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ABSTRACT: Semiconducting single-wall carbon nano-
tubes are ideal semiconductors for printed electronics due
to their advantageous electrical and mechanical properties,
intrinsic printability in solution, and desirable stability in
air. However, fully printed, large-area, high-performance,
and flexible carbon nanotube active-matrix backplanes are
still difficult to realize for future displays and sensing
applications. Here, we report fully screen-printed active-
matrix electrochromic displays employing carbon nanotube
thin-film transistors. Our fully printed backplane shows high electrical performance with mobility of 3.92 ± 1.08 cm2 V−1

s−1, on−off current ratio Ion/Ioff ∼ 104, and good uniformity. The printed backplane was then monolithically integrated with
an array of printed electrochromic pixels, resulting in an entirely screen-printed active-matrix electrochromic display
(AMECD) with good switching characteristics, facile manufacturing, and long-term stability. Overall, our fully screen-
printed AMECD is promising for the mass production of large-area and low-cost flexible displays for applications such as
disposable tags, medical electronics, and smart home appliances.
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Printed electronics enable additive patterning, solution-
based processing at low-temperatures, outstanding
scalability, and the elimination of high-vacuum con-

ditions.1,2 Compared with conventional microfabrication,
printing simplifies the manufacturing process from multistage
photolithography and deposition to one-step additive pattern-
ing,1 which dramatically accelerates the manufacturing process.
Furthermore, the processing temperature for printing technol-
ogy is typically below 130 °C,1 which is compatible with
commonly used flexible plastic substrates such as polyethylene
terephthalate (PET) and polyethylene naphthalate (PEN).
Printing is also a solution-based patterning technique and does
not require high-vacuum conditions needed in conventional
material deposition processes such as metal evaporation, atomic
layer deposition, and so on. As a result, printed electronics can
remarkably reduce the cost of manufacturing and thus enable
large-area, low-cost, and flexible displays for various applica-
tions such as disposable tags, single-use medical electronics, and
smart home appliances.3−7

Due to the aforementioned advantages, printed displays have
attracted growing interest among the research community.8−10

Although considerable efforts have been spent on developing
printed organic light-emitting diodes (OLEDs),11,12 progress
has been hampered by the poor stability of organic molecules
against moisture. Instead, researchers have recently focused
their attention on developing printed polymer light-emitting
diodes (PLEDs) and quantum-dot light-emitting diodes
(QLEDs).9,13−15 These devices require the ability to print
thin layers to achieve a relatively low operation voltage.
Meanwhile, the surface roughness should also be minimized to
avoid leakage current that leads to nonradiative recombination
of electrons and holes. In this regard, inkjet printing satisfies
these requirements and has been used to fabricate PLEDs and
QLEDs. However, the low throughput of inkjet printing is
problematic for the mass production of large-area displays.3

Electroluminescent displays (EL) are another group of light-
emitting devices and can be printed using high-throughput and
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scalable printing techniques such as screen printing and gravure
printing.16 Nevertheless, most printed EL displays usually
operate at relatively high voltage to achieve a desirable
brightness (>50 V),17,18 limiting their application due to their
high-power consumption and safety concerns.
Electrochromic displays are a group of reflective displays that

can reversibly change their reflectivity upon the application of a
bias voltage.8 Because electrochromic materials like poly(3,4-

ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS)
fundamentally operate by reflecting light rather than emitting,
electrochromic displays are more comfortable for reading and
can serve as a nonvolatile display with extremely low-power
consumption. Due to their device configuration, low operation
voltage, and solution-based fabrication process, electrochromic
displays are ideal candidates for printed displays.19−22 Never-
theless, electrochromic displays are especially susceptible to

Figure 1. Fully screen-printed active-matrix electrochromic display on flexible substrate. (a−e) Schematic diagram showing the fabrication
process and structure of a fully printed AMECD. (f) Circuit diagram showing the configuration of as-printed AMECD. (g) A photograph of 6
× 6 pixel flexible AMECD laminated on human skin displaying English letter “U”. (h) SEM image showing the printed silver electrodes. The
inset shows an SEM image of the SWCNT network in the channel region. The use of the logo in (g) has been authorized by the University of
Southern California.
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cross-talk, in which adjacent pixels are partially activated upon
addressing a single pixel. This cross-talk issue can be solved by
integrating electrochromic pixels into an active-matrix structure.
Scientists have thus made great strides in fabricating active-
matrix electrochromic displays (AMECD).8,22 However, in
those studies, the active-matrix backplane was configured by
printing organic thin-film transistors, which unfortunately
showed rather low mobility (<0.01 cm2/(V s)) .22 Also, those
studies employed multiple patterning techniques such as bar
coating, inkjet printing, screen printing, and lamination to
fabricate a single electrochromic device,12 which remarkably
increased the complexity of manufacturing.
Our group has focused on screen printing in consideration of

