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a  b  s  t  r  a  c  t

Surface  plasmons  (SPs)  have  been  utilized  to enhance  the  luminescence  efficiency  of  light-emitting  mate-
rials  and  devices  in  the  past  decade.  In this  work,  the  enhanced  photoluminescence  (PL)  from  carbon-rich
amorphous  silicon  carbide  (a-Si1−xCx:H)  films  (with  a PL  peak  at ∼480  nm)  has  been  achieved  for  the
first  time  via  coupling  with  SPs  generated  at  the  Ag/a-Si1−xCx:H  interface.  The  enhancement  factor  was
found  to firstly  increase  with  the  Ag  nanoparticle  size,  subsequently  reach  a maximum  value  of 3.3  when
eywords:
hin films
apor deposition
ptical properties
uminescence

the average  Ag  nanoparticle  size  and  the surface  area  coverage  of  Ag interlayers  were  76  nm  and  44%
respectively,  and  eventually  decrease  as  the  Ag  interlayers  became  continuous.  It  was  found  that  such
enhancement  was  mainly  due  to  the  SPs  scattering.  Since  the  carbon-based  films  have  similar  microstruc-
ture and  PL  mechanism  to those  of  the  carbon-rich  a-Si1−xCx:H  films,  coupling  with  SPs  has  been  proven
to  be  a promising  way  to  enhance  the  light  emission  from  carbon-based  films  which  can  also  be  utilized
for  the  large-area  solid-state  lighting  applications.
. Introduction

Since 1990, the idea of the surface plasmon (SP) enhanced light
mission has been proposed and attracted a worldwide attention
1].  SPs are the collective oscillations of free electrons in a metal,
hich occur at the interfaces between metals and dielectrics [2].

n addition to the propagating surface plasmons (PSPs) on a plane
urface, the collective oscillations of electrons in metal nanoparti-
les embedded in a dielectric matrix are localized surface plasmons
LSPs) [3,4]. Either PSP or LSP can interact with nearby light emitter
hrough its evanescent or near-field coverage for enhancing emis-
ion [5].  In previous studies, Zn and Al were demonstrated to couple
o deep UV photons due to high SP energy [6–8]. Au and Cu, which
ave similar optical and electronic properties, have found use in the
ed spectral region [7–9]. Ag was most commonly used in the visi-
le spectral range as it has the lowest loss of SP energy in this region
10,11]. In recent years, PSPs and LSPs of Ag have been extensively
tudied to enhance the luminescence efficiency of light emitting
aterials and devices, such as InGaN/GaN [1,4,12,13],  silicon quan-

um dots (Si-QD) [3,14],  and ZnO films [15–19],  for the applications

f ultrabright light-emitting diodes (LEDs), or ultraviolet UV lasers.
or example, Yeh et al. [13] have recently enhanced the InGaN/GaN
ED emission intensity by 150% relative to a LED without an Ag
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layer. Kim et al. [3] reported a 4.3-fold EL enhancement of Si-QDs
LED by QD-Ag coupling. In Cheng et al.’s [16] report on the ZnO
films, a maximum photoluminescence (PL) enhancement factor of
3 was achieved via SPs. However, the materials aforementioned
have been hardly used for the large-area solid-state lighting or pro-
cessed on a flexible substrate. Therefore, amorphous silicon carbide
films, which are potential ideal candidates for such purposes, have
recently become the ‘hot spot’ in the relevant research community.

The hydrogenated amorphous silicon carbide (a-Si1−xCx:H)
films, especially the ones with high carbon content which can
emit visible PL at room temperature (RT), have been exten-
sively studied in recent years due to its wide applications in
micro-electronic, optoelectronic, and large-area electrolumines-
cent devices [20–22].  Silicon carbide films have been prepared
using different techniques, such as plasma enhanced chemical
vapor deposition (PECVD) [21–24],  hot wire CVD [25,26],  laser
CVD [27] or sputtering techniques [28,29], etc. Among these dif-
ferent processing methodologies, the use of reactive plasmas was
found to be an effective way to obtain high deposition rates
for a-Si1−xCx:H films [21]. The films prepared via PECVD from
hydrogen diluted source gases have also been reported with supe-
rior photoelectric properties due to fewer defects, a much less
clustered hydrogen phase and more ordered network [30]. More-
over, uniform films with sound electronic properties can be easily

achieved over a large area by PECVD. Therefore, a-Si1−xCx:H has
been considered to be an appropriate substance for the large-area
solid-state lighting and flat-screen display devices. In addition, con-
sidering its compatibility with semiconductor integrated circuit
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ing time, (a) 20 s, (b) 40 s, (c) 60 s, (d) 80 s, (e) 100 s, (f) 140 s and (g) 180 s.
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Table 1
The average Ag nanoparticle area and diameter, and the surface area coverage of Ag
interlayers.

