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Flexible carbon nanotube Schottky diode and its
integrated circuit applications
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Carbon nanotubes (CNTs), a low-dimensional material currently popular in industry and academia, are
promising candidates for addressing the limits of existing semiconductors. In particular, CNTs are
attractive candidates for flexible electronic materials due to their excellent flexibility and potential
applications. In this work, we demonstrate a flexible CNT Schottky diode based on highly purified,
preseparated, solution-processed 99% semiconducting CNTs and an integrated circuit application using
the CNT Schottky diodes. Notably, the fabricated flexible CNT diode can greatly modulate the properties
of the contact formed between the semiconducting CNT and the anode electrode via the control gate
bias, exhibiting a high rectification ratio of up to 2.5 x 10°. In addition, we confirm that the electrical
performance of the CNT Schottky diodes does not significantly change after a few thousand bending/
releasing cycles of the flexible substrate. Finally, integrated circuit (IC) applications of logic circuits (OR
and AND gates) and an analog circuit (a half-wave rectifier) were presented through the use of flexible
CNT Schottky diode combinations. The correct output responses are successfully achieved from the
circuit applications; hence, we expect that our findings will provide a promising basis for electronic
circuit applications based on CNTs.

Introduction

Low-dimensional semiconducting materials have attracted
tremendous interest in industry and been extensively studied
over the past few years. One low-dimensional material, carbon
nanotubes (CNTs), is attracting attention for use in flexible
electronics due to its excellent electrical and mechanical prop-
erties.” In particular, highly purified semiconducting CNTs
have been considered an excellent material for building high-
performance diodes, field-effect transistors (FETs), and thin-
film transistors (TFTs) for future applications in integrated
circuits (ICs).** Among these applications, diodes constitute
the basic building blocks of modern micro- and nanoelectronics
and can simply implement most logic functions and analog
circuits, such as diode-based logic circuits, rectifiers, clamps,
and multipliers. A key feature of diodes is their well-known
rectifying behavior, i.e., extremely asymmetric current-voltage
characteristics under forward and reverse bias."* Typically, CNT-
based devices exhibit p-type operation in ambient conditions,
making the implementation of CNT-based pn junction diodes
difficult. Thus, many researchers have attempted to convert p-
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type CNTs into n-type CNTs through chemical and electro-
static doping.”*"” However, these doping techniques still have
several issues in terms of controllability and stability. One way
to solve the abovementioned issues is to fabricate a Schottky
contact through the work function design of the electrodes in
contact to the semiconducting CNTs. Various Schottky diodes
based on CNTs have been recently reported, such as gated
diodes,'®" radio frequency diodes,* and diodes for IC appli-
cations.”* Among those reports, flexible Schottky diodes
based on semiconducting CNTs have been used as radio
frequency circuit applications.”® However, to the best of our
knowledge, there have been no studies on flexible Schottky
diodes with an embedded control gate to improve the electrical
performance.

The present work demonstrates a flexible Schottky diode
based on highly purified, preseparated, solution-processed 99%
semiconducting CNTs obtained from a density-gradient ultra-
centrifugation method.>*** This high-purity semiconducting
CNT enables the realization of a high device yield; hence, the
fabrication of various ICs based on the CNTs is possible. Our
flexible CNT Schottky diode consists of two Schottky rectifying
and ohmic contacts with asymmetric titanium (Ti) cathode and
palladium (Pd) anode electrodes, respectively. In addition, the
Pd local bottom gate is used as an embedded control gate to
modulate the properties of the contact and further improve the
rectification ratio (i.e., the forward/reverse diode current ratio)

This journal is © The Royal Society of Chemistry 2019
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of the CNT Schottky diodes. Our flexible CNT Schottky diodes
exhibit nearly ideal diode characteristics, yielding a high recti-
fication ratio of over 10°. Using a flexible CNT Schottky diode
with these advantages, we demonstrate diode logic gates (OR
and AND gates) and an analog circuit (a half-wave rectifier).
Both the logic gates and the analog circuit made of flexible CNT
Schottky diodes show the correct logic functions according to
the input signal using the control gate. Therefore, we believe
that concept and results shown in this work will be represen-
tative work for the further development of flexible electronics
and ICs.

Results and discussion

Fig. 1a shows graphical illustrations of the flexible Schottky
diode based on a semiconducting CNT network with an
embedded control gate. For diode fabrication, highly purified,
preseparated 99% semiconducting CNTs were used to form
percolated networks. The fabrication process started with
a poly(ethylene terephthalate) (PET) substrate with a 50 nm
thick silicon dioxide (SiO,) layer as the buffer layer. The local
bottom control gate was then formed from Ti and Pd layers with
a thickness of 2/30 nm on the buffer layer using electron beam
(e-beam) evaporation. Next, an aluminum oxide (Al,O;) film was
grown through atomic layer deposition (ALD) at 80 °C, followed
by the deposition of a thin SiO, film using e-beam evaporation
for CNT network formation. The substrate was then cleaned
with oxygen plasma treatment, and a poly-i-lysine solution
(0.1% w/v in water; Sigma Aldrich) was dropped onto the
substrate surface. The poly-i-lysine solution functionalizes the
substrate by introducing an amine-terminated surface to
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Fig. 1 (a) Schematic diagram of the flexible CNT Schottky diode with

Ti as the cathode, Pd as the anode, and Ti/Pd as the embedded control
gate. (b) Optical micrograph of the fabricated CNT Schottky diode on
a PET substrate. (c) Optical image of the flexible CNT diode on a PET
substrate. (d) AFM image (2.5 x 2.5 pm, the z-scale is 10 nm) of the
CNT network channel constructed from a 99% semiconducting CNT
solution.
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effectively adhere the semiconducting CNT networks.”*>® The
substrate was thoroughly rinsed with deionized (DI) water and
dried with flowing nitrogen gases. The percolated CNT network
was subsequently formed by immersing the chip into
a commercially available 0.01 mg mL™" 99% semiconducting
CNT solution (purchased from Nanolntegris Inc.) for several
minutes and rinsing the chip thoroughly with DI water and
isopropanol. Afterward, Ti and Pd layers (2 and 30 nm, respec-
tively) were patterned by photolithography and evaporated to
form the anode electrodes for ohmic contact because Pd can
form good ohmic contact with semiconducting CNTs.>**°
Sequentially, Ti, as a cathode electrode, was deposited to form
a Schottky rectifying contact with the CNTs, followed by a lift-off
process. Finally, an oxygen plasma-etching step was performed
to remove any unwanted pathways from the CNTs to outside the
diode region, and the CNT Schottky diode with a control gate
was completed. Fig. 1b shows a micrograph of a flexible CNT
Schottky diode with an embedded control gate fabricated on
a PET substrate. Fig. 1c exhibits the photograph of flexible CNT
Schottky diodes fabricated onto a PET film being bent. An
atomic force microscopy (AFM) image of the percolated CNT
network constructed from the 99% semiconducting CNT solu-
tion is also shown in Fig. 1d. The percolated CNT network film
exhibits good uniformity, with an average CNT density of 82 + 3
tubes per um® over a large area.

The electrical characteristics (i.e., cathode current I aode VS.
cathode voltage Veamode) Of the fabricated flexible CNT diodes
were measured for various control gate voltages (V¢g) in an
ambient state, and the I.,thode—Veathode Characteristics of the
diodes exhibited typical diode rectification behavior, as shown
in Fig. 2a. Our flexible CNT diode is a metal-semiconductor-
metal structure and has two different metal-semiconductor
contacts: one is an ohmic contact, and the other is a rectifying
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Fig.2 (a) The electrical characteristics (/cathode— Veathode) Of the flexible
CNT Schottky diode with Pd (anode) and Ti (cathode) electrodes. (b)
The operational principle of the proposed CNT diode at different Vg
polarities. (c) Histogram of /oy and Iofr for different Vg values in the
fabricated CNT diode. (d) Electrical characteristics and comparison of
lon and Ion/lofe under three different bending conditions (r = 19.1 mm,
17.5 mm, and 11.9 mm); (e) electrical characteristics and comparison of
lon and Ion/lopr after 1, 10, 50, 100, 500, 1000, and 5000 measure-
ment cycles for the flexible CNT diodes measured at Vg = —8 V.
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contact. The current in the rectifying contact is based on
thermionic emission and can be expressed as'*

