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Abstract
Galliumoxide (Ga2O3) nanowires deposited on Si substrates were synthesized by chemical vapor
deposition (CVD) ofGa powders with assisted catalyzed by nickel chloride (NiCl2). The
microstructure of these nanowires was investigated using high-resolution transmission electron
microscopy (HRTEM) and electron energy loss spectroscopy (EELS). Fourmajor types ofmorphology
were observed for theseGa2O3 nanomaterials, namely, the particle-fused nanowires, single-crystal
nanowires, nanorods and core–shell nanowires. Single crystal and core–shell nanowires weremainly
studied. EELS indicated that the amorphous shell wasGa2O3. Becausemetal catalysts were introduced
in the growth process, a vapor-solid (VS) growthmechanismwas proposed to explain the single crystal
Ga2O3 nanowires.

1. Introduction

In recent years, the preparation of one-dimensional (1D) single-crystalline conducting oxide nanomaterials has
drawnmuch attention due to their size,morphology-related properties, and their emerging applications in
functional nanodevices [1–7].Monoclinic galliumoxide (β-Ga2O3) as awide-band gap, transparent, conducting
oxide (TCO) (Eg=4.9 eV), has great potential applications in optoelectronic nanodevices and gas sensors
[8–13]. Although variousmethods have been used to prepareβ-Ga2O3 nanomaterials such as physical
evaporation [14–16], thermal chemical vapor deposition (CVD) [17, 18], arc-discharge [19], pulse laser
deposition (PLD) [20], microwave plasma [21], and carbon thermal reduction [22–25], but so far, themost
widely usedmethod is CVD,which has the advantages offlexibility, simple equipment, convenient operation
andmaintenance, high production efficiency, high output and low pressure required for processing. However,
there are few papers on the synthesis of galliumoxide nanowires using nickel chloride (NiCl2) as catalyst during a
thermal CVDmethod. Chun et al [26] andChang et al [27]have reported the preparation ofGa2O3 nanowires
usingNi as a catalyst. Also, the growth ofGa2O3 nanowires has not been systematically studied yet.

In this paper,β-Ga2O3 nanowires that were successfully synthesized on silicon substrate byCVDmethod
will be discussed. Themicrostructure ofβ-Ga2O3 nanomaterials was investigated by high-resolution
transmission electronmicroscopy (HRTEM) and electron energy-loss spectroscopy (EELS). Results show that
fourmajor types ofmorphologywere exhibited for theseGa2O3 nanowires during different proportions of
catalysts, the particle-fused nanowires, single-crystal nanowires, nanorods and crystalline-amorphous core–
shell nanowires were produced. Threeβ-Ga2O3 nanomaterials were studied in particular, single-crystal
nanowires, particle-fused nanowires, crystalline-amorphous core–shell nanowires, respectively. EELS spectra
analysis verified that the amorphous shell wasGa2O3. The growth behavior ofβ-Ga2O3 nanowires was discussed
and a vapor-solid (VS) growthmechanismwas proposed to explain the single crystal Ga2O3 nanowires.
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2. Experimental

β-Ga2O3 nanowires were synthesized by a thermal CVDmethod andNiCl2 catalyst were prepared by a typical
chemical process. The rawmaterials weremetal Ga powder (Aladdin, purity:99.99%), NiCl2·6H2O crystal
(Aladdin, purity:99.9%), CaF2 (Aladdin, purity:99.5%), O2(purity:99.999%), N2 (purity:99.999%) and Si (111)
wafers. The samples were prepared in a high temperature diffusion furnace. A schematic of the CVD systemused
to grow galliumoxide nanowires is shown infigure 1.

