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Underlying mechanism of blue emission
enhancement in Au decorated p-GaN film
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and Junfeng Lu

Localized surface plasmons (LSPs) excited on metallic structures often play a significant role in mediating
the photoluminescence (PL) of semiconductors. For p-GaN film, due to the LSP coupling, blue emission
was enhanced while defect-related green emission was quenched to noise level after the decoration
with Au nanoparticles (NPs). Why could the Au SP in the green light region enhance the blue and even
ultraviolet emission? In this paper, a series of near/far-field spectral analyses and simulations were
conducted to understand this process. A clear physical model of LSP-induced electron transfer was
proposed to explain the defect-related LSP generation, coupling, electron transfer, and further blue
emission increase with green emission reduction. Based on the PL measurement, an insulating SiO, layer
was introduced to confirm the LSP-induced electron transfer between Au and GaN. Additional green
light was introduced to observe the LSP-induced PL enhancement, in the same way as for samples with
defects. Our study provides a full understanding of the mechanism of PL enhancement in Au decorated
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Introduction

The interaction between light and metal nanoparticles (NPs)
induces collective oscillation of electrons and generates so-
called localized surface plasmons (LSPs)."* In the past decade,
surface plasmons of noble metals have attracted great attention
relating to emission enhancement and lots of significant results
have been reported.** Among them, Au NPs were good candi-
dates for enhancing photoluminescence (PL) of wide gap
semiconductors with defect emission.”** Traditionally, reports
about this are focused on Au/ZnO composites. For example, Li
et al. observed 18-fold UV emission enhancement in Au coated
ZnO film.” In this case, it is possible to convert the useless
defect radiation to useful exciton emission.*

As a wide band-gap semiconductor with a high critical
electric field and low intrinsic carrier concentration,** GaN is
one of the most promising materials for blue light emitting
diodes (LEDs)***” and laser diodes (LDs)."®** Since most devices
composed of GaN materials work in the ultraviolet or blue
range, it is very important to enhance the light emission at short
wavelengths. As mentioned above, Au is an excellent material
for PL modulation of wide gap semiconductors and it can
convert the useless defect radiation to useful exciton emission.
What will happen if we introduce LSP of Au NPs to GaN based
materials? In fact, when decorating with Au, the blue emission
of p-GaN was enhanced, while defect-related green emission
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GaN and this model should be universal for similar metal/semiconductor systems.

was quenched to noise level. This can be attributed to LSP
coupling between Au and GaN. However, the surface plasmon
resonance position of Au NPs was generally located in the green
region,”**" while the PL enhancement appears in the blue or
ultraviolet region. This means that the coupling condition was
mismatched. Why could the Au SP in the green light region
enhance the blue and even ultraviolet emission? The physical
model of defect-related LSP generation, coupling, and electron
transfer is not clear and the evidence for the enhancement
mechanism is insufficient. It is very important to understand
the mechanism of LSP-enhanced emission for the development
of plasmon-related devices and applications.

In this paper, Au NPs were decorated to p-GaN film by
a sputtering method, and blue emission was enhanced while
defect-related green emission was quenched to noise level after
the decoration with Au. Based on the near/far-field spectral
analysis and simulation, a clear physical model of LSP-induced
electron transfer was proposed to explain the defect-related LSP
generation, coupling, electron transfer and further blue emis-
sion increase with green emission reduction. The method of
introducing an SiO, space layer was used to confirm the LSP-
enhanced electron transfer of Au/p-GaN. Scanning near-field
optical microscopy (SNOM) and finite difference time domain
(FDTD) simulation were used to analyse the near-field proper-
ties of Au NPs. For GaN without defect emission, PL experi-
ments were conducted to observe the LSP-induced PL
enhancement, in the same way as for samples with defects,
using an additional 532 nm laser to excite the LSP of Au. Our
research provides a clear picture of the LSP-induced electron
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transfer mechanism and it can be further used to improve the
understanding of PL enhancement in other metal-decorated
semiconductor materials.

Experimental section

The heavily Mg-doped p-GaN films, which were purchased from
Nano-Micro Tech Company, were deposited on a sapphire
substrate with a thickness of about 4 pm. In order to compare
the optical properties of p-GaN films before and after the
decoration with Au NPs, they were cut into small pieces about 1
x 1 cm? in area and then Au NPs were sputtered on them (Ion
Sputter Hitachi E-1010) with different sputtering times of 0, 30,
60 and 90 s. The chamber pressure was fixed at 40 Pa, Ar was
used as the carrier gas, and the sputtering current was fixed at
10 A. The space layer of SiO, was sputtered using the radio
frequency magnetron sputtering system. The chamber pressure
of 2.0 Pa, Ar flow rate of 55 sccm, O, flow rate of 5 sccm and the
sputtering power of 100 W were fixed. A sputtering time of 300 s
was used to get a space layer thickness of about 2.5 nm.

