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Abstract Surface plasmon polariton (SPP) is an attrac-
tive candidate to improve internal quantum efficiency (QE)
of spontaneous emission (SE) from nano-structured silicon
(Si) including nano-porous silicon (NP-Si) and silicon
nanocrystal (Si-NC). Since the SPP resonant frequency of
common metals, e.g., gold (Au), silver (Ag), copper (Cu),
and aluminum (Al), is too high, the SPP resonance has to
be engineered to match the luminescence from nano-
structured Si. For this purpose, we have proposed and
demonstrated three approaches including metal-rich
Au(1 – α)-SiO2(α) cermet SPP waveguide (WG), com-
pound layer structure WG and metallic grating. In this
paper, those approaches are reviewed and discussed.
According to the calculated results, such three methods
could effectively enhance SE rate from NP-Si or Si-NCs
and show potential in developing high efficiency Si based
light sources with electric pump.

Keywords spontaneous emission (SE), silicon nanocrys-
tal (Si-NC), surface plasmon polariton (SPP), Purcell effect

1 Introduction

In the past two decades, silicon (Si) photonics attract
intensive attention and interest due to good optical
properties, low cost of the material and easy manufactur-
ability with standard complementary metal-oxide-semi-
conductor (CMOS) processes. Furthermore, the use of Si
in photonics provides the possibility to merge electronics
and photonics in the same chip. Such integrated optoelec-
tronic chips are attractive for both the high computation
capability of electronics and the high communication
bandwidth of photonics [1]. However, despite the good
optical properties, bulk Si has been considered unsuitable
for optoelectronic applications due to its indirect electronic

bandgap. In the early 1990s, Canham demonstrated visible
light emission from porous Si [2], which boosted the
research of Si light sources. From that time, there has been
much effort on improving the light-emission properties of
Si such as nanoporous silicon (NP-Si) [3], erbium doped Si
[4], all-Si Raman laser [5] and silicon nanocrystals (Si-NC)
[6–9]. Among them, nano-structured Si (NP-Si or Si-NC)
has attracted a great interest since intense visible
luminescence has been observed at room temperature
due to quantum confinement effect [2,3,6–9]. Moreover,
stimulated emission and light amplification in Si-NC have
also been observed [10]. However, the internal quantum
efficiency (QE) of light emission from NP-Si or Si-NC is
still not high enough for real applications due to dominant
nonradiative recombination. Surface plasmon polariton
(SPP) is an attractive candidate to solve such long-standing
obstacle [11–15]. The enhanced spontaneous emission
(SE) rate of metal SPP waveguide (WG) has been proposed
and demonstrated on wide band gap semiconductors, such
as GaN/InGaN [11–14] and ZnO [15]. The dispersion of
such a SPP WG yields large density of states (DOS) for
photon near the resonant frequency and according to
Fermi’s golden rule, the radiative recombination and SE
rate are enhanced correspondingly. This is the so-called
Purcell effect [16] that modifies the SE by engineering the
dispersion. Unfortunately, the SPP resonant frequency of
common metals, e.g. gold (Au), silver (Ag), copper (Cu),
and aluminum (Al), is so high that this method is not so
effective for nano-structured Si unless the average size of
NP-Si or Si-NC is very small. In order to apply metal SPP
enhancement for Si light sources, the SPP resonant
frequency should be engineered to match the luminescence
from nano-structured Si.
In order to apply SPP enhancement on nano-structured

Si, we proposed several approaches in the last five years.
Firstly, a kind of metal-rich Au(1 – α)-SiO2(α) cermet
nanowaveguide was proposed in our previous work [17].
By properly choosing the component of the cermet, the
SPP-like dispersion of the nanowaveguide can be
engineered so that the SE of NP-Si is greatly enhanced.
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To obtain further larger region enhancement, we proposed
double-layer SPP WG structure [18]. Comparing double
layer with mono-layer SPP WG, the electromagnetic field
could be concentrated more in the active layer so that
higher Purcell factors (PFs) could be achieved.
With the metal-rich cermet, we found that only Au can

be used to obtain enhanced luminescence for emission
energy below 2.0 eV since the SPP resonant frequency of
Au is relatively low. Then we introduced an Ag-poor
cermet layer into SPP WG structure [19], which is so-
called compound layer structure. Due to large permittivity
of Ag-poor cermet and its unique dispersion characteristic,
DOS can be enhanced at the frequency much lower than
the plasmon frequency of Ag. By properly choosing the
component of the Ag-poor cermet, the SPP resonant
frequency can be engineered to match the central emission
of Si-NC. Therefore significant SE rate enhancement of Si-
NC can be realized by using Ag instead of Au.
It is well known that Cu, rather than Au and Ag, is the

mainstay metal material in microelectronics chips. If Cu
can be adopted to provide SPP enhancement of light
emission from Si light sources, it would be a notable
promotion for integrating Si emitters on microelectronics
chip. Then we proposed metallic grating to enhance the SE
rate of Si-NC [20,21]. Due to SPP band gap (SPPBG)
effect on metallic grating, the band edge (BE) frequency of
SPPBG can be engineered within luminescent frequency
range of Si-NCs with proper grating period. The calculated
results indicate that the common metals such as Au, Ag, Al
and Cu can be used to enhance the SE from Si-NCs with
grating structure. It should be noticed that the Cu grating
can be employed to overcome the frequency mismatch
between SPP resonance and Si-NCs luminescence. Since
Cