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ABSTRACT

We synthesized catalyst-free 8-Ga,0O5 nanorods with terminated ultra-sharp tips by heat treating single crys-
talline GaAs in a chemical vapor deposition (CVD) chamber without introducing a precursor. The unique,
straight-forward, synthetic route and a possible growth mechanism are discussed to explain the different mor-
phology of the grown nanorods and the ultra-sharp nanostructures. The morphology and structure of the
nanorods were characterized by scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDS), X-ray diffraction (XRD) and Raman-spectroscopy. The ultra-sharp tips were found to have radii of
~3-5 nm and were utilized to achieve enhanced field emission. The field emission characteristics demonstrated
a turn-on field of 2.1 Vum~!, a threshold electric field of 5.6 Vum~!, and a geometrical field enhancement
factor of 3786, making them comparable to nanostructured diamond and highly oriented single wall carbon

nanotubes.
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1. INTRODUCTION

Recently, numerous vertically-oriented one-dimensional
nanostructures fabrication methods, using bottom-up
synthesis processes have attracted interest owing to their
simplicity of synthesis and high electromechanical per-
formance. Materials such as carbon nanotubes (CNTs),!
wide band-gap semiconductors,”> metal nanowires® and
several oxides such as In,0;,* ZnO,> Sn0,° and Ga,0,"3
have stimulated considerable interest. Some of these
materials have low work function and/or high chemi-
cal stability. Monoclinic gallium oxide (3-Ga,05) is an
important transparent metal oxide semiconductor with a
wide band gap (E, = 4.9 eV). The electrical conduction’
and luminescence!® properties make it a good candi-
date for optoelectronic applications such as flat panel
displays, solar energy devices, and stable high temper-
ature gas sensors.'! Various methods have been used
to synthesize [-Ga,0; nanostructures including thermal
evaporation,'? arc-discharge,'® laser ablation,'* and car-
bothermal reduction.'?
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Field emission (FE), a very well understood quantum
mechanical electron tunneling effect, is a good source
for high-brightness electrons with low energy spread.
Under high electric field strengths, energy barrier thinning
enables electrons to escape from the cathode by tunnel-
ing through an insulating medium such as vacuum. For
many applications using FE, the materials should exhibit
very low-field onset of emission and a high degree of
stability at high current density. A low work-function
and a large field enhancement factor contribute to a low
threshold field for electron emission. While work-function
is an intrinsic material property, the field enhancement
factor (FEF) predominantly depends on the geometry
of the emitters. The high aspect ratio and small radii
of sharp tip can generate a high local electric field at
the tip, which results in a decrease of the FE poten-
tial barrier and increase of the FE current.'® Tedious and
costly top-down processing techniques have been demon-
strated to fabricate field emission tips with diminish-
ingly small radii,'”-!'® although most such emitters have
finite lifetime and exhibit performance degradation over
a short period of time. Zhan et al. reported the first
field emission properties of Ga,0;—C nanocables with
a turn on field of 7.73 Vum~1.! Recently Cao et al.
reported cactus-like gallium oxide nanostructures with a

Sci. Adv. Mater. 2015, Vol. 7, No. xx

1947-2935/2015/7/001/007

doi:10.1166/sam.2015.2160 1

I 0



I - vic e

Synthesis of Ga,O3; Nanorods with Ultra-Sharp Tips for High-Performance Field Emission Devices

turn on field of 12.6 Vum~"'5 and Huang et al. reported
quasi-aligned Ga,0O; nanowires with a turn on field of
6.2 Vum~120

In this paper, we report on the synthesis and charac-
terization of $-Ga,0; nanorods with ultra-sharp tips with
radii of ~3-5 nm, by directly heating a GaAs wafer in a
horizontal tube furnace. A growth mechanism suggested to
explain the different morphologies observed on the growth
substrate and on the grown ultra-sharp nanostructures. The
structures exhibited excellent field emission characteristics
with a turn-on field of 2.1 Vum™' and a threshold electric
field of 5.6 Vum™!. A high value of 3786 was obtained for
the overall field enhancement factor using a modified ver-
sion of the Fowler-Nordheim equation for semiconductor
surfaces.

2. EXPERIMENTAL PROCEDURE

The Ga,0; nanorods with ultra-sharp tips were grown in
a horizontal alumina tube inserted in a furnace as shown
in Figure 1. The tube was continuously pumped down to
749 Torr. Argon was used as carrier gas at a flow rate of
100 sccm, while the residual O, in the alumina tube acted
as the reaction gas. The Zn-doped p-GaAs (100) substrate
was first put in a small container filled with deionized
water then placed in a ultrasonic bath and cleaned for
4 minutes. After the cleaning process substrate was dried
by Nitrogen and then placed in an alumina boat. The boat
was placed at a distance of ~12 cm from the center of the
alumina tube facing downstream to the flow of carrier gas.
The temperature distribution along the tube is not uniform
during the heating process. To determine the temperature
profile of the tube, a type K thermocouple was used. The
temperature is the highest at the center of the tube and is
~800 °C where the substrates are located. Prior to heating
the tube, Argon was introduced into the system to flush
out the tube for ~20 min. Then the furnace temperature
was ramped up to 1050 °C from room temperature with a
rate of 7 °C/min and was fixed at that value for 40 min-
utes. Subsequent to this process, the furnace was cooled
down to room temperature. Upon retrieving the sample, a
layer of white wool-like film was observed on the surface
of GaAs substrate.
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3. RESULTS AND DISCUSSION

The resulting film was characterized using scanning elec-
tron microscopy (SEM), Raman spectroscopy and energy
dispersive X-ray spectroscopy (EDS).

For surface morphology characterization, an FEI
XL30-SFEG scanning electron microscope (SEM) was
employed. The SEM images reveal Ga,O; nanorods
(length ~5-15 um and thickness ~200 nm to 1 um)
densely grown on the substrate and most of them have
ultra-sharp tips on the top facet with a large aspect ratio.
Figures 2(a) and (b) show the global view of the nanorods
while 2(c) shows the cross-sectional SEM micrograph of
the Ga,O; nanorods with clearly visible ultra-sharp tips.
Figure 2(d) shows truncated pyramidal regions between
the nanorods and the ultra-sharp tips. This shape repre-
sents the incremental growth from the initial Ga droplet
size to the most favorable dimensions for Ga,O; crystal
growth in a competitive environment. Figure 2(e) presents
a transmission electron microscopy (TEM) image of a
nanoscale tip that is visibly decorated with an ensemble of
nano-droplets.

The Raman spectra of Ga,0; nanorods were acquired
using a Renishaw RM 1000 Research Laser Raman Micro-
scope. Figure 3(a) presents the room temperature Raman
scattering spectra of Ga,O; nanorods under the excitation
wavelength of 514 nm. Raman peaks were obtained at 191,
310, 337, 406, 466, 621 and 646 cm~!. These peaks pre-
cisely match with that of single crystalline 8-Ga,0,.!>%!

The chemical composition of Ga,O; nanorods was stud-
ied using an Energy Dispersive X-ray Spectroscopy (EDS)
module attached to the SEM. The resulting spectrum is
shown in Figure 3(b). The EDS data reveal the pres-
ence of gallium and oxygen as the main composition of
the nanorods, while the arsenic signal is from the sub-
strate. When GaAs is heated above the decomposition
temperatures range (585 °C-750 °C), it is brought into
the phase separation regime (Fig. 4(b)).?> In this regime,
liquid gallium clusters on the surface are the thermody-
namically favored state. Around the decomposition tem-
perature, the lattice structure begins to break down and
preferential loss of arsenic (As) occurs from the GaAs
surface. Nucleation of clusters and phase separation takes

Heating Elements

AluminaTube GaAs Substrate

ArGas flow

Fig. 1.

Schematic illustration of experimental setup consisting of an alumina tube furnace with a precision control heater. Argon flow was used to

flush out the tube. The tube temperature was increased to 1050 °C maintaining a growth temperature of ~800 °C around the GaAs growth substrates

for synthesizing ultra-sharp Ga,O, nanorods.
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Ultra-Sharp Tips

_~MNanorods

Fig. 2.