The structural and morphological properties of the samples
were characterized using X-ray diffraction (XRD-7000, Shi-
madzu) with Cu Ko radiation (A = 0.15406 nm) and a field
emission scanning electron microscope (FESEM, Carl Zeiss
Ultra-Plus), which was equipped with an energy dispersive X-ray
spectrometer (EDS) (OxfordX-Max50). Absorption measure-
ments were carried out using a UV-vis-NIR spectrophotometer
(Cary-5000, Varian). The PL spectra of the samples were
measured using a fluorescence spectrophotometer (F-4600,
Hitachi) with a Xe lamp as an excitation source at 325 nm.
The excitation experiment with two sources was carried out
using a 532 nm continuous crystal laser (power of 100 mW) as
well as a 325 nm femtosecond pulsed laser (pulse duration of
150 fs, repetition rate of 1000 Hz), with the help of a fluores-
cence micro drive system. Scanning near-field optical micros-
copy (SNOM) results were recorded by a SNOM system
(Multiview 400™). Moreover, our scattering-type SNOM is
composed of an atomic force microscope (AFM) in which
a metallized tip is illuminated with a focused 532 nm laser
beam. All of the measurements were carried out at room
temperature.

Results and discussion

Morphology and optical characterization

Fig. 1(a) shows the AFM images of the p-GaN film with and
without SiO, as a space layer. The observed amplitude value is
0.71 nm for bare p-GaN and 1.44 nm for p-GaN with SiO,, as
depicted in Fig. 1(b). The same RMS value of about 0.46 nm for
both films indicates the uniform sputtering of SiO, on the p-
GaN film. Fig. 1(c) shows the EDX spectrum and elemental
mapping images of Au NP decorated p-GaN film, which confirm
the presence of Ga, N, Mg, Si, O and Au. The inset of Fig. 1(c)
shows an SEM image of the Au NPs which were sputtered on the
surface of SiO,. The XRD patterns of the p-GaN films with and
without a SiO, layer are illustrated in Fig. 1(d). The XRD analysis
revealed that the p-GaN film has a hexagonal crystal structure
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with diffraction planes of (1000), (0002), and (0004). The
strongest diffraction peak corresponds to the diffraction plane
of (0002) which indicates that the film mainly grew along the
preferred direction of [0001]. After the sputtering of SiO, as well
as Au NPs, only a small peak of SiO, around 17° is observed.

The PL spectra of p-GaN in Fig. 2(a) exhibit a blue emission
at around 455 nm from donor-acceptor (D-A) pair recombina-
tion due to Mg doping, and an emission at around 547 nm,
which is related to the defect of nitrogen vacancies.”*** After the
decoration with Au NPs, the blue emission of p-GaN is
increased, while the green emission is suppressed to a noise
level. In order to elucidate the effect of Au NPs on light emis-
sion, the Au nanoparticles have been decorated on p-GaN film
with various sputtering times. Fig. 2(b) shows the relative
intensity ratios of blue and defect emissions with respect to
sputtering times. The film presented the strongest blue emis-
sion at a sputtering time of 60 s, about a 1.7 times greater
enhancement when compared to that of bare p-GaN, and then it
decreased with further increases in sputtering time. Further-
more, the defect-related emission declines with an increase in
sputtering time and nearly reaches zero when further increasing
the sputtering time to above 60 s. This phenomenon is mainly
related to the size and space distributions of Au NPs and the
degree of coupling of LSP.

Understanding the mechanism of PL enhancement

To obtain a clear understanding of the PL enhancement shown
in Fig. 2, the particle size distribution of Au, far-field optical
absorption and local field information were explored and the
results are depicted in Fig. 3 and 4. From the SEM images,
Fig. 3(a)—(c), it can be identified that the diameters of the Au NPs
are around 6-15 nm. When increasing the sputtering time, the
diameter as well as the particle distribution density are also
increased. In order to observe the LSP in real space, the local-
ized Au plasmons have been visualized with a focused 532 nm
laser beam using a scattering-type SNOM system.**?® The image
brightness corresponds to the local near-field coupling between
the tip and sample, thus allowing us to directly observe the local
field information. In addition, a clear light point and shade are
noticed from Fig. 3(d) and (e), which implies that the localized
Au plasmons can be excited by green light. Also, it gives direct
evidence for excitation of LSP of Au NPs by the defect related
emission of p-GaN. Fig. 3(f) shows the normalized optical
absorption spectra of Au NPs with different sputtering times.
The extinction peaks are presented at 528 nm, 550 nm and
565 nm for the sputtering times of 30 s, 60 s and 90 s respec-
tively. Concomitantly, the photon energy of defect emission is
very close to the surface plasmon resonance of Au NPs. So, Au is
considered as a good absorber material for defect emission, as
well as for the excitation of LSP. Quite interestingly, at the
sputtering time of 60 s, the Au NPs have a strong absorption
peak at around 550 nm, which is close to the photon energy for
defect emission of p-GaN, located at around 547 nm. The energy
of defect emission from p-GaN matched well with the LSP
energy of Au NPs. Furthermore, the free electrons of Au NPs can
be excited efficiently to a higher energy state. So, it has the best
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(a) AFM images of p-GaN film with and without an SiO; layer, (b) surface information details of p-GaN with and without SiO, from AFM in

