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The authors report the field emission �FE� properties of individual ZnO nanowire field emitters. ZnO
nanowire field emitter directly grown on a Pt tip showed a much better field emission current
delivery than the attached nanowire emitters due to better contact properties. The emission current
and field emission microscopy pattern of the ZnO nanowire are strongly influenced by adsorbates.
After thermal-field desorption of adsorbates from the emission tip, the I-V curve shows a complex
behavior that is different from that of the adsorbate-covered tips or ideal FE. For completeness, the
effects of O2 and H2 gas exposure, and UV illumination on the FE current are also discussed.

© 2008 American Vacuum Society. �DOI: 10.1116/1.2919146�
I. INTRODUCTION

Field emission �FE� studies on ZnO nanowires have
largely been limited to ZnO nanowire films1–4 with only a
few preliminary studies on single or quasisingle ZnO nano-
wire field emitters.5–7 FE studies conducted on ZnO nano-
wire films only reveal performance characteristics, such as
turn-on voltage and emission-current stability, but are limited
in their ability to elucidate the underlying physics of field
emission since the measurements represent the collective be-
havior of thousands of different field-emitting nanowires. It
is thus necessary to examine individual ZnO nanowire field
emitters in order to understand the FE properties of the nano-
wire in greater detail. To this end, Ramgir et al. measured the
current-voltage behavior and work function for their specific
multipod ZnO nanowires.5,6

In this study, we report the FE properties of ZnO nano-
wire emitters, comprising either one, or just a few nanowires,
directly grown on sharp Pt tips. Directly grown ZnO nano-
wire field emitters on Pt tips were found to have much better
FE capabilities than ZnO nanowires that had simply been
attached to Pt tips due to the better contact properties of the
ZnO–Pt interface in the former. The FE properties are dis-
cussed in the context of the current-voltage �I-V� character-
istics, field emission microscopy �FEM� patterns, and the
effects of adsorbate dynamics on the FE current. Previously,
we reported the marked effects of exposures to oxygen and
hydrogen, and UV illumination on the FE current,8 and these
findings will be related to those of the current work.

II. FIELD EMITTER FABRICATION

ZnO nanowire field emitters were initially fabricated
through an attachment method, where a single ZnO nanowire
�derived from the same growth process� was selected, ma-
nipulated, attached, and finally, anchored on the Pt tip by
electron-beam induced carbonaceous/contamination coating
�Fig. 1�a��. The attachment process was performed in situ in
a scanning electron microscope �SEM� chamber with the aid
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of nanomanipulators, in a manner commonly used to fabri-
cate single one dimensional nanostructure field emitters.
However, these emitters were found to yield low maximum
emission currents, beyond which the emitter is destroyed.
The possible causes of such undesirable characteristics will
be discussed in Sec. III.

In an alternative approach, we fabricated ZnO nanowire
field emitters by direct growth of ZnO nanostructures
through a self-catalyzed mechanism9 on electrochemically
sharpened Pt tips. A Zn film of 250 nm thickness was first
evaporated onto a sharpened Pt tip before annealing in a tube
furnace at 600 °C in ambient air for 2 h. ZnO nanostructures
comprising nanowires and nanoflakes were found to cover
the entire Pt tip and shank after oxidation �Fig. 1�b��. The
nanowire diameters range from a few nanometers up to a few
tens of nanometers with lengths of up to a few microns. For
this particular growth process, we found that Pt tips with tip
radii of less than 1 �m often gave rise to only one or at most
two prominent ZnO nanowires on the tip, whereas Pt tips of
larger radii gave rise to multiple ZnO nanowires �Fig. 1�c��.
Transmission electron microscope �TEM� images show that
the surface of the oxidized film on the tip was full of crys-
talline granular structures from which most of the ZnO nano-
wires and nanoflakes emerged �Fig. 1�d��. TEM analysis of
individual ZnO nanowires �Figs. 1�b� and 1�c�� suggests a

