengths of
SPM-TFT was compared to the SPM-TFT (Figures S3c). In
this case, the SPM-TFT clearly showed a higher on/off ratio of
3.98 × 106 compared to 1.70 × 106 of the short-channel
transistor. The higher performance of the SPM-TFT is
attributed to the low Ioff without any side effects. Furthermore,
a VTH shift of more than 2 V was observed in single-transistor
devices, which is a chronic problem of SWCNT TFTs caused
by a decrease in percolation threshold as the channel is
shortened. The Ioff and VTH shift retention performance of
SPM-TFT is due to additional Schottky barriers existing
between SDC and MAC inside the channel suppressing the
carrier transporting under the off-state.

Transport Mechanism and Energy Band Profiles of
the SPM-TFTs. We have demonstrated that the SPM-TFTs
simultaneously show extremely high Ion and low Ioff. These
unique characteristics can be explained by the transport
mechanism53 of S/M-CNTs and the energy band profile
modulated by selectively patterned M-CNTs in the channel. In
the SWCNT-based channel, the current induced by hole
carrier hopping is strongly facilitated by charged M-CNTs
since M-CNTs work as a shortcut for carriers to move along

the channel direction. Figure 4a and b compare the SWCNT
random networks without and with MAC. The 99-RTFT

contains a minimized amount of M-CNTs, where the carrier
mobility is limited due to the lack of connected paths of M-
CNTs (Figure 4a). In other words, the long distance between
M-CNTs makes the carrier hopping from one M-CNT to
another difficult. In the case of the SPM-TFT, the MAC
contains an excessive amount of M-CNTs which is higher than
the percolation threshold, thus forming spanning clusters
(Figure 4b). These highly conductive paths promote carrier
mobility and Ion in the on-state. Additionally, in the off-state,
the SDC becomes a carrier depletion region that effectively
suppresses the leakage current. Namely, the MAC improves
Ion, while the SDC maintains a low Ioff.

To further explore the working principle of SPM-TFT in
more detail, a conceptual equivalent energy band diagram
model assuming M-CNT as a narrow bandgap material is
deliberated in Figure S3a−c. Figure S3a shows the energy band
diagram of the RTFTs made of high-purity S-CNTs. The wide
bandgap of S-CNTs forms a high and thick SB, which blocks
hole tunneling from the source to the channel. In contrast, for
the equivalent model of the SPM-TFTs, the SB between the S/
D and channel is sharper and thinner due to the large potential
drop across the SDC in the on-state, which results from the
bandgap difference between the SDC and MAC assuming M-
CNT as a narrow bandgap material (Figure S3b).12,15 This
sharp, thin SB facilitates hole tunneling from the source to the
channel, inducing high Ion. Once the carriers flow into the
MAC, they are efficiently transported through the highly
conductive M-CNT network. The mechanism is also verified
through the experimental results, where the SPM-TFTs with a
shorter SDC and a denser MAC show higher Ion. In the off-
state, two leakage mechanisms, i.e., thermionic hole transport
at intermediate VG and electron tunneling at high VG, exist. For
the RTFTs, as the concentration of M-CNTs increases, the SB
height decreases, facilitating carrier transport and resulting in
high Ioff. Accordingly, the 99-RTFT exhibits the highest SB and
consequently the lowest leakage current. The SPM-TFT has
the same advantage as the 99-RTFT since it also contains two
SDC regions at the S/D junction (Figure S3b). These SDCs
form a high potential barrier that efficiently blocks hole
tunneling from the source at intermediate VG and electron
injection into the drain at high VG.