the position y = 6005.9 nm, (c) EDX spectrum and element mapping images of Au NP decorated p-GaN with SiO,, and (d) XRD patterns of p-GaN

with and without SiO5.

enhancement effect in the blue emission region. As the size of
the Au NPs further increased with respect to sputtering time,
the energy of defect emission deviated from the Au LSP energy.
Due to this phenomenon, there is some decrement in coupling
efficiency between the Au NPs and the p-GaN film, thus result-
ing in a lower enhancement factor at the sputtering time of 90 s.

To further understand the relationship between PL
enhancement and particle distributions, the properties of the
local electromagnetic field for Au decorated GaN need to be
considered, and the FDTD method is a well-known approach to
deal with this.””*® During the simulation, Au NPs with different
sizes were put on the surface of GaN based materials. FDTD
simulation was used to solve Maxwell equations in this situa-
tion and then the local electric field intensity was recorded. A
perfectly matched layer (PML) boundary condition was used for
the z axis direction and a period boundary condition was used
for the x and y directions. A light source with wavelengths
ranging from 200-700 nm was used to illuminate the samples in
the z axis direction. An electric field monitor was used to record
the electric field intensity. Electric field intensity charts are
illustrated in Fig. 4. Comparing the data from Fig. 4(a) and (b), it
can be observed that the distribution of Au NPs on the surface of
the GaN film can cause a localized electric field enhancement.
Due to a hotspot effect, a higher electric field enhancement can
appear where the gap between two Au NPs is reduced.” Fig. 4(c)
shows the existence of an electric field enhancement even after

This journal is © The Royal Society of Chemistry 2017

the introduction of the SiO, layer. For Au NPs, the highest
enhancement effect appeared at a wavelength range of 500-
600 nm, which agrees well with the absorption spectra in
Fig. 3(f). In addition, since it is a localized evanescent field,
heavy decay occurred along the z axis. For this reason, the
SNOM image of Fig. 3(d) is clearer than that of Fig. 3(e). It is
well-known that the LSP can be affected by the particle diameter
as well as the particle distribution. To understand this, based on
size parameters from the SEM images in Fig. 3, further calcu-
lations were carried out. The maximum local field intensity on
the surface of the GaN and Au interface for diameters ranging
from 0-15 nm and particle gaps ranging from 0-4 nm was
simulated and the results are shown in Fig. 4(d).

From Fig. 4(d), it can be observed that the local electric field
is increased with an increase in particle diameter as well as the
particle gap of Au NPs. Also, a higher electric field area is
present when the particle diameter ranges from 10-15 nm and
the particle gap ranges from 2-4 nm. Furthermore, the LSP
intensity can be described by the local electromagnetic field, so
the above simulation results can be used to improve the
understanding of PL enhancement and can be matched with
the results in Fig. 2(a). From Fig. 4(a)—(c), it can be observed that
the particle density increases with respect to sputtering time,
which leads to an increase in hotspots, resulting in a higher
local field enhancement. So the blue emission enhancement in
Fig. 2(a) represents an increasing trend with a rise in sputtering

RSC Aadv., 2017, 7, 15071-15076 | 15073
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Fig. 2 (a) PL spectra of p-GaN, with and without Au NPs, excited at
325 nm by a xenon lamp. (b) Relative intensity ratios of blue and defect
emissions with respect to sputtering times. Here, /5, stands for the PL
intensity of the Au decorated sample and /, stands for that of the
undecorated sample.

time. However, when the particle density of Au was too high, it
blocked the light propagation into the photo-detector, which
resulted in a decrease in blue emission enhancement at the
sputtering time of 90 s.

