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ABSTRACT: Ga-doped In,O3(Zn0O); nanobelts were success-
fully fabricated via a simple chemical vapor deposition (CVD)
process. The morphology, microstructure, and composition of the
nanobelts were characterized by scanning electron microscopy,
high resolution transmission electron microscopy, selected area
electron diffraction, and X-ray photoelectron spectroscopy. The
results confirm the formation of In,O3(ZnO); superlattice nano-
belts doped with Ga. The field-emission studies show a low turn-
on electrical field, high field enhancement factor, and a good
stability of the emission current. These results are valuable for the
design, fabrication, and optimization of field emitters.
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B INTRODUCTION

One-dimensional (1D) nanostructures have stimulated great
attention due to their promising applications in nanodevices.
Field emission (FE), also called cold emission, is one of the main
features of nanostructures based on the physical phenomenon of
quantum tunneling, during which electrons are injected from a
material surface into a vacuum under the influence of an applied
electric field."* Tt is a more effective process than the normally
employed thermionic emission because of its higher energy
efficiency. In recent years, research on FE properties of 1D nano-
structures has come to the forefront due to growing demand for
displays, microwave amplifiers, and other vacuum microelec-
tronic devices."* For these commercial applications, it is desirable
to obtain a high current density at a small voltage drop between the
anode and the cathode. Generally, there are two effective ways
which can meet this challenge. One is optimizing the geometric
factor by increasing the alignment or reducing the tip size of the
nanostructures; the other is increasing conductivit;r and reducing
the work function by selective element doping.®~

Homologous compounds In,O3(Zn0O),, (m = integer) have a
superlattice structure and attract increasing attention due to
promising applications for transparent conductin% electrodes
and high-temperature thermoelectric converters.® '° The fasci-
nating crystal structure of In,O3(Zn0O),, consists of InO, ™ layers
(the In>" ion is located at the octahedral site formed by oxygen)
and InO*(Zn0),, blocks (In** and Zn** ions take the trigonal-
bipiramidal and tetrahedral coordinations, respectively) alter-
nately stacked along the c-axis, forming a layered superlattice
structure.'"'* According to previous research, the carrier con-
finement effect of layered structure can decrease the effective

v ACS Publications ©2011 american chemical Society

24564

surface barrier and then enhance FE current remarkably."> "

Besides, the good thermal stability of In,03(Zn0O),, at high
temperatures could prevent In,O3(Zn0),, nanostructures from
being deformed during the operations, which is a major challenge
for a nanostructure emitter placed under large currents and high
power density conditions. Thus, In,O3(Zn0O),, should also be an
ideal candidate for field emitters and is envisaged to exhibit
excellent FE characteristics.' ">

ID Iny,05(Zn0),, nanostructures have been synthesized by
several groups.'"'®~>* However, the FE properties of In,05(ZnO),,
nanostructures have not been reported yet. Considering that the
unique feature of In,03(Zn0),, that is, the thickness of the InO™-
(ZnO),,, block, can be easily changed by varying the composition
ratio of In,O5 and ZnO within the In,05(Zn0),, structure (the
value of m),%® we can achieve easy control of the FE characteristics of
1D In,03(Zn0),, nanostructures by controlling the m value. Fine m
value tuning will change the thickness of the InO*(ZnO),,, block and
enhance the FE current. On the other hand, we can implant selective
elements into 1D In,05(Zn0),, nanostructures to enhance their FE
characteristics. It is well-known that group-IIl elements are effi-
cient donors for II-VI group semiconductors. Many studies have
already been performed regarding the synthesis and FE character-
istics of group-Ill doped ZnO nanostructures.””” >° Recently,
Ga-, Al,, and Fe-doped In,O03(Zn0O),, quaternary nanostructures
have been synthesized.'">*'** Wang et al. reported the synthesis
of InGaO3(Zn0),, (m = 3, 5) nanowires and presented their
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Figure 1. SEM image of Ga-doped In,O3(Zn0O); nanobelts showing
the high quality of a product.