The silicon (111)wafer substrate was cleaned in aNiCl2 solutionwith ethanol for 1 h, dried in air, andwere
placed on a quartz carrier. Then,metal gallium (Ga), calciumfluoride (CaF2, as a dispersing agent), andmetal tin
powder (Sn, as the doping source)wasmixed according to the required proportions of the experiment [28, 29].
Theflow rate ofO2 andN2 is the same (100 sccm). Firstly, N2with flow rate of 100 sccmwas used to drive the
remaining air out and lasted for 5 min, and then the 30 min oxygen oxidation, finally ventilation the 10 min
nitrogen to drive residual oxygen. Theweight ratio of Ga/CaF2/Sn in themixture is 1:2:0.02, and themixture of
Ga/CaF2/Sn and the Si substrate are in the same boat.

Theywere ground for 30 min to an agatemortar.When the furnace was heated to an equilibrium
temperature of 1050 °C,flowing nitrogenwas introduced into the tube for 5 min toflush the air. Next, the
quartz boat with the Si (111)wafers and evaporated source powders was pushed into the constant thermal region
of the furnace. Oxygenwas added from the other side (time depending on the experimental conditions), then
flushedwith nitrogen for 10 min. Finally, the samples can be removed from the quartz boat. The volume
percentage ofNiCl2 is 1%, 2%, 4%, respectively.

Themicrostructure of the samples was investigated using a JEOL 2100 F transmission electronmicroscopy
(TEM). EELSwas performed on an FEI Tecnai F20 TEM.All the EELS spectra were acquired in imagemodewith
a collection half-angle of∼16 m rad.

3. Results and discussion

3.1.Microstructure ofβ-Ga2O3 nanomaterials
Figure 2 displays themorphologies of the synthesizedβ-Ga2O3 nanomaterials whichweremeasured byTEM. It
is clear that theβ-Ga2O3 nanomaterials have four differentmicro-morphologies: particle-fused nanowires,
single-crystal nanowires, nanorods, and core–shell nanowires. Figure 2(a) shows theβ-Ga2O3 nanowires
formed by the fusion of particles. Theβ-Ga2O3 nanowires are composed ofmanyGa2O3 nanoparticles with a
diameter of about 180 nmand are in an irregular arrangement. Figure 2(b) shows the TEMbright field image of a
single crystal Ga2O3 nanowires. As seen in the figure, the surface of the nanowire is smooth, varies in length from
tens of nanometers to several hundred nanometers, and the diameter of the nanowires is about 30 nm. In
previous reports, the length of preparedGa2O3 nanowires is generally several hundred nanometers, the diameter
of theGa2O3 nanowires is several tens of nanometers [30]. figure 2(c) showsGa2O3 nanorods. The surface of the
nanorods is smooth. The length ranges from300 nm to 1.3μmand the diameter is about 150 nm. Figure 2(d) is a
transmission electronmicroscopy picture of theβ-Ga2O3 nanowires with a core–shell structure. It can be seen
easily in thefigure that the nanowires have a core–shell structure. The core is amonocrystalline Ga2O3, the shell
is amorphousGa2O3, the diameter of the nanowires is about 40 nm, and the thickness of the shell is about 30 nm
shownby the follow-up high resolutionTEM image and EELS analysis. The differentmicrostructure ofβ-Ga2O3

nanomaterials is results from the different ratio of the catalyst.When the ratio of the catalyst is 1%, the
nanowires aremainly composed of nanocrystals.When the ratio of the catalyst is 2%, themain product is single
crystal nanowires which have partial core–shell nanowires.When the proportion of catalyst ratio is increased to
4%, themain products are nanorods and partial core–shell nanowires. The reasons for this phenomenon are as
follows: when the proportion of catalysts is small, it is too small to play a role in guiding the growth of nanowires,

Figure 1. Schematic illustration of theCVD system.
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therefore, themain product is particle-fused nanowires.When the proportion of catalyst increases, single crystal
nanowires and core–shell nanowires appear. NiCl2 acts as catalyst and plays an important role in the growth of
theβ-Ga2O3 nanowires, becauseNi

2+ is probably the nucleation point of theβ-Ga2O3 embryos. The nanowires
with core–shell structure were also obtained. Thismay be because the local distribution of the catalyst was not
uniform,which resulted in the late crystallization of part Ga2O3, so the core–shell structure appeared.

