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M
onoclinic gallium oxide (�-
Ga2O3), one of the transparent
conducting oxides, is an insula-

tor with a wide band gap of �4.9 eV and be-
comes an n-type semiconductor when syn-
thesized under reducing conditions.1,2

�-Ga2O3 is useful as insulating oxide layer
for all gallium-based semiconductors and
can also be applied as an optical limiter for
ultraviolet light and as an oxygen gas sen-
sor.3 Because of the novel properties of car-
bon nanotubes, one-dimensional nano-
structures, such as wires, tubes, and
ribbons, have attracted extensive interest
over the past decade. Such structures have
a great potential for addressing some basic
issues related to dimensionality and space-
confined transport phenomena, and for
practical applications.4 So far, there has

been great progress in the development of
new nanotubes based on metal oxides (in-
cluding �-Ga2O3),5–8 sulfides,5–12

nitrides,13,14 elemental species,15,16 and
others.17–20 These tubular structures have
a common characteristic related to a hollow
morphology and may possess a circular,
square-like, or hexagon-like cross section.
Herein, we report a distinctly different tubu-
lar structure of �-Ga2O3 that has a flat-
tened and thin belt-like (or ribbon-like) mor-
phology with a circular inner channel. Such
nonstandard tubes were either partially or
completely filled with Sn nanowires, thus
forming Sn/Ga2O3 metal�semiconductor
nanowire heterostructures. A convergent
electron beam (EB) generated in a transmis-
sion electron microscope (TEM) is demon-
strated to be an effective tool for delicate
manipulation of a Sn nanowire; i.e., it can be
gently cut apart into two segments, which
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Figure 1. (a) XRD pattern and (b,c) SEM images
of the �-Ga2O3 ribbons.

ABSTRACT We report on the synthesis of novel, unconventional �-Ga2O3 tubes via a Sn nanowire template

process using thermal decomposition and oxidation of SnO and GaN powder mixtures. Distinctly different from any

previously reported nano- and microtubes, the present �-Ga2O3 tubes display a flattened and thin belt-like (or

ribbon-like) morphology. Each ribbon-shaped tube has a width of �1–2 �m over its entire length, a length in

the range of tens of micrometers, a thickness of �100 –150 nm, and a uniform inner diameter of 30 –120 nm. The

tubes were either partially or completely filled with Sn nanowires, forming Sn/Ga2O3 metal�semiconductor

nanowire heterostructures. A convergent electron beam generated in a transmission electron microscope is

demonstrated to be an effective tool for delicate manipulation of encapsulated Sn nanowires. The Sn nanowires

were gently cut apart (into two discrete fragments) and then completely separated and rejoined within Ga2O3

ribbon-shaped tubes. These unconventional �-Ga2O3 tubes not only should enrich the well-established bank of

nanostructured morphologies and extend the understanding of crystal growth at the nanoscale but also may have

promise for the design of electron-beam-irradiation- or thermo-driven electrical switches.

KEYWORDS: ribbon-shaped tubes · �-Ga2O3 · Sn nanowire · electron beam
irradiation · electrical switches
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can be spatially separated and rejoined together
through electron-beam-induced melting and a beam-
driven move inside a Ga2O3 tube. The findings on the
present flattened ribbon-shaped tubes (RSTs) not only
widen the pre-existing range of existing nanostructures
and extend the understanding of crystal growth at the
nanoscale but may also stimulate a practical design of
new functional electron-beam-irradiation- or thermo-
driven electrical switches.

RESULTS AND DISCUSSION
After the synthesis, a white wool-like product was

obtained from the silicon wafers inside the tube fur-
nace. An X-ray diffraction (XRD) pattern of the product
is shown in Figure 1a. All the diffraction peaks can be in-

dexed to those of a monoclinic structure of �-Ga2O3

(JCPDS 43-1012; C2/m, a � 12.23 Å, b � 3.04 Å, c � 5.80

Å, and � � 103.7°). The scanning electron microscopy

(SEM) image in Figure 1b reveals the general morphol-

ogy of the product. Long and straight ribbons are ob-

served. The yield of the �-Ga2O3 ribbons in the synthe-

sized product was estimated to be 30 – 40%, based on

the amount of the starting GaN powder used. Each rib-

bon has a uniform width of �1–2 �m over its entire

length, and a length in the range of tens of microme-

ters. The high-magnification SEM image in Figure 1c fur-

ther suggests uniform ribbon-shaped geometrical char-

acteristics. The ribbon thickness can be deduced from

its edge-on image and is estimated to be �100 –150

nm. The typical width-to-thickness ratio of the �-Ga2O3

ribbons was �5�10.

The microstructure and chemical composition of

the product were investigated in detail by transmis-

sion electron microscopy (TEM). As can be clearly seen

from the TEM images in Figure 2, each �-Ga2O3 ribbon

is actually not a monolithic “ribbon” but has a central

hollow or Sn nanowire-filled channel. Further analysis

of the RSTs using energy-dispersive X-ray (EDX) analy-

sis verified their chemical compositions, as will be dis-

cussed later. The unconventional RSTs all have very thin

and uniform inner channels of �30 –120 nm diameter.

Figure 2a shows a hollow tube, for which electron dif-

fraction patterns (DPs) are taken from its edge domains

(upper and middle insets, Figure 2a) and its center

(lower inset, Figure 2a,b), respectively. By checking the

characteristic angles and spacings on the DPs, the most

intense reflections are assigned to the [1–11] zone axis

of �-Ga2O3. However, some extra reflections (middle

and lower insets) are also clearly observed at the extinc-

tive positions of the [1–11] zone axis DP of �-Ga2O3

and are due to a symmetry corresponding to the space

group C2/m (a reflection condition is h � k � 2n). Those

weaker reflections are identified to be high-order Laue

reflections, which are also frequently observed in stan-

dard �-Ga2O3 nanoribbons.21 The appearance of the

high-order Laue zone reflections is due to the fact that

the �-Ga2O3 RSTs are very thin. Figure 2b shows dis-

crete Sn nanowire segments filling a �-Ga2O3 tube, thus

forming separate hollow domains. The upper-right in-

set shows corresponding DPs taken from either hollow

or Sn nanowire-filled parts, which can be indexed to the

[0 –21] zone axis of �-Ga2O3. Figure 2c depicts a com-

pletely filled tube, i.e., a Sn/Ga2O3 metal�semicon-

ductor nanowire heterostructure. The upper-left and

lower-right insets show the ED patterns recorded from

the tube edge and a filled domain, both of which can be

indexed to the [101] zone axis of �-Ga2O3. Some very

weak reflections seen in the upper inset pattern are also

due to high-order Laue reflections. Interestingly

enough, in these ED patterns, no diffraction spots orig-

inating from crystalline Sn nanowires are visible. This

Figure 2. TEM images of the �-Ga2O3 RSTs. (a) A hollow tube and
the corresponding ED patterns recorded from tube’s edge domains
(upper and middle insets) and center (lower inset), respectively, all
of which are indexed to the [1–11] zone axis patterns of �-Ga2O3.
(b) A tube partially filled with a Sn nanowire and the correspond-
ing ED pattern, which is indexed to the [0 –21] zone axis pattern of
�-Ga2O3. (c) A tube completely filled a Sn nanowire, forming a Sn/
Ga2O3 metal�semiconductor nanowire heterostructure, and the
corresponding ED patterns recorded from the tube edge and the
Sn-filled domain, both of which can be indexed to the [101] zone
axis patterns of �-Ga2O3. (d) A high-magnification TEM image of the
structure shown in panel c. (e,f) Small inner diameter �-Ga2O3 tubes
(i.e., fine-diameter Sn nanowire fillings) and the corresponding ED
pattern, which can be indexed to the [101] zone axis pattern of
�-Ga2O3.
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implies that, during the present TEM imaging, they
were in a liquid state (as will be discussed later). The
contrast variations on the ribbons along the embed-
ded Sn nanowire axes suggest that many steps exist on
the inner wall of the �-Ga2O3 nanostructure, as shown
in the high-magnification TEM image in Figure 2d. In
some structures, the inner diameters of the channels
and thus Sn nanowire fillings are as small as �10 –20
nm (Figure 2e,f), quite different from the micrometer-
scale dimensions of the whole nanostructures. In a few
of the structures, the tubular narrow cavity does not
span the ribbon’s whole length (Figure 2e), but instead
it terminates inside a ribbon. The ED pattern in the
upper-left inset is the same as that shown in Figure 2c.
It again can be indexed to the [101] zone axis of
�-Ga2O3. Similarly, due to high-order Laue reflections,
some extra intense reflections appear in this pattern,
suggesting a very thin �-Ga2O3 RST.

