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ABSTRACT: The molecular beam epitaxy growth of highly degenerate Ga-
doped ZnO (GaZnO) nanoneedles (NNs) based on the vapor−liquid−solid
(VLS) growth mode using Ag nanoparticles (NPs) as the growth catalyst is
demonstrated. It is shown that when the growth substrate temperature is
sufficiently high, a portion of a Ag NP can be melted for serving as the catalyst
to precipitate GaZnO on the residual Ag NP and form a GaZnO NN. Record-
low turn-on and threshold electric fields in the field emission test of the grown
GaZnO NNs are observed. Also, a record-high field enhancement factor in field
emission is calibrated. Such superior field emission performances are attributed
to a few factors, including (1) the low work function and high conductivity of
the grown GaZnO NNs due to highly degenerate Ga doping, (2) the sharp-
pointed geometry of the vertically aligned GaZnO NNs, (3) the Ag doping in
VLS precipitation of GaZnO for further reducing NN resistivity, and (4) the
residual small Ag NP at the NN tip for making the tip even sharper and tip
conductivity even higher.
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1. INTRODUCTION

Due to their desirable properties of electrical conductivity and
optical transparency, transparent conducting oxides (TCOs)
have been widely investigated for the applications to
optoelectronic devices, including solar cell, liquid crystal
display, and light-emitting diode. Generally, a TCO thin film
exhibits a resistivity level lower than 10−3 Ω-cm and an average
transmittance over 80% in the visible range. The high optical
transparency in the visible range is attributed to its large band
gap energy (>3 eV). The high electrical conductivity in a TCO
can be achieved by introducing certain native defects (e.g.,
oxygen vacancies) or by doping certain impurities. Generally, a
TCO thin film has a polycrystalline or amorphous structure.1

Nowadays, the electron concentrations in well-developed
TCOs vary from 1020 to 1021 cm−3.2−4 Although indium tin
oxide (ITO) is currently the most widely used TCO, the
development of other TCOs is desirable because of the high
cost of ITO and the scarcity of indium. In this regard, impurity-
doped ZnO, such as Al-doped ZnO (AlZnO)5,6 and Ga-doped
ZnO (GaZnO),7,8 is promising. The electron concentrations
and resistivity levels of the reported highly doped ZnO can be
higher than 6 × 1020 cm−3 and lower than 3 × 10−4 Ω cm,
respectively. The key factors for reaching high electron
concentration and low resistivity in GaZnO include low growth
temperature (200−400 °C), high Ga content (4−8%), and
polycrystalline structure.9,10

On the basis of the physical phenomenon of quantum
tunneling, in a field emission process, electrons are injected
from the surface of a material structure into a vacuum driven by

an applied electric field. Such a process is described by the
Fowler−Nordheim equation as11,12

β
ϕ

ϕ
β

=
−⎛

⎝
⎜⎜

⎞
⎠
⎟⎟J A

E B
E

expE

2 2
E

3/2

(1)

Here, J is the emitted current density, E is the applied electric
field, ϕ is the material work function, β is the field
enhancement factor, AE = 1.56 × 10−10 (A eV)/V2, and BE =
6.83 × 103 V/(eV3/2 μm). The Fowler−Nordheim equation
predicts that by using a material structure with a low work
function and high field enhancement factor, field emission
current density can be greatly enhanced. The field enhance-
ment factor is defined as the ratio of the local electric field at
the emission spot to the applied electric field. It is useful for
evaluating the degree of field emission enhancement of a tip
structure over a flat surface. For a nanostructured emitter, a
high β value can be achieved by designing a high aspect ratio in
geometry and a high curvature at the emitting tip, and by using
a material of high conductivity.
Two approaches have been used for improving field emission

efficiency through tuning the work function of a material. First,
metal nanoparticles (NPs) are decorated to achieve a lower
work function.13,14 Second, doping with impurities can change
the work function.12,15 In particular, n-type doping can raise the
Fermi energy level of a material for effectively reducing its work
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function. Also, doping can reduce its resistivity through the
increase of carrier concentration, and thus the decrease the
voltage drop in the material, resulting in the enhancement of
the electric field at the emission tip, i.e., increasing β. In this
situation, negative electron affinity can be achieved through
heavy doping for extremely effective field emission.16 In the
past, field emission study has been focused on carbon
nanotubes,17−19 graphene,20−22 and other materials of low
work functions.23−25 Recently, ZnO nanostructures for field
emission application have attracted much attention due to their
high thermal stability, oxidation resistance in harsh environ-
ments, and controllable electronic characteristics.26−28 N-type
doping in ZnO for enhancing field emission efficiency has been
reported.12,15 In particular, ZnO nanostructures, either
undoped or Al-, In-, or Ga-doped, have been widely used for
field emission application.12,15,29−34 However, due to the low
doping concentrations, their turn-on electrical fields were
generally larger than 2 V/μm, and the field enhancement
factors were generally smaller than 104. The performance of
field emission can be significantly improved if the electron
concentration of a ZnO nanostructure can be largely increased.
Generally speaking, the doping levels in those reports did not
reach the condition of degenerate carrier concentration (>5 ×
1020 cm−3) in ZnO. Due to their high growth temperature
(>450 °C), single-crystal structures with low Ga incorporations
(<1%) were formed. The conductivity of such a ZnO structure
is not high enough for effective field emission application.
Various methods have been developed for fabricating one-

dimensional ZnO nanostructures, including a hydrothermal
process, thermal evaporation, vapor-phase transport, atomic
layer deposition, chemical vapor deposition, metalorganic
chemical vapor deposition (MOCVD), pulsed laser deposition,
and molecular beam epitaxy (MBE). To form a nanowire or
nanoneedle (NN) structure for effective field emission
application, the vapor−liquid−solid (VLS) growth mode with
catalytic metal NPs has been proven to be a useful

approach.35−37 In particular, oriented NNs of a higher doping
concentration can be obtained when a better controlled growth
technique, such as MOCVD or MBE, is used. In the VLS
growth process, the target material atoms (vapor) are first
absorbed by the melting catalytic metal NP (liquid). When the
supersaturation condition is reached, the target material crystal
(solid) is precipitated from the bottom of the metal NP on a
crystal-compatible substrate. In this paper, we demonstrate the
MBE growth of GaZnO NNs based on the VLS growth mode
using Ag NPs as growth catalyst. When the growth substrate
temperature is sufficiently high, a portion of a Ag NP can be
melted for serving as the catalyst to precipitate GaZnO on the
residual Ag NP and form a GaZnO NN. The grown GaZnO
NNs are used for demonstrating record-low turn-on and
threshold electric fields and record-high field enhancement
factor in a field emission test. The superior field emission
behaviors are attributed to a few factors, including (1) the low
work function (<4.2 eV) and high conductivity of the grown
GaZnO NNs due to highly degenerate Ga doping, (2) the
sharp-pointed geometry of the vertically aligned GaZnO NNs,
(3) the Ag doping in VLS precipitation of GaZnO for further
reducing NN resistivity, and (4) the residual small Ag NP at the
NN tip for making the tip even sharper and tip conductivity
even higher. The Ag doping in GaZnO and the formation of a
Ag NP at the NN tip are achieved naturally through the VLS
growth of GaZnO NNs. In section 2 of this paper, the growth
process of GaZnO NNs is described. The characterization
results of the GaZnO NNs are presented in section 3. The
growth mechanism of GaZnO NNs is discussed in section 4.
Then, the results of field emission tests are reported in section
5. Finally, conclusions are drawn in section 6.

2. GROWTH OF GaZnO NANONEEDLES

The formation of GaZnO NNs is based on the VLS growth
mode using Ag NPs as growth catalyst on a c-plane GaN
template, which is deposited on sapphire substrate with

Figure 1. (a) Tilted SEM image of Ag NPs on a GaN template. (b, c) Tilted and cross-sectional SEM images, respectively, of the GaZnO growth
result when the growth substrate temperature is 250 °C. (d, e) Tilted and cross-sectional SEM images, respectively, of the GaZnO growth result
when the growth substrate temperature is 350 °C. (f, g) Tilted and cross-sectional SEM images, respectively, of the GaZnO growth result when the
growth substrate temperature is 450 °C.
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metalorganic chemical vapor deposition. A c-plane GaN
template is chosen because it has a similar lattice size to that
of ZnO such that the c-axis growth of NNs in the VLS mode
can follow the vertical direction for forming vertical and parallel
NNs. Figure 1a shows the tilted scanning electron microscopy
(SEM) image of Ag NPs on the GaN template. The Ag NPs are
formed by first depositing a Ag layer of 1.5 nm in thickness on
GaN followed by a thermal annealing process at 300 °C for 30
min with ambient nitrogen. The planar dimension of Ag NPs
ranges from 15 to 50 nm, with an average size around 25 nm.
GaZnO is grown with an RF-plasma assisted MBE reactor
under the Zn-rich conditions of 320 °C in Zn effusion cell
temperature, 900 °C in Ga effusion cell temperature, 1 sccm in
O2 flow rate, and 350 W in RF-plasma power. Three substrate
temperatures are used for growing GaZnO on the GaN
template with Ag NPs. Figure 1b,c shows the tilted and cross-
sectional SEM images, respectively, of the growth results when
the substrate temperature is 250 °C and the growth duration is
60 min. In this situation, one can see that a GaZnO thin film of
∼240 nm in thickness is formed on the template with the Ag
NPs buried at the bottom. Two of the buried Ag NPs are
indicated by the two arrows in Figure 1c. Then, the substrate
temperature of MBE growth is raised to 350 °C to give the
growth results shown in Figure 1d,e when the growth duration
is 80 min. As shown in Figure 1d for a tilted SEM image, NNs
are formed on the sample surface. In Figure 1e for a cross-
sectional SEM image, one can see that NNs of ∼400 nm in
height are formed on a thin film of ∼165 nm in thickness. The
comparison between Figure 1b,c and Figure 1d,e indicates that
the substrate temperature of MBE growth must be sufficiently
high for NN formation. Next, the substrate temperature of
MBE growth is further raised to 450 °C to give the growth
results shown in Figure 1f,g when the growth duration is 80
min. In this situation, NNs are also formed on a thin film. With
the growth at 450 °C, the heights of the NNs become larger in
the range 850−950 nm.
To confirm GaZnO growth, energy-dispersive X-ray spec-

troscopy (EDX) analysis is undertaken at a few positions on an
NN and the simultaneously grown thin film in either sample
grown at 350 or 450 °C. As indicated in the transmission
electron microscopy (TEM) images in Figure 2a,b for the NN
samples grown at 350 and 450 °C, respectively, the Ga
compositions at nine points in either sample are measured. The
atomic percentages of Ga at those nine points in both samples

are listed in Table 1. Here, one can see that the Ga atomic
composition varies from 4.72% to 7.58% (from 1.95% to
5.65%) in the NN and the thin film in the sample grown at 350
°C (450 °C). The average Ga atomic composition over the
nine points in the sample grown at 350 °C (5.90%) is
significantly larger than that in the sample grown at 450 °C
(4.12%). Such results confirm the growth of GaZnO NNs with
a simultaneously grown GaZnO thin film when the MBE
substrate temperature is higher than or equal to 350 °C. Also, a
higher growth temperature leads to lower Ga incorporation in
either an NN or the thin film.

