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ABSTRACT: Novel CdSe nanowire (NW)-based flexible devices, including
Schottky diodes, metal—semiconductor field-effect transistors (MESFETs), and
inverters, have been fabricated and investigated. The turn-on voltage of a typical
Schottky diode is about 0.7 V, and the rectification ratio is larger than 1 X 107.
The threshold voltage, on/off current ratio, subthreshold swing, and peak
transconductance of a typical MESFET are about —0.3 V, 4 X 10°, 78 mV/dec,
and 2.7 uS, respectively. The inverter, constructed with two MESFETS, exhibits
clear inverting behavior with the gain to be about 28, 34, and 38, at the supply
voltages (Vpp) of 3, S, and 7 V, respectively. The inverter also shows good
dynamic behavior. The rising and falling times of the output signals are about
0.18 and 0.09 ms, respectively, under 1000 Hz square wave signals input. The
performances of the flexible devices are stable and reliable under different
bending conditions. Our work demonstrates these flexible NW-based Schottky
diodes, MESFETS, and inverters are promising candidate components for future

portable transparent nanoelectronic devices.
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D uring the past decade, flexible devices have attracted
enormous attention both in industry and academic fields

Figure 1. Optical image of an as-fabricated Schottky diodes,
MESFETsS, and inverter on a PET substrate. The white lines show
the way the circuit is connected during the inverter measurement. The
inset: corresponding circuit diagram of the inverter.

for their potential application in developing low-cost and
wearable electronic/optoelectronic products. Up to date, most
flexible devices are based on organic semiconductors.'”>
Compared to organic semiconductors, inorganic semiconduc-
tors possess more superior electrical performance and stability,
and are more compatible with present microelectronic
technology. However, traditional bulk and thin film inorganic
semiconductors are fragile under external strain, which restricts
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their application in flexible devices. How to apply inorganic
semiconductors to flexible devices is attracting more and more
attention in the past few years.4_6

Single-crystalline inorganic semiconductor nanowires (NWs)
have advantage over their bulk or thin film counterparts in
mechanical flexibility,” > which makes them more suitable for
the application in flexible devices. In the past few years, various
inorganic semiconductor NWs based flexible devices have been
reported, including photodetectors, stress sensors, super-
capacitances, lithium ion batteries and solar cells, etc.'*”"
Diodes, field-effect transistors (FETs), and inverters are basic
components of modern integrated circuits. So far, only few
works about these devices made of inorganic NWs on flexible
substrates were reported.'”'® Compared to metal-oxide-
semiconductor FETs (MOSFETs), metal—semiconductor
FETs (MESFETs) have the advantage of larger gate
capacitance coupling, and simpler fabrication process."”>*
Furthermore, traditional gate dielectrics (SiO,, HfO,, ALO;,
etc.) used in MOSFETs are fragile, which hinders the
application of MOSFETs in flexible devices. Rogers et al
reported flexible inverters constructed with MESFETs based on
printed arrays of aligned GaAs microwires. The GaAs
microwire arrays were fabricated by the “top-down” etching
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Figure 2. (a) Typical I-V curve measured between any two neighboring In/Au electrodes. (b) Typical I-V curve measured between any
neighboring Au and In/Au electrodes. (c) The Iy~ Vg, curves of the driver MESFET at various V,,. The V,, changes from —0.45 to 0 V, with a step
of 0.05 V, and (d) the corresponding gate transfer characteristic curves (hollow circles) and the gate leakage curves (solid circles) under double
sweeping of V. The arrows indicate the sweeping directions. (e) The I;—V,, curves of the load MESFET at various Ve The Vi, changes from
—0.45 to 0 V, with a step of 0.05 V, and (f) the corresponding gate transfer characteristic curves (hollow circles) and the gate leakage curves (solid

circles) of the load MESFET under double sweeping of V.

method. The maximum voltage gain is only 1.52 at the supply
voltage (Vpp) of 5 V.7