photoluminescence spectra.”’ Zhang et al. described the synthesis
of In,_,Ga,03(Zn0); nanobelts and InAlO;(ZnO),, nanowires
and elaborated a linear relationship between the periodicity and the
diameter of InAlO;(Zn0O),, superlattice.*>** Yang et al. reported
the synthesis of InMO3(ZnO),,, (M = Ga and Fe) nanowires and
described the improved thermoelectric properties of In, ,Ga,Os-
(Zn0), nanowires." In this paper, we designed and synthesized
Ga-doped In,03(Zn0); nanobelts taking an advantage of the
close bond lengths of Ga—O (1.92 A) and In—O (2.1 A). The FE
properties of the Ga-doped In,03(Zn0); nanobelts were analyzed
and discussed. These results should be valuable for the design,
fabrication, and optimization of field emitters.

B EXPERIMENTAL SECTION

The synthesis of Ga-doped In,O3(ZnO); nanobelts was
carried out in a horizontal tube furnace through a fully controlled
chemical vapor deposition (CVD) process. Commercial ZnO
and In and Ga powders were mixed, ground, and then loaded on
an alumina boat and positioned at the center of the furnace, while
Au-coated Si (100) substrates were placed downstream to collect
the products. The furnace was heated to 1300 °C and held at this
temperature for 10 min. During the whole growth, Ar was used as
a carrier gas at a constant flow rate and pressure: 100 sccm and
50 Pa. After that, the furnace was naturally cooled down to
room temperature.

The synthesized products were characterized by scanning
electron microscopy (SEM, Hitachi, $4800), transmission elec-
tron microscopy (TEM, Philips CM 120), energy dispersive X-ray
(EDX) spectrometry, selected area electron diffraction (SAED),
and high-resolution transmission electron microscopy (HRTEM,
Philips Tecnai 20). X-ray photoelectron spectra (XPS) were
measured using an ESCALab220i-XL electron spectrometer
(VG Scientific) using 300 W Al Ka radiation. The binding
energies were referenced to the C-1s line at 284.6 eV of carbon.
The FE properties were studied at room-temperature in a high
vacuum chamber (2.6 X 106 Pa) usinga 1 mm” cross-sectional
area copper anode. A dc voltage sweeping from 100 to 1100 V
was applied to the samples.

B RESULTS AND DISCUSSION

Figure 1 shows a low magnification SEM image of a product,
which reveals a large number of nanobelts covering the entire
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Figure 2. (a) Low-magnification TEM image; (b) EDX spectrum;
(c—f) spatially resolved EDX elemental maps depicting the distribution
of the constituting elements within the nanobelt: the images correspond
to the Zn, In, Ga, and O signals, respectively; (g) HRTEM image
projected along the c-axis of Ga-doped In,03(ZnO); nanobelts, where
the inset represents the corresponding SAED pattern.

substrate. The nanobelts are several tens of micrometers in
length. The detailed morphology and microstructure of the
nanobelts are analyzed by TEM. A representative bright field
TEM image of a single nanobelt is shown in Figure 2a. The
nanobelt is thin and transparent, about 200 nm in width. The
uneven contrast on the surface of the nanobelt indicates the
presence of internal strain. From SEM and TEM results, there is
no sign of any metal or alloy clusters at either ends of tens of
nanobelts examined. Thus, the growth of the nanobelts does not
follow the typical vapor—liquid—solid (VLS) growth mecha-
nism, because an important feature of such mechanism is the
existence of metal particles that are located at the growth fronts
orroots and act as catalytic active sites. However, the Au particles
play an important role and act as catalytically active sites during
the formation of nanobelts in our experiment. Therefore, we
suppose that the catalyst nanoparticles in our case may be buried
under the nanobelts just like in case of the reported ZnSe
nanowires”* and ZnGa, 0, nanobelts.** The EDX microanalysis
of ananobelt is shown in Figure 2b. It illustrates that the nanobelt
consists of In, Ga, Zn, and O. The Cu signal comes from the TEM
sample grid. From quantitative EDX analyses, the atomic ratio of
In/Ga/Zn is about 17:3.8:26, and the content of In and Ga (In +
Ga/[Zn + In + Ga)) is estimated as 44 at. %. According to the
phase diagram for the In,O3—ZnO system, the products here
should crystallize into a In,O3(Zn0O); structure, in which some
In atoms in the InO"(Zn0O),, block may be replaced by Ga
atoms, forming the In, _,Ga,O3(Zn0O); compound (x =~ 0.37).%°
Figure 2c—f shows the colored elemental maps of Zn, In, Ga, and
O species, which give us an excellent visual grasp of spatially
resolved elemental distribution. It is clearly seen that all elements
are distributed uniformly within the whole nanobelt. The weaker
contrast on the Ga map compared to those of Zn, In, and O
confirms its status as a dopant. Figure 2g shows an HRTEM
image taken perpendicular to the wide surface of a nanobelt along
the [0001] zone axis. The resolved lattice fringes indicate that the
nanobelt is single crystalline and its wide surface is parallel to the
{0001} plane. The d-spacing between the two adjacent lattice
fringes of {0110} planes of In,03(Zn0O); is close to 0.29 nm and
larger than 0.282 nm of ZnO. The growth of the nanobelt is along
the <1120> direction. The corresponding SAED pattern is
shown in the inset of Figure 2g. It should be noted that the
intensity of the {1120} spots is obviously larger than that of the
{0110} spots. This agrees well with the SAED pattern of
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Figure 3. (a) HRTEM image projected along the [0110]of Ga-doped
In,03(Zn0); nanobelts; (b) the corresponding SAED pattern.

InGaO5(Zn0O); reported by Mader et al.*” Similar results were
obtained from tens of nanobelts.

The reason why we cannot observe the layered structure of
In,05(Zn0); from the above TEM measurements is that the
alternating layers of In,03(Zn0O)j; stack along the [0001] direc-
tion, whereas the wide surface of the nanobelts is parallel to the
{0001} plane. To observe the layered structure, TEM measure-
ments should be gerformed in a direction perpendicular to the
[0001] direction.”’ The HRTEM image taken from the lateral
surface of a special narrow Ga-doped In,O3(Zn0O); nanobelt is
shown in Figure 3a. It is along the <0010> zone axis, which is
perpendicular to the [0001] direction. The superlattice periodi-
city is evident along the [0001] direction. It confirms the
formation of the In,05(Zn0O)j; superlattice structure. The lattice
constant ¢ equals to three times of the distance between the two
adjacent InO, layers and is about 4.2 nm.** That agrees well
with the results reported by Moriga et al.*® The corresponding
SAED pattern is shown in Figure 3b. It consists of primary spots
and four satellite spots along the c-axis between every two
adjacent primary spots. The satellite diffraction spots are the
typical feature during the formation of the In,O3(ZnO); super-
lattice structure.

Further evidence of high crystal quality and desired composi-
tions of the Ga-doped In,05(Zn0); nanobelts were obtained
through XPS analysis. Figure 4a shows the survey spectrum of the
Ga-doped In,03(Zn0); nanobelts. No peaks of other elements
except Zn, In, Ga, O, and C are observed. The C peak comes from
the atmospheric contamination due to air exposure. The binding
energies obtained during the XPS analysis were corrected, taking
into account the specimen charging and by referring to C-1s
at 284.60 eV. High resolution XPS scans of Zn-2p, In-3d, and Ga-3d
are shown in Figure 4b—d. The binding energies of the Zn-2p; ,
and Zn-2p, /, peaks are located at 1022.2 and 1045.3 eV, respec-
tively. The energy difference between the Zn-2p peaks is 23.1 eV
(Figures 4d), which agrees well with the standard value of
22.97 eV.*® The two peaks at 445.1 and 452.7 eV in Figure 4c
correspond to the electronic states of In3d;,, and In3ds,,,
respectively. The energy difference between the In3d peaks is 7.6 eV;
this agrees well with the standard value of 7.5 eV.** From the
closer observation it is documented that the binding energies of
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Figure 4. XPS analysis of the as-prepared Ga-doped In,05(ZnO);

nanobelts: (a) survey spectrum; (b) Zn-2p binding energy spectrum; (c)
In-3d binding energy spectrum; (d) Ga-3d binding energy spectrum.

Zn2p and In3d peaks both exhibit a positive shift in comparison to
the standard values. This could be attributed to an electron transfer
from Zn and In to Ga because of the stronger electronic inter-
action between Ga and O, as compared to Zn and In with O.>>*°
The peak of Ga-3d is located at 18.4 eV, as shown in Figure 4d.
It reconfirms that Ga dopants are incorporated into the nanobelts
and substitute In to form Ga—O bonds.

FE measurements show that the Ga-doped In,03(ZnO);
nanobelts are valuable field emitters. Figure Sa illustrates the FE
current density, ], as a function of the applied field, E, for a J—E
plot at a working sample-anode distance of 200 #m. With the
increase of the applied field E, the emission current density | has
exponentially increased. The turn-on electric field is extrapolated
as ~4.1 V/um at a current density of 10 mA/ cm?. The low value
of turn-on electric field surpass those mentioned in the previous
reports on carbon nanotubes (5.2 V/um),* ZnO (11 V/um),”
ZnS (543 V/um),” CdS (12.2 V/um),* and Si nanostructures
(13 V/um).* It suggests that the presently synthesized Ga-doped
In,03(Zn0); nanobelts can be used as practical field emitters.
The FE J—E characteristic is further analyzed by the Fow-
ler—Nordheim (F—N) equation: | = (AﬂZEZ/(p)exp(—B(p3/
’BE) or In(J/E*) = In(AB*/ @) — B(p3/2/ﬁE, where A and B are
constants (A = 1.54 X 10 ® A eV/V*; B=6.83 x 10° V um
eV 2) , ] is the current density, /3 is the field-enhancement factor,
E is the applied field, and ¢ is the work function of the emitting
materials.**® Here the assumed work function of In,O5(ZnO)s,
5.3 eV, is the same as that of ZnO. Actually, it should be smaller
than that because In and Ga doping would dramatically decrease
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Figure S. Field emission properties of Ga-doped In,O3(Zn0O); nano-
belts: (a) FE current density versus the applied field (J—E) curve with a
turn-on field of 4.1 V/um at a current density of 10 mA/cm?; (b) the
corresponding Fowler—Nordheim (F—N) plot showing linear depen-
dence; (c) the field-emission stability data acquired at the emission
current density of 0.55 mA/ cm’.

the work function.>”?*~3° Figure 5b illustrates the variation of In
(J/E*) with (1/E) for the Ga-doped In,O3(ZnO); nanobelts. The
plot fits well to a line given by the F—N equation within the measur-
ement range. It demonstrates that FE from the Ga-doped In,O5-
(ZnO); nanobelts obeys the F—N behavior. Furthermore, the field
enhancement factor calculated from the slope of the fitted straight
line in Figure Sb is 1059. It is comparable to those mentioned in the
previous reports on ZnO nanostructures.””**%*~* The insignif-
icant superiority of the Ga-doped In,03(ZnO); nanobelts in regards
to the field enhancement factor may be due to looser alignments
and particular dimensions (or aspect ratios). It is known that both
alignments and dimensions have a significant influence on the
emitter field-enhancement factor. It is reasonable to expect a higher
field enhancement factor for the Ga-doped In,O5(ZnO); nano-
structures that have better alignments and sharper tips. The stability
of field emitters is another important parameter related to potential
applications. Figure Sc displays the stability of emission current
density at an applied electric field of S V/um over a period of 4500 s.
There is no any current degradation or notable fluctuation during
this period. The good emission stability demonstrated by the Ga-
doped In,O3(ZnO); nanobelts should be attributed to a good high-
temperature stability of In,O3(Zn0O),,.

B CONCLUSIONS

Ga-doped In,05(Zn0O); nanobelts were successfully fabri-
cated via a simple CVD process. These nanobelts demonstrate
good FE performances. The turn-on electrical field is as low as
4.1 V/um, and the field enhancement factor is 1059. The emission
current density shows a good stability for 4500 s without any
current degradation or notable fluctuation. The reported good
FE performances are thought to be due to the layered superlattice
structure of In,03(Zn0); and the effects of Ga doping.
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