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We investigated experimentally the plasmon-enhanced photoluminescence of the amorphous silicon quantum dots (a-Si QDs)
light-emitting devices (LEDs) with the Ag/SiO, :a-Si QDs/Ag sandwich nanostructures, through the coupling between the a-Si QDs
and localized surface plasmons polaritons (LSPPs) mode, by tuning a one-dimensional (1D) Ag grating on the top. The coupling of
surface plasmons at the top and bottom Ag/SiO, :a-Si QDs interfaces resulted in the localized surface plasmon polaritons (LSPPs)
confined underneath the Ag lines, which exhibit the Fabry-Pérot resonance. From the Raman spectrum, it proves the existence of
a-Si QDs embedded in Si-rich SiO, film (SiO,:a-Si QDs) at a low annealing temperature (300°C) to prevent the possible diffusion
of Ag atoms from Ag film. The photoluminescence (PL) spectra of a-Si QDs can be precisely tuned by a 1D Ag grating with different
pitches and Ag line widths were investigated. An optimized Ag grating structure, with 500 nm pitch and 125 nm Ag line width, was
found to achieve up to 4.8-fold PL enhancement at 526 nm and 2.46-fold PL integrated intensity compared to the a-Si QDs LEDs

without Ag grating structure, due to the strong a-Si QDs-LSPPs coupling.

1. Introduction

Silicon quantum dots (Si QDs) light-emitting devices (LEDs)
have been intensively investigated as a promising light source
in recent years, for the next generation of Si-based optoelec-
tronic integrated circuits (OEICs) [1-4]. The advantage of Si
QDs LEDs lies in the compatible fabrication process with
complementary metal-oxide-semiconductor (CMOS) and
the low cost fabrication. However, realizing practical appli-
cations for Si QDs LEDs in OEICs requires high emission
intensity, narrow spectral band, and low-temperature synthe-
sis of Si QDs. Recently, surface plasmons (SPs), both surface
plasmon polaritons (SPPs) and localized surface plasmon
polaritons (LSPPs), have attracted a great deal of attention for
their significant enhancements of photoluminescence (PL)
intensity by coupling Si QDs into the near-field of SPs [5-
8]. Meanwhile, the modified electromagnetic response of SPs
in metal-insulator-metal (MIM) sandwich nanostructures

through the coupling of SPs has been widely studied [9-16].
The coupling interaction via near-fields strongly depends on
the thickness of the insulator and the structure parameter of
texturing metallic surfaces. According to Fermi’s golden rule,
the electrical field intensity and the density of states of the
LSPPs mode at the emitter position are directly related to the
radiative recombination rate (I',,4) for exciton dipoles of a-Si
QDs [17, 18]:

L = 2 [(F [ B p (@), (1)

where p denotes the exciton dipole moment of a-Si QDs,
E is the electrical field intensity, and p(w) is the density of
states of the LSPPs mode. The radiative recombination rate
of a-Si QDs can be greatly enhanced by a-Si QDs-LSPPs
coupling, resulting in an increase in the PL intensity of a-Si
QDs. Although the enhancement of PL intensity of crystalline
Si QDs (c-Si QDs) has been reported through SPs coupling
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FIGURE 1: Schematic view of a-Si QDs LEDs with a Ag/SiO,:a-Si
QDs/Ag sandwich nanostructures.

TaBLE 1: The structural parameters of samples A-E, and the Ag
grating with Ag line width d and pitch p on the SiO,:a-Si QDs film.
Sample A is the reference sample without Ag grating structure.

