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We synthesized Bi/Bi,O; heterojunction nanoparticles at various substrate temperatures using the pulsed laser deposition
(PLD) technique with a pulsed Nd:YAG laser. The Bi/Bi,O; heterojunction nanoparticles consisted of Bi nanoparticles and
Bi,05 surface layers. The average diameter of the Bi nanoparticles and the thickness of the Bi,Os surface layer are linearly
proportional to the substrate temperature. The heterojunctions between the Bi nanoparticles and Bi,Os surface layers, which
are the metal-semiconductor heterojunctions, can strongly enhance the photoluminescence (PL) of the Bi/Bi,Os
nanoparticles, because the metallic Bi nanoparticles can provide massive free Fermi-level electrons for the electron
transitions in the Bi,O; surface layers. The enhancement of PL emission at room temperature by the metal-semiconductor-
heterojunction make the Bi/Bi,Os heterojunction nanoparticles potential candidates for use in optoelectronic nanodevices,
such as light-emitting diodes (LEDs) and laser diodes (LDs).

monoclinic a-Bi,0; is easier to synthesize than tetragonal 6-Bi,0s.
Introduction Monoclinic a-Bi,03 is a p-type semiconductor with a bandgap of
~2.8 eV,"*"® while tetragonal 6-Bi,0; is an n-type semiconductor
with a bandgap of ~2.5 eV."® Therefore, they can be designed for

- . . .32 . 1318
applications in heterojunctions™ “ and opto-electronics. Here,
we discuss the metal-semiconductor-heterojunction-assisted
photoluminescence (PL) emission mechanism for the Bi/Bi,0;
generation 3 oxygen sensing 4 photocatalysis s6 heterojunction nanoparticles. The Bi/Bi,O; heterojunction
superhydrc;phobicity 7 and nanomechaniés 8 |n addition to Bi 6 nanoparticles comprise metallic Bi nanoparticles with Bi,O; surface
’ . 2Y3, .. .
the bismuth oxides have varying chemical forms, including Bi,O, 910 layers. The PL emissions that come from the Bi,O; surface layers
Bi,O>.2 and Bi,O, a1 Obviously, Bi,O; is the most stable bismuth can be attributed to electron transitions from the conduction band,
47, 2Y2.33- ’ 2VY3 . .

oxide state, with six varying crystalline phases, including a-Bi,03 Fermi I.evel (EF)_’ and donor state (£o), respectlviely, _t° the vale.nce
(monoclinic phase), 8-Bi,0; (tetragonal phase), y-Bi,03 (bcc phase) bands in the Bi,03 surface layers. These metallic Bi nanoparticles
6-Bi,0; (fcc phase), &-Bi,0; (orthorhombic phase) and w-Bi,03; are helpful in the formation of PL emissions, because they provide
(triclinic phase). Among the six crystalline phases, a-Bi,0; is much plenty of free Fermi-level electrons to the Bi,O; layers across the

. L - heterojunction. It is known that Bi is a semimetal, with its own
more frequently reported than 68-Bi,0;. This is because monoclinic . Fermi surface.® H h liic Bi icl
@-Bi;05*" and tetragonal 6-Bi,0s*" are the stable low- UMiaue Fermi surface.™ Hence, the metallic Bi nanoparticles can

temperature and high-temperature forms, respectively, and that enhance the PL emissions.

There are a variety of metal/metal-oxide heterojunction
nanostructures that have attracted scientific attention because of
their unique and significant properties.”” Bi/Bi,0; is one of the most
popular of the metal/metal-oxide heterojunction nanostructures,
and has been used in many applications, such as for hydrogen
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Fig. 1. FESEM images showing top views of the Bi thin films and
nanoparticles on Si wafers at various substrate temperatures of (a) 25,
(b) 50, (c) 75, (d) 100, (e) 125, (f) 150, (j) 175, (h) 200, (j) 225, and (j)
250 °C, respectively. (k) Linear graph of the average diameter of the Bi
nanoparticles versus substrate temperature.

In this study, Bi/Bi,O; heterojunction nanoparticles were
synthesized using the lower-energy pulsed laser deposition (PLD)
technique with a pulsed Nd:YAG laser. Actually, there are two kinds
of high- and low-energy PLD techniques. For example, PLD with an
excimer laser of a few joules would be a high-energy system,m'22
while a pulsed Nd:YAG laser of millijoules is a low-power system.
324 The high-energy PLD technique is used to synthesize high
melting-point materials, including ceramics and oxides,”?” while
the low-energy PLD method is exploited for the preparation of low
melting-point materials, such as post-transition metals.”?*?%3° The
synthesis of the Bi/Bi,05 heterojunction nanoparticles included two
processes. First, the Bi nanoparticles were grown on the Si
substrates at various substrate temperatures of 100, 125, 150, 175,
200, 225, and 250 °C, respectively. The average diameters of the Bi
nanoparticles are the
temperatures. Secondly, the surfaces of the Bi nanoparticles were
oxidized in ambient air to produce Bi,0; layers or shells, and then
the Bi/Bi,0; heterojunction nanoparticles were formed. The
thicknesses of the Bi,O; layers or shells also increased with the
elevated substrate temperatures. As mentioned above, the Bi/Bi,05
heterojunction nanoparticles were found to enhance the PL
emissions. As the incident laser supplies thermal energy to the free

linearly proportional to substrate

electrons of the metallic Bi nanoparticles, they easily overcome the
Ohmic barrier and move to the Bi,0; layers. This is because the as-
synthesized Bi,0; layers are n-type semiconductors, so that Ohmic
contacts, which are one of the metal-semiconductor
heterojunctions, are formed at the interfaces between the Bi
nanoparticles and Bi,O; layers. The metallic Bi nanoparticles can
provide the majority free electrons for the electron-hole
recombination that gives rise to strong PL emissions. These Bi/Bi,03

2 | Nanoscale, 2016, 00, 1-3

heterojunction nanoparticles are potential candidates for use in
optoelectronic nanodevices, such as light-emitting diodes (LEDs)
and laser diodes (LDs), because they have good and effective
visible-light emissions at room temperature.

Experimental
Synthesis of Bi/Bi,0; heterojunction nanoparticles

The Bi/Bi,05 heterojunction nanoparticles were synthesized on Si
substrates in a high-vacuum PLD system (AdNaNo-Tek, PLD-12L)
with a Q-switched and pulsed Nd:YAG laser (LOTIS TlI, LS-2134UTF).
Tablets of Bi (99.99 % pure, ¥9 mm wide and ~ 3 mm high) were
placed on a rotating holder as target materials in the PLD chamber.
The distance between the target and Si substrate was 50 mm. Once
the pressure was pumped down to ~1x10” torr, a pulsed laser (266
nm), which possessed an energy of 50 mJ and a pulse duration of 6
ns, was utilized to perform laser ablation for 45 min. The pulsed
laser beam of ~1.77 mJ/mm2 was focused on the Bi-tablet targets
by a lens incident at an angle of 60° to the target surface.
Temperature plays a very significant role in the growth of
nanostructures,31'35 so to observe this the substrates were kept at
various temperatures during the deposition process. Various Bi thin
films and nanoparticles on Si wafers were prepared at the various
substrate temperatures of 25, 50, 75, 100, 125, 150, 175, 200, 225,
and 250 °C, respectively. The surfaces were oxidized in ambient air
to produce Bi,O; layers or shells, and then the Bi/Bi,0;
heterojunction nanoparticles were formed. The thicknesses of the
Bi,O; layers or shells increased with the elevated substrate
temperatures.

Characterization of Bi/Bi,0; heterojunction nanoparticles

The surface morphology and elemental information of the as-
synthesized Bi/Bi,O3 heterojunction nanoparticles were examined
using a field-emission scanning electron microscope (FESEM, JEOL
JSM-6500F) equipped with an energy dispersive spectrometer (EDS,
Oxford instrument INCA, X-sight 7557). The crystalline structures of
the Bi/Bi,03 heterojunction nanoparticles were verified by an X-ray
diffractometer (XRD, Philips, X'Pert Pro) with Cu Ka radiation (1.541
A) and a transmission electron microscope (TEM, JOEL JEM-2100)
with a selected-area electron diffractometer (SAED). The chemical
compositions of the Bi/Bi,0; heterojunction nanoparticles were
guantitatively analyzed based upon an X-ray photoelectron
spectrometer (XPS, Thermo Scientific, K-Alpha) with an Al Ka beam
of 1486.6 eV and an ion gun. The PL properties of the Bi/Bi,0;
heterojunction nanoparticles were verified using a spectrometer
(Ocean Optics, QE65000) equipped with a charge-coupled device
(CCD) detector array and a pumping light source from a 325 nm He-
Cd laser.

Results and discussion

The FESEM images in Figs. 1(a)-1(j) show top views of Bi thin films
and nanoparticles on Si wafers with the various substrate
temperatures of 25, 50, 75, 100, 125, 150, 175, 200, 225, and 250
oC, respectively. The surface morphologies that appear in Figs. 1(a)-
1(c) look rough, but many Bi nanoparticles are observed in Figs.
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Fig. 2. FESEM images showing side views (902 to the surface normal
direction) of the Bi thin films and nanoparticles on Si wafers at various
substrate temperatures of (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150,
(i) 175, (h) 200, (j) 225, and (j) 250 C, respectively.

1(d)-1(j). Some of the Bi nanoparticles have facets, indicating they
possess a crystalline structure. There is a linear increase in the
average diameter of the Bi nanoparticles with the elevation of the
substrate temperature. The linear graph in Fig. 1(k) shows the
average diameter of the Bi nanoparticles versus substrate
temperature. A lognormal distribution function®® is used to acquire
the average diameter and the fit of the diameter distributions of
the Bi nanoparticles. The statistical histograms (see Fig. S1,
Supplementary Information) display the diameter distributions of
the Bi nanoparticles synthesized at substrate temperatures of 100,
125, 150, 175, 200, 225, and 250 °C, respectively. All the fitting
parameters such as the majority distribution, average diameter, and
standard deviation are shown in Table S1 (Supplementary
Information).

The FESEM images in Fig. 2 show side views (902 to the surface
normal direction) of the as-synthesized Bi thin films and
nanoparticles illustrated in Figs. 1(a)-1(j), respectively. Figs. 2(a)-2(c)
display Bi nanoscale thin films of ~32, ~26 and ~30 nm grown on Si
wafers at substrate temperatures of 25, 50, and 75 2C, respectively,
while Figs. 2(d)-2(j) illustrate Bi nanoparticles that formed on Si
wafers at substrate temperatures of 100, 125, 150, 175, 200, 225
and 250 2C. It can be seen that the thin films preferentially grow at
low substrate-temperatures (<100 2C), while the high temperatures
(2100 °C) are favorable for the formation of Bi nanoparticles.
Hence, there are two kinds of growth modes, the Frank-van-der-
Merwe (Iayer-by-layer)36 and Wolmer-Weber (island)36 growth
modes. During evaporation of the Bi tablets onto the Si wafer by
the PLD technique, the initial kinetic energy carried by the Bi atoms
is diffuse onto the Si substrates. The heating of the substrate
obviously provides thermal energy, which enhances the surface
diffusion of the Bi atoms. However, when the substrate
temperature is not high enough, the total energy (=kinetic energy
plus thermal energy) supports a diffusive force that cannot
overcome the interaction between the atoms and the substrate
surface. In other words, the interactions between the diffusing

This journal is © The Royal Society of Chemistry 2016
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Fig. 3. (a) FESEM image showing a single Bi hexagonal nanoparticle
synthesized at a substrate temperature of 250 2C. The EDS intensities of
Bi, O and Si can be detected along the yellow line that runs across this
image from A to D and passes through the Bi nanoparticle from B to C.
(b) EDS intensity-profiles of Bi, O and Si as functions of distance along
segment AD. (c) Ten XRD spectra for the Bi thin film and nanoparticles
synthesized at substrate temperatures of 25, 50, 75, 100, 125, 150, 175,
200, 225, and 250 °C, respectively. All ten XRD spectra are similar in
patterns, indicating that the as-synthesized Bi thin film and nanoparticles
formed at various substrate temperatures consist of the same crystalline
phases.
atoms are smaller than those between the atoms and the substrate
surfaces, and then thin films are preferentially formed. On the other
hand, when the substrate temperature is high enough, the diffusive
force supported by the total energy becomes superior to the
interaction between atoms and substrate surfaces. The interactions
between the diffusing atoms are thus larger than those between
the atoms and the substrate surfaces, so that nanoparticles (or
nano-islands) are formed. As seen from these results, we can easily
control the growth of thin films or nanoparticles of Bi using only the
substrate temperature.

EDS is a high spatial-resolution tool utilized for qualitative
analysis of the chemical composition on the surface, from which we
can identify the elemental distribution on the nanoscale and specify
whether the Bi nanoparticles become oxidized in the high vacuum
chamber to form bismuth oxides. The FESEM image in Fig. 3(a)
shows a single Bi hexagonal nanoparticle of ~280 nm wide
synthesized at a substrate temperature of 250 °C. The EDS
intensities of Bi, O and Si can be detected along the yellow line that
runs across this image from A to D and passes through the Bi
nanoparticle from B to C. Fig. 3(b) illustrates the EDS intensity-
profiles of Bi, O and Si as functions of distance along the segment
AD. The Bi intensity is rich, but the O intensity is almost zero. The Si
intensity comes from the Si substrate, but decreases due to the
presence of the Bi nanoparticles. The absence of O intensity implies

Nanoscale, 2016, 00, 1-3 | 3
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Fig. 4. Ten XPS spectra for Bi thin films and nanoparticles synthesized at
substrate temperatures of (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, (f) 150,
(g) 175, (h) 200, (i) 225, and (j) 250 °C, respectively. All the XPS spectra
have the same Bi"" 4f;, Bi’" 4fy,, Bi*" 4f;,,, and Bi** 413, peaks, but the
peaks have various intensities (1”7, I**s, P70, I 7s2).

that the Bi nanoparticle is still pure Bi, including no bismuth oxides
at all. Hence, the Bi nanoparticles may not be able to be oxidized
into bismuth oxides in the high vacuum chamber. The XRD patterns
can be called the fingerprints of crystalline materials, revealing
details of their crystalline structure and crystal growth formation
during synthesis. Fig. 3(c) shows the ten XRD spectra for the Bi thin
films and nanoparticles synthesized at substrate temperatures of
25, 50, 75, 100, 125, 150, 175, 200, 225, and 250 9C, respectively.
All ten XRD spectra have the same patterns, indicating that the as-
synthesized Bi thin film and nanoparticles consist of the same
crystalline phases regardless of the various substrate temperatures.
The diffraction peaks at 20= 22.69, 27.29, 38.19, 39.79, 44.79, 46.19,
48.89, 56.22, and 59.62 correspond respectively to the (003), (012),
(104), (110), (015), (006), (202), (024), and (107) planes of the
rhomb-centered hexagonal Bi phase in the space group, with lattice
constants of a=b=0.4535 nm, ¢=1.1814 nm, a=6=909, and y=1202
(ICSD 64704). Therefore, the XRD results cannot offer any evidence
that the Bi thin film and nanoparticles are oxidized. In addition,
although the Bi thin films and nanoparticles have the same

4 | Nanoscale, 2016, 00, 1-3
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Fig. 5. (a) Linear  graph  of the intensity  ratio
EP =P 3P 5n)/(I" 0+ s1)) of the total B¥* 4f to B®" 4f peaks (in
Fig. 4) versus substrate temperature. The fitting result shows that the
intensity ratio linearly increased with the elevation of the substrate
temperature. (b) XPS spectra of the Bi/Bi,O; heterojunction nanoparticles
(synthesized at the substrate temperature of 250 °C) after ion milling. The
TEM image showing (c) a group of the Bi/Bi,O; heterojunction
nanoparticles and (d) a single Bi/Bi,O; heterojunction nanoparticle,
synthesized at a substrate temperature of 250 °C. The portion enclosed by
yellow dashed-circle is Bi, but that outside the yellow dashed-circle is
Bi,0;. The high-resolution TEM image in the inset clearly shows the
Bi/Bi,O; heterojunction or interface between the Bi core and Bi,Os

surface layer.

crystalline structures, there are strong diffraction intensities located

at different diffraction angles (28). For example, while the Bi thin
films possess strong diffraction intensities at the (003) and (006)
planes, the Bi nanoparticles have the strong diffraction intensities
at the (003), (012) planes. It can be seen from this that the
crystalline orientations of the Bi thin films are different from those
of the Bi nanoparticles.

It is known that EDS and XRD are good techniques for providing
information from deep inside Bi thin films and nanoparticles, while
the XPS technique can give information from the surface, ~10 nm
deep. Fig. 4 shows a series of XPS spectra for the Bi thin films and
nanoparticles synthesized at substrate temperatures of 25, 50, 75,
100, 125, 150, 175, 200, 225, and 250 9C, respectively. All the XPS
spectra show the same Bi”* 4f7, Bi®* 4fs )y, B> 4f;5, and B> 45y
peaks, but the peaks have various intensities (I°+7/2, I°+5/2, I3+7/2,
Is+5/2). The Bi** 4f;/ and Bi** 4fs;, peaks indicate that all the surfaces
of the Bi thin films and nanoparticles are oxidized to become Bi,03
layers in the ambient air. This indicates that the Bi thin films and
nanoparticles are easily oxidized to become Bi/Bi,03 heterojunction
thin films and nanoparticles. In Figs. 4(a)-4(d), the intensities (IO+7/2,
IO+5/Z) of the Bi™* 4f,/ and Bi™* 4fs/, peaks are higher than those
(Is+7/2, l?’+5/2) of the Bi** 4f;/, and B> 4fs;, peaks, while in Figs. 4(e)-
4(j), the intensities (l°+7/2, IO+5/2) of the Bi™* 4f;/, and Bi”* 4fs), peaks
are lower than those (l?’+7/2, l3+5/2) of the Bi*' 4f;/, peaks. These
intensity results suggest that the higher substrate temperatures not
only make the diameters of the Bi nanoparticles larger, but also
allow the Bi,0; layers to be thicker.

This journal is © The Royal Society of Chemistry 2016
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The linear graph in Fig. 5(a) displays the intensity ratio
(PP =P 4P 52 ) (%245 ) versus substrate temperature of
the total B> 4f to B 4f peaks (in Fig. 4). The data in Fig. 5(a) show
an obvious linear fit, indicating that the higher the substrate
temperature, the larger the intensity ratio, and the more oxidized
the surfaces of the Bi thin films and nanoparticles. Thus, there also
may be a linear increase in the thicknesses of the Bi,0; layers with
the elevation of the substrate temperatures. To verify the
formation of the Bi,0O3 layer on the surfaces of the Bi thin film and
Bi nanoparticles, an ion gun was used to remove the surface of Bi
nanoparticles synthesized at a substrate temperature of 250 2C. Fig.
5(b) shows the XPS spectra of the Bi/Bi,O; heterojunction
nanoparticles (synthesized at the substrate temperature of 250 2C)
after ion milling. It is obvious that the intensities (I, ”*s/,) of the
Bi® 4f,, and Bi®* 4f,, peaks are much larger than those (**;/,, "))
of the Bi** 4f,, and Bi*" 4fy, peaks, confirming that the Bi
nanoparticles have Bi,O; layers on the surfaces. TEM is a powerful
technique for examining the fine crystalline structures. The TEM
image in Fig. 5(c) displays a group of Bi/Bi,O; heterojunction
nanoparticles synthesized at a substrate temperature of 250 2C. The
high-resolution TEM image in Fig. 5(d) illustrates a single Bi/Bi,0O5
heterojunction nanoparticle from Fig. 5(c). The very thin Bi,0; layer
(<3nm) on the surface of the single Bi nanoparticle can be clearly
seen, but the surface Bi,0; layer looks amorphous, not crystalline.
The TEM results confirm that the surfaces of the Bi thin film and
nanoparticles are easily oxidized in ambient air, and the surface
Bi,0; layers have an amorphous structure.

PL spectroscopy is an excellent optical technique for examining
the electron transitions and electronic information in the search for
impurities, defects, and bandgaps in semiconductor materials. Fig.
6(a) the room-temperature PL spectra of Bi/Bi,0;
heterojunction nanoparticles synthesized at a substrate
temperature of 175 2C. Actually, the PL spectra of the Si substrate
and Bi/Bi,05 heterojunction nanoparticles synthesized at substrate
temperatures of 100, 150, and 250 2C (see Fig. S2 , Supplementary
Information) are also taken. The PL emissions are observed over a

shows

wide wavelength range from 300 to 950 nm, and the PL spectra can
be decomposed into three emission peaks centered at 492.9, 588.1,
and 716.1 nm, corresponding to the energies of ~2.5, ~2.1, and ~1.7
eV, respectively. The inset to Fig. 6(a) shows a schematic diagram of
the green-, red- and infrared-light emitted from the Bi/Bi,0;
heterojunction nanoparticles that comprise the inner metallic Bi
nanoparticles and Bi,O; layers. The color space chromaticity
diagram in Fig. 6(b) shows the colors of the PL emissions from the
Bi/Bi,0; heterojunction nanoparticles. The Bi/Bi,O3 heterojunction
nanoparticles obviously appear to be cyan, although the color
actually consists of three main light emissions of green-, red- and
infrared-light. The schematic diagram in Fig. 6(c) shows the electron
transitions the metal-semiconductor
heterojunction for a metallic Bi nanoparticle in contact with the
Bi,0; layer, namely the Bi/Bi,O; heterojunction nanoparticle. It is
known that there are four kinds of metal semiconductor contacts,
including two Schottky and two Ohmic contacts (see Fig. S3,
Supplementary Information) for n-type and p-type semiconductors.
Since the work function (4.22 eV) of Bi is smaller than that (6.23 eV)
of Bi203,3 the heterojunction of Bi/Bi,0; is an Ohmic contact. Also,
the observed PL emissions indicate the Bi,O; layers to be n-type

and PL emissions in

This journal is © The Royal Society of Chemistry 2016
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Fig. 6. (a) Room-temperature PL spectra of the Bi/Bi,O3 heterojunction
nanoparticles synthesized at a substrate temperature of 175 °C. The inset
shows a schematic diagram of the green-, red- and infrared-light emitted
from the Bi/Bi,O; heterojunction nanoparticles that comprise the inner
metallic Bi nanoparticles and Bi,0Os layers. (b) Color space chromaticity
diagram showing the cyan color of the PL emissions from the Bi/Bi,Os
heterojunction nanoparticles. (c) Schematic diagram of the band structure
for the electron transitions and PL emissions in the Bi/Bi,Os
heterojunction nanoparticles with the Ohmic metal-semiconductor
heterojunctions.

semiconductors, because p-type Bi,O; cannot support the PL
emissions of ~2.1, and ~1.7 eV, which represent the electron
transitions from the Fermi level (E¢) and the donor state (Ep) to the
valence band. Of course, the PL emissions of ~2.5 eV embody the
electron transitions between the conduction band and the valence
band, which are called the near band edge (NBE) transitions.”’
When the incident 325-nm laser (indicated by the upward
pointing purple arrow) excites electrons from the valence band to
the conduction band, holes are created in the valence band. The
majority electrons lying in the conduction band and the Fermi level
immediately drop down to recombine with the holes created in the
valence band, and then the green light (indicated by the downward
pointing green arrow) of 492.9 nm and the red light (indicated by
the downward pointing red arrow) of 588.1 nm are emitted. In fact,
the metallic Bi nanoparticles not only inject plenty of free electrons
to the Eg, but also massive free electrons to the conduction bands.
This is because the heat from the incident laser gives the massive
free electrons thermal energy to overcome the small Ohmic contact
barrier, so the thermal-excited electrons in the metallic Bi
nanoparticles can move to the conduction band in the Bi,0; layer.
The PL intensity of 492.9 nm is higher than that of 588.1 nm,
indicating more electrons are injected to the conduction band than
the Eg. In addition, when the minority electrons lying in the E, fall to
the valence band, the recombination of the electrons and holes can
give the infrared light (indicated by the downward pointing pink
arrow) of 716.1 nm. Note that the observed PL emissions cannot
come from the metallic Bi nanoparticles, because the 5d electronic
band is ~24-27 eV, far from the E; of the metallic Bi nanoparticles.
Therefore, in this study, it is found that the metal-semiconductor-
heterojunctions can enhance PL emissions of the n-type metal-

Nanoscale, 2016, 00, 1-3 | 5
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oxides or semiconductors, giving them the potential for use in
optoelectronic nanodevices, such as light-emitting diodes and laser
diodes.

Conclusions

In this study, Bi/Bi,O; heterojunction nanoparticles were
synthesized at various substrate temperatures using the
pulsed laser deposition (PLD) technique with a pulsed Nd:YAG
The Bi/Bi,O; heterojunction nanoparticles were
comprised of Bi nanoparticles and n-type Bi,O3 surface layers.

laser.

The average diameter of the Bi nanoparticles and the thickness
of the Bi,O3 surface layer were strongly dependent on the
substrate temperature, and linearly proportional to the
substrate  temperature. The Bi/Bi,O3; heterojunction
nanoparticles were found to enhance the PL emissions,
because the metallic Bi nanoparticles provided massive free
Fermi-level electrons to the Bi,0; surface layers. Since the
Bi,O; surface layers are n-type semiconductors and the work
function is larger than that of the metallic Bi nanoparticles,
interfaces between the Bi
nanoparticles and Bi,O3 layers. Heat from a laser is incident to

Ohmic contacts form at the

the Bi/Bi,O; heterojunction nanoparticles supplies thermal
energy to the free electrons of the metallic Bi nanoparticles.
can easily
overcome the Ohmic barrier and move to the conduction band

The massive thermal-excited free electrons
in the Bi,O; layers facilitating electron-hole recombination
from the conduction band and the E; to the valence band.
Therefore, the enhancement of PL emission at room
temperature by the metal-semiconductor-heterojunction
make the Bi/Bi,O; heterojunction nanoparticles potential
candidates for use in optoelectronic nanodevices, such as
light-emitting diodes (LEDs) and laser diodes (LDs).
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