3. CHARACTERIZATION OF GaZnO NANONEEDLES
To understand the crystal structure of the GaZnO NNs, the
diffraction patterns of atomic-scale TEM images near the top
and middle height of a GaZnO NN grown at 350 °C are
analyzed. Figure 3a repeats the cross-sectional TEM image of
the right NN in Figure 2a to indicate the two positions for
diffraction pattern analysis. Figure 3b,c shows the atomic-scale
TEM images around the two assigned positions on the GaZnO
NN. Figure 3d,e [Figure 3f,g] shows the diffraction patterns of
the two square areas shown in Figure 3b [Figure 3c]. In each
set of diffraction patterns, the orientations of the (002) crystal
directions are indicated with the dashed lines. Those dashed
lines are repeated in the inset for the comparison between the
two diffraction patterns. Here, one can see that the two (002)
orientations in parts d and e in Figure 3 deviate from each other
by ∼3°. However, those in parts f and g in Figure 3 are almost
parallel. Such results imply that a GaZnO NN has a multicrystal
structure with crystal orientation that varies slightly from
domain to domain. The formation of multicrystal in the VLS
mode is mainly caused by the low-temperature growth.
Normally, at a high temperature, a single-crystal nanostructure
can be obtained with VLS growth. In the case of GaZnO
nanowire growth, VLS growth can result in the precipitation of
single-crystal GaZnO at a high temperature (>500 °C).
However, in this situation, Ga content is quite low. At the
used low temperatures (<500 °C), Ga content can be
significantly increased. In particular, with Zn-rich growth, Ga
incorporation becomes even stronger. In this situation,
multicrystal GaZnO is formed with a domain size 15−20 nm.
This is true in both planar and VLS growths. It has been
reported that, with such a domain structure, the defects (e.g.,
oxygen vacancies) at domain boundaries can increase electron
concentration in GaZnO for assisting carrier tunnelling through
domain boundaries, leading to high carrier mobility in
GaZnO.38 In a TEM image, small dark spots can be seen at
the tips of GaZnO NNs. Such dark spots correspond to the
residual catalytic Ag NPs. During the VLS growth process,
catalytic metal atoms can mix into the precipitated material
leading to the size shrinkage of the catalytic metal NP. Figure
4a shows a TEM image of three GaZnO NNs grown at 350 °C
to indicate the two positions for Ag content analysis. The
atomic-scale TEM images around these two positions, one at
the tip and the other at the bottom of the NN, are shown in
Figure 4b,c, respectively. In either part b or part c of Figure 4,
fringe patterns with a lattice constant of 0.239 nm can be clearly
seen. This lattice constant corresponds to Ag (111) crystal face,
indicating the high Ag contents at these two positions. Figure
4d,e shows the corresponding EDX spectra, confirming their
high Ag contents. The Ag atomic percentages are estimated to
be 90% and 75% at the NN top and bottom, respectively. The
relatively lower percentage of Ag content at the NN bottom is

Figure 2. (a) TEM image of two GaZnO NNs grown at 350 °C for
showing the nine positions of EDX measurement to give Ga
compositions. (b) TEM image of a GaZnO NN grown at 450 °C
for showing the nine positions of EDX measurement to give Ga
compositions.
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due to the thicker sample there, in which a possibly existent Ag
NP is surrounded by GaZnO. The observed Ag content at the
bottom of a GaZnO NN may be caused by Ag NPs nearby,

which are not involved in the VLS growth. However, it can also
be due to the incomplete use of the Ag NP, which is involved in
the VLS growth of the NN above. It is noted that corrugation
structures can be seen on the GaZnO NN shown in Figure 3a.
The formation of such a corrugation structure can be related to
the multicrystal precipitation of GaZnO. However, its
formation mechanism requires further investigation.
As mentioned earlier, Ag atoms can mix into the precipitated

GaZnO during the VLS growth process of an NN. In the TEM
image of Figure 5a, we show a GaZnO NN grown at 350 °C
with a vertical (red) arrow drawn along the NN for EDX scan.
Figure 5b shows the line-scan Ag contents with the Ag-L and
Ag-K lines. Here, the horizontal (red) arrow at the top indicates
the EDX scan direction following that in Figure 5a. In Figure
5b, one can see the generally decreasing trend of Ag content
along the NN height. The short (blue) arrows in Figure 5a,b
show the location of the NN tip, at which a small Ag NP leads
to a clear feature of Ag content. It is noted that the line scan
shown in Figure 5a may pass another Ag NP at the NN bottom.
This Ag NP may result in one of the features in the data of the
Ag-L and Ag-K lines toward the right end of Figure 5b.
However, it is difficult to identify this feature. Figure 5c shows
the same TEM image as Figure 5a. However, now a horizontal
(red) arrow in the GaZnO thin film is drawn for EDX scan.
Figure 5d shows the corresponding line-scan Ag contents with
the Ag-L and Ag-K lines. Here, again, the horizontal (red)
arrow at the top indicates the EDX scan direction following that
in Figure 5c. The short (blue) arrows in Figure 5c,d show the
position of the NN portion buried in the GaZnO thin film. In
Figure 5d, one can see a clear feature in either Ag-L or Ag-K
line at this position. This Ag feature can originate either from
the Ag content in the GaZnO NN or from a residual Ag NP
there. It is noted that the Ag content outside the NN is
negligibly small in the GaZnO thin film. From the results in
Figure 5b,d, one can conclude that Ag atoms exist in a GaZnO
NN, which is grown through the VLS mode with catalytic Ag,
but not in the simultaneously grown GaZnO thin film, which is
formed through the ordinary two-dimensional growth.