Sample d p d/p
A _ _ _

B 100 nm 400 nm 0.25
C 125nm 500 nm 0.25
D 150 nm 600 nm 0.25
E 175 nm 700 nm 0.25

effect [5-8], there has been no previous report concerning the
enhanced PL intensity of a-Si QDs LEDs through a-Si QDs-
LSPPs coupling, within the MIM sandwich nanostructures.
In this paper, we report the enhanced PL integrated intensity
and the narrower full width at half-maximum (FWHM)
of the PL spectra for a-Si QDs LEDs, with the Ag/SiO,:a-
Si QDs/Ag sandwich nanostructures relative to the a-Si
LEDs without Ag grating, resulting from the strong coupling
between a-Si QDs and LSPPs. The maximum 4.8-fold PL
enhancement factor and 246% enhancement of PL integrated
intensity have been observed, for an optimized Ag grating
structure by a strong a-Si QDs-LSPPs coupling. We also prove
the formation of a-Si QDs embedded in Si-rich SiO, film
(SiO,:a-Si QDs) with low annealing process (300°C) and that
the measured PL spectra of SiO,:a-Si QDs originate from the
quantum confinement effect (QCE) [19-22].

2. Experiments

The fabrication process of the trilayer Ag/SiO,:a-Si QDs/Ag
sandwich nanostructures is described as follows. Silicon
substrate was first coated with a 100 nm-thick Ag film using
thermal evaporation. Then, the 100 nm-thick Si-rich SiO,,
(SRO, x < 2) film was deposited on the Ag film by
using plasma enhanced chemical vapor deposition (PECVD)
system at the pressure of 67 Pa with nitrogen-diluted 5% SiH,
and N, O as the reactant gas sources. The flow rate of N, O gas
was maintained at 30 sccm and the SiH,/N, O flow rate ratio
of 5.53: 1. The sample was heated to 350°C and the radio fre-
quency power was kept at 30 W during the SRO film growth.
After the deposition, the SRO film was annealed at 300°C for
1 hrin a quartz furnace with flowing N, gas, to form a SiO, :a-
SiQDs film. Then, a 1D periodic Ag grating was fabricated on
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the top of SiO,:a-Si QDs film using electron-beam (e-beam)
lithography (Elionix ELS-7500) and liftoff process. First, a
300 nm-thick positive-type e-beam resist (Nippon Zeon ZEP-
520A) is spun on the top of sample followed by the subsequent
e-beam lithography to define the grating pattern with the
pitch p and line width d. The duty cycle (d/p) of Ag grating
is fixed at 25%. Second, a 50 nm-thick Ag film is deposited
onto the patterned e-beam resist and the Ag grating is
fabricated by liftoff process in an exclusive remover (Nippon
Zeon ZDMAC). Figure 1 shows the schematic representation
of device with Ag/SiO,:a-Si QDs/Ag sandwich nanostruc-
tures. The structural parameters of devices (samples A-E)
are listed in Table 1. Scanning electron microscopy (SEM)
images of Ag gratings (samples B-E) are shown in Figure 2.
The room-temperature photoluminescence (PL) spectra were
acquired under the excitation from a He-Cd laser operating
at A egeitation = 325 nm and with an average power of 50 mW.
The PL intensity within 350 nm and 750 nm was recorded
using a monochromator (CVI DK240) in conjunction with a
photomultiplier (Hamamatsu R928) and a digital multimeter
(HP 34401A). The reflection spectra were measured in an
optical microscope consisting of a monochromator (Horiba
Jobin Yvon iHR 320) and a broadband halogen lamp as a
white light source incident through a 20x objective (NA =
0.75) to the normal of the metal surface (z-axis). And the
reflected light was collected with the same objective. The
refraction index of Si-rich SiO, film was determined by
an ellipsometer (JA Woollam M-2000DI). The thickness of
each Ag film and SiO,:a-Si QDs film was measured by an
atomic force microscope (AFM, Veeco D5000). The Si/O
composition ratio and concentration-depth profile of SRO
film were measured by X-ray photoelectron spectroscopy
(XPS, Thermo Fisher Scientific Theta probe). The existence
and the size of a-Si QDs were measured by a Raman
spectroscopy (Horiba Jobin Yvon T64000).