According to the above discussion, a model of the electron
transfer mechanism is proposed. The schematic diagram of
energy band alignment and the electron transfer process via
LSP at the interface between the p-GaN film and Au NPs is
illustrated in Fig. 5. According to the PL measurements and
other researchers’ reports, the conduction band of p-GaN is
located at —4.0 eV and the Fermi level of Au is located at —5.1 eV
versus AVS. The defect-related emission can excite the surface
plasmons of Au NPs which creates energetic electrons in higher
energy states.”® These resonant electrons are very active and are
transferred from the Au nanoparticles to the conduction band
of p-GaN. After the relaxation process, the electron density in
the donor level of p-GaN is significantly increased, which leads
to an increase in the intensity of blue emission for the p-GaN
film.

Mechanism confirmation and the contribution of defect
emission

To confirm the process of electron transfer, SiO, has been
introduced as space layer to block the electron transfer between

15074 | RSC Adv., 2017, 7, 15071-15076
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Fig. 3 (a—c): Size and particle distributions of Au NPs with different
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image of Au NPs on p-GaN film. (e) Near-field image of Au NPs on p-
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Fig. 4 (a) Electric field along the z axis of multi-NP-decorated p-GaN

film. (b) Maximum electric field intensity on the surface of GaN film
with different thicknesses of SiO,. (c) Maximum electric field intensity
on the surface of GaN film with different thicknesses of SiO, and Au
NPs (with a diameter of 10 nm and gap of 2 nm). (d) Maximum electric
field intensity on the surface of GaN film with different Au diameters
and particle gaps. Here, 'H’ denotes the thickness of SiO, and ‘d’ is the
gap between two nearest Au particles.
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the Au NPs and p-GaN film. When introducing a space layer of
SiO,, the intensity of both blue and green emission is sup-
pressed for all the sputtering times, as shown in Fig. 6. Based on
the mechanism above, it can be suggested that the defect
emission is suppressed by absorption and the space layer
blocked the transfer of electrons between the Au NPs and the p-
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Fig. 6 (a) PL spectra of p-GaN and p-GaN with Au NPs and SiO, layer
excited at 325 nm by a xenon lamp. (b) Relative intensity ratio of blue
and defect emissions with respect to sputtering times. Here, /5, stands
for the PL intensity of the Au decorated sample and /, stands for that of
the undecorated sample.
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GaN film. In order to explore the effect of defect emission,
a 532 nm continuous crystal laser and a 325 nm femtosecond
pulsed laser beam were focused on undoped GaN film to obtain
an experiment with two excitation sources, as shown in the inset
of Fig. 7(b). Quite remarkably, from Fig. 7(a), it can be identified
that there is no defect emission from GaN film when using the
325 nm fs laser as the excitation source. After the sputtering of
Au NPs, the light emission of GaN is decreased. This behaviour
can be understood by the fact that the electrons in Au particles
are not able to reach higher energy states without surface
plasmon resonance, thus resulting in no electron transfer from
gold to the conduction band of GaN. When introducing an
additional 532 nm laser to excite the LSP of Au NPs, the Au/GaN
structure yielded a further PL enhancement as shown in the
inset of Fig. 7(a). Moreover, the PL enhancement effect
increased with respect to the incident power of the 532 nm laser
for Au decorated GaN. This interesting phenomenon is shown
in Fig. 7(b). It is well-known that more excitation power can
provide more active electrons, and these can then be transferred
to the conduction band. These results can make the mechanism
of electron transfer more reliable.
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Fig. 7 (a) PL spectra of different GaN samples excited by a 325 nm fs
laser. The inset figure shows the PL spectra of Au decorated GaN by
a double source excitation process. (b) PL enhancement factor for Au
decorated p-GaN with different excitation powers of a 532 nm laser.
The inset shows the schematic map of the double source excitation
experiment. Here, a 325 nm laser was fixed as the first source to excite
the PL of the samples, and a 532 nm laser was fixed as another source
to excite the LSP of Au NPs.
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Conclusions

In summary, Au NPs were decorated to p-GaN films. Blue
emission intensity is enhanced, while defect-related green
emission is suppressed to noise level after the decoration with
Au NPs. By introducing a SiO, space layer, the mechanism was
confirmed to be LSP induced electron transfer between the Au
NPs and the p-GaN film. A series of near/far-field spectral
analyses and simulations imply that the particle size and
distribution of Au NPs have a strong influence on the LSP
intensity, resulting in different enhancement effects. Observa-
tion of near-field properties in real space with SNOM gives
sufficient evidence for the existence of LSP. Furthermore, for
GaN without defect emission, PL. enhancement was observed
when introducing additional green light, which expounds the
contribution of defect emission for the PL enhancement. Our
results provided a clear understanding of light emission
enhancement for Au NP-decorated p-GaN, and the proposed
mechanism is also applicable for PL enhancement of other
metal nanoparticle-decorated semiconductor compound
systems.
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