In this work, we fabricated high-performance CdSe NW-
based flexible devices with the “bottom up” method, including
Schottky diodes, MESFETs, and inverters. The turn-on voltage
of a typical Schottky diode is about 0.7 V, and the rectification
ratio is larger than 1 X 10”. The threshold voltage, on/off
current ratio, subthreshold swing, and peak transconductance of
a typical MESFET are about —0.3 V, 4 X 10%, 78 mV/dec, and
2.7 uS, respectively. The inverter, constructed with two
MESFETs, exhibits clear inverting behavior, with gain to be
about 28, 34 and 38, respectively, at Vpp = 3, 5, and 7 V. The
inverter also shows good dynamic behavior. Under 1000 Hz
square wave signals input, the rising and falling times of the
output signals are about 0.18 and 0.09 ms, respectively. These
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devices are reliable and stable under different bending
conditions. The as-fabricated NW-based flexible Schottky
diodes, MESFETs, and inverters promise a potential application
in future portable transparent nanoelectronic field.

The In doped single-crystalline n-type CdSe NWs were
synthesized via the low pressure chemical vapor deposition
(CVD) method.*® The fabrication process of the flexible
devices was as follows: First, we dispersed the CdSe NWs in
ethanol with an ultrasonic process, and then dropped the CdSe
NW suspension onto a polyethylene terephthalate (PET)
substrate. After that, we fabricated three ohmic contact In/Au
(20/150 nm) electrodes and two Schottky contact Au (150
nm) electrodes in succession onto a single CdSe NW, using UV
lithography, thermal evaporation, and lift-off process. The Au
electrodes were placed in between the In/Au electrodes. The
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Figure 3. Static VTC curves of a typical inverter measured at (a) Vpp
=3V, (b) Vpp =5V, and (c) Vpp = 7 V. The arrows indicate the
sweeping directions of V. The insets: the voltage gain curves obtained
from the corresponding VTC curves. (d) Graphical determination of
the static VT'C for the inverter at Vpp = 3 V.

(a)
Output

1
g 0
2
2 Input 500 Hz
o 1
3

0

L . . .
0 2 4 6 8 10
Time (ms)
(b)
Output

1
2o
2
;—)D I Input 1000 Hz
Q1
=

0

. A L .
0 1 2 3 4 5
Time (ms)

Figure 4. Dynamic behaviors (dark curves) of the inverter measured at
Vbp = 3V, with (a) 500 Hz, (b) 1000 Hz square wave signals input
(red curves).

static electrical measurement was done with a semiconductor
characterization system (Keithley 4200). The dynamic behavior
of the inverters was investigated with a digital oscilloscope
(Tektronix DPO 2024) and an arbitrary waveform generator
(Tektronix AFG3000). All the measurements were done at
room temperature in darkness.

Figure 1 shows the optical image of an as-fabricated Schottky
diodes, MESFETSs, and inverter on a PET substrate. The
Schottky diodes formed between any neighboring In/Au
electrode and Au electrode. For a single MESFET, two In/
Au electrodes acted as the source and drain, and the Au
electrode in between them acted as the gate. For the inverter,
one MESFET acted as the driver, and the other acted as the
load. The white lines show how the circuit is connected during
the inverter measurement. Corresponding circuit diagram is
plotted in the inset.