growth along the �11̄0� direction �Fig. 1�e��. The ZnO
nanowire–covered Pt tip was then spot welded on a standard
tungsten-filament base to form a field emitter before loading
into a UHV FE characterization system described
elsewhere.10 Unless otherwise noted, FE studies were subse-
quently performed at vacuum levels of �10−9 mbar or better.
FEM imaging was carried out to ensure that the emission
was dominated by a single emitter. All the FEM pattern and
I-V characteristics should have originated from the small ra-
dius and high aspect ratio ZnO nanowires but not the under-
lying smooth and blunt Pt tip �diameter of �1 �m� since the
turn-on voltage for FE of the bare Pt tip is more than the

maximum voltage, 10 kV that we can supply.
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III. RESULTS AND DISCUSSION

In this study, we found that ZnO nanowire emitters grown
directly on Pt tips yielded much better FE performance com-
pared to attached ZnO nanowire field emitters. The attached
ZnO nanowire emitters showed much lower emission current
delivery capability. Attempts to increase the emission by in-
creasing the bias often resulted in the destruction of the field
emitter at emission currents of less than a few hundred nano-
amperes. On the other hand, directly grown nanowire emit-
ters can easily deliver emission currents of up to several
microamperes without blowing up. The difference is likely to

FIG. 1. �a� SEM image of a single ZnO nanowire field emitter attached on a
Pt sharp tip. �c� SEM image of ZnO nanowires field emitter grown on a Pt bl
nanowire shows that it is a single-crystal nanowire. The inset shows the sel
originate from the interface between the ZnO nanowires and
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the Pt tip. Apart from providing stronger physical adhesion,
the direct-growth method also provides better electrical con-
tact at the interface which translates ultimately into a signifi-
cantly higher emission current capability.

Pristine ZnO is n-type semiconductor with work function
of �ZnO=5.3 eV and is well known to form a Schottky con-
tact with Pt ��Pt=6.1 eV�.11–13 Thus, in the case of the at-
tached ZnO nanowire emitter, the lower emission capability
is believed to be due to �1� a Schottky junction between the
ZnO nanowire and Pt tip, which is reverse biased under field
emission conditions �Pt negative with respect to the ZnO�,

arp tip. �b� SEM image of a single ZnO nanowire field emitter grown on a
p. �d� TEM image of Pt tip shown in �b�. �e� HRTEM image of a single ZnO
area electron diffraction pattern at the base of the nanowire.
Pt sh
unt ti
ected
implying a low electron supply across the junction to the
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emission tip, or �2� a thin carbonaceous coating, originating
from electron-beam induced deposition, with work function
��c� of about 5.1 eV, similar to ZnO’s, forming a desirable
Ohmic-like contact to the ZnO nanowire allowing electron to
bypass the Pt–ZnO nanowire Schottky junction. However,
the typically poor conductivity of the carbonaceous layer
causes resistive heating at high emission current. The result-
ing temperature rise at the anchor may vaporize the carbon-
aceous layer and thus destroy the emitter.

In the case of the directly grown ZnO nanowire emitter,
the Zn is likely to have alloyed with the Pt during the oxi-
dation process, and any residual metallic Zn forms an Ohmic
contact to the ZnO since the work function of metallic Zn,
�Zn=4.3 eV, is smaller than �ZnO. The Ohmic contact en-
sures sufficient electron supply from the Pt tip to the ZnO
nanowire tip for field emission. Thus, the provision of both
good electrical and physical contacts allows the directly
grown ZnO nanowire emitter to support higher emission cur-
rents. As such, the ZnO nanowire field emitters characterized
hereafter were those directly grown on Pt tips.

A. Effects of adsorbate dynamics

In this section, a single ZnO nanowire field emitter
�shown in Fig. 1�b�� was used for the study. The I-V mea-
surement was conducted at the chamber base pressure of
around 8�10−10 mbar. Pristine field emitters are covered
with adsorbates as they are exposed to air. I-V sweeps of the
pristine ZnO nanowire showed huge current fluctuations
along the sweep as a result of field/emission-current induced
adsorbate dynamics of loosely bound adsorbates.

