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ABSTRACT

Rectifying diodes of single nanobelt/nanowire-based devices have been fabricated by aligning single ZnO nanobelts/nanowires across paired

Au electrodes using dielectrophoresis. A current of 0.5 pA at 1.5V forward bias has been received, and the diode can bear an applied voltage

of up to 10 V. The ideality factor of the diode is ~ ~3, and the on-to-off current ratio is as high as 2000. The detailed IV characteristics of the
Schottky diodes have been investigated at low temperatures. The formation of the Schottky diodes is suggested due to the asymmetric
contacts formed in the dielectrophoresis aligning process.

Zinc oxide is an important optical and optoelectronic effect is likely due to the nonsymmetric contacts at the two
material. Recently, utilizing its unique crystal structure and ends of the nanobelt.

the three major fastest growth directions, various single- The ZnO nanobelts to be used for fabricating the FET
crystal/crystalline nanostructures of ZnO have been synthe-devices were synthesized through a seli@por process in
sized, such as nanobeltsanorings, and nanohelicesFrom a high-temperature horizontal furnace sysfeihe Au

the abundance of the surface morphologies, ZnO offers theglectrode patterns were defined with photolithography on a
most diverse nanostructure of any material known today. sio, substrate. The electrodes consisted of twaenBwide

With a large direct band gap of 3.37 eV, together with its fingers pointed head to head at a distance pfm These
piezoelectricity and pyroelectricity, ZnO is most attractive o fingers are connected to two 580500 m? contacting

for applications as a field-effect transistor (FE®) sensdt  padis for probe contacts. The as-synthesized nanobelt samples
and in optical electronics.Extensive research on the \yere placed in ethanol and ultrasonicated for 15 min to
electronic properties of various one-dimensional Nanostruc- gisperse the bundles into individual nanobelts. A single

0 . . .
tures has been performéd: _ _ . nanobeltis “placed” across the prefabricated electrodes using
_ _Tq apply ZnO nanostructures on various electronic devu:_es,the dielectrophoresis technigiieAfter applying a droplet
it is important for one to understand its transport properties of the nanobelt suspension onto the electrodes, the electrodes

and its mtt(ejrarc]:tlon with rr;etall colntacté. In thl|)s llett_err], Wﬁj were connectecbta 5 V and 1 MHz AGsignal, which was
investigated the contact of a single ZnO nanobelt with gold .0, o optimizing the alignment of a single nanobelt.

electrodes. After investigating the transport properties of over This signal generated an alternating electrostatic force on

60 smgle nanobelt-based circuits, we founq a spontaoneousthe nanobelts in the solution. Under the electrical polarization
formation of a Au/ZnO nanobelt Schottky diode in 80% of force, the nanobelts were deposited on the electrodes. By

the samples when nanobelt sizes are well controlled. This precisely controlling the concentration of the nanobelt in the
* Corresponding author. E-mail: zhong.wang@mse.gatech.edu. solution, a circuit with only a single nanobelt across the two

T School of Materials Science and Engineering, Georgia Institute of electrodes has been made (inset of Figure 1).
Technology. . . ..

#School of Electrical and Computer Engineering, Georgia Institute of ~ 11N€ mOSt striking featur_e is that the _characterlstlcs _Of_
Technology. the devices formed by this process displayed a rectifying

§ School of Physics, Georgia Institute of Technology. . Lo . . .
'National Center of Nanoscience and Technology, Beijing, China, and behavior as shown in Figure 1. The inset is an SEM image

College of Engineering, Peking University. of the electrodes. Data corresponded to different measure-
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Figure 1. Rectifying IV characteristics of a single ZnO nanobelt
lying on Au electrodes at different times after the fabrication,
showing the stability of the device. The current ratio at “on” and
“off” state is 2000. Measurements were done at room temperature.
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Figure 2. (a) DetailedV characteristic of the Schottky diode under
reverse bias. (b) Th&/ characteristics of the device at forward
bias. The line displays the best fit to eq 1. Measurements were
done at room temperature.
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Figure 3. IV characteristics of the Schottky diode at different
temperatures showing the semiconducting behavior.

bias characteristic, as shown in Figure 2b. The diode current

IS

wheren is the ideality factor that is a quantity for describing
the deviation of the diode from an ideal Schottky barrier,
for which n = 1, |l is the saturation currenyy, is the
threshold voltagek is Bolzmann’s constant, and is the
absolute temperature. The ideality factor of the device is
determined to be 2.87, larger than one. This higher value of
nis probably due to a barrier at the Zr@®@u contact formed
during the dielectrophoresis alignmét.