3.2. TEMcharacterization and growthmechanismofβ-Ga2O3 nanowires
Firstly, the characterization ofmonocrystallineβ-Ga2O3 single crystal nanowires was studied. Figure 3 shows the
scanning electronmicroscopy ofGa2O3 nanowires on the Si substrate. A large number ofGa2O3 nanowires were
present on the Si substrate andwere irregularly arranged. Figure 3(b) is a rectangular area of the enlarged picture.
Careful observation reveals the surface of the nanowire is smooth and the thickness is relatively uniform. In
addition, there is no orientation between the nanowires and the substrate, indicating that the nanowires are not
epitaxially grown on the substrate. Amore detailed crystal structure was revealed byHRTEMmode and SAED.
TheHRTEM images of Ga2O3 nanowires are displayed infigures 4(a) and (b). The clear lattice fringes confirm
that the synthesized nanowires are single crystals. The closest interplanar distance is about 0.29 nmwhich
corresponds the crystal (202) plane ofβ-Ga2O3. This indicates that the growth direction of the nanowire is
[202]. Furthermore, the lattice is very perfect which indicates that the nanowire is a high-quality crystal lattice
with no defects. The corresponding SAEDpattern infigure 4(a) also reveals that the nanowire ismonoclinic
β-Ga2O3 and its growth direction is [202].

Figure 4(a) shows theHRTEM image of a single nanowire.Here, the nanowires are single crystal structures
with a single nanowire diameter of about 40 nmand smooth. This is consistent with the results of scanning
electronmicroscopy. The graphs infigure 4(a) are the constitutive electron diffraction patterns of nanowires
according to the unit cell parameters ofβ-Ga2O3: a=4.98 Å, b=4.98 Å, c=13.43 Å,α=β=90 °, and the
calibration results are shown in the illustration. The diffraction spots are arranged in regular periods, and the

Figure 2. (a)A low-magnified TEM image ofβ-Ga2O3 nanowires, NiCl2 1%; (b)Themorphology ofβ-Ga2O3 nanomaterials, NiCl2
2%. (c)Themorphology of Ga2O3 nanorod, NiCl2 4%; (d)Themorphology ofβ-Ga2O3 nanowires with a core–shell structure, NiCl2
2%.
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β-Ga2O3 is a single crystal structure. Figure 4(b) shows a high-resolution image of the rectangular area in
figure 4(a). The crystal plane spacing of the resultingmaterial is 2.91 Å, corresponding to a crystal plane (202) of
β-Ga2O3 (d (202)=2.82 Å). In themonoclinic structure, the direction perpendicular to (202) is [202]. The
growth direction of this nanowire is [202], as indicated by the black arrow in the figure.

Secongly, we further studied the growthmechanism ofβ-Ga2O3 single crystal nanowires. At present, the
growthmechanismof one-dimensional nanomaterialsmainly includes vapor-liquid-solid (VLS) [31, 32] vapor-
solid-solid (VSS) [33] and vapor-solid (VS) [34] growthmechanism. It has reported thatwhen use the catalyst,
the growthwould follow theVLS andVSSmechanism [26]. The classical characteristic of theVLS andVSS
mechanism is that there is droplet observed at the top of the one-dimensional nanomaterials. In this
expertiment, NiCl2 was used as catalyst, but no catalyst particles were found on the tip of the preparedGa2O3

nanowire, so it was inferred that VLS andVSSmechanismwas not suitable for our results. UnlikeVLS andVSS
methods, theVSmethod generally does not require the intervention of an external catalyst. Instead it uses the
crystal itself to extend the growth rate of other crystals in different growth rates [35, 36].Without catalyst, the
growth ofβ-Ga2O3 nanowires would be categorized asVSmechanism, as suggested by other groups [37, 38].
Therefore, althoughwe use the catalyst, theVSmechanismmay bemore suitable for theVLS one to demonstrate
the growth ofGa2O3 nanomaterials.

It was inferred thatNi2+ did not form an alloywithGa during the growth of nanowire. During the heating
process, galliummetal forms gaseousGa atoms, which are transported by oxygen to the substrate covered by
Ni2+. The free gaseousGa andO atoms are absorbed byNi2+ and then react to formnuclei. As the reaction
progresses, the freeGa andO atoms continue to diffuse and grow along the preferred orientation, and finally
Ga2O3 nanowire is obtained. Figure 5 shows the growthmechanism ofGa2O3 nanowires.

Figure 3.Themorphology ofβ-Ga2O3 nanowires,β-Ga2O3 nanomaterias oxidized for 30 min, the ratio ofNiCl2 (catalyst)was 2%.

Figure 4. (a)A low-magnified TEM image ofβ-Ga2O3 nanowires. The inset shows corresponding SAEDpattern recorded along the
[202] zone axis; (b)The enlarged RTEM image of a white rectangular boxmarked in (a). The ratio ofNiCl2 (catalyst)was 2%,β-Ga2O3

nanomaterias oxidized for 30 min.
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The chemical reaction equation for this experiment is as follows:

+ 4Ga 3O 2Ga O2 2 3

As shown infigure 5, there is a layer ofNiCl2 catalyst on the Si substrate. During the reaction, the chemical
bond ofNi-Cl inNiCl2 breaks to produceNi

2+, which plays an important guiding role in the growth process of
Ga2O3 nanomaterial [10, 38]. The catalyticmechanism is thatNi2+ can change the energy distribution of the
substrate surface, that is to say, where there is aNi2+ distribution, a large amount of defect energywill be
generated, which leads to the growth of nanowires.

3.3. TEMstudy on particle fusion nanowires
When the other experimental conditions are constant and the catalyst ratio is 1%, the product ismainly
pelletized nanowires. In the previous studies onGa2O3 nanomaterials, few literatures have been studied the
structure of particle fusion nanowires and core–shell nanowires by TEM. In this paper, the structure of particle
fusion nanowires and core–shell nanowires was studied by SEMandTEM, respectively. The nanowires are not
pure single crystals, but are composed ofmany grains, as shown infigure 6. Figure 6(a) is a scanning electron
microscope (SEM) image ofGa2O3 nanowires on the substrate. The substrate formed a layer of denseGa2O3

nanowires after the reaction.With careful observation, we can see the surface of the nanowires is not smooth.
The nanowires aremade of a pile of grains. In order to further observe themorphology of theGa2O3 nanowires,
the rectangular region in (a)was enlarged, as shown infigure 6(b). It can be seen from figure 6(b) the diameter of
the nanowires is about 200 nm. Figure 6(c) shows a bright field ofGa2O3 nanowires using TEM,where the
surface of the nanowires is rough andmade up ofmany different grains. The diameter of the nanowires is about
180 nm. Additionally, there are some bright areasmarkedwith the rectangular infigure 6(c) in the nanowires. In
order to further study the exact structure of this bright area, HRTEMwas applied. As shown infigure 6(d), the
bright areamarked infigure 6(c) is composed by two grains. Thewhite dotted line in the figure 6(d) indicates the
interface between the nanocrystals and the different grains. In addition, it can be observed that the lattice fringes
of the lower grains are very clear and the lattice fringes of the upper grains are very blurred due to the different
orientations of the grains. The plane spacing of two parallel white lines is 2.92 Å, which corresponds to the {004}
plane ofβ-Ga2O3. Through the observation of TEMand SEM, two points can be obtained. First, denseGa2O3

nanowires formed on the substrate, and the surface of the nanowires is roughwith nofixed growth direction.
Second, Ga2O3 nanowires aremade of different grain piles, and there is nofixed orientation between the grains.

3.4. TEMstudy onβ-Ga2O3 nanowireswith core–shell structure
In the process of preparingβ-Ga2O3 nanowires, we found that therewas another formofβ-Ga2O3 nanowires
synthesizedwhen the catalyst was increased to 2%, the core–shell structure of theβ-Ga2O3 nanowires shown in
figure 7. Figure 7(a) is afield TEM image of a single core–shell structure nanowires. It is clear that the nanowires
have a core–shell structure, the diameter is about 60 nm, and the shell thickness is about 40 nm.Comparedwith
monocrystalline nanowires, the core–shell nanowires have a relatively large diameter. The constitutive electron
diffraction pattern, which can be seen from the diffraction point clear, is arranged neatly. Figure 7(b) shows the
HRTEM image of the core–shell structureβ-Ga2O3 nanowires. The core is single crystal, and the spacing
between two parallel white lines is 5.71 Å. This corresponds to the (100) crystal plane (d(100)=5.60 Å) of
β-Ga2O3. The growth direction of the core–shell nanowires is [100], as shown by the black arrow in figure 7(a).
This is different from the growth direction [202] of the single crystal nanowires studied earlier. The shell is an
obviously amorphous. In order to confirm the specific composition of the core–shell, an EELS analysis was
produced and is shown infigure 8.

Figure 5.Growth schematic ofβ-Ga2O3 nanowire.
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Figure 8 shows the EELS spectrumwere obtained from the amorphous shell on the surface of nanowire
corresponding tofigure 7(a). Figure 8(a) shows the EELS ofO-K. The characteristic peak is about 536 eV, which
corresponds to theO-K ionization loss peak, (b) is the EELS ofGa-L2,3, with a peak at about 1222 eV,
corresponding toGa-L2,3. This allows us to assume that the amorphous region has two elements, O andGa, and
the composition of the amorphous region is Ga2O3. Thus, the shell portion is uncrystallizedGa2O3.

Figure 6. (a)Typical scanning electronmicroscope image of theGa2O3 nanowire; (b)Themagnified image of the rectangular area in
(a); (c)Typical TEM image of theGa2O3 nanowire; (d)Typical HRTEM image for the nanowire. The ratio ofNiCl2 (catalyst)was 1%,
β-Ga2O3 nanomaterials oxidized for 15 min.

Figure 7. (a)A low-magnified TEM image ofβ-Ga2O3 nanowires, The inset shows corresponding SAEDpattern recorded along the
[100]; (b)The enlargedHRTEM image of a white rectangular boxmarked in (a). The ratio ofNiCl2 (catalyst)was 2%,β-Ga2O3

nanomaterials oxidized for 15 min.
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4. Conclusions

In summary,monoclinicβ-Ga2O3 nanomaterials were successfully prepared byCVDmethod andwere
investigated by TEM. Fourmorphologies ofβ-Ga2O3 nanowires were obtained, grains stacked nanowires, single
crystal nanowires and nanorods, core–shell structure nanowire, respectively. The results show that if the ratio of
catalysts is different,morphology ofβ-Ga2O3 nanowires is different.When the ratio of catalyst is 1%,mostly
stacked nanowires are obtained.When the proportion of catalyst is increased to 2%, single crystal nanowires are
produced.When the catalyst ratio increased to 4%, nanorods aremost common. The preferential growth
orientation of the single crystal nanowires is [202] and the growthmechanismof single crystalβ-Ga2O3was
clarified by vapor-solid growthmechanism. The existence ofNi2+ plays a very important role in the growth of
Ga2O3 nanowires. It promptedGa2O3 nucleation and encouraged the nanowire growth. Besides, the
compositions of core–shell structure nanowire was studied, and the components of core and shell were all Ga2O3

whichwas confirmed by EELS.
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