Vca ode
Icathode = AA*TZeXp( a ﬁ?) [exp (n‘—thd> - 1:| (1)
th t

where A is the junction area of the diode, A* is the Richardson
constant, Vi, is the thermal voltage, ¢ is the Schottky-barrier
height, and 7 is the ideality factor of Schottky diodes. In our
diode, the Schottky rectifying behavior occurs at the contact
between semiconducting CNTs and the Ti electrode. Impor-
tantly, it is observed that, as the Vg value was increased
negatively, I.ahode Was significantly increased, with the 7 of the
CNT diodes approaching 2.3. The n was calculated from the
following equation:

chlthode (2)

1 Leathode =1 1,
0 (Lathode) = In(/s) + Ve

where I, is the reverse saturation current of the diode (I, =
AA*T* exp(—¢s/Vin))- The 7 of the fabricated CNT diode in eqn
(2) can be extracted from the intercept of the linear fit to the
diode current log-scale plot. For the normal case, the junction
between the semiconducting CNTs and the Pd electrode is
known to be an ohmic contact due to high workfunction of Pd
electrode. However, the potential barrier formed between the
semiconducting CNTs and the Pd electrode can further be
modulated by the control gate bias; hence, the electrical char-
acteristics of the CNT Schottky diode can be adjusted. Fig. 2b
illustrates the operation principle of the proposed CNT Schottky
diode through the energy band diagram at different Vg polar-
ities. First, as the Vgg value more increases negatively, addi-
tional majority-carrier holes are injected from the Pd electrode
via thermionic emission because the potential barrier at the
interface between the semiconducting CNTs and Pd metal is
controlled and further reduced; therefore, the forward I.,mode
can be increased. On the contrary, when the Vg value increases
positively, the potential barrier increases from the view point of
the rectifying operation, which makes the supply of majority-
carrier holes very difficult; as a result, the characteristics of
the Schottky diode are almost lost. Fig. 2c shows a histogram of
the on-state current (Ioy) defined at Veanoge = —3 V and the off-
state current (Iopg) defined at Veaehode = +1 V from Vg = —8 Vto
+8 V, showing that the control gate causes a large change in the
Ion of the CNT Schottky diode. Thus, it is expected that the
modulation of the diode functions through the control gate
facilitates the performance enhancement of the diode-based
logic gates and analog circuit functions.

To characterize the mechanical flexibility of our CNT
Schottky diodes consisting of 99% semiconducting CNTs, we
also evaluated their electrical properties under various degrees
of bending. For each measurement, the CNT Schottky diodes
were fixed on different types of rods with different radii of
curvature: r = 19.1 mm, 17.5 mm, and 11.9 mm. Fig. 2d shows
the measured I mode—Veathode at Vog = —8 V for the CNT diodes
at the abovementioned degrees of bending. Although there was
a slight reduction in Ioy and Ion/Iorr due to the slight
morphological variation in the percolated CNT network,*"** no
serious degradation in device performance was observed. We
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also tested the stability of our flexible CNT diodes for more than
5000 bending/releasing cycles (r = 15 mm), and the results are
shown in Fig. 2e. Ioy and Ion/Iorr remained nearly unchanged
up to 1000 cycles, but the device characteristics deteriorated at
5000 cycles. The above results suggest that the proposed CNT
diode exhibits sufficient stability and reliability and shows
potential for use in large-area flexible electronics.