The temperature dependence of the diode was measured
(Figure 3). The current under the forward bias decreased with
the lowering of the temperature. The resistivity of the
nanobelt increased by a factor of 2 when the temperature
decreased from 215 to 104 K, showing a typical semicon-
ductor IV characteristic. When the temperature was below
50 K, the carrier transportation was depressed greatly. The
device acted like an open circuit with a resistivity greater
than 10 Q-cm.

Table 1 shows a summary of thé characteristics of all
of the devices we have made using ZnO nanobelts. The data
show a high reproducibility of the diodes. Devices fabricated
on two different substrates, Si@nd SiN4, were tested. The
data showed that there was no obvious difference irf\the
characteristics of the devices; so, the influence of the

@)

ments of the same devices at different time intervals after substrate on the rectifying behavior of the devices is
the device was made. The last measurement was performeliminated. By controlling the size of the nanobelts carefully
7 days after the device was exposed to air. It is consistentat around 200 nm in width, most of the fabricated devices
with the data obtaireé 2 h after the sample was made, displayed the rectifying behavior. For nanobelts with widths
showing that the rectifying behavior of the nanodevice is greater than 500 nm, the devices showed an infinity
very stable. resistance under both forward and inverse bias, which is
Figure 2a is the detailed inversed current characteristic. probably due to the poor contacts on both electrodes. Because
At a 10 V reverse bias voltage, the reverse current was only of the nonflatness of the gold electrodes, the wider nanobelts
0.8 nA, corresponding to a current density of 10.5 Aém  may not have a stronger contact with the substrate, possibly
The ideality of the diode can be determined from the forward resulting in large contact resistance. The smaller one could
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Table 1. IV Characteristics of Dielectrophoresis Aligned Nanobelts with Different Sizes and on Different Substrates

number of devices with number of devices with number of devices
sample rectifying behavior infinity resistance with linear IV

~200-nm-wide belts 27 7 1

(Si0s substrate)

>500-nm-wide belts 2 17 0

(SiOs substrate)

~200-nm-wide belts 7 2 1

(SigNy substrate)

total no. of devices 36 26 2

have a good contact possibly due to stronger van der Waalsthe disappearance of the rectifying effect. For a total of over
interaction. Thus, the size of the nanobelt played an important20 devices deposited with Pt, the current flowing through
role in determining the contact property of the diode; the the nanobelts was increased greatly2b times. This means
smaller nanobelt has a better contact with the electrodes. Fotthat the contact resistance was reduced significantly and the
the nanobelts 0f~200 nm in width, the forward current was diode effect disappeared after Pt deposition at the contacts.
as high as 0.nA at 1.5 V forward bias, corresponding to a An alternative explanation is that the Pt deposition results
resistivity of 8.7 x 1072 Q-cm; the reverse current was in symmetric contacts at both sides. This experiment also
around 0.2 nA. The on-to-off current ratio is as high as 2000. disproves the assumption about the role played by crystal
The rectifying behavior of ZnO nanowires was reported polarity in forming the diode as discussed above.
previously by Harnack et &f Their studies were for The linearlV of the nanodevice after Pt deposition proved
chemically synthesized ZnO nanorods that typically have that the rectifying behavior came from the contact between
lower crystallinity and higher density of defects. Their study the ZnO nanobelt and the Au electrodes. The Z#D
focused on the electrical behavior of multiple nanowires contact is usually a Schottky contact. From this point of view,
dispersed randomly on interdigitated electrodes. By charac-an as-fabricated device is composed of two inversely
terizing the IV characteristics of a single ZnO nanobelt/
nanowire produced by a sofidvapor process at high
temperature, our study has shown the following unique

(@) |
results. The current flowing through the diode~.5 uA |
at 1.5 V forward bias, which is about 100 times larger than
that reported by Harnack et ¥ The ideality factor for our Pt Pt
devices is~3, which is much smaller than the value of 25
Au Au

reported in ref 14, indicating a much better performance of
our devices. .