In a standard tubular structure, a cavity is located at
the center and extends over the entire length, so that
the tube cavity and the tube wall have the same sym-
metry axis. Structures in which the internal cavity
strongly deviates from the center of symmetry toward
one side are rather rare. Here, we observed rarely seen
�-Ga2O3 tubes, as shown in Figure 3a– c. In these
�-Ga2O3 tubes, a channel is notably shifted out of the
nanostructure’s center of symmetry. This may represent
a new, interesting growth phenomenon for tubular
crystal structures. Many streak-like or ripple-type con-

trasts are observed over the thin tubular ribbons
(Figure 3). This is a common diffraction phenom-
enon most frequently observed in thin TEM
samples due to deformation and bending.22 The
ED pattern shown in the inset in the upper left of
Figure 3c can be indexed to the [1–10] zone axis
of �-Ga2O3. The inset in the lower right in this fig-
ure shows a high-resolution TEM image taken
from this novel tube, which implies its perfect
crystallinity: the measured d-spacings of 0.56 and
0.29 nm are in accordance with the {001} and
{110} crystallographic planes of �-Ga2O3, respec-
tively. The long-axis direction, or the growth di-
rection of the tube, is nearly parallel to the [001]
crystallographic orientation of �-Ga2O3.

Figure 4a is a scanning transmission electron
microscopy (STEM) image of a Sn nanowire-filled
�-Ga2O3 RST. The respective Ga, O, and Sn el-
emental maps are shown in Figure 4b�d. They
demonstrate the well-defined composition varia-
tions and a clear interface between a Sn nanowire
filling and a �-Ga2O3 ribbon matrix. EDX spectra
generated with an electron nanoprobe (�20 nm
in diameter) were collected from the Sn nanowire
filling and �-Ga2O3 ribbon matrix, respectively.
They confirmed the chemical compositions of Sn
and Ga2O3 within this Ga2O3 RST.

During our experiments, a convergent 300 kV

EB generated in a field emission TEM was found to be

Figure 3. TEM images of �-Ga2O3 RSTs, in which the long symme-
try axis of the tube cavities (or the Sn nanowire fillings) diverges
from the long symmetry axis of the ribbon matrix (or tube walls),
and the corresponding ED pattern (upper-left inset in panel c),
which can be indexed to the [1–10] crystal zone of �-Ga2O3, and
HRTEM image (lower-right inset).

Figure 4. (a) STEM image of a Sn nanowire-filled �-Ga2O3 RST, along
with (b) Ga, (c) O, and (d) Sn elemental maps. (e,f) EDX spectra
taken from the Ga2O3 ribbon matrix and Sn nanowire filling,
respectively.
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an effective tool for manipulation of the Sn nanowires:

they may be gently cut apart (into two discrete nanow-

ires), separated, and rejoined within a Ga2O3 RST. For

example, the beam was focused on a Sn nanowire fill-

ing within a spot �30 nm in diameter, as marked by the

white dot on the initial TEM image in Figure 5a. After

this intense irradiation over 3 min, the filled Sn nano-

wire was melted and then cut into two discrete Sn

nanowires. After an additional �2 min of irradiation

on the region, the two Sn fragments separated from

each other, forming a gap of �500 nm between them

(Figure 5b). The focused beam diameter was then in-

creased to �100 nm. It was moved up (to �600 nm) to

the top of the upper Sn domain and then down to its

bottom (along the Sn nanowire axis); after tens of

cycles, the Sn nanowire segment expanded upward

due to beam-induced heating. Through a similar EB ma-

nipulation with the bottom Sn nanowire, this segment

can be continuously shifted downward, so that the

separation gap between the two segments extends to

�1700 nm (Figure 5c) and �2100 nm (Figure 5d). Inter-

estingly, when the beam was kept away from but very

close to the Ga2O3 ribbon matrix, the Sn nanowire frag-

ments moved in opposite directions while the gap

shrank to �1300 nm (Figure 5e). When the beam was

gradually moved away from the specimen, the two Sn

nanowires further approached each other and finally

merged into a single filling; thus, the original nanowire

shape inside the Ga2O3 tube is entirely recovered.

It is known that the melting point of nanostruc-
tured materials can be much lower than that of
their bulky counterparts (for example, the differ-
ence between the melting point of Au nanoparti-
cles and Au bulk material is over 400 °C23,24). So, it
is reasonable to assume that there is a significant
difference between the melting point of the
present tiny Sn nanowires and a Sn bulk material
(bulk Sn, mp � 232 °C25). On the other hand, when
an EB passes through a specimen, its energy will
be partially transferred to thermal energy via in-
elastic scattering processes and thus may result in
a significant local temperature rise and/or change
in the material crystal structures.26,27 In the
present case, under electron irradiation, the tem-
perature in the vicinity of the Sn nanowire in-
creases. Consequently, a Sn nanowire may en-
tirely melt (even though the melting point of bulk
metallic Sn is far above room temperature) and
then thermally expand at a very low basic pres-
sure (�1 � 10�5 Pa) in the TEM chamber. This
drives the Sn nanowires within a Ga2O3 RST. When
the beam is gradually moved out of the Sn nano-
wire area, the Sn nanowires cool down and merge
inside the tube. This sequence of events indicates
that a convergent EB is an effective tool for nano-
scale manipulation with a Sn liquid nanowire

within Ga2O3 RSTs. The controlled thermal expan-

sion and movement of a Sn nanowire inside a Ga2O3

RST can make the design of EB- and temperature-driven

electrical switches and/or sensors possible.

For the growth of the Sn nanowire-filled Ga2O3

RSTs, thermal decomposition of SnO and oxidation of

GaN powders at a high temperature may be combined.

As depicted in Figure 6a, a possible model for the

growth of Sn nanowire-filled Ga2O3 RSTs is postulated

as follows. It is known that SnO should decompose to

Sn and SnO2 above 300 °C.25 The higher the reaction

temperature, the faster is the decomposition rate.28,29

Sn (bp � 2270 °C25) is in the form of small liquid clus-

ters when reduced from SnO. The Sn clusters are then

Figure 5. Consecutive TEM images displaying a process of cutting apart (a,b), re-
moving (c,d), and rejoining (e,f) the Sn nanowires inside a �-Ga2O3 RST under con-
vergent EB irradiation.

Figure 6. Schematic depicting a possible growth model for
the Sn nanowire-filled Ga2O3 RSTs.
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transported by a carrier gas to a lower temperature re-
gion, where they deposit in the form of liquid nanoscale
balls on the silicon wafers inside the alumina tube (step
i). As-formed Sn balls readily absorb a Sn flux, thus initi-
ating the one-dimensional growth of Sn nanowires via a
traditional vapor–liquid–solid (VLS) process (steps ii
and iii). The liquid Sn ball, inherent to the VLS mecha-
nism, was found on the tip of the Sn nanowire (Figure
6b). This fact also suggests that the VLS mechanism was
due to the growth of the Sn nanowires. In the present
VLS growth of Sn nanowires, no additional transition
metals are added as catalysts; it is, therefore, believed
that the formation of the Sn nanowires undergoes a
self-catalyzed VLS growth process. The newly formed
Sn functions as a nanowire seed, which further grows
to a Sn nanowire in the presence of Sn vapor. (The self-
catalyzed VLS growth process has been systematically
demonstrated in our previous reports.30–32) As the reac-
tion temperature reaches 1200 °C, the GaN powders
should also decompose into dense Ga small clusters
and N2. Due to the insurmountable presence of a small
amount of oxygen within the system,33 there may ex-
ist gallium oxide clusters in the reaction chamber. As-
formed gallium oxide clusters are also transferred
downstream by the carrier gas to a position where the
Sn nanowire has been growing, and then the Ga2O3