Although diodes can be used as building blocks to construct
various digital and analog circuits, diode-based integrated
circuits are rarely realized in CNT due to the low yield and poor
stability of CNT devices. However, in this paper, because of the
advantages of the highly purified, solution-processed 99%
semiconducting CNTs suggested, we are able to fabricated
flexible Schottky diodes with high yield and high stability,
which indeed make it possible to construct diode-based inte-
grated circuits. First, as representative fundamental logic gates,
OR and AND gates were simply constructed with two Schottky
diodes and one external load resistance (R, = 1 GQ), as shown
in the equivalent circuits of Fig. 3a. The difference between the
diode-based OR and AND gates was merely that the positions of
the cathode and anode electrodes were changed. Fig. 3b shows
the input signal and output response characteristics of the OR
and AND logic gates for Vg with different values of —8 V, 0V,
and +8 V. Input voltages (V4 and Vg) with a square wave and
a peak-to-peak (Vpp) value of 1 V were injected, and the output
voltage (Vour) was simultaneously measured. When a Vg of 0V
was applied, both logic gates at a supply voltage (Vpp) of 1 V
showed incomplete output signals but still performed OR and
AND logic functions. In addition, when negative Vg values (i.e.,
—8 V) were applied, total resistance of the CNT diode decreased
by further reducing the potential barrier as aforementioned,
and the voltage drop across R;, increased; thus, the output
responses presented more correct and accurate logic functions.
In contrast, when a positive Vg (i.e., +8 V) was applied, the
digital logic functionality was lost due to the deteriorated diode
characteristics. The control gate contributes to the performance
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Fig. 3 (a) Equivalent circuits and (b) output responses of the OR and

AND logic gates with two flexible CNT Schottky diodes for Vg values
of -8V, 0V, and +8 V.
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improvements of the CNT Schottky diode and provides a more
accurate output signal in the CNT diode-based logic.

Diodes can be implemented in analog circuits in addition to
their wide use in digital logic circuits, especially rectifier
circuits. We demonstrate a half-wave rectifier using two CNT
diodes, as shown in Fig. 4a. A half-wave rectifier is a circuit in
which either the positive half or the negative half of an alter-
nating current (AC) wave is passed, while the other half is
blocked; it is mainly used to convert AC input power to direct
current (DC) output power. The implemented half-wave rectifier
had a sinusoidal AC input signal of 1 V Vpp, and Vour was
observed for different Vg values, as shown in Fig. 4b. Exhibit-
ing the same tendency as the diode-logic gates, the output
response characteristics were improved when the Vg value in
the half-wave rectifier was increased negatively, and the output
responses became correct with almost no loss of the peak
voltage of 0.94 V. Compared with the case in which the output
peak voltage was 0.69 V at Vg = 0 V, the output peak voltage
increased by 36%. With these results, we can calculate the
rectifier efficiency (ngg) of our half-wave rectifier. ngg is defined
as the ratio of useful output power (DC power) to AC input

21,33

power, which is given by

Ppc Inc*Rip Inc’
= = (3)

n = — =
RE Pac Irmsz(RlD + Rip) Irms2(1 + Rip/Rip)

where Ipc is the DC current value flowing through the load
diode, I, is the effective AC current value flowing through the
load diode, R is the dynamic resistance of the input stage
diode, and Ry is the dynamic resistance of the load diode. For
a half-wave rectifier, eqn (3) can be summarized as follows:*"*

2
g = U/ ™ R 0

(In/2)*(Rip + Rip)

0.406
(1 + RID/RLD)

x 100%

(4)

where I, is the maximum current value flowing through Ryp.
According to eqn (4), the ideal ngg of a half-wave rectifier is
40.6%. The extracted ngg value of our CNT Schottky diode-based
half-wave rectifier at a Vg of —8 V was 39.3%; that is, the
implemented half-wave rectifier showed performance close to
the ideal ngg. Therefore, we believe that our research will be an
important foundation for future applications of integrated CNT-
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Fig. 4 (a) Circuit diagram and (b) sequential measurement results of
a half-wave rectifier circuit with two flexible CNT Schottky diodes for
Vg values of =8V, 0V, and +8 V.
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based nanoelectronics or key components of radio frequency
circuits.

Conclusions

We demonstrated the flexible Schottky diode based on the 99%
semiconductor-enriched nanotubes. Notably, the proposed
flexible CNT Schottky diodes showed improved performance
through the control gate bias. The fabricated flexible CNT diode
exhibited high operational stability and high device yield
without significant deterioration during the mechanical
bending test. Using these predictable and reproducible high-
performance CNT Schottky diodes, we implemented various
IC applications, such as digital logic gates and analog circuits.
By applying a negative Vg, the output response of the digital
and analog circuits resulted in a more accurate logic function
for the input signal. This approach can eliminate complicated
manufacturing issues for versatile functional devices. As excel-
lent performance was achieved with the circuits, we believe that
the flexible CNT diode will be an important step toward the
realization of ICs.
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