A flash anneal at a temperature around 800 °C eliminated
the huge current fluctuations, indicating that most of the
loosely bound adsorbates can be desorbed by flash cleaning.
Typical I-V characteristics from a closed-loop voltage-sweep
after flash cleaning are shown in Fig. 2. The I-V characteris-
tics remain largely unchanged even after multiple voltage
sweeps in the low-current region indicated in Fig. 2.
Emission-current disturbances �small current deviations
which disrupt the otherwise smooth curve of the I-V mea-
surement� started to appear in the intermediate current region
and often transformed into huge current fluctuations in the
high emission current region along the voltage sweep-up
path. However, the emission current in the voltage return
path exhibited much less disturbance. The Fowler–Nordheim
�FN� plots of both voltage paths are shown in the inset of
Fig. 2. The FN plot of the voltage sweep-up path is a curve
instead of a straight line, as observed for the voltage sweep-
down path. The observation is consistent with the study of
Zhang et al. on ZnO nanowire film emitters.14

The current disturbances and current fluctuations are due
to the dynamics of adsorbates on the emission surface, such
as desorption, adsorption, and diffusion, activated by the FE
current and electric field.15–18 During the voltage sweep-up,
the increasing emission current will induce greater adsorbate
diffusion and, finally, desorption of some loosely bound ad-
sorbates at high emission current as is evident from the cur-

rent disturbances and current fluctuations. On the voltage
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return path, since most of the relatively loosely bound adsor-
bates had been desorbed, the decreasing emission current
experienced much less disturbance except sporadically
which may be due to the arrival of residual gas molecules on
the emission tip. The downward curve of the FN plot along
the sweep-up path at high emission current could be due to
the desorption of adsorbates, which led to a depression in the
FE current.

B. FEM patterns

Figure 3 shows a FEM pattern of a single ZnO nanowire
field emitter right after flash cleaning at 800 °C by resistive
heating. The FEM pictures were extracted from a FEM video
recorded during a closed-loop voltage sweep. The extent of
the emission area falls within a circular pattern, which re-
sembles that from a rounded ZnO nanowire tip. The emission
pattern consists of randomly distributed and irregularly
shaped emission spots that seem to populate the edge of the
circular pattern. The spatial distribution of the emission spots
and their relative brightness change as the emission current

FIG. 2. I-V behavior of single ZnO nanowire field emitter shown in Fig.
1�b�. Voltage is swept-up �black line� from 0 to 2260 V at 10 V /100 ms
step size before sweep-down �gray line�. The inset shows the respective FN
plots.

FIG. 3. FEM pattern of single ZnO nanowire field emitter taken at phosphor

screen bias of 2500 V.
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increases, and changes coincide with the emission-current
disturbances and fluctuations. Thus, the emission spots were
likely to have originated from surface adsorbates or clusters
of surface atoms which dominate the FE process. These
emission spots survived even after thermal annealing up to
1000 °C, which suggests that they were strongly bound to
the ZnO surface.

Desorption of these adsorbates, however, is possible
through thermal-field activation, as shown in Fig. 4. To show
the process clearer, the FEM pattern was taken from the field
emitter with multiple ZnO nanowires shown in Fig. 1�c�. The
FEM pattern �Fig. 4�a�� consists of multiple groups of emis-
sion spots originating from individual field-emitting ZnO
nanowires. As the tip temperature of the field-emitting ZnO
nanowires was increased, the dynamics of the emission spots
or adsorbates/surface atoms increased as they gained higher
thermal energy. At temperatures higher than 500 °C,
thermal-field desorption started to take place as is evident
from the reduction in the number of emission spots. One
interesting observation is that some of the emission spots
appear to run around a circular path, which gave rise to par-
tially lightened circles, as shown in Figs. 4�b�–4�d�. We be-
lieve these are direct FEM images of field-emitting adsor-
bates moving around the periphery of a rounded nanowire tip
before desorption. At a temperature of 800 °C, most of the
emission spots have disappeared as most of the adsorbates
have been desorbed.