We first evaluated the ohmic contact behavior of the In/Au
electrodes, and the Schottky contact behavior of the Au
electrodes, when contacting to the CdSe NW. Typical I-V
curve measured between any two neighboring In/Au electrodes
is shown in Figure 2a. The linear behavior indicates the ohmic
contact behavior of the In/Au electrodes. Typical I-V curve
measured between any neighboring Au and In/Au electrodes is
shown in Figure 2b. The clear rectification characteristic verifies
the good Schottky contact behavior of the Au electrodes. The
turn-on voltage of the corresponding Schottky diode is about
0.7 V, and the rectification ratio is larger than 1 X 107 measured
between —1 and 2 V. We can obtain the diode ideality factor
(n) to be about 1.49, by curve fitting with the thermionic
emission theory based equation I = Ij[exp(eV/nkT) — 1],
where I is the reverse saturation current, e is the electron
charge, V'is the applied bias, k is the Boltzmann constant, and T
is the absolute temperature.** Figure 2c shows the drain-source
current (I4) versus drain—source voltage (V) relation of the
driver MESFET at various gate—source voltage (V). It can be
seen that the Schottky contact gate has an effective modulation
on the CdSe NW channel. At identical Vy, I, increases with
Vo showing the n-type conductance characteristic of the CdSe
NW. Figure 2d shows the corresponding gate transfer
characteristic curves and the gate leakage curves (V4 = 1 V)
under double sweeping of V. The arrows indicate the
sweeping directions. The hysteresis of I is small (~40 mV),
suggesting the amount of related trapping states and/or mobile
charges at the Au/CdSe NW interface be small. The on/off
current ratio and subthreshold swing (S = InlO[dVgs/ d(Inly)])
are about 4 X 10° and 78 mV/dec, respectively. The threshold
voltage is about —0.3 V, determined from the intersection point
of the exponential and nonexponential region of the MESFET
transfer characteristic curve.”® The transconductance (gm= dI/
dVgS) has a peak value of about 2.7 uS. The gate leakage (Igs) is
much smaller than on-state I at identical V. Figure 2e and f
show, respectively, the output characteristic curves, and transfer
characteristic curves together with the gate leakage curves of the
driver MESFET. The threshold voltage, on/oft current ratio,
subthreshold swing, etc., are very close to those of the load
MESFET. The electron concentration and field-effect mobility
in the CdSe NWs can be estimated to be about 5.16 X 10'7/
cm® and 517 cm?®/(V s), respectively (see the Supporting
Information, Figure S1).

The static voltage transfer characteristic (VTC) curves of the
typical inverter constructed on the above two MESFETS
measured at Vpp = 3, 5, and 7 V, are shown in Figure 3a—c,
respectively. The arrows indicate the sweeping directions of the
input voltage (V;,). We can see that the inverter exhibits good
inverting behavior. For Vpp = 3, 5, and 7 V, an input swing
from —0.4 to 0.4 V can cause an output swing ((Vou)mae—
(Vou)min) to be larger than 91%, 93%, and 94% of Vpp,
respectively. The corresponding voltage gain (= —dV,,/dV;,)
curves are plotted in the insets of the corresponding figures.
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Figure S. (a) Photographs of the devices under bending condition. (b) The gate transfer characteristic curves for the driver MESFET measured
under flat condition and under a strain of 0.5%, 1%, and 1.43%. (c) VTC curves and (d) corresponding gain curves of the inverter measured under

flat condition and under a strain of 0.5%, 1%, and 1.43%.

The maximum gain of the inverter are about 28, 34, and 38 for
Vpop = 3, 5, and 7 V, respectively, much higher than the
previously reported NW-based flexible inverters.'”'® We have
also done the statistical analysis on the performance of 12 as-
fabricated devices. The maximum gain at Vpp = S V can be as
high as 91 (see the Supporting Information, Figure S3).

The inverting behavior can be understood by analyzing the
graphical determination of the static VI'C for the inverter, as
shown in Figure 3d. All the curves in Figure 3d are
experimental results at Vpp= 3 V. The red line is the load
line, which is the I3;—Vy, relation of the load MESFET at V, =
0V, because the gate and source of the load are connected in
the inverter. The dark lines are the I;—Vy (namely, V)
relation of the driver MESFET at various Vy (namely, V;,).
Three intersections (marked A, B, and C points) of the red line
and the dark lines reflect the actual operating points of the
inverter, in which the channel currents for the driver and the
load are identical. At point A, V, is —0.5 V, the driver is nearly
turned off. Therefore, the channel current is small, correspond-
ing to a small V, for the load. Thus, V. (=Vpp—Vy (load)) is
very close to Vpp. As V, increases, the driver MESFET tends to
be turned on. Therefore, the channel current as well as the Vy
(load) increases, resulting a decrease of V. It is worth noting
that when V;; increases from —0.2 to —0.1 V (corresponding to
points B and C), V., decreases sharply from 2.4 to 0.3 V,
corresponding to a high gain of the inverter.