its inherent scalability and the simplicity of layer alignment
performed in a parallel-plate fashion.3 Here, we report fully
screen-printed active-matrix backplanes on PET substrates
using silver (Ag) nanoparticles as the conductor, semi-
conducting single-wall carbon nanotubes (SWCNTs) as the
conduction channel, and barium titanate (BTO) as the
insulator. The as-printed thin-film transistors (TFTs) in the
active-matrix backplane show an outstanding carrier mobility of
3.92 ± 1.08 cm2 V−1 s−1, current on−off ratio Ion/Ioff ∼ 104, and
good uniformity, resulting in an excellent platform for active-
matrix-based display and sensing systems. Additionally, we have
developed fully screen-printed electrochromic cells configured
using a silver/electrolyte/PEDOT:PSS lateral structure with
great ambient stability and cyclability. Combining these two
components, we successfully demonstrated a fully screen-
printed active-matrix electrochromic display.
Compared to other work on AMECD,8,22 we have reduced

the complexity of manufacturing by only using screen printing
for all the patterning processes. Therefore, the cost of printed
large-area flexible AMECD is further reduced by the simplified
printing process, which is important for the mass production of
large-area reflective displays. Also, SWCNT TFTs are
promising for flexible and printed displays due to their
outstanding electronic performance, printability, and mechan-
ical flexibility.23−28 In this study, SWCNT TFTs configured by
silver electrodes and BTO dielectric layers show more
advantageous performance and stability than organic TFTs
and hence play a better role in active-matrix backplanes. Finally,
in previous work on AMECD,22 PEDOT:PSS was employed as
the conducting lines connecting pixels, which caused
considerable voltage loss due to its poor conductivity. Instead,
we have replaced PEDOT:PSS with silver lines to avoid any
considerable voltage loss. However, we only used PEDOT:PSS
in the electrochromic pixels as the active material showing color
change by oxidation and reduction. The Ag/electrolyte/
PEDOT:PSS lateral structure we developed for electrochromic
cells shows good functionality, manufacturability, and stability.
Overall, we believe the fully screen-printed flexible active-matrix
electrochromic display using SWCNT TFTs, with outstanding
electrical performance and cost-effective fabrication process,
establishes a promising platform for low-cost, large-area, and
flexible printed displays.

RESULTS/DISCUSSION
The fabrication process of the active-matrix electrochromic
display is outlined in Figure 1a−e. First, high-purity semi-
conducting SWCNTs were incubated on a 5 × cm2 PET
substrate. Second, silver source and drain electrodes and data
lines were printed, followed by the printing of a BTO layer on
the channel region of each TFT, as shown in Figure 1a. The

printed BTO layer was used as a hard mask for oxygen plasma
etching to remove the unwanted SWCNTs outside the TFT
region and avoid crosstalk between adjacent pixels (Figure 1b).
Then another BTO layer was printed as a passivation layer to
protect the data lines and the ground lines. Finally, scan lines,
ground lines, PEDOT:PSS layer, and electrolyte were screen
printed sequentially, as shown in Figure 1c−e. Figure 1f is a
circuit diagram of the as-printed AMECD, where each pixel is
composed of a SWCNT TFT and an electrochromic cell.
Figure 1g is a photograph of a fully screen-printed AMECD
laminated on human skin, displaying the letter “U” with
excellent color contrast. The detailed procedure for operating
the as-printed AMECD will be described below. Figure 1h and
inset are scanning electron microscopy images showing printed
Ag source/drain and SWCNT network in the channel.
A key step toward a fully screen-printed AMECD is to

optimize the device performance and uniformity of the printed
SWCNT TFT array. The electrical characteristics are shown in
Figure 2. In this work, the printed backplane contains 6 × 6