Another reason that the SPM-TFTs can achieve maximized
carrier mobility is that the M-CNTs inside the MAC form a
minimized SB57 with the S-CNTs (half of the bandgap of S-
CNTs)15 because of their identical Fermi levels. In contrast,
other metals would form a heterojunction with S-CNTs with a
higher SB,54 limiting carrier transport between the metallic and
semiconducting area. To investigate the effect of the SB height,
we compared the performance of Ag-MAC-TFT and SPM-
TFT. The Ag metal was selected due to its printing

Figure 4. Conceptual illustration of S-CNT and M-CNT dispersions
in the channels of the (a) 99-RTFT and (b) 70-SPM-TFT.
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processability. Although the Ag-MAC-TFT shows enhanced
Ion and mobility performance compared to the RTFTs, the
increase is much lower than that in the SPM-TFT (Figure S4,
Table 1). The limited performance of the Ag-MAC-TFT can
be attributed to the high SB formed between the S-CNT-based
SDC and Ag-MAC that arises from the difference between the
work function of Ag (∼4.2 eV) and the Fermi energy of CNTs
(∼4.5 eV)55,56 (Figure S3c). As a result, the high and thick SB
disturbs the carrier transport at the interface between the SDC
and Ag-MAC, leading to lower Ion and mobility.

We also extracted the channel sheet resistance (Rs) and
contact resistance between the S/D and channel (Rc) of the
SPM-TFT and Ag-MAC-TFT with the Y-method58,59 to verify
the SB height difference (Figure S5). Unlike Rc, which is
similar for SPM-TFT and Ag-MAC-TFT, the Rs of the SPM-
TFT is approximately seven times smaller than that of the Ag-
MAC-TFT, which can be attributed to the SB height difference
between S-CNT/M-CNT and S-CNT/Ag.

Simulation for All-Inkjet-Printed Display Driving
Circuits Using SPM-TFTs. To show the feasibility of our
SPM-TFTs in high-performance electronics, we demonstrated
all-inkjet-printed display driving circuits without storage
capacitors using SPM-TFTs on flexible substrates. All
deposition processes of electrodes, dielectrics, and channel
layers were conducted by inkjet printing on a flexible
polyethylene naphthalate (PEN) substrate. Appropriate
performance tuning of SPM-TFTs was achieved for meeting
different requirements of driving transistors (DT) and
scanning transistors (ST) without additional fabrication
processes or size expansion, whose advantages were properly
verified by experiments and simulation. Figure 5a and b show a

schematic and an optical image of the fabricated driving circuit.
Typically, the display driving circuit consists of an array of two
transistors and a single capacitor as a group (Figure 5a). When
the ST is turned on, VDATA is delivered to the VG node of the
DT. Then, the voltage difference between VDD and VG is stored
in a capacitor, turning on the LED at the desired brightness
regardless of the VDATA.

To verify the superiority of the driving circuits using our
SPM-TFTs, three circuits comprising different DTs of a 99-
RTFT (W/L = 300/300 μm), a 99-RTFT (W/L = 600/300
μm), and an SPM-TFT (W/L = 300/300 μm) were fabricated,
which were referred to as the reference circuit, wide-reference
circuit, and SPM-TFT circuit, respectively. The same 99-RTFT
(W/L = 300/300 μm) was used for an ST. Figure 5c compares
the IDD−VDATA characteristics of the three different driving
circuits at a VDD of 1.1 V (Figure S6). Although the wide-
reference circuit shows an increased on-state IDD due to the
doubled width of the DT compared to the reference circuit, it
inevitably compromises the spatial resolution in display
applications. In contrast, the SPM-TFT circuit exhibits the
highest IDD (2.67 μA), 22 times higher than that of the
reference circuit, without sacrificing other electrical properties
or requiring extra space. Accordingly, the SPM-TFT circuit can
maximize the luminance of the white color displayed by the
OLED with a low-power operation.