Ag sputtering
time (s)

Average nanoparticle
area (nm2)

Average diameter
(nm)

Surface area
coverage

20 319 20.14 34.95%
40  1270 40.21 34.45%
60  2242 53.43 37.12%
80  2700 58.63 41.71%
100  4518 75.85 43.73%
140  – – 69.00%
180  – – 99.55%
Fig. 1. SEM images of annealed Ag interlayers with different sputter

echnology, a-Si1−xCx:H prepared via PECVD is also a good can-
idate for the applications in Si-based electroluminescent or
ptoelectronic devices [31]. However, due to the recent blooming
evelopment of the modern LED and other advanced optoelec-
ronic devices, more rigorous functional requests on the novel

aterials have been becoming the bottle-neck of the conventional
-Si1−xCx:H films processing research.

Therefore, we combined the SP light emission enhancement
echanism and the current a-Si1−xCx:H film deposition con-

ept. In this study, the carbon-rich a-Si1−xCx:H films prepared
y PECVD were coupled with both LSPs and PSPs generated by
ano-structured Ag interlayers. The PL of the composite films was
tudied. In addition, the relationship between PL enhancement and
Ps was also systematically investigated and uncovered.

. Experimental procedures

Seven Ag films with different sputtering time (20 s, 40 s, 60 s, 80 s, 100 s, 140 s,
nd  180 s) were prepared on 2 cm × 1 cm silica substrates by DC magnetron sputter-
ng  in Ar ambience, labelled as S1-7, respectively. The thickness of Ag film deposited
or 180 s is approximately 30 nm.  Subsequent thermal annealing was carried out
t  500 ◦C for 40 min  in ambient N2 to form Ag nanoparticles. The carbon-rich a-
i1−xCx:H films (thickness of ∼120 nm), with a PL peak at ∼480 nm,  were deposited
irectly on the Ag interlayers. The deposition was  carried out in an RF-PECVD sys-
em using SiH4 (diluted to 10% in H2) and C2H4 as the gas sources. The flow rates
f  H2-diluted 10% SiH4 and C2H4 were set at 20 and 10 sccm, respectively. More
eposition details can be found in our previous report [32]. A reference sample of a
ure a-Si1−xCx:H film was  also prepared under the same condition to compare the
L of a-Si1−xCx:H films with Ag interlayer.

The thickness of a-Si1−xCx:H and Ag films, and the surface morphology of
he annealed Ag interlayers were obtained by field-emission scanning electron

icroscopy (S4800, Hitachi). The full PL spectra were obtained with a fluorescence
pectrometer (FLS920, Edinburgh Instruments Ltd.) using a 325 nm UV xenon lamp
s  the excitation source. To avoid reflecting the excitation light into the detector,
he samples were maintained at 60◦ to the incident plane during the PL spectra

easurement. The extinction spectra of all samples were measured using a UV–vis
pectrometer (TU-1901, Beijing Purkinje General Instrument CO., Ltd.). The Image-
ro  Plus 5.0 software was used to analyze the SEM images, in order to obtain the
verage Ag nanoparticle area and the surface area coverage of Ag interlayers.

. Results and discussion

The microstructural characteristics of the annealed Ag interlay-
rs were found to vary dramatically with the sputtering time, as
hown in Fig. 1. Due to the irregular shape of Ag nanoparticles, we
stimated the average diameter assuming all nanoparticles were
f spherical shape. The average Ag nanoparticle area and diameter,

nd the surface area coverage of Ag interlayers are listed in Table 1.
ith the increase of the sputtering time, the size of Ag nanoparti-

les and the surface area coverage increased significantly. The Ag
nterlayers deposited for 140 s and 180 s became more continuous,
Fig. 2. The extinction spectra of S1-7 and the reference sample.

with surface area coverage of ∼ 69% and 100%, respectively. There
are two  components of the electromagnetic field associated with
plasmon resonances in Ag nanoparticles: a non-radiative absorbing
component and a near-field component that evolves into radiative
far-field scattering [33]. The sum of the true absorption and the
scattering represents the total extinction of light. The size and the
shape of the particles as well as the dielectric function of the sur-
rounding medium determine the frequency and the strength of the
plasmon resonance. In our case, the dielectric medium of the Ag
interlayers, namely a-Si1−xCx:H films and silica slides, remained
the same. The Ag nanoparticles of S1 are spherical shape with an

average size of 20 nm. As shown in Fig. 2, the extinction spec-
trum of S1 is symmetrical and its full width at half maximum is
smaller than those of S2-7. With the sputtering time increased
to 40 s, the Ag nanoparticles began to merge together, presenting
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Fig. 3. (a) PL excitation spectra of S1, S4, S7 and the reference sample monitoring
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80 nm emission. (b) The PL spectra of S4 and its Ag interlayer under 325 and 335 nm
xcitation. And the PL spectra of Ag interlayers deposited for different sputtering
ime under 325 nm excitation.