3. Results and Discussions

3.1. Material Analysis of SiO,:a-Si QDs Film. Figure 3(a)
shows that the concentration-depth profiles of the SiO,:a-
Si QDs film were performed by using Si 2p, O 1s, and Ag
3d peaks from XPS analysis. The average Si concentration
of the SiO,:a-Si QDs film is about 48.27 at. %. High Si/O
composition ratio for the SiO,:a-Si QDs film is observed,
due to the high SiH,/N,O flow rate ratio of 5.53:1 during
the PECVD growth. Since there are excessive Si atoms and
insufficient O atoms, the Si atoms could move simply and
accumulate to form a-Si QDs, without being restrained by Si-
O bonds of the SiO, film during the annealing process [23,
24]. Hence, we conclude that the a-Si QDs can be synthesized
at a low annealing temperature (300°C). The Ag atoms did
not diffuse into the SiO,:a-Si QDs film from bottom Ag film
after annealing process, as shown in Figure 3(a). Raman spec-
troscopy was used to analyze the size of Si QDs through the
energy shift of the Raman peak and the correspondent line
broadening [25]. Figure 3(b) shows that the Raman spectrum
of SiO,:a-Si QDs film can be separated into two components.
One component corresponds to the a-Si QDs, exhibiting a
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FIGURE 2: SEM images of a series of Ag gratings (samples B-E). Scale bar is 1 ym.

peak at 490 cm™ with a FWHM of 33cm™'. The Raman
downshift and FWHM value show that the sizes of a-Si QDs
are about 1.7 nm. Figure 3(c) presents the room-temperature
PL spectrum of a-Si QDs LEDs without Ag grating structure
(sample A), showing that the center emission wavelength is
about 510 nm. The center emission wavelength of our 1.7 nm-
sized a-Si QDs shows a good agreement with the theoretical
study of light emission properties of SiO,:a-Si QDs film [20].
Hence, the existence of a-Si QDs embedded in the SiO,
matrix with the low annealing process (300°C) is hereby
proved by the Raman spectrum. Also, the main PL peak
of a-Si QDs does not overlap with the PL spectrum from
the oxygen related defects [26-28]. On the other hand, the
smaller the a-Si QDs (~1.7 nm) are, the stronger the QCE is
to surpass the interface state recombination [22, 29]. Hence,
we conclude that the measured PL spectrum originates from
the QCE of the a-Si QDs.

3.2. Optical Property Analysis (Sample A-D). The reflection
spectra of samples B-E are shown in Figure 4 which exhibited
reflection dips that can be attributed to the extinction due
to the excitation of LSPPs confined at the top Ag/SiO,:a-Si
QDs interface. It is because when the SiO,:a-Si QDs film is
thin enough, the SPPs excited at the top Ag/SiO,:a-Si QDs

interface by TM-polarized light emitted by the a-Si QDs
will couple with the SPPs at the bottom Ag/SiO,:a-Si QDs
interface via evanescent fields [11-16]. The strong coupling
effect causes the excitation of LSPPs, which exhibits the
Fabry-Pérot resonance in the x direction between the two
sidewalls of the Ag line [11-15]. It is found that the LSPPs
resonances satisfy this equation:

mA

2y @

where d is the Ag line width, A is the resonance wavelength
of the LSPPs (the wavelength of the minimum reflection),
n.g is the effective refractive index of the SiO,:a-Si QDs
film at A, and m is an integer (LSPPs modes). The observed
resonance wavelengths for each sample are 425 nm (sample
B, m = 1), 526 nm (sample C, m = 1), 629 nm (sample D,
m = 1), 731nm, and 380 nm (sample E, m = 1 and m =
2), respectively. The LSPPs resonance wavelength increases
with the Ag line width. The original refraction indices of the
SiO,:a-Si QDs film that were determined by ellipsometer at
425, 526, 629, 731, and 380 nm are n = 1.97, 1.95, 1.94, 1.93,
and 1.99, respectively. In our Ag/SiO,:a-Si QDs/Ag sandwich
nanostructures, the effective refraction index of SiO,:a-Si
QDs film increased to 1.076-1.083 times of the original values,
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FIGURE 3: (a) XPS depth profiles for Si, O, and Ag elements in SiO,:a-Si QDs film and at SiO:a-Si QDs film/Ag film interface. (b) Raman
spectrum of SiO,:a-Si QDs film. The spectrum is separated into two components corresponding to the a-Si QDs and the Si substrate (by