Furthermore, since it was difficult to fabricate the storage
capacitor through the solution process, we simulated a 60 Hz
active-matrix white−black display with data gathered from the
ST, DT, and virtual storage capacitor to verify the effect of the
improved performance of the driving circuits on the display
operation when using SPM-TFTs. We compared two circuits

Figure 5. (a) Conceptual illustration and schematic of the display driving circuit and (b) optical image of the fabricated driving circuit on a flexible
PEN substrate. (c) IDD−VDATA characteristics of the reference, wide reference, and SPM-TFT as a DT and optical image of the fabricated driving
circuit array. For a 60 Hz active matrix white−black display, simulation results of circuits A (using RTFT) and B (using SPM-TFT) in terms of the
(d) voltages, (e) voltage change within a single frame, and (f) current fluctuation within a single frame at the VG node.
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based on RTFTs and SPM-TFTs. Circuit A comprised a 99-
RTFT (W/L = 300 μm/300 μm) for an ST and a 99-RTFT
(W/L = 600 μm/300 μm) for a DT. In circuit B, a 10-SPM-
TFT (W/L = 300 μm/300 μm) was used for an ST requiring
low Ioff and a 70-SPM-TFT (W/L = 300 μm/300 μm) was
used for a DT requiring high Ion (Table 2). The transfer curves

of the unit TFTs for the simulation were fitted based on the
measured data (Figure S7). Figure 5d−f presents the
simulation results of turning the display on (VDATA = −5 V)
and off (VDATA = 10 V) repeatedly showing VG over time
according to the output current change of the ST. The
simulation assumed a display driving circuit with 1080 lines,
turning on and off the LED at a frequency of 60 Hz for one of
the lines. Accordingly, the VDD value was fixed at 10 V and the
VSCAN value repeated the operation of turning the ST on (−10
V) for 0.0155 ms and off (5 V) for 16.68 ms (simulation
details in Figure S7). In the case of the black display as
enlarged in Figure 5e, as VDATA abruptly drops from 10 V to
−5 V in the middle of a single frame, a VG drop occurs due to
the large VDS of the ST. Circuit A with a higher Ioff of the ST
suffers from a larger voltage drop of close to 0.4 V than that of
circuit B (0.2 V), and this voltage drop leads to a sharp IDD
upswing of 72 pA (Figure 5f), which can cause a luminance
change in a single black frame, i.e., a flicker, which is a critical
issue in practical display devices. In contrast, circuit B with a
lower Ioff of the SPM-TFT for the ST suffers less voltage drop
and efficiently suppresses the IDD increase to 31 pA. Also,
circuit B shows a much higher IDD with a smaller width of the
channel than reference circuit A (Figure S8). The simulation
results reveal that the display driving circuit with SPM-TFTs
can maximize the luminance and minimize the flicker issue,
highlighting that our approach can significantly improve the
performance of practical display applications.

■ CONCLUSION
We have demonstrated all-inkjet-printed SWCNT TFTs with
continuous performance tunability which shows high Ion/W
(34.33 nA μm−1), high mobility (75.5 cm2 V−1 s−1), and low
Ioff/W (2.09 fA μm−1) simultaneously at optimized conditions.
They have a spatially distinguished S-CNT purity profile across
the channel, where the SDC areas contain highly purified S-
CNTs at the channel boundaries and the MAC area contains
lower purity S-CNTs with a larger M-CNT ratio in the middle
of the channel. The M-CNTs in the MAC form highly
conductive percolation networks with a minimized SB,
facilitating hole transport in the on-state. Furthermore, the
MAC leads to sharp and thin SBs at the channel boundaries,
facilitating hole tunneling from the S/D to the channel. In
contrast, the high and thick SB formed by the SDC areas,
which act as depletion regions, efficiently block hole tunneling
and electron injection in the off-state. Compared to the
literature, our method offers high tunability in the performance
of SWCNT TFTs with a simple process, consequently

breaking the conventional negative trade-off between the
mobility and on/off ratio. Based on the SPM-TFTs, we
successfully demonstrated all-inkjet-printed flexible display
driving circuits on a flexible PEN substrate. The channel S-
CNT purity profiles of the DT and ST were adequately
engineered according to the required transfer characteristics.
The experimental and simulation results reveal that our SPM-
TFTs can significantly contribute to higher maximum
luminance, higher contrast ratio, and lower power con-
sumption in display applications.

Although the electrical performance has improved dramat-
ically through the SPM-TFT structure, there is a limit that it
has a relatively long channel length of 300 μm compared to
commercialized transistors. But when incorporated with higher
resolution printing technologies such as electrohydrodynamic
printing, the SPM-TFTs with a shorter channel length could be
realized, which can further push up on-state performances
without compromising off-state stability. We believe that our
study offers a new blueprint for modulating the properties of
SWCNT channels and leads SWCNT TFTs toward
commercial use in the field of high-performance electronics.

■ EXPERIMENTAL SECTION
Materials for the SPM-TFT. Isopropyl alcohol (IPA, Daejung

Chemicals & Metals Co.) and acetone (Daejung Chemicals & Metals
Co.) were sequentially used without any purification for cleaning the
substrate. Silver ink (JET 004T, Kunshan Hisense Electronics Corp.)
was printed to form source, drain, and gate electrodes. Aqueous poly-
L-lysine (PLL) solution (0.1% (w/v) in H2O, Sigma−Aldrich Corp.)
was utilized to amine-functionalize the substrate surface. Semi-
conducting single-walled CNT solutions of 90%, 95%, and 99% purity
(IsoNanotube-S, Nanointegris Corp.) and metallic single-walled CNT
ink of 70% purity (IsoNanotube-M, Nanointegris Corp.) were used to
form the channels of the TFTs. All CNTs have a diameter range of
1.2−1.7 nm, mean diameter of 1.4 nm, and mean length of ∼0.5 μm
for IsoNanotube-M and ∼1 μm for IsoNanotube-S inks according to
the provided technical data sheet.

Fabrication of SPM-TFTs. Heavily doped p-type silicon with a
200-nm-thick thermally grown silicon dioxide layer was used as a
substrate for the devices. A piezoelectric inkjet printer (DMP-2831,
Fujifilm Dimatix Corp.) was used to print every layer of the devices.
The silicon substrate was sequentially bath ultrasonicated in acetone
and IPA for 5 min each. Before printing, the substrate underwent UV
ozone treatment for 5 min to form hydroxyl groups (−OH) on the
silicon dioxide layer. Then, an amine-terminated surface was formed
by drop casting a PLL solution on the surface for 5 min and rinsing
the substrate with deionized (DI) water for 1 min to remove the
remaining solution except for the PLL bound to the hydroxyl groups.
The SWCNT ink was inkjet-printed to form an SWCNT random
network on the oxide layer, followed by DI rinsing of 30 s to remove
weakly bonded SWCNTs and residual surfactants. The process of
printing and rinsing was repeated until the desired network density
was achieved. S-CNT ink of 90% and 99% purity and 70% purity M-
CNT ink were printed three times (DD = 625 mm−2) to fabricate the
different types of reference uniform purity TFTs. To fabricate the
SPM-TFTs, 99% purity S-CNT ink was first printed (DD = 625
mm−2) and rinsed three times, and 70% purity M-CNT ink (DD =
10,000 mm−2) was additionally printed on a middle area of the
channel and the S/D contact regions. M-CNT printing also involved
the same printing and rinsing process and was conducted three times
with a reduced rinsing time of 10 s. After printing the SWCNT layer,
the substrate was annealed at 110 °C for 30 min on a hot plate to
remove residual water molecules on the surface. After annealing, silver
ink was inkjet-printed (DD = 816 mm−2) at the desired position and
annealed at 120 °C for 30 min on a hot plate to form S/D electrodes.

Fabrication of Ag-MAC-TFTs. The cleaning and surface
treatment processes were the same as those for SPM-TFTs. In the

Table 2. Simulation Conditions of Circuits A and B for the
ST and DT of the Display Driving Circuit

circuit A circuit B

ST 99-RTFT (W/L = 300 μm/300
μm)

10-SPM-TFT (W/L = 300 μm/
300 μm)

DT 99-RTFT (W/L = 600 μm/300
μm)

70-SPM-TFT (W/L = 300 μm/
300 μm)
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case of the Ag-MAC-TFT, which is two transistors connected in series
with the connecting electrode length the same as the MAC length of
220 μm, 99% purity S-CNT ink was first printed (DD = 625 mm−2),
rinsed three times, and annealed under the same conditions as for
SPM-TFTs. Then, silver ink was inkjet-printed (DD = 816 mm−2) on
the middle region of the channel in addition to at the S/D electrode
positions and annealed at 120 °C for 30 min on a hot plate.