llipsoidal and dumbbell-shape characteristic. For samples S3-6,
ore Ag nanoparticles connected and overlapped with each other

o form larger nanoparticles with more irregular shape and wider
ize distribution. When the sputtering time was increased to 180 s
sample S7), the Ag nanoparticles almost formed a continuous film
ith large Ag particles and rough surface. Due to the large vari-

ties of the size and the shape of the Ag nanoparticles, different SP
odes of different resonance energies led to broad extinction spec-

ra for S3-7 [13]. In comparison, the a-Si1−xCx:H reference sample
resented a low absorption over the whole spectra.

Fig. 3(a) shows the PL excitation spectra of S1, S4, S7 and the
eference sample monitoring the a-Si1−xCx:H emission maximum
t 480 nm.  A broad excitation band between 280 and 380 nm was
bserved for the reference sample. Within this region, the PL spec-
ra remained almost unchanged when the reference sample was
xcited with light of different wavelengths. For the SP-enhanced
amples, the excitation band further rose between 330 and 380 nm
ue to SPs generated in the Ag interlayers. However, it is not suit-
ble to excite the SP-enhanced samples by excitation light within
his band. For example, when S4 was excited at 335 nm,  the PL
pectra (Fig. 3(b)) exhibited disordered sharp peaks over the a-
i1−xCx:H emission band. The result indicated that SPs was excited
y the 335 nm incident light instead of a-Si1−xCx:H PL, and the

Ps induced ‘side effect’ on the a-Si1−xCx:H PL. The disordered PL
pectra (shown in Fig. 3(b)) from the naked Ag interlayer without
-Si1−xCx:H film confirmed such ‘side effect’. As shown in Fig. 2, the
xtinction spectra of all SP-enhanced samples show dips at around

ig. 4. (a) PL spectra of S1-7 and the reference sample. (b) The integrated PL enhancemen
f  S5 taken by a conventional digital camera under the room light.
mpounds 513 (2012) 18– 22

325 nm.  It means that the Ag interlayers are almost transparent to
the 325 nm light, thus SPs can be hardly excited at this wavelength.
As shown in Fig. 3(b), no PL was  detected from all the annealed Ag
films when excited by 325 nm incident light. And the PL spectra
from S4 showed smoother characteristic than that excited by 335
light. This phenomenon implies that the scattering or the reflection
of the excitation light by Ag films can be excluded by using 325 nm
light. Therefore, all the following PL results were obtained by using
325 nm incident light.

The PL spectra of all the samples are shown in Fig. 4(a). The
integrated PL enhancement factor is defined as the ratio of the
integrated PL intensity of the SP-enhanced sample to that of the
reference sample. The enhancement factor as a function of the sput-
tering time is illustrated in Fig. 4(b). It is well known that the PL
quenching effect occurs at rather short distance (<10 nm)  near the
light-emitting material/metal interface [18,34].  However, in this
study, the PL of all samples was eventually enhanced on the a-
Si1−xCx:H films of ∼120 nm in thickness, as shown in Fig. 4(a and b).
Therefore, the PL quenching at the interface can be neglected. The
enhancement factor was found to be sensitive to the Ag sputter-
ing time. It firstly increased with the sputtering time, subsequently
reached a maximum value of 3.3 for S5 (sputtering time 100 s),
and then decreased slowly. The average Ag nanoparticle size and
the surface area coverage of Ag interlayers for S5 were 76 nm and
∼44%, respectively. The inset of Fig. 4(b) shows the PL image of
S5 taken by a conventional digital camera under the room light. All
eight samples exhibited a blue–green RT PL visible to the naked eye.
In our previous report, we  have confirmed the multiphase struc-
ture and PL mechanism of the carbon-rich a-Si1−xCx:H films used
in this work, which consist of hydrogenated sp3 Si–C network and
amorphous carbon clusters [32]. The origin of PL is the radiative
recombination of electron–hole pairs within sp2 bonded carbon
clusters in a sp3 bonded Si–C matrix. Overall, the PL enhancement
via SPs is the result of two sequential processes [2].  Firstly, when
the excited dipole energies of the light-emitting layer and the SP
energy of the metal are similar, the excited dipole energies can be
transferred into SP modes of the metal. As indicated in Figs. 2 and 4,
the emission band of a-Si1−xCx:H at about 480 nm overlaps the SP
resonance band of the Ag interlayers. So the excited dipole ener-
gies of the a-Si1−xCx:H films and the SP energy of the Ag interlayer
are similar, then the energies can be transferred into SP modes.
Secondly, the SPs localized in metal nanoparticles can radiate into
light directly and efficiently [13]. The scattering component of the
nanoparticle extinction is a measure of the extent to which the
plasmons can radiate into the far-field [35]. Larger Ag nanoparti-