After thermal-field desorption to clean the ZnO nanowire
surface, the I-V behavior of the ZnO nanowire emitter sig-
nificantly changed as compared to the relatively linear FN
plot of an adsorbate-covered ZnO nanowire, as shown in Fig.
5�a�. The emitter right after thermal-field cleaning showed a
complex I-V behavior such as highly curved and multiple
linear segments on the FN plot, as shown in Figs. 5�b�–5�d�.
It is a challenge to identify the cause of such I-V behavior
one by one since FE from a semiconductor is well known to
be much more complicated than that from metal,19–21 in ad-
dition to the high sensitivity of the electronic properties of
the metal-oxide nanowire to the chemical environment. Pos-
sible explanations for these observed I-V behavior/FN plots

FIG. 4. �a� FEM pattern of multiple ZnO nanowire emitter at room tempera-
ture. �b�–�d� FEM patterns at elevated tip temperatures.
are as follows.
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�1�Increasing field penetration into the adsorbate-free semi-
conducting nanowire field emitter will result in a sudden
emission-current increment at a point when the bending of
conduction band is great enough to cross over the Fermi
level.19 This might be an explanation for the I-V behavior
shown in Fig. 5�d�, which shows a sudden increase in the
emission current toward the upper end of the FN plot. An
adsorbate-covered ZnO field emitter has a much higher
resistance to field penetration since the adsorbates usually
ionosorb on the metal-oxide surface and form a space-
charge layer that reduces field penetration. The ZnO nano-
wire emitter could thus exhibit metallic behavior and
show a relatively linear FN plot, as shown in Fig. 5�a�.

�2�Field-assisted readsorption or diffusion of adsorbates on
the adosrbate-free emission surface that causes an imme-
diate and significant change in emission current. The ef-
fect of adsorbates on the FE current is expected to be
significant based on the sensitivity of metal-oxide nano-
wires to chemical species. Oxidizing or reducing residual
gas molecules,22 such as CO2, CO, and H2, which ion-
osorb on the metal-oxide nanowire surface, even in small
amounts, could result in a change in the carrier concen-
tration or electron affinity and induce band bending near
the surface due to the creation of a space-charge layer.23

Depending on the type of residual gas molecules that
dominate the repopulation of the emission surface, the I-V
behavior will be changed accordingly during the voltage
sweeps. The I-V behavior shown in Figs. 5�b� and 5�c�
might originate from such events.

The above effects could also take place concurrently and
complicate the analysis. However, oxidizing and reducing
gases have been shown to significantly affect the FE current
of ZnO nanowire field emitters. The results of the effects of
oxidizing and reducing gas exposure, and UV exposures to
ZnO nanowire field emitter, which have been reported,8 will
be summarized in the following sections to provide a more
complete picture of the FE properties of ZnO nanowire field
emitter.

C. The effects of O2 and H2 exposures on the I-V
characteristics

Multiple dosages of O2 exposure of up to 1�10−6 mbar
from a base pressure for 5 min/dose were found to signifi-
cantly increase the FE turn-on voltage �Von� or, equivalently,
reduce field emission, whereas multiple dosages of H2 expo-
sure of up to 1�10−6 mbar for 5 min/dose lowered the
turn-on voltage, as shown in Fig. 6�a�. Adsorbates are known
to modify the electron affinity of an emitting surface that, in
turn, changes the FE properties appreciably.24 However, for
these particular metal-oxide nanowire emitters, we believe
ionosorption of O2 and H2 on the entire ZnO nanowire sur-
face will also affect the FE properties as well, based on the
mechanisms responsible for metal-oxide gas sensitivity.