4. GROWTH MECHANISM OF GaZnO NANONEEDLES
To understand the growth mechanism of GaZnO NNs, we
investigate their early stage growth behaviors. Figure 6a−d
shows tilted SEM images of GaZnO growth results on GaN
templates with Ag NPs at 350 °C for 10, 20, 30, and 40 min,
respectively. In Figure 6a, one can see that GaZnO emerges
from some of the Ag NPs to show the bright spots. Generally,
GaZnO is formed only from those Ag NPs of relatively smaller
sizes. In this stage, a thin GaZnO film is also formed to slightly
cover those Ag NPs of larger sizes. In Figure 6a, a typical Ag
NP with emergent GaZnO is indicated by an arrow. The basal
width and height of this structure (Ag NP plus GaZnO NN)
are estimated to give 36 and 118 nm, respectively. When the
VLS growth time increases to 20 min, the structure size of the
Ag NP plus GaZnO NN becomes larger, as shown in Figure 6b.
In this situation, the basal width and height of a typical

Table 1. Ga Atomic Percentages from EDX Measurements at those Positions shown in Figure 2a,b for the NN Samples Grown
at 350 and 450 °C, Respectively

position

1 2 3 4 5 6 7 8 9 av

350 °C 7.58 5.67 4.82 6.58 5.98 5.96 4.72 6.15 5.61 5.90
450 °C 4.96 5.65 1.95 3.73 4.05 5.34 3.65 3.18 4.57 4.12

Figure 3. (a) TEM image of a GaZnO NN grown at 350 °C for
showing the two positions of crystal orientation analysis. (b, c)
Atomic-scale TEM images around the two designated positions. (d, e)
Diffraction patterns of the two square areas shown in part b. (f, g)
Diffraction patterns of the two square areas shown in part c. In each
set of diffraction patterns, the orientations of the (002) crystal
directions are indicated with the dashed lines. Those dashed lines are
repeated in the inset for comparison.

Figure 4. (a) TEM image of three GaZnO NNs grown at 350 °C to
indicate the two positions for Ag content analysis. (b, c) Atomic-scale
TEM images at these two positions. (d, e) Corresponding EDX
spectra at the two positions, indicating their high Ag contents.
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structure, as indicated by the arrow, are estimated to give 45
and 184 nm, respectively. The basal width and height of the
structure including Ag NP and GaZnO NN indicated by the
arrow when the VLS growth time is 30 (40) min shown in
Figure 6c [Figure 6d] are increased to 67 and 312 nm (84 and
393 nm), respectively. As VLS growth time increases, the
GaZnO thin film filling the space between GaZnO NNs
becomes thicker and thicker and eventually covers the Ag NPs
completely. It is noted that the basal width of the structure
including Ag NP and GaZnO NN becomes larger than the
original Ag NP size after VLS growth.
Figure 7a shows the TEM image of a few GaZnO NNs when

the VLS growth time is 10 min at 350 °C. Here, one can see
that a small Ag NP exists at the top of each GaZnO NN,
indicating that the VLS growth for forming the GaZnO NNs is
based on the catalytic reaction of the small Ag NP at the NN
tip. Figure 7b shows the TEM image of two GaZnO NNs when
the VLS growth time is 20 min at 350 °C. Atomic compositions
at the three positions marked on the proximal NN are

evaluated with EDX to give the results in Table 2. Here, at the
NN top and bottom (points 1 and 3, respectively), high Ag

Figure 5. (a) TEM image of GaZnO NNs grown at 350 °C with a vertical (red) arrow along an NN drawn for EDX scan. (b) Line-scan Ag contents
with the Ag-L and Ag-K lines. Here, the horizontal (red) arrow at the top shows the scan direction following that in part a. The short (blue) arrows
in parts a and b indicate the location of the NN tip, at which a small Ag NP leads to a clear feature of Ag content. (c) Same TEM image as in part a
with a horizontal (red) arrow in the GaZnO thin film drawn for EDX scan. (d) Corresponding line-scan Ag contents with the Ag-L and Ag-K lines.
The short (blue) arrows in parts c and d indicate the position of the GaZnO NN portion buried in the thin film.

Figure 6. (a−d) Tilted SEM images of GaZnO growth results at 350 °C on GaN templates with Ag NPs as catalyst for 10, 20, 30, and 40 min,
respectively. (e) Tilted SEM image of GaZnO growth result at 450 °C on a GaN template with Ag NPs as catalyst for 10 min.