Gaussian fit). (c) PL spectrum of sample A.

due to the interaction between LSPPs and the induced image
dipole (which has the opposite orientation) [30]. Figure 5
shows the measured room-temperature PL spectra of samples
A-E. The PL integrated intensity of samples B-E has been
enhanced compared to sample A as a reference sample by
increasing the radiative recombination rate of a-Si QDs due
to the coupling with LSPPs mode. According to Fermi’s
golden rule [18], when the exciton dipole moments () of
a-Si QDs strongly couple to the near-field of LSPPs, the
radiative recombination rate of a-Si QDs can be enhanced by
the large density of states of LSPPs, resulting in an increase
in emission intensity. The largest enhancement of the PL
integrated intensity reaches 246% and the narrowest FWHM
of 67 nm for sample C, due to the close match between the
original center emission wavelength of a-Si QDs (510 nm)
and the LSPPs resonance wavelength (526 nm). Sample C
shows the strongest a-Si QDs-LSPPs coupling among samples

B-E. The mismatch between the original center emission
wavelength of a-Si QDs and LSPPs resonance wavelength for
samples B, D, and E results in not only the lower enhancement
of PL integrated intensity and broadened FWHM than
sample C, but also the distorted emission spectra. Hence, the
PL integrated intensities for samples B, D, and E are only
enhanced by 172%, 161%, and 132%, respectively. For samples
B, D, and E, the multipeaks in the PL spectra observed in
Figure 5 correspond to the original emission peak of a-Si
QDs and the respective excited LSPPs modes as shown in
Figure 4. The phenomenon is attributed to the increase in
the electric field intensity and the density of states of the
LSPPs mode at the emitter position as the wavelength is near
the LSPPs resonance, resulting in the enhancements of the
radiative recombination rate and the emission intensity. Also,
the main PL peaks of samples B, D, and E were shifted from
the original center emission wavelength of a-Si QDs towards
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FIGURE 5: PL spectra of samples A-E.

the respective LSPPs resonance wavelengths. Figure 6 shows
the plots of the PL enhancement factor, Iy ng(A)/ (),
where I 0(A) and I ¢(A) are the PL intensities for the
samples with and without Ag grating. The plots of the PL
enhancement factor show a redshift with an increase in the
Ag line width that is similar to the tendency of reflection
dips, and it indicates that the PL enhancement factor strongly
corresponds with the LSPPs modes. From the results, a
maximum PL enhancement factor of 4.8 was observed at
526 nm for sample C due to the strong a-Si QDs-LSPPs
coupling. Therefore, it is worthwhile noticing the improved
design of Ag grating structure by tuning the pitch and Ag
line width for the largest PL integrated emission through the
strong a-Si QDs-LSPPs coupling.

PL enhancement factor
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FIGURE 6: The plots of the PL enhancement factor of samples B-E.

4. Conclusions

In conclusion, we proposed the plasmon-enhanced PL inten-
sity of a-Si QDs LEDs with Ag/SiO,:a-Si QDs/Ag sandwich
nanostructures resulting from the strong coupling between
a-Si QDs and LSPPs modes. It was found that the LSPPs
were excited underneath the Ag lines, which exhibit the
Fabry-Pérot resonance resulting from the coupling of SPPs
between the top Ag grating and bottom Ag film. A narrowest
67 nm FWHM of PL spectrum, a maximum of 4.8-fold PL
enhancement factor, and the largest 2.46-fold PL integrated
intensity, compared to the a-Si QDs LEDs without Ag grating
structure, have been observed for an optimized Ag grating
structure by the strong a-Si QDs-LSPPs coupling.
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