SWCNT TFTs with channel length (L) ∼ 105 μm and channel
width (W) ∼ 1000 μm. Based on the recipe we reported in
previous work,3 diluted inks were used for source, drain, and
dielectric layer patterning, whereas the gate was printed with
undiluted silver ink, resulting in thicknesses of 3 μm for both
the source and drain, 5 μm for the BTO dielectric layer, and 10
μm for the gate. Figure 2a shows the transfer characteristics of a
representative SWCNT TFT at source drain voltage (VDS) =
−1 V, exhibiting on-state current density of 3.62 μA/mm at

Figure 2. Electrical characterization of a fully screen-printed
SWCNT backplane. (a) Transfer characteristics of a representative
TFT measured at VDS = −1 V. (b) Output characteristics of the
same device. VG is from −7.5 V to −2.5 V in 2.5 V steps. (c) Gate
leakage current as a function of gate voltage at VDS = −1 V. (d)
Mobility map of an as-printed 6 × 6 active-matrix backplane. (e, f)
Histograms of mobilities and current on−off ratios for 36 TFTs in
the backplane, showing mobility =3.92 ± 1.08 cm2 V−1 s−1 and
log(Ion/Ioff) = 3.71 ± 0.55.
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gate voltage (VG) = −15 V with an average on−off ratio of 104.
The output characteristics of the same device in the saturation
region and linear region are shown in Figure 2b, suggesting the
pinch-off effect and good ohmic contact between the SWCNT
network and silver electrodes. Moreover, the dependence of
gate leakage current on gate voltage is illustrated in Figure 2c.
Overall, with applied VDS = −1 V, the gate leakage current is
smaller than 1 nA in the range of VG from −15 to 15 V,
indicating the high quality of as-printed BTO for the gate
dielectric. In this work, we used the parallel plate model to
extract the mobility of printed TFTs, as done in our previous
work3,29 and detailed in Supporting Information. Accordingly,
the statistical study of the mobility of our 6 × 6 TFT array is
shown by the mobility mapping in Figure 2d as well as the
histogram in Figure 2e. As shown, the average mobility
obtained is ∼3.92 cm2 V−1 s−1 with a standard deviation ∼1.08
cm2 V−1 s−1. Similarly, Ion/Ioff ratio of this TFT array is shown
in Figure 2f, with a log(Ion/Ioff) having an average of 3.71 and a
standard deviation of 0.55. Based on these statistical data, the
outstanding electrical performance of the fully screen-printed
TFT array is comparable with Javey and Cho’s work on gravure
printed CNT TFTs24 and backplanes.30,31 This enhanced
electrical performance can enable new applications such as
monolithically integrated active-matrix organic light-emitting
diode (AMOLED), which requires relatively high mobility. On
the other hand, we believe the excellent uniformity of the as-
made 6 × 6 pixel backplane is desirable for practical
applications such as large-area active-matrix-based flexible
displays and sensing systems.
It should be noted that considerable effort was spent on

developing fully screen-printed electrochromic cells. When
designing printed electrochromic cells, there are two possible
configurations: a lateral configuration and a vertical config-
uration. The lateral structure consists of two electrodes and a
layer of electrolyte bridging them.32 In the vertical structure, the
electrolyte is sandwiched between two electrodes. Compared
with the lateral structure, the vertical structure effectively
reduces the carrier path length to the thickness of electrolyte,
resulting in a more rapid color switching response. However,
for printing processes, the vertical structure may cause current
leakage between the two electrodes for several reasons. First,
the printed electrolyte may not be very dense or flat, and
pinholes can be induced after printing the top electrode when
the solvent is evaporated during baking. Because all the
materials are formulated into solution-based inks to facilitate
the printing process, the solvent employed to carry electrode
materials such as PEDOT may also dissolve a portion of
printed electrolyte, consequently creating more pinholes.
Previously, a lamination technique, using electrodes patterned
on two separate substrates and a layer of electrolyte in between
as an adhesion layer, was employed to avoid the leakage issue.22