Figure 7. (a) TEM image of GaZnO NNs grown at 350 °C for 10 min
to show the Ag NPs at the NN tips. (b) TEM image of two GaZnO
NNs grown at 350 °C for 20 min with three designated positions for
EDX measurement.
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compositions are observed, indicating the existence of Ag NPs
at these two positions. The relatively lower Ag composition at
point 3 is due to the burial of the Ag NP there by a thick
GaZnO layer. The relatively larger Ga composition at point 1
can be attributed to the rich Ga absorption by the catalytic Ag
NP.
The growth scenarios of a GaZnO NN from a catalytic Ag

NP are schematically demonstrated in Figure 8. At the

beginning, as shown at the left end, a Ag NP of a reasonably
small size can be partly melted as the substrate temperature of
MBE growth is raised to a certain level. Here, the melting
portion of the Ag NP is presented with the lighter gray color.
Only this melting portion of the Ag NP serves as the catalyst
for VLS growth. GaZnO is precipitated from the bottom of this
melting Ag NP portion, resulting in the growth of GaZnO on
the inactive Ag NP portion at the bottom and the push-up of
the catalytic Ag NP. In a conventional VLS process for growing
a semiconductor nanostructure, the semiconductor material
precipitates from the bottom of the whole catalytic metal NP to
form a nanostructure on a template, which usually is a material
allowing target material overgrowth, when the template
temperature is high enough for melting the whole metal NP.
If such a temperature is not reached, the VLS growth behavior
cannot be observed. However, because GaZnO can be grown
on a metal,39 it can be precipitated between the melting and
unmelting portions of a Ag NP, leading to the result shown in
Figures 6a and 8. As shown in Figure 1b,c, when the substrate
temperature is 250 °C, the temperature is not high enough for
melting a significant portion of a Ag NP for producing a VLS
growth effect such that the GaZnO growth simply forms a thin
film covering the Ag NPs. As the substrate temperature is
increased to 350 °C, those Ag NPs of relatively smaller sizes
can be partly melted for the VLS growth results shown in
Figure 6a−d. At 350 °C, the Ag NPs of larger sizes cannot be
effectively melted for generating a VLS growth effect.
Therefore, only the smaller Ag NPs result in the growth of
GaZnO NNs. The Ag NPs of larger sizes can be used for
GaZnO NN growth when the substrate temperature is further
increased. Figure 6e shows the tilted SEM image of a sample
after 10 min growth at 450 °C on a Ag NP template. Here, a Ag
NP at the top of a GaZnO NN can be clearly seen. It is noted

that the size of the top Ag NP (∼40 nm) in the sample grown
at 450 °C shown in Figure 6e is significantly larger than that
(∼15 nm) in the sample grown at 350 °C shown in Figure 6a.
At the higher growth temperature, a larger portion of a Ag NP
or the whole Ag NP can be melted for producing the VLS
growth effect. Also, larger Ag NPs can be involved in VLS
growth. However, as growth temperature increases, Ga content
is reduced, as indicated in Table 1. In this situation, the
electrical property is degraded.9,10 As shown in Figure 6a−d,
the basal width of a GaZnO NN grown at 350 °C increases
with growth time and eventually becomes larger than the planar
size of the original Ag NP. The increasing basal width of a NN
can be attributed to the GaZnO precipitation in a planar area
larger than the size of the catalytic Ag NP at the top during the
VLS process. It can also be due to the VLS growth through the
melting side-surface of the residual Ag NP at the NN bottom
before it is covered by the simultaneously grown GaZnO thin
film, which is deposited without the VLS process. Without the
VLS process, no Ag content can be found in the GaZnO thin
film, as shown in Figure 5d. In Figure 8, we use slightly different
colors to differentiate the GaZnO portion with Ag doping from
that without Ag doping. As schematically shown in Figure 8, the
Ag NP at the tip of the NN becomes smaller and smaller along
the VLS growth due to the Ag doping into the GaZnO NN.

5. FIELD EMISSION BEHAVIOR OF GaZnO
NANONEEDLES

In the field emission test of the grown GaZnO NNs, the
GaZnO thin film is used as the cathode. The anode is made of
copper. The distance between the cathode and anode surfaces
is 120 μm. The test area is 0.9 cm × 0.9 cm. The pressure of the
vacuum chamber for electron emission is 5 × 10−7 Torr. A
voltage source (Keithley 2410) is used for the field emission
measurement. Figure 9 shows the emission current density (J)

as a function of applied electric field (E) for the NN sample
grown at 350 °C. For comparison, in the inset of Figure 9,
besides the emission current density as a function of applied
electric field for the NN sample grown at 350 °C, the similar
result for the NN sample grown at 450 °C is shown. In Figure
10, we show the values of ln(J/E2) as functions of 1/E for the
NN samples grown at 350 and 450 °C. Two straight dashed

Table 2. Atomic Compositions of Zn, Ga, and Ag at the
Three Positions Shown in Figure 7b

position

1 2 3

Zn (%) 5.98 94.41 84.42
Ga (%) 16.60 4.81 5.88
Ag (%) 77.42 0.87 14.97

Figure 8. Schematic demonstration of the growth scenarios of a
GaZnO NN from a catalytic Ag NP.

Figure 9. Emission current density as a function of applied electric
field in field emission test of the GaZnO NN sample grown at 350 °C.
The definitions of the turn-on electric field, Eon, and threshold electric
field, Eth, are demonstrated. In the inset, besides the result of the
sample grown at 350 °C, the similar result of the sample grown at 450
°C is shown for comparison.
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lines are drawn for fitting the data curves. According to the
Fowler−Nordheim equation, such a curve must be a straight
line. The two quasilinear curves in Figure 10 confirm that the
field emission behaviors follow the Fowler−Nordheim
equation. For describing the field emission behavior, the turn-
on electric field (Eon) and threshold electric field (Eth) are
usually defined as the applied electric fields for the emission
current density to reach 10 μA/cm2 and 1 mA/cm2,
respectively.40 The values of those defined electric fields for
the NN sample grown at 350 °C are listed in column 6 of Table
3. Here, one can see that Eon and Eth are as small as 0.18 and 0.3
V/μm, respectively. From the results in Figure 9, by assuming
that the work function of GaZnO is 4.2 eV,41 based on eq 1, we
can evaluate the field enhancement factor, β, of the NN sample
grown at 350 °C to give 5.0 × 104.11,12 The work function
assumption of 4.2 eV is based on the highly degenerate Ga
doping into ZnO such that its Fermi level can be lifted to
become coincident with or even higher than the conduction
band-edge. The value of 4.2 eV corresponds to the potential
difference between the vacuum level and the conduction band-
edge of ZnO. The evaluated β value is also shown in column 6
of Table 3. The corresponding field emission results of the NN
sample grown at 450 °C are listed in column 7 of Table 3. With
lower Ga doping in this sample, its work function is estimated
to be 5.3 eV.12 Here, one can see that the turn-on electric field
is increased to 3.83 V/μm and the field enhancement factor is
reduced to 2072. Columns 2−5 of Table 3 show the related
results of three representative materials, which have been
developed for field emission application, including graphene,20

carbon nanotube (CNT) coated with Ag NPs for reducing its
effective work function,13 neodymium hexaboride (NdB6,
which has a low work function at 1.6 eV),25 and ZnO NNs.27

From the comparisons shown in Table 3, one can see that
either the turn-on or threshold electric field of our GaZnO
NNs grown at 350 °C is lower, when compared with other
reported materials. Also, the field enhancement factor of our
GaZnO NNs grown at 350 °C is higher than those of the other

four materials. As a matter of fact, through literature survey, it is
found that the turn-on and threshold electric fields of this work
are the lowest ever reported. Meanwhile, the field enhancement
factor of this work is the highest ever reported.
The low turn-on and threshold electric fields and high field

enhancement factor in the field emission test of the GaZnO
NN sample grown at 350 °C are mainly due to the highly
degenerate Ga doping into ZnO. In this situation, the Fermi
level can be lifted to become coincident with or even higher
than its conduction band-edge such that the work function is
reduced (<4.2 eV) for effective electron emission. Also, the
material resistivity is reduced for focusing the voltage drop at
the NN tip and hence increasing the field enhancement factor.
Meanwhile, the sharp NN tip (<10 nm) also helps in increasing
the field enhancement factor. In particular, the small Ag NP at
the NN top makes the tip even sharper and increases the
electron concentration at the tip. Besides, the vertically aligned
NN geometry helps in increasing the field emission efficiency.
In addition, the Ag doping during VLS precipitation can further
reduce the material resistivity. It is noted that Ag doping in
ZnO under the O-rich growth condition for Ag atoms to
occupy Zn sites and hence for forming p-type ZnO has been
reported.42,43 However, GaZnO is grown under the Zn-rich
condition, in which most doped Ag atoms are expected to
occupy the O sites.44,45 In this situation, n-type is formed, and
electron concentration can be further increased for further
reducing the resistivity of GaZnO NNs. The Hall measurement
results, including electron concentration, mobility, and
resistivity, of GaZnO thin films of ∼300 nm in thickness
grown with the substrate temperatures at 250, 350, and 450 °C
on GaN templates are listed in Table 4. Here, one can see the

large differences of electron concentration and resistivity
between the GaZnO thin films grown at 350 and 450 °C.
Although it is difficult to directly measure the electrical
property of a GaZnO NN, its resistivity is expected to be about
the same as or even better than that in a thin film since their Ga
contents are about the same and an NN is doped with Ag. The
large difference in field emission behavior between the NN
samples grown at 350 and 450 °C is mainly caused by the
difference of their electron concentrations. It is noted that, from
the discussions above, one can conclude that the temperature

Figure 10. Values of ln(J/E2) as functions of 1/E for the NN samples
grown at 350 and 450 °C.

Table 3. Comparisons of Turn-On Electric Field, Threshold Electric Field, and Field Enhancement Factor between This Work
under Two Growth Conditions and the Cited Accomplishments of Other Materials

graphene20 CNT + Ag NP13 NdB6
25 ZnO27 this work (350 °C) this work (450 °C)

turn-on electrical field, Eon (V/μm) 1.3 0.3 2.7 1.3 0.18 3.83
threshold electrical field, Eth (V/μm) 3.0 0.42 3.6 2.9 0.30 4.41
field enhancement factor, β 1.1 × 104 3.0 × 104 368 1.4 × 104 5.0 × 104 2072

Table 4. Hall Measurement Results, Including Electron
Concentration, Mobility, and Resistivity, of GaZnO Thin
Films of ∼300 nm in Thickness Grown with the Substrate
Temperatures 250, 350, and 450 °C on GaN Templates

GaZnO grown at
250 °C

GaZnO grown at
350 °C

GaZnO grown at
450 °C

electron conc
(cm−3)

1.1 × 1021 8.0 × 1020 1.3 × 1020

mobility
[cm2/(V s)]

29 31 14

resistivity (Ω cm) 1.8 × 10−4 2.5 × 10−4 3.0 × 10−3
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for melting a portion of a Ag NP with the size range shown in
Figure 1a for VLS growth is between 250 and 350 °C. If the Ag
NP size can be reduced, GaZnO NNs can be grown at a lower
temperature. In this situation, as shown in Table 4, the electron
concentration and hence the conductivity in the GaZnO NNs
can be further enhanced. For field emission application, besides
the high conductivity and high field enhancement factor of an
NN, the NN geometry and density are also important factors.
Such factors are controlled by the Ag NP distribution. A smaller
Ag NP can be used for growing a narrower NN. A higher Ag
NP density can result in a higher NN density for increasing
emitted current.

6. CONCLUSIONS
In summary, we have demonstrated the MBE growth of
GaZnO NNs based on the VLS growth mode using Ag NPs as
the growth catalyst. It was shown that when the growth
substrate temperature was high enough, a portion of a Ag NP
could be melted for serving as the catalyst to precipitate
GaZnO on the residual Ag NP and form a GaZnO NN.
Record-low turn-on and threshold electric fields in the field
emission test of the grown GaZnO NNs were observed. Also, a
record-high field enhancement factor was calibrated. Such
superior field emission performances were attributed to a few
factors, including (1) the low work function and high
conductivity of the grown GaZnO NNs due to highly
degenerate Ga doping, (2) the sharp-pointed geometry of the
vertically aligned GaZnO NNs, (3) the Ag doping in VLS
precipitation of GaZnO for further reducing NN resistivity, and
(4) the residual small Ag NP at the NN tip for making the tip
even sharper and tip conductivity even higher. It should be
emphasized that the Ag doping in GaZnO and the formation of
a Ag NP at the NN tip were achieved naturally through the
VLS growth of GaZnO NNs.
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