Materials for the All-Inkjet-Printed Flexible Driving Circuit.
IPA (Daejung Chemicals & Metals Co.) and acetone (Daejung
Chemicals & Metals Co.) were sequentially used without any
purification for cleaning the substrate. Silver ink (JET 004T, Kunshan
Hisense Electronics Corp.) was printed to form source, drain, and
gate electrodes. For the dielectric layer, a polyvinylpyrrolidone (PVP)
solution made of 10 wt % PVP powder (average molecular weight Mn
∼ 25,000 g mol−1, Sigma−Aldrich Corp.) and 2 wt % poly(melamine-
co-formaldehyde) (Mn ∼ 432 g mol−1, Sigma−Aldrich Corp.)
dissolved in propylene glycol methyl ether acetate (≥99.5%,
Sigma−Aldrich Corp.) was used. Poly(melamine-co-formaldehyde)
was added as a cross-linking agent to increase the capacitance and
reduce hysteresis. Aqueous PLL solution (0.1% (w/v) in H2O,
Sigma−Aldrich Corp.) was utilized to amine-functionalize the
substrate surface. Semiconducting single-walled CNT solutions of
90%, 95%, and 99% purity (IsoNanotube-S, Nanointegris Corp.) and
metallic single-walled CNT ink of 70% purity (IsoNanotube-M,
Nanointegris Corp.) were used to form the channels of the TFTs.

Fabrication of the All-Inkjet-Printed Flexible Driving
Circuit. The driving circuit was fabricated on a 125-μm-thick PEN
substrate. The PEN substrate was sequentially cleaned with acetone
and IPA for 5 min each in an ultrasonic bath. After cleaning, the
substrate was soft-baked in an oven for 1 h. Silver ink was first printed
(DD = 816 mm−2) on the cleaned substrate and annealed at 120 °C
for 30 min on a hot plate to form a gate electrode. Next, a dielectric
layer was formed by printing two layers of PVP solution (DD = 2500
mm−2). The substrate was sequentially annealed on a hot plate after
printing each layer at 100 °C for 30 min and 200 °C for 20 min to
enhance the cross-linking of PVP. The channel, S/D electrodes, and
circuit electrodes were inkjet-printed in turn with the same method as
that for SPM-TFTs.

Characterization and Simulation. The electrical properties of
the TFTs were measured by a semiconductor parameter analyzer
(4145B, Agilent Technologies) at room temperature in a dark box
and air atmosphere. SEM (S-4800, Hitachi, and Sigma 300, ZEISS)
was used to obtain surface images of the SWCNT channel network.
Raman spectroscopy was conducted with an XperRam 200 instrument
(Nanobase, Inc.) with a 40× objective lens and a laser excitation
wavelength of 532 nm under ambient conditions at room temperature
to analyze the metallicity of SWCNTs across the channel. A
simulation program with integrated circuit emphasis (SmartSpice,
Silvaco) was used to model and simulate the performance of the
display driving circuit with two transistors and one capacitor.

Mobility Extraction. Mobility at the linear region is extracted
from eq 1.

= [ ]I
W

L
C V V V V

2
2( )DS ox GS TH DS DS

2
(1)

In our study, channel width (W) and length (L) are fixed parameters
since they are defined with the inkjet-printing process. The
capacitance of the dielectric layer (Cox) and VDS are also fixed
parameters of 17 nF/cm2 and −1 V since every transistor except for
the display driving circuit uses a SiO2 dielectric and uniform VDS. VTH
is calculated with the gm, max method.
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