In an effort to avoid the lamination step and further simplify
the manufacturing process, we have chosen the lateral structure
to facilitate the screen printing process. Based on our
observations, the switching time of our electrochromic cells is
about 2−5 s, which is consistent with previous reports of lateral
electrochromic cells.8 The screen-printed electrochromic cell
consists of three components: ground lines, electrolyte, and
PEDOT:PSS as the active material for coloration. For every
smart pixel, there exists one TFT integrated with an EC cell.
Notably, compared with the other published work on printed
electrochromic displays,8,20−22,32 all the layers of our smart
pixels were deposited using screen printing. This eliminates the

needs for combining multiple patterning techniques like bar
coating, inkjet printing, lamination, and so on. Furthermore,
with the high throughput, scalability, and relatively accurate
alignment, the screen printing method is highly desirable for
mass production of large-area printed electronics. Therefore,
the simplicity of our fabrication scheme with screen printing
would be important for practical applications of printed
backplanes due to the low cost, simple, and fast processing.
Figure 3a is a schematic diagram showing the printed lateral-

structure EC cell. The thickness profiles of the printed silver

layer, electrolyte, and PEDOT:PSS are reported in Supporting
Information, showing thicknesses of 9, 8, and 2.5 μm,
respectively. The current−voltage characteristics of a printed
electrochromic cell under a relaxed state and bent to radiuses of
20, 10, and 5 mm are shown in Figure 3b, which demonstrates
that the printed EC cell operates reliably under bending. When
the applied bias changed from −3 to 3 V, the maximum current
flowing through the pixel was around 25 μA. The switching
characteristics of the EC cell at 5 V and −5 V are shown in
Figure 3c. The PEDOT:PSS was oxidized upon the application
of ∼5 V, showing a exponentially decreasing current from 25
μA to 13 μA. On the other hand, when the voltage changed to
−5 V after oxidation, a high initial current of −58 μA was
observed, which was consistent with the high initial reduction
current due to the electrochemical reactions occurring in the

Figure 3. Electrical characteristics of fully printed flexible
electrochromic cells. (a)Top view schematic diagram showing the
lateral structure of a printed EC cell. (b) I−V characteristics of a
printed electrochromic cell under relaxed state and bent to various
radiuses. (c) Switching characteristics of a printed electrochromic
cell, showing oxidation and reduction processes over time with
voltage at 5 V and −5 V. (d) Cyclability and (e) ambient stability
characterization of the fully screen-printed electrochromic display.
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electrochromic cell.22 However, it showed lower saturation
current of −7 μA when PEDOT:PSS was reduced to a
semiconducting state with lower conductivity. Figure 3d shows
the similar switching characteristics of the screen-printed EC
cell after sweeping bias from −3 to 3 V and then back to −3 V,
for 5, 10, 25, 50, 75, and 100 cycles, suggesting excellent
cyclability of the as-printed EC cell. We also carried out stability
test of printed EC cells in ambient environment, as shown in
Figure 3e. Negligible degradation of the electrical performance
was observed after 7 days in air. The I−V characteristic
measurements in Figure 3b, d, e used a sweeping rate of 20 mV
between data points at 60 ms intervals. The oxidation and
reduction curves in Figure 3c were taken at 100 ms intervals.
Overall, we have realized fully screen-printed, lateral-structure
electrochromic cells on flexible substrates with outstanding
electrical performance, remarkable cyclability, and stability in
ambient environment.
We have additionally realized the integration of fully printed

EC cells with the printed backplane on PET substrates. Figure
4a shows the structure of a fully screen-printed smart pixel
consisting of a TFT and an EC cell. Based on the
measurements in Figure 3, we have carried out a functionality
test of a smart pixel, as shown in Figure 4b, to demonstrate the
printed TFT’s control capability over the EC cell. We first built
a baseline with scan line voltage (VScan) = 0 V and data line
voltage (VData) = 0 V, and drain current (ID) is ∼0 A. When
VScan changed to −10 V, the TFT was switched to the on-state.
With VData = 4 V, we observed a typical exponentially