As proposed by Harnack et af.the factor that produces Si02
this rectifying behavior could be the alternating zinc and
oxygen layers parallel to the basal plane; they produce a
dipole moment that leads to a potential gradient and then
introduce the asymmetry of current flow along thexis.

This assumption is given based on the noncentral symmetric
and layered distribution of cations and anions in the wurtzite
structure, and more importantly, the contact is assumed at
the top and bottom (0001) surfaces (for nanowires). This is
apparently not the case in our experiment because the
contacts are at the same side-surface of the nanowire lying
on the gold electrodes (see Figure 4a) and the cation- or
anion-terminated surface has no effect unless the contacts
are at the top and bottom ends of the nanowire.

The diode effect could be a result of the asymmetrical -3
contacts between the ZnO nanobelts and the Au electrodes. -4
To identify the origin of the rectifying behavior for our case, -5
we deposited Pt using a focused ion beam (FIB) microscope s e B
at the contacts between the nanobelt and Au electrodes, as 06 -04 -02 00 02 04 06
shown schematically in Figure 4a. Careful operation was Voltage (V)
s ooy e . () Schamac v f h dlckads st ate

deposition using an FIB. (b) Line&¥ characteristics of the device

by the change in contact properties. The devices showed after Pt deposition. The inset is the SEM image of the device after
linearlV curve after the Pt deposition (Figure 4b), indicating Pt deposition at the two ends.

Current 1A)

= Samplel
®  Sample2
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Figure 5. Optical image of a pair of Au electrodes after
dielectrophoresis alignment of the nanobelass V 1 MHz AC
signal.

connected Schottky contacts; so, there should be no rectifying
behavior if the contacts are symmetric. However, in the
dielectrophoresis deposition process, the AC voltage intro-
duces an electrostatic force on the nanobelt; then, the
nanobelt moves toward the electrodes until it finally deposits
on them. The contacts of both ends of the nanobelt onto the

electrodes occur in a consecutive order. We suspect that the

side of the nanobelt that touched the electrode first may have
a firm contact with the electrode, thus forming a better
contact with lower barrier height, whereas the other end that
contacted later had a higher barrier, possibly leading to the
formation of the Schottky diode for our devices.

In the dielectrophoresis alignment, the heat generated by
the AC signal during dielectrophoresis was significant. It
produced an asymmetric heating effect in the drain and
source areas because of the different barrier height of the
two contacts. We have examined this effect, and a typical
example is shown in Figure 5. As shown in the figure, the
electrode on the left was molten, whereas the electrode on
the right was left unattained wita 5 VV and 1 MHz AC gjnal
applied. The difference in the heat generated at the two

electrodes introduces a different degree of annealing/sintering 12)

at the two sides. For the contact on the lower temperature
side, the annealing effect was different compared to the other
side, indicating a difference in contacts at the two ends. For

In conclusion, rectifying diodes of single nanobelts/
nanowires have been fabricated by aligning the as-synthe-
sized ZnO nanobelts/nanowires onto paired Au electrodes
using dielectrophoresis alignment. The detailg¢dcharac-
teristics of the Schottky diodes have been investigated. The
ideality factor of the diode is-3. The on-to-off current ratio
is as high as 2000. The spontaneous formation of the Au/
ZnO nanobelt diodes depends strongly on the sizes of the
nanobelts. For the nanobelts with smaller size20 nm),
the Schottky diodes are preferentially formed. The formation
of the Schottky diodes is suggested due to the asymmetric
contacts formed in the dielectrophoresis aligning process.
Our data show that the single nanobelt/nanowire-based diodes
can be practically applicable for various applications.
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