Synthesis of Ga,O3; Nanorods with Ultra-Sharp Tips for High-Performance Field Emission Devices

(a)—(b) Low magnification and (c) high magnification SEM images of Ga,O, nanorods with ultra-sharp tips (indicated with arrows). (d) Trun-

cated pyramidal regions between the pillars and the ultra-sharp tips. (¢) Transmission electron microscopy (TEM) image of the sharp tip. An ensemble

of Ga or Ga,O droplets is visible on the tip.

place once sufficient Ga concentration has been reached on
the surface.”? During the cluster formation there are three
steps:

(i) arsenic diffusion and evaporation,

(ii) formation of Ga clusters on the surface and desorption
of exposed As from the surface, and

(iii) arsenic diffusion and evaporation through the liquid
Ga cluster.

Thermodynamic studies of Ga on GaAs show that arsenic
loss through liquid Ga is faster than arsenic diffusion
through the substrate followed by desorption from the
wafer surface.”

The diameter of these droplets, found experimentally
by Zinke-Allmang et al. to be due to coalescence, cor-
responds well to the lateral dimensions of the nanorods
on which ultra-sharp tips grow.?* The droplets adopt a
hemispherical-type conformation® as a result of liquid
Ga being able to wet the dynamic GaAs surface; this is
due to the strong binding energy towards As.2® If oxy-
gen concentration is high in the ambient, it is likely
that a thick Ga,0; film or micro-columns, instead of
nanorods, nanoblocks or nanowires, will form at high tem-
perature ranges (Fig. 4(c)). This means that high oxy-
gen concentration at high temperature inhibits nanoscale

structure (nanowires, nanoblocks or nanoribbons etc.)
growth (Fig. 4(d)).

Tersoff et al. previously noted that in the absence of
oxygen in the chamber, Ga droplets with ~ um diame-
ters exhibit a dynamic motion in some preferential direc-
tions on the GaAs wafer surface?’ (Fig. 4(d)). A chemical
reaction between the residual oxygen gas in the chamber
and Ga clusters accumulated on the surface of GaAs sub-
strate takes place. This reaction results in a thin film of
Ga,0; with visible voids under it. These voids are due to
excess loss of As from hundreds of atomic layers of GaAs
(Fig. 5) which were observed before.”® Beyond the evo-
lution of droplet formation, we note that the formation of
a stable Ga,O; film will serve to limit the availability of
the Ga species from the substrate to the outermost growth
surface (Fig. 4(d)). These considerations for Ga on Ga,O,
and the equation of state along with Young’s equation sug-
gest a non-wetting contact angle.?’ With this in mind, a
bidirectional growth mechanism is proposed for the rather
homogeneous ultra-sharp tips on the nano/micro pillars.

The presence of oxygen species enables a Ga,O,
“crust”™® to form which serves to divide the growth into
two regimes: that below the film (oxygen diffuses from
the surface) and that above it, which explains the one-
dimensionality of the ultra-sharp tip. Below this Ga,0,
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Fig. 3. (a) The Raman spectra of Ga,O; nanorods. The peaks are

obtained at 191, 310, 337, 406, 466, 621, 646 cm™'. These peaks match
with the literature-reported single crystalline 3-Ga, O, Raman peaks and
provide further experimental evidence that the as-grown nanorods are
single-crystal monoclinic -Ga,0O;. (b) EDS measurement of Ga,O,
nanorods show that the main composition of the nanorods is Ga and O,
whereas the As signal is traceable to the substrate.

film, an interfacial liquid Ga layer simultaneously accu-
mulates and wets the GaAs substrate underneath, facil-
itating continuous downward conversion of the GaAs
substrate into Ga,0;. Crystal formation and competition
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from surrounding pillars results in well-defined, constant-
diameter pillars. The truncated pyramidal region between
the pillars and the ultra-sharp tips represents the incre-
mental growth from the initial Ga droplet size to the most
favorable dimensions for Ga,O; crystal growth in a com-
petitive environment (Fig. 2(d)). The ultra-sharp tips are
explained by the inability of Ga to wet Ga,0;. As the film
of Ga,0O; forms at the initial GaAs interface, the liquid Ga
above the film can no longer wet the surface and equidis-
tantly progresses towards a large contact angle droplet.
This inability of the droplet to wet the surface results in
the necessity of one-dimensional growth and the volume
of the droplet determines the length and subtle tapering
of the ultra-sharp, one-dimensional tip. The growth self-
terminates with the exhaustion of Ga and may be appli-
cable towards nano-atomic transitions based on oxidative
processes.