decreasing drain current, indicating the oxidation of PE-
DOT:PSS and resulting in a gray/transparent state. Then we
turned the TFT off by changing VScan to 10 V, which caused the
drain current to drop to 10 nA, suggesting the smart pixel
remains turned off after switching off the TFT. After that, we
changed the biases to VScan = −10 V and VData = −4 V. As
expected, we observed the typical switching characteristics of
reduction of the EC cell, showing a dark-blue PEDOT:PSS
pattern. Finally, we turned the pixel off by applying VScan = 10
V. Up until this point, we have demonstrated the control
capability of the screen-printed SWCNT TFT on screen-
printed EC cell, showing excellent coloration and retention
behavior by changing VScan and VData. Based on this result, we
further addressed the pixels individually and have successfully
enabled the printed AMECD to display letters “U”, “S”, and
“C” in Figure 4c. Notably, the decoloration of the as-printed
reflective EC cells is negligible after addressing, suggesting an
intrinsic “memory effect” in which the pixel color is retained
after the applied voltage is removed. This leads to extremely
low power consumption of the reflective AMECD, as static
images can be displayed for hours without having to maintain
an applied voltage. This feature of electrochromic displays will
be essential for practical applications in large-area, cost-
effective, and flexible display electronics. Encouraged by the
data above, we believe this demonstration of fully screen-
printed AMECD using a SWCNT backplane establishes the
foundation for future research and practical application of
printed large-area, low-cost, and flexible displays.

Figure 4. Fully screen-printed flexible AMECD. (a) Cross-section schematic diagram of a smart pixel in AMECD. (b) Functionality test of a
smart pixel configured by a TFT and an electrochromic cell, suggesting the control capability of the TFT in turning the pixel on and off. (c)
Optical images of AMECD showing letters “U”, “S”, and “C”. The use of the logo in (c) has been authorized by the University of Southern
California.
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CONCLUSIONS

We have fabricated fully screen-printed active-matrix electro-
chromic displays based on carbon nanotube thin-film
transistors on flexible substrates. In this study, 6 × 6 pixel
active-matrix backplanes were fully screen printed using
semiconducting-enriched SWCNTs as the channel material,
leading to excellent electrical performance with mobility of 3.92
± 1.08 cm2 V−1 s−1 and on−off current ratios ∼104. Then we
developed fully screen-printed lateral-structured electrochromic
cells, which were monolithically integrated with the printed
nanotube backplane. Switching characteristics, stability, and
flexibility of as-printed EC cells were investigated, suggesting
excellent robustness and electrical performance of screen-
printed AMECD. Our work has demonstrated that the fully
screen-printed SWCNT active-matrix electrochromic display
can be a desirable platform for large-area, low-cost, and flexible
displays.

METHODS/EXPERIMENTAL
Separated Nanotube Deposition. Flexible, transparent PET

substrates (TEKRA) were first cleaned with oxygen plasma under 100
W for 90 s. A SWCNT network was then deposited by immersing the
substrate in purified semiconductor-enriched CNT solution (IsoSol-
S100, Nanointegris, Inc.) for 5 min. After rising with toluene and
drying with a nitrogen gun, the samples were baked in a drying oven at
125 °C for 1h.
TFT Printing. In this work, diluted solutions of 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.). All layers were printed
using a desktop screen printer (DP-320, Itochu), and the thicknesses
of printed layers were measured using a profilometer (Dectak II,
Veeco). The source and drain electrodes were printed on transparent
PET (TEKRA) using a single layer of diluted silver ink at a clearance
of 2 mm. The dielectric layer and insulating layers between
overlapping silver lines were subsequently printed at the same
clearance using the diluted BTO ink and undiluted BTO ink,
respectively. The gate and ground lines were then printed at the same
clearance using undiluted silver ink. The sample was baked at 125 °C
for 10 min between each layer of printing.
Electrochromic Cell Printing. A single layer of the PEDOT:PSS

paste (Orgacon EL-P-5015, AGFA) was screen printed over the
exposed silver drain electrode at a clearance of 2.75 mm. The sample
was then baked in an oven at 60 °C for 10 min. The electrolyte ink was
composed of an aqueous poly(diallyldimethylammonium chloride)
solution with molecular weight <100,000 (Sigma-Aldrich), TiO2

powder (Kronos 2300), and poly(ethylene glycol-ran-propylene
glycol) with number-average molecular weight ∼12,000 (Sigma-
Aldrich) in a 5:4:1 weight ratio. The mixture was then bath-sonicated
for 20 min and then probe sonicated for 25 min. First, a double layer
of the electrolyte was printed on top of the PEDOT and silver ground
lines using the same clearance as the PEDOT:PSS layer and baked at
60 °C for 10 min. To improve pixel contrast and heal cracks, a third
layer of the electrolyte could be printed at the same conditions and
then baked again at 60 °C for 10 min. Electrical measurements were
carried out using an Agilent 4156B under ambient conditions.
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