O2 molecules ionosorbed on the metal-oxide nanowire
create surface acceptor states. This reduces the carrier den-
sity by capturing free electrons and induces band bending in

25–27
the subsurface region. These effects depress FE since the
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decrease in the electron concentration at the conduction band
would reduce the electron supply for tunneling, and in addi-
tion, the bending up of the conduction band increases the
effective tunneling width or, equivalently, lowers the tunnel-
ing probability as compared to that of inherently n-type ZnO
nanowire. On the other hand, H2 ionosorbed on the nanowire
surface reacts with adsorbed oxygen ions at room tempera-
ture to form hydroxyl groups which function as surface do-
nor states and release electrons to the underlying substrate.26

This increases the electron concentration and bends the con-
duction band downward, which reduces the effective tunnel-
ing width for FE. Finally, these effects lead to the enhance-
ment of the FE process.

D. The effect of UV illumination

For UV illumination studies, a xenon arc lamp with an

FIG. 5. �a� FN plots of ZnO nanowire right after thermal annealing at 800 °C
6 doses of exposure to H2 with 5 min/dose at 10−6 mbar. ��b�–�d�� Differe
desorption.
ellipsoidal reflector �Newport Oriel PhotoMax, 75 W ozone-
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free Xe arc lamp 400 cd /mm2 brightness� was used as the
light source. The light was directly focused on the field emit-
ter at 10 cm distance away from the UHV chamber through a
sapphire window. A 400 nm long pass filter was used for
background tests �which showed no influence from visible
light illumination� to ensure that all the measurable effects
were due to the UV spectrum �250–400 nm� of the light
source. Upon illumination with above-bandgap UV light, the
emission current of a ZnO nanowire field emitter was found
to increase immediately and then continued to fluctuate
around a new current level of up to two orders of magnitude
higher than the initial current level, as shown in Fig. 6�b�.
Upon termination of UV illumination, the emission current
gradually reduced to its initial current level. The recovery
period was found to significantly depend on the vacuum
level. The response is thought to be similar to the photore-

0 s, after 3 doses of exposure to O2 with 5 min/dose at 10−6 mbar and after
behaviors of the adsorbate-free ZnO nanowire emitter after thermal-field
for 1
nt I-V
sponse of single ZnO nanowire diodes and field-effect
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transistors.12,28–31 Absorption of UV photons generates
electron-hole pairs that are able to reach the nanowire sur-
face easily due to its small diameter �comparable to the De-
bye length of �10–100 nm of the space-charge layer�. Pho-
toexcited electrons can then participate in the field-tunneling
process, whereas the photoexcited holes can react with sur-
face oxygen ions and eventually release them from the
surface.25 Thus, the increase in the electron concentration in
the band and the reduction in oxygen ions on the ZnO sur-
face finally leads to a significant increase in the FE current.

IV. CONCLUSIONS

In summary, we studied the FE properties of individual
ZnO nanowires directly grown on Pt tips. Directly grown
ZnO nanowire field emitters showed a much better field
emission current delivery than attached nanowire emitters
due to the better contact properties. The emission current and
FEM pattern of the ZnO nanowire were strongly influenced
by adsorbates. After thermal-field desorption of adsorbates
from the emission tip, the I-V curve showed a complex be-
havior that is different from that of adsorbate-covered tips or
ideal FE. Exposure to O2 depressed FE, whereas exposure to

FIG. 6. �a� I-V curves of ZnO nanowire emitter after annealing at 800 °C for
swept-up �black� at 10 V /10 ms before being swept-down �gray�. Von is ano
before UV illumination, during UV illumination and post-UV illumination a
H2 significantly enhanced FE due to the change in the carrier
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concentration and FE tunneling width. The emission current
increased by about two orders of magnitude upon UV illu-
mination but decreased much more gradually after UV cutoff
in a manner which depends on the readsorption rate of ad-
sorbates.
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