Despite the extensive literature on GaAs oxidation and,
more recently, syntheses devoted specifically to Ga,O,
NW formation, the structures produced here appear to be
amongst if not the thinnest Ga,O; wires fabricated. In ini-
tial studies, the intent of simply forming a passivation
layer for GaAs was performed at temperatures hundreds of
degrees below our process and in the presence of excess
oxygen. Typically the synthesis procedures for intention-
ally growing Ga,O; wires have resulted in diameters of
tens to thousands of nanometers; these routes often employ
a preponderance of gallium and/or oxygen. Our process
differs from early passivation studies in the use of elevated
temperature and lower oxygen content. It differs from most
Ga,0; NW studies, even those at comparable tempera-
tures, in that we employ low oxygen content and a limited
Ga supply. It is worth drawing explicit attention to these
factors which may explain the absence of similar struc-
tures in the literature and may stimulate additional studies
on ultra-sharp tips of Ga and other metal oxides.

The transmission electron microscopy (TEM) image
(Fig. 2(e)) of sharp tip and X-ray diffraction pattern show
evidence that the as-grown structures are single-crystal
monoclinic Ga,0;. An ensemble of protrusions is vis-
ible on the tip. Similar NW decoration was observed
by Shin et al. and was reportedly a defect-free Ga,O,
NW/nanocrystal homojunction.*

The schematic for the field emission measurement setup
is shown in Figure 6(a). We performed the measurements
in a high-vacuum chamber (~10~® Torr). The sample was
fixed onto an aluminum SEM sample holder that also func-
tioned as the cathode contact while a polished stainless
steel plate was used as an anode. The distance between the
anode and the ultra-sharp tips, d, of the Ga,O; nanorods
was around 1 mm. The measured area was ~76.5 mm?.

Figure 6(b) shows the measured field emission J—E
characteristic, along with its corresponding Fowler-
Nordheim (FN) plot. To analyze the emission current, /gy,
we applied a modified version of the FN equation similar
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(d)

{top view)
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Fig. 4. Schematic representation of the growth process. (a) GaAs substrate. (b) At around the decomposition temperature (585 °C), the lattice structure
begins to break down and preferential loss of arsenic (As) occurs from the GaAs surface. (c) With sufficient supply of oxygen in the ambient, Ga
droplets on the surface tend to form a Ga,Os thin film or (d) micro/nano Ga,O; blocks. (e) When there is very little amount of metal Ga left on top

of nano-micro Ga,O; blocks, ultra-sharp tip growth takes place.

to earlier works.*!*32 In contrast to metals, field penetra-
tion into semiconductors can cause deformation of the
conduction band. At high field strengths, the bottom of
the conduction band will dip below the Fermi level, cre-
ating an electron pool at the surface.’¥ The effective
work function, as used in the FN formalism, will then be
given by:

ety = P — gEﬁ,/cs eV

Fig. 5. Cross-sectional SEM image of GaAs Substrate with Ga,O; thin
film and nanorods anchored on it. The voids between micro-scale film on
the substrate and the GaAs substrate are clearly discernable in the image.

where E, . is the local field, ¢ is the semiconductor work
function (4.15 eV for Ga,0;**), and the constant { is given
by { =4.5x 10772 eV'/? cm*>.