Figure 4a, b show the dynamic behavior of the inverter
measured at Vpp = 3 V under 500 and 1000 Hz square wave
signals input, respectively. At the input terminal, logic 0 and
logic 1 correspond to —0.9 and 0.6 V, respectively. At the
output terminal, logic 0 and logic 1 correspond to 0.27 and 3 'V,
respectively. Clear inversion behavior is observed. Under 1000

Hz signals input, although the output waveform exhibits kind of
deterioration due to the RC delay, the rising (£,) and falling
times (t), obtained at 10% and 90% of the output values,*® are
about 0.18 and 0.09 ms, respectively. We attribute the good
dynamic behavior of the inverter to the satisfying performance
of the involved MESFETs, especially the small hysteresis. To
the best of our knowledge, only few work about the dynamic
behavior of NW-based flexible inverters was reported so far.”’

We also evaluated the performance of the devices under
bending conditions. Figure Sa is photographs of the devices
under bending condition. For measurement purposes, we
adhered the PET substrate to a bending tinplate with the
channel direction along the circular arc of the bending region.
The strain on the device can be modulated by changing the
bending radium, based on the equation o = d/ 2r,% in which o is
the strain, d is the thickness of PET substrate (110 #m), and r is
the bending radium. Figure Sb shows the gate transfer
characteristic curves for the driver MESFET measured under
flat condition and under a strain of 0.5%, 1%, and 1.43%. We
can see that the performance of the MESFET changes little
under different bending conditions. The result for the load
MESFET is similar. The VTC and the corresponding gain
curves of the inverter measured under flat condition and under
a strain of 0.5%, 1%, and 1.43%, are shown in Figures S, d,
respectively. The maximum gain of the inverter under flat
condition and under a strain of 0.5%, 1%, and 1.43%, are about
34, 32, 30, and 29, respectively. We attribute the good stability
of the flexible MESFETs and inverters to the excellent
mechanical flexibility of single-crystalline CdSe NWs. More
than 12 devices have been tested under the same condition, and
all of them exhibited good stability. Moreoever, the perform-
ance of the inverter was reproducible after more than 500
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bending cycles (see the Supporting Information, Figure S4),
demonstrating the reliability of the flexible device. It is worth
noting that the devices did not show obvious degeneration in
performance after staying under air condition for more than 4
months.

In conclusion, flexible Schottky diodes, MESFETSs, and
inverters based on CdSe NWs have been fabricated and
investigated for the first time. The turn-on voltage of a typical
Schottky diode is about 0.7 V, and the rectification ratio is
larger than 1 X 107. The threshold voltage, on/off current ratio,
subthreshold swing, and peak transconductance of a typical
MESEET are about —0.3 V, 4 X 10°, 78 mV/dec, and 2.7 uS,
respectively. The inverter, constructed with two MESFETS,
exhibits clear inverting behavior, with the maximum gain to be
about 28, 34, and 38 at Vpp = 3, S, and 7 V, respectively. The
inverter also shows good dynamic behavior. Under 1000 Hz
square wave signals input, the rising and falling times of the
output are about 0.18 and 0.09 ms, respectively. The
performances of the devices are reliable and stable under
different bending conditions. Our work demonstrated the
potential application of the NW-based flexible Schottky diodes,
MESFETs, and inverters in future portable transparent
nanoelectronic field.
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