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The origin of the luminescence from Ga,O; microcrystallites and nanostructures has been studied using
time-resolved x-ray excited optical luminescence and x-ray absorption near-edge structure spectra in total
electron yield and photoluminescence yield. The Ga,O5 nanostructures exhibit a crystalline 3-Ga,O5 core and
an amorphous oxide shell, an ultraviolet (UV) and a red emission with a shorter lifetime and a blue and a
yellow emission with a longer lifetime when they are excited by x-ray. We suggest that the UV and red
emissions from the Ga,O5 nanostructures are from the amorphous shell, while the blue and yellow emissions
are from the crystalline 8-Ga,0O5 core; that the UV and red emissions are due to the presence of a subband of
the amorphous Ga,0O3, in the band gap. Our suggestion is in contrast to the previously proposed model, in
which the UV emission from Ga,Oj5 is attributed to an intrinsic transition of crystalline 8-Ga,O5. The impli-

cations of these observations are discussed.
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I. INTRODUCTION

Gallium oxide (Ga,03) has five polymorphs, a, B, v, 6,
and &. Among these polymorphs, 3-Ga,0; with a monoclinic
structure is the only thermodynamically stable phase, while
the others are metastable and the £-Ga,05 exhibits the lowest
symmetry.! 3-Ga,05, a semiconductor with a wide band gap
of 4.9 eV,? emits at a wide range of wavelengths from infra-
red to ultraviolet (UV).3-® This property makes it a candidate
for gas sensing,” catalytic,® and optoelectronic devices® ap-
plications. Very recently, the study of the synthesis and opti-
cal properties of one-dimensional B-Ga,O; nanostructures
has attracted considerable interest due to the potential appli-
cation of 8-Ga,O; nanowires in nanodevices. The lumines-
cence from infrared to UV from B-Ga,0O; nanowires or na-
noribbons has been widely reported.*~*10-2 The optical
emission from one-dimensional B-Ga,0O; nanostructures de-
pends on the deposition technique and experimental param-
eters. In many cases, both bulk 8-Ga,05 (Refs. 3 and 27-29)
and 3-Ga, 05 nanostructures®>—2¢ exhibit an UV (3.4 eV) and
a broad blue emission. However, the origin of these emis-
sions has not been clearly understood.

In the literature, the UV emission from 3-Ga,05 has been
reported to be independent of sample history and impurity
concentration and has thus been assigned to an intrinsic tran-
sition due to the recombination of an exciton with an elec-
tron below the bottom of conduction band (CB) and a
trapped hole in the forbidden band gap; the blue and yellow
emission bands have been attributed to the recombination of
the electron-hole pair with an electron on a donor state
formed by oxygen vacancy and a hole on an acceptor state
formed by gallium vacancy.® Up to now, no direct experi-
mental evidence has been provided to support the above
model. Furthermore, the experimental results for the inde-
pendence of the UV emission from -Ga,0O5; on sample his-
tory and impurity concentration cannot be explained satisfac-
torily by the above model.
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In this work, we report the preparation and characteriza-
tion of the structure, electronic properties and optical prop-
erties of B-Ga,0O; one-dimensional nanostructures using
x-ray absorption near edge structure (XANES) and x-ray ex-
cited optical luminescence (XEOL) techniques. XANES is a
technique that probes the unoccupied electronic densities of
states above the Fermi level via electronic dipole transitions.
XEOL is an x-ray photon-in, optical photon-out technique
that monitors the optical response of light emitting materials
excited by the absorption of x-ray photons. Upon x-ray ex-
citation across an absorption edge of interest, XEOL can pro-
vide site and excitation channel specificity.3%-3?

Previous work on XEOL indicates that the photolumines-
cence yield (PLY) near an absorption threshold depends
strongly on the site and the chemical environment of the
absorbing atom; that is that the XANES in PLY provides
valuable information about the origin of luminescence.® For
instance, previous XEOL results from porous Si,*! Si
nanowires,’2 and ZnS nanoribbons?? indicate that lumines-
cence originated from different chemicals can be distin-
guished in the XEOL spectra. Time-gated XEOL tracks the
decay of the emission bands and further provides new insight
into the origin of the luminescence.’*> Here we present
direct XANES and time-gated XEOL evidences to identify
the luminescence sites responsible for UV and other emis-
sions from Ga,05 nanostructures.

II. EXPERIMENT

The Ga,05; nanostructures were prepared by the thermal
evaporation of a mixture of commercial Ga,O; powders
(99.99%, Alfa Aesar) and liquid Ga (1:1 in weight) in an
alumina tube placed in a horizontal tube furnace system. A
strip of p-type silicon wafer, having soaked in a hexane col-
loid containing thiol-capped gold nanoparticles with an av-
erage size of ~2 nm,* was placed downstream inside the
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tube. The gold nanoparticles on the surface of the silicon
wafer were used as catalyst. The nearly monodispersive Au
nanoparticles provide a surface with uniformly coated Au
nanoparticles. The tube was placed in a furnace and held at
950 °C for 2 hours. The carrier gas, Ar, was introduced at
one end of the alumina tube at a flow rate of 100 sccm (stan-
dard cubic centimeters per minute), and the other end was
open to air. After the reaction, a white film was found cov-
ering the Si substrate. Ga,O; samples were analyzed by
scanning electron microscopy (SEM, LEO 1530), transmis-
sion electron microscopy (TEM, JEOL 2010F), x-ray diffrac-
tion (XRD, Rigaku, Co K, radiation, A=0.179 nm) and UV-
visible absorption (CARY 300 Bio UV visible spectro-
photometer). X-ray absorption and XEOL experiments were
conducted on the spherical grating monochromator (SGM)
beamline (energy range, 250—1900 eV; AE/E, ~107*) at the
third generation, 2.9 GeV, Canadian Light Source (CLS)
with an electron current of ~120 mA at injection. Timing
experiments were conducted with one single electron bunch
(~60 ps pulse width, 570 ns repetition rate, 15 mA current
at injection). Time-resolved XEOL techniques have been re-
ported elsewhere.>> Briefly, a JY 100 monochromator
(200—850 nm) equipped with a Hamamastu photomultiplier
(PMT) was used to monitor the luminescence. The PMT sig-
nal (~2 ns response time) was used as the start and the
bunch clock of the ring the stop; both signals were fed to a
time to amplitude converter after appropriate amplification
and discrimination, and the use of a suitable delay. The decay
curve was stored in a multichannel analyzer. The time win-
dow used in time-gated measurements was set with the dis-
criminator.

III. RESULTS AND DISCUSSION

From the SEM image of the Ga,O5 nanostructures shown
in Fig. 1(a), we see a large amount of long wirelike and thin
sheetlike nanostructures with thickness of tens of nanometer.
TEM sample of the nanostructures was prepared by peeling
off pieces of the nanostructure products from the Si substrate
samples and placing them onto TEM copper grids with a
carbon support film for observation. A typical TEM image of
the nanostructures is shown in Fig. 1(b) at low magnification.
Some very thin (tens of nm) nanowires or nanonribbons laid
on the carbon supporting film are observed. The high reso-
lution TEM image of a particular nanowire [Fig. 1(c)] clearly
shows that the nanowire exhibits a core-shell structure, in
which the core has a crystalline structure in 8 phase and the
shell (~nm in thickness) is in amorphous phase (a phase).

XRD spectra [Fig. 2(a)] indicate that the nanostructures
are predominantly crystalline S-Ga,0O;, while the commer-
cial Ga,0O; powder sample is a mixture of B-Ga,0; and
£-Ga,05.'7 The O K-edge and Ga L;,-edge XANES spec-
tra of the Ga,O5; powder and nanostructure samples recorded
in total electron yield (TEY) are displayed in Figs. 2(b) and
2(c), respectively. Clearly, the O K-edge XANES spectrum
of the Ga,05; nanostructure sample is quite different from
that of the Ga,0; powder [Fig. 2(b)]. For the nanostructure
sample, its TEY-XANES spectrum exhibits two main peaks,
A, and A,, a pattern similar to that of the 8-Ga,O; powders
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FIG. 1. (a) SEM and (b) TEM images of a Ga,O3 nanostructure
sample, and (c) HRTEM image of a particular Ga,0O3 nanowire.

reported in the literature.®® For the commercial Ga,O; pow-
der sample, besides the main peak A; as seen in the nano-
structure one, its TEY-XANES spectrum also exhibits a dis-
tinct pre-edge feature A;, which is absent for the Ga,0;
nanostructure sample in the S phase. The crystal structure of
B-Ga,05 is depicted in Fig. 2(d). It is worth noting that in
the B-phase, oxygen atoms occupy both octahedral and tet-
rahedral sites forming octahedral and tetrahedral polygons by
sharing the corners. The crystal structure of the & phase is
not known. A recent extended x-ray absorption fine structure
(EXAFS) analysis shows that the ratio of the coordination
number, Ga (tetrahedral)/Ga (octahedral) in the B phase de-
creases as the particles size decreases and decreases further
in the & phase. The radial distribution from the Fourier trans-
form of the EXAFS data shows some similarity between the
two with significant reduction in the amplitude of the second
shell indicating that there is considerable long-range order
degradation in the & phase.’® Here, we believe that the dif-
ference of the O K-edge TEY-XANES spectra shown in Fig.
2(b) between the above two samples and the pre-edge feature
(A3) for the powder sample arise from the existence of an
energy state in the band gap and we attribute the origin of the
feature A5 to the &-Ga,05 in the powder sample. On the
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FIG. 2. (a) XRD patterns, (b) O K-edge, and (c) Ga L3 ,-edge
TEY-XANES spectra of the Ga,0O5 nanorstructure and commercial
powder samples, and (d) the schematic of the crystal structure of
B-Ga,05. The solid and open circles in (a) represent 8-Ga,05 and
&-Ga, 03, respectively.
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FIG. 3. (a) Room temperature XEOL spectra of the nanostruc-
ture sample (normalized to photon flux) excited at several photon
energies across the O K-edge and Ga Ls ,-edge and (b) XEOL spec-
tra of the nanostructure sample with excitation below and at reso-
nance of the O K-edge. The difference curve is also shown.

other hand, the Ga L;,-edge XANES spectra of these two
samples are very similar to that of S3-Ga,O; reported in
literature,® indicating that the local environments of Ga
atom of the Ga,O; in the above two phases are similar on
average [Fig. 2(c)], although there are subtle differences.
(For instance, the powder features are more blurry.) All the
experimental results shown in Fig. 2 demonstrate that the
nanostructures are predominantly crystalline 3-Ga,03, while
the starting material, the powder sample, is a mixture of
B-Ga,05 and e-Ga,05. For the nanostructure sample, no no-
ticeable amorphous Ga,05 (a-Ga,0;) was detected by the
XRD and XANES spectra (Fig. 2), although a-Ga,0; was
indeed observed by high resolution TEM image [Fig. 1(c)].
The reason should be that the a-Ga,0O5 in the nanostructure
sample is too dilute to be detected by XRD and TEY-
XANES techniques. Additionally, the XRD is not an amor-
phous materials-sensitive technique.

The room temperature XEOL spectra from the Ga,0;
nanorstructure and power samples excited with photon ener-
gies near the O K-edge (526.4-551.4¢V) and the Ga
L;,-edge (1107—1162 eV) are shown in Fig. 3(a). The nano-
structure sample exhibits a strong UV emission, band A, at
365 nm (3.41 eV) and two weak emissions, band C (yellow)
at 528 nm (2.35¢V), and band D (red) at ~700 nm
(1.78 eV). A shoulder in the blue range can be clearly ob-
served from the XEOL spectrum when the nanostructure
sample was excited by the x-ray with the energy of 526.4 eV
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FIG. 4. (Color online) (a) Time-resolved XEOL spectra of the
Ga, 03 nanostructure sample excited at 491.9 eV photon energy and
collected with selected time windows and (b) decay behaviors of
the emission bands A and B shown in (a); note that the time is
reversed relative to the experimental setup and the noise appears
enhanced in the log plot.

(below O K-edge). The dramatic difference in emission fea-
tures for excitations just below and at the O K-edge reso-
nance is shown in Fig. 3(b) where we can clearly see the
marked decrease in intensity in the 400—500 nm region. The
difference spectrum clearly shows features in this blue re-
gion, which was blurred when excited at the resonance (A,).
We denote the peak revealed at ~450 nm in the difference
spectrum B. Peak C as seen in Fig. 3(a) is now enhanced.
These emission bands have been observed for both Ga,03
nanostructures and bulk®?3-2? and will have significant bear-
ings on the interpretation of the time-resolved results dis-
cussed below.

Figure 4(a) shows the time-gated XEOL spectra from the
Ga,0;5 nanostructure sample excited at 491.1 eV (below the
O K-edge) with selected time window settings where 0-10,
0-20, and 0-50ns represents fast windows, 50-570,
215-570 ns represents slow windows, and the 0—570 ns set-
ting a fully open window (ungated). We selected the excita-
tion energy below the O K-edge because luminescence in the
blue region is intense at these energies. The most interesting
feature displayed in Fig. 4(a) is that a blue emission band B
centered at 462 nm (2.69 eV), together with band C, emerge
in the slow window-gated XEOL (50-570 ns, 215-570 ns)
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and disappears in the fast windows (0—10 ns, 0-20 ns, and
0-50 ns). It should be noted that the slow window XEOL
featuring emission bands B and C are nearly the same as the
difference curve shown in Fig. 3(b). The slow decay indi-
cates long lifetime associated with trapped excitons or defect
states. Returning to Fig. 3(b), we now attribute the
excitation-energy sensitive XEOL to excitation channel
specificity. Below the O K-edge, only the valence and inner
valence states are excited. At the O K-edge the 1s excitation
turns on, this will have an effect on the optical photon yield.
Judging from Fig. 3(b) and Fig. 4(a), we conclude that the
yield is much greater with excitation energy below the O
K-edge than above the edge. This observation indicates that
the PLY at the O K-edge XANES will likely be inverted. As
we will show below, this is indeed the case.

Figure 4(a) also shows that emission bands A and D are
diminishing in the slow windows but become more intense in
the fast windows. The decay curves of the two strong emis-
sion bands in Fig. 4(b) confirm that the UV emission exhibits
a very fast decay (<ns), which is faster than the time
resolution of the PMT (~2 ns), while the blue emission ex-
hibits a much slower decay behavior; the lifetime is too long
(>wus) to be estimated precisely due to the limitation of the
ungated time window (570 ns). The very short lifetime
(<ns) of the UV and red emissions indicates the involve-
ment of nonradiative transition to the process. All these ex-
perimental results indicate that the origin of bands A and D is
distinctly different from that of bands B and C. From Figs. 3
and 4, we see that both the Ga,O; nanostructure and the
powder samples exhibit blue, yellow, and red emissions.
Note that the Ga,05; nanostructure sample exhibits a much
stronger luminescence (~ a factor of 10), especially for the
UV emission (3.4 eV), compared to the powder.

The O K-edge and Ga L; ,-edge XANES spectra recorded
in TEY and PLY (optical channel-selected at 383 nm,
426 nm, and zero order) of the Ga,0; powder sample are
displayed in Figs. 5(a) and 5(b), respectively. It should be
noted that the O K-edge PLY-XANES spectra [inset of Fig.
5(a)] exhibit an inverted edge jump. Inversion in a PLY spec-
trum is not uncommon in soft x-ray optical XANES spectra
when the sample is thick or the excited state turned on by the
absorption at the edge has a less efficient optical decay.’* In
order to compare the XANES spectra in different yields, we
plot the inverted PLY spectra for the two channels (383 nm
and 426 nm) and zero order in Fig. 5(a). We see that the
inverted PLY spectra have similar spectral features to the
TEY one, for instance, the distinct pre-edge feature A; and
two stronger features A; and A, are all observed. This reveals
that the luminescence from the Ga,0; powders comes from
Ga,05 in both B and & phases. The well-defined features A,
and A; in the PLY spectra indicate the contribution of the 8
and & phases, respectively, to the luminescence. The similar-
ity of the Ga L;,-edge PLY- (0 order) and TEY-XANES
spectra of the powder sample indicates that the observed lu-
minescence is proportional to the absorption at the Ga
L; »-edge of Ga,0; [Fig. 5(b)].

The O K-edge and Ga L; ;-edge XANES spectra recorded
in TEY and PLY (optical channel-selected at 363 nm,
485 nm, 524 nm, 699 nm and zero order) of the Ga,0; nano-
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FIG. 5. (a) The O K-edge and (b) Ga L; ,-edge XANES spectra
of the Ga,03 powder sample obtained in TEY and PLY. Note that
the PLY-XANES spectra are inverted at the edge [inset of (a)]. The
inverted PLY spectra are plotted with the TEY one for comparison.
The intensities in TEY and PLY spectra are the quantity of Auger
electron and secondary electron and the intensity of optical lumi-
nescence emitted from sample excited by x-ray, respectively.

structure sample are displayed in Figs. 6(a) and 6(b), respec-
tively. The O K-edge XANES spectra in PLY [inset of Fig.
6(a)] also exhibit an inverted edge jump. The inverted PLY
spectra of the blue and yellow emissions, 485 nm and
524 nm, respectively, have similar spectral features com-
pared to that of the TEY one of 3-Ga,03 (A, and A; with no
noticeable pre-edge feature A;), while those of the UV and
red emissions, 363 nm and 699 nm, respectively, are more
similar to the PLY ones of the luminescence from the Ga,04
powder sample shown in Fig. 5(a). From the O K-edge PLY-
XANES spectra in Fig. 6(a), the most noticeable feature is
the appearance of A;. We can also determine that the position
of the feature As, relative to the conduction band minimum
(CBM), is centered at ~1.5 eV below the CBM. CBM is
determined by extrapolating the linear part of the absorption
edge just above the threshold to its intersection with the
baseline extrapolation of the pre-edge.***! The appearance of
A of the PLY spectra [Fig. 6(a)] reveals that a subband in the
band gap is involved in the optical transition responsible for
the emissions A and D.*! Incidentally, the powder containing
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FIG. 6. (a) The O K-edge and (b) Ga L; ,-edge XANES spectra
of the Ga,O5 nanostructure sample obtained in TEY and in PLY.
Note that the PLY-XANES spectra are inverted at the O K-edge
[inset of (a)]. The inverted PLY spectra are plotted with the TEY
one for comparison.

e-Ga,05 also exhibits the pre-edge feature A; at the same
position [Fig. 5(a) and Fig. 6(a)]. This observation implies
that the luminescence in blue and yellow are from the crys-
talline B-phase and that the UV and red emission are from a
phase (see below). The similarity of the Ga L;,-edge PLY-
and TEY-XANES spectra for the nanostructures sample also
confirms that the observed luminescence comes from Ga,0O;
[Fig. 6(b)]. Close observation reveals that all the Ga
L;,-edge PLY spectra exhibit a normal edge jump with the
exception of the Ga L,-edge PLY spectra of blue and yellow
emissions, 485 nm and 524 nm, respectively, which exhibit
an inverted edge jump, while the Ga L,-edge PLY ones of the
UV and red emissions (363 nm and 699 nm, respectively) a
much smaller normal one, relative to their corresponding
Ls-edge PLY ones. This may be due to the switch on of the
Coster-Kronig transition at the L,-edge, leading to a different
deexcitation pathway, which affects the energy transfer to the
optical channel. The difference of the Ga L,-edge jump of
the nanostructure sample between the emission bands [Fig.
6(b)] reveals the different luminescence site position for the
emission bands from the nanostructures. The normal edge

125303-5



ZHOU et al.

Ga,0, powders in CH,CI,

Intensity (arb. units)

250 300 350 400 450 500
Wavelength (nm)

FIG. 7. UV-visible absorption spectrum of the Ga,O3 powders
suspended in CH,Cl, solvent.

jump for the UV and red emissions reveals that their lumi-
nescence sites are mainly located at near-surface region (neg-
ligible thickness effect), while the inverted one for the blue
and yellow bands indicates that their luminescence sites are
mainly from the bulk of the nanostructures (more severe
thickness effect).30:4243

We now assign the luminescence bands A, B, C, and D
from the Ga,0O; nanostructures. Here, we suggest that the
blue and yellow emissions, B and C, come from the crystal-
line B-Ga,0; core [Fig. 1(c)] of the nanostructures. The
similarity of the O K-edge XANES spectra in PLY of these
two emission bands and in TEY of the Ga,O; nanostructure
sample [Fig. 6(a)] confirms this point. In addition, their in-
verted jump of the Ga L,-edge PLY [Fig. 6(b)] also demon-
strates that these two emissions are more bulklike, relative to
the emissions A and D. In other words, the luminescence
sites responsible for these two emissions should be at the
core of the nanostructures. This is also evident from the high
resolution TEM image [Fig. 1(c)] which shows the crystal-
line 3-Ga,05 core is shelled by an amorphous outer layer.
We further assign these two emissions to a recombination of
the electron-hole pair with a deeply trapped electron on a
donor state forming the oxygen vacancy and a deeply
trapped hole on an acceptor state forming the gallium
vacancy.®> The luminescence from the deeply defect trapped
electron-hole pairs must come from B-Ga,0; and decays
very slowly because of the long lifetime of the trapped
electron-hole pairs, which is also confirmed by our experi-
mental results (Fig. 4).

For the UV and red emissions (A and D, respectively), our
results indicate that they are probably from an impurity
phase rather than the dominantly crystalline 8 phase. The
appearance of the pre-edge feature at the O K-edge of Ga,05
powder containing e-Ga,0O; [Fig. 2(a)] indicates the pres-
ence of an unoccupied state in the forbidden band gap. This
intrinsic unoccupied state probably arises from the structural
effect, e.g., poor long-range order. Existing experimental re-
sults suggest that the long-range order of £-Ga,O; is degra-
dated, compared to the B phase, although its structure has not
been fully characterized. This subband of e-Ga,0O; is also
observed by an UV-visible absorption spectrum of the Ga,05
powders suspended in a CH,Cl, solvent shown in Fig. 7,
where a feature peaked at 331 nm (3.76 eV) is observed in
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FIG. 8. Schematic diagram for the excitation and relaxation pro-
cesses of the UV and red emissions from a-Ga,03. The solid and
open circles in Fig. 7(b) represent electrons and holes, respectively.
The arrows in Fig. 7(b) indicate excitation or emission processes.
Relevant processes are labeled 1-5 (see text).

the UV-visible absorption spectrum, which suggests the ex-
istence of a subband located at ~3.76 eV (or a little bit be-
low this position) above the valance band maximum (VBM)
in the forbidden band of £-Ga,03, as the previous UV-visible
absorption results in literature show that 8-Ga,05; does not
exhibit this additional feature.> The position of this subband
related to the poor long-range order of the &-Ga,05 esti-
mated from the XANES spectra of the powder sample [the
same position as the impurity phase in the nanostructure
sample, Fig. 5(a)] is in good accord with the UV-visible ab-
sorption spectrum (Fig. 7), assuming that all phases have
similar band gaps (~4.9 eV). Here, we suggest that the UV
and red emissions from the nanostructure sample come from
the amorphous shell of the nanostructures [Fig. 1(c)]. The
lack of long-range order of the a phase and the inverted edge
jump of the Ga L,-edge PLY spectrum [Fig. 6(b)] are con-
sistent with this notion. Actually, an UV emission, together
with a blue one, from a-Ga,O; nanowires has been
reported.?? Furthermore, we believe that the impurity a phase
is much more luminescent than the dominant 3 phase. When
the excitation x-ray is scanned to Aj, only the a phase gets a
fluorescence deexcitation channel and we observe that the
yield of the luminescence from the more luminescent a phase
changes. However, the impurity a phase is so dilute that it
cannot be detected from TEY spectrum, although it indeed
absorbs x-ray and gets a fluorescence deexcitation channel.
On the contrary, the disappearance of the A; in the TEY
spectrum does indicate that the UV and red emissions come
from the impurity phase, not from the dominant one.

Based on the above experimental results and the position
of the subband shown in Fig. 6(a), a scheme of the energy
band structure of a-Ga,O; is proposed (Fig. 8). After the
amorphous shell of nanostructures is excited by x-ray (e.g.,
processes 3 and 5), relaxation of the energetic electrons and
the holes (< ps) and thermalization (~1-10 ps) take place,
which populates electrons and holes in the CB and VB,
respectively.** The electrons in the CB can transfer to the
subband radiatively (process 1), leading to the emission in
red, or decay nonradiatively. Thus, we can assign the red
emission (band D) to process 1. Other electrons in the sub-
band may come from the core level (process 4) or the VB
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due to the excitation of x-ray. The electron in the subband is
not stable and will decay radiatively (process 2) or nonradia-
tively. We assign the UV emission (band A) to a radiative
channel, process 2. In other words, the radiative process 1
responsible for red emission and process 2 for UV can be
regarded as the two steps of so-called cascade emission. As
some of the electrons in the subband come from the core
level (process 4) or the VB, the intensity of UV emission is
expected to be stronger than the red one, which is confirmed
experimentally. The sum of the energies at the peak position
of UV and red emissions (3.42 eV+1.78 eV=5.20 eV) is
very close to the band gap of Ga,053 (4.9 eV). In addition,
the electron in the subband belongs to the whole a-Ga,03
shell and thus has a much shorter lifetime, relative to the
defect-trapped electron in the B-Ga,05 core. The match be-
tween the above energy sum and the band gap of Ga,05; and
the quick decay behavior of UV and red emissions support
the above assignments. Another possibility about the origin
of the red emission from the nanostructures is that some of
the red luminescence, especially for the red luminescence
with longer wavelength, is probably the higher order of the
UV emission, as the red emission exhibits a wide peak and
the positions of the red luminescence with longer wavelength
are double of those of the UV luminescence [Fig. 4(a)]. Re-
cently, Song et al. reported emission in the red at ~700 nm
with lifetime in the order of 10> us from nitrogen doped

PHYSICAL REVIEW B 75, 125303 (2007)

Ga,05 nanowires, and assigned this emission to the recom-
bination of the deeply trapped exciton.® Obviously, emission
in the red from our Ga,05; nanostructure sample has a much
shorter lifetime (<1 ns) and thus has a different origin.

IV. CONCLUSIONS

The Ga,0; nanostructures exhibit a crystalline 8-Ga,0;
core and an amorphous oxide shell, an UV and a red emis-
sion with a shorter lifetime, and a blue and a yellow emission
with a longer lifetime when they are excited by x-ray. We
suggest that the luminescence site responsible for the UV
and red emissions from Ga,O5 nanostructures is their amor-
phous outer shell, while that for the blue and yellow emis-
sions is their crystalline B-Ga,O5 core; that the UV and red
emissions are due to the presence of the intrinsic subband in
the band gap of a-Ga,0;.
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