The resulting FN equation is

E? eir
AW (bfcff expl:—bTv(y):|

2kl EYS b2
x|:1—<1+ K{ ¢eff>

Ien = A Iy =

E

Ikl EYS /3
+exp(7kg 5 Pt >:| A-em™ (1)

where A is the effective emission area, a and b are the
universal FN constants, k = 5.16 x 107 eV~/2 cm~!, and
y is the image force barrier lowering factor given by

F'2 (g, —1\"?
c——\ = 2
d)eff 8r+1

where ¢ =3.7947 x 107* eV V712 cm'/?, g, is the semi-
conductor dielectric constant (10.2 for Ga,0,%), and #(y)
and v(y) are the correction functions (elliptical factors).*
The slope of the FN curves in the linear regime, S, is

proportional to ¢24>,* and is given by:

y:

S = Il /V?)/3(1/V) (3)

2>
Py
]

O
I
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Fig. 6. (a) Schematic of the Field Emission measurement setup. (b) The

emission current density from the Ga,O; nanotips versus applied field
(J-E). The turn-on field of 2.1 Vum™' and the threshold field of
5.6 Vum~! are obtained. The inset is the F—N plot, demonstrating a
linear characteristic which is typical of field emission.

Equation (3) was solved numerically to find the field
enhancement factor (FEF) for the nanowires defined as
B = E\/E,pp» Where Ey. and E,,, are the amplified local,
and applied parallel-plate field strengths respectively, the
latter given by E, = V/d. An average value of B~
3786 was obtained from our measurements. The effective
emission area, calculated using the auxiliary function I'(y)
as proposed by Forbes,® was found to be A ~ 2.31 x
10717 cm?.

The turn-on field, which we designate to represent the
electric field required to generate an emission current den-
sity of 10 wA cm~2, was about 2.1 Vum~!. The thresh-
old field which we designate to represent the electric
field required to generate an emission current density of
10 mA cm~? was about 5.6 Vum~!. It is important to
note that the turn-on voltage of ~2.3 Vum™! is as low

Bayam et al.

Table I. A comparison of the field emission parameters of various nano
structures.
Turn-on field Threshold field

Nanostructures (Vpum™") (Vpum™")
Ga,0; Ultra-sharp tips 21 5.6
Carbon nanotubes® 0.75 1.6
CNy nanotubes* 2-3 5.5
ZnO nanotowers" 4.5 7.2
AIN nanotips*! 4.7 10.6
GaAs nanowires* 2 6.5
GaN nanobelts* 1.3 23
NiO nanorods* 11.5 6.5
ZnO agavelike NWs* 2.4 43
Cactus-like Ga,O;Nanostructures' 12.6 23.2
Ga,0,-C nanocables' 7.73 8.45
Quasy-aligned Ga,O, nanowires* 6.2 N/A
Tapered carbon nanotubes*® 3.2 42
In, 05 nanowire-decorated Ga, O, 1.31 N/A

nanobelt heterostructures*’
Boron nanowire arrays*® 5.1 11.1

as reported from nanostructured diamond (3-5 Vum~!)37
or from highly-oriented single wall carbon nanotubes
(0.7-3.9 Vum™").*® These excellent field emission char-
acteristics make Ga,0O; nanorods a viable candidate for
industrial field emission applications.

Table I details the comparison between some of the pub-
lished data on the turn-on field and the threshold field with
our Ga,0; ultra-sharp nanorods. With a turn-on field of
2.1 Vum™!, a threshold electric field of 5.6 V,LLm_l, and a
geometrical field enhancement factor of 3786, Ga,O; ultra-
sharp nanorods are better than several other commonly
used nanostructures and are comparable to nanostructured
diamond and highly oriented single wall carbon nanotubes.

4. CONCLUSION

In conclusion we have synthesized 3-Ga, 05 nano-columns
with ultra-sharp tips via a simple thermal CVD technique.
In this growth process, the Ga source comes from the
GaAs substrate. Nano-columns are formed by thermal oxi-
dation of coalesced metal Ga droplets. Upon consumption
of the droplet, ultra-sharp tips form. Field emission prop-
erties of the structures were investigated and the struc-
tures were found to exhibit excellent characteristics with
a low turn-on field of 2.1 Vum™!, a low threshold elec-
tric field of 5.6 Vum™'. Using a modified version of the
FN formalism, the high field enhancement factor () of
the nanostructures was estimated to be 3786. The growth
dynamics of ultra-sharp tip formation will benefit from
further investigation; however, the synthetic route pre-
sented here already shows the capability of forming Ga, O,
NWs with diameters <10 nm. Additionally, the measured
characteristics show promise for field emission device
applications.
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