cles result in larger scattering cross section and higher scattering
efficiency [33]. As shown in Fig. 1 and Table 1, the longer sputtering
time led to the Ag nanoparticles with larger dimension. Therefore,
the PL enhancement factor rose with the increasing sputtering time,

t factors of S1-7 as a function of the sputtering time. The inset shows the PL image
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ig. 5. The normalized wavelength-dependent PL enhancement factors (solid lines

nd reached the maximum for S5. For the SPs propagating on a
lanar interface, the nanostructure or the roughness of the metal

ayer allows SPs of high momentum to scatter, lose their momen-
um, and couple to radiated light. When the Ag nanoparticles fused
nd formed a continuous Ag interlayer (S6 and S7), the reduction
f surface roughness attenuated the scattering of SPs, and part of
he SP energy would be thermally dissipated [2].  Therefore the
nhancement factors of S6 and S7 became lower than that of S5.
he variation of integrated PL enhancement factor with Ag sput-
ering time indicated that the enhancement was dominated by the
cattering of LSPs and PSPs by Ag interlayers in our case.

The wavelength-dependent PL enhancement factor (abbrevi-
ted as WPLEF) is defined as the ratio of the PL intensity of the
P-enhanced sample to that of the reference sample at each wave-
ength, shown in Fig. 5 (solid lines). We  noted that the WPLEF
urves were similar to the corresponding extinction spectra, espe-
ially for the LSP enhanced samples (S1–S5). The phenomenon was
lso observed from the a-C:H films in our previous study, when
he film thickness was  larger than 90 nm [11]. The WPLEF and
he extinction spectra (dash lines) were normalized and plotted
ogether in Fig. 5 for further analysis. The curves of these two spec-
ra resembled each other in shape but with shifts of dozens of
anometer. Such red shift depends on the Ag nanoparticle size.
he increased Ag sputtering time led to bigger nanoparticle size
nd a more remarkable shift. The observed spectral shift between
he WPLEF curves and the extinction spectra is believed to be
orrespondent to the difference between the near- and far-field
easured plasmon resonance peak positions. The measure of the

lasmonic response of a metallic nanoparticle or nanostructure
ommonly used involves its far-field quantities, such as absorp-
ion, scattering, and extinction, and its near-field properties, such
s the intensity and spatial distribution of its electromagnetic field
nhancements [36]. The electromagnetic field enhancement leads
o an increased excitation rate and radiative recombination rate of
he electron–hole pairs in the light-emitting layer [37]. Since the
L enhancement involves the near-field exciton-plasmon interac-
ion, the WPLEF curves represent the near-field properties of the

Ps. The localized plasmons of metallic nanoparticles and nanos-
ructures display a universal phenomenon, which is that upon
ptical excitation, the maximum near-field enhancements occur
t lower energies than the maximum of the corresponding far-field
xtinction spectra (dash lines) of (a) S1, (b) S2, (c) S3, (d) S4, (e) S5, (f) S6 and (g) S7.

spectrum [36]. Such red shift of the near-field peak energies with
respect to the far-field peak energies is known to depend upon the
size of the particles, with larger particles displaying a more marked
shift [38,39]. The above phenomenon was consistent with the red
shift of WPLEF curves. Therefore, the shape resemblance and the
peak shift between the WPLEF curves and the extinction spectra
suggested that the obtained PL enhancement was attributed to the
coupling between electron-hole pairs in a-Si1−xCx:H films and the
LSPs and PSPs generated at the Ag/a-Si1−xCx:H interface.

4. Conclusions

The blue–green light emission of carbon-rich a-Si1−xCx:H films
was  successfully enhanced by coupling through LSPs and PSPs sup-
ported by nano-structured Ag interlayers. The enhancement factor
was  found to firstly increase with the Ag nanoparticle size, sub-
sequently reach a maximum value of 3.3 when the average Ag
nanoparticle size and the surface area coverage of Ag interlay-
ers were 76 nm and 44%, respectively, and finally decrease as the
Ag interlayers became continuous. The results indicated that the
enhancement was  dominated by the scattering of LSPs and PSPs by
Ag interlayers. The relationship between the PL enhancement fac-
tors curves and the corresponding extinction spectra was attributed
to the near-field enhancement and far-field extinction, respec-
tively. Since the carbon-based films, such as amorphous carbon
films and diamond-like carbon films, have similar microstructure
and PL mechanism to those of the carbon-rich a-Si1−xCx:H films,
coupling with SPs has therefore been proven to be a promising
way  to enhance the light emission efficiency of carbon-based films
which can also be utilized for the large-area solid-state lighting
applications.
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