clusters are deposited on the Sn nanowire surface. It is
reasonable to suggest that the Sn nanowires serve as
templates for the deposition of Ga2O3 clusters. In the
present thermodynamic conditions, newly arriving
Ga2O3 clusters may deposit on the formed Ga2O3

nucleus while the surfaces that have a lower energy
start to form, such as the side surfaces (step iv).34,35 As
long as the Ga2O3 clusters are available, the low-energy

side surfaces’ growth tends to be flat (step v). This pre-
vents the accumulation of incoming Ga2O3 clusters on
the surfaces, finally resulting in the formation of a
Ga2O3 ribbon containing a Sn nanowire, i.e., a Sn
nanowire-filled Ga2O3 RST. Long-time annealing would
lead to thermal expansion of Sn nanowires within the
tube channels or their partial removal from the tubes.
As a result, Ga2O3 RSTs with partial Sn nanowire fillings
and partially hollow cavities form (step vi).

CONCLUSIONS
Novel unconventional �-Ga2O3 tubes were synthe-

sized via a Sn nanowire template process through ther-
mal decomposition and oxidation of a mixture of SnO
and GaN powders. Distinctly different from any previ-
ously reported nano- and microtubes, the present
�-Ga2O3 tubes display flattened and thin belt-like (or
ribbon-like) morphologies, which are not common for
any known tubular structures. The tubes were either
partially or completely filled with Sn nanowires, thus
forming Sn/Ga2O3 metal�semiconductor nanowire
heterostructures. A convergent electron bean gener-
ated in a transmission electron microscope was demon-
strated to be an effective tool for delicate manipula-
tion with a given Sn nanowire: the nanowire can be
gently cut apart (into discrete fragments), and the parts
may then be separated and rejoined within a Ga2O3

ribbon-shaped tube. We envisage that the present
�-Ga2O3 tubes would not only enrich the well-
established spectrum of the tubular structures and ex-
tend the understanding of crystal growth at the nano-
scale but also promote the design of functional
electron-beam-irradiation- or thermo-driven electrical
switches.

METHODS
The flattened ribbon-shaped, Sn nanowire-filled Ga2O3 tubes

were grown using a high-temperature vacuum tube furnace,
the setup of which was described elsewhere.36,37 Briefly, a mix-
ture of GaN and SnO was placed on an alumina boat in the cen-
tral region of an alumina tube. Several strip-like Si wafers, ultra-
sonically cleaned in acetone, were used as substrates and placed
on a wide alumina plate, which was inserted downstream into
the tube. The tube was then pumped down to a base pressure
of 2 � 10�2 Torr. A constant flow of Ar mixed with 10% H2 was
introduced into the tube at a flow rate of 150 sccm. The furnace
was heated at a rate of 30 °C/min to 900 °C and maintained at
that temperature for 1 h, followed by further heating to and
holding at 1200 °C for 2 h before it was finally cooled to room
temperature. The total pressure was maintained at 350 Torr dur-
ing the fabrication process. The products collected from the Si
wafers were characterized using X-ray powder diffraction (RINT
2200) with Cu K� radiation, scanning electron microscopy (S-
4800), and transmission electron microscopy (JEM-3000F and
JEM-2100F equipped with an energy-dispersive X-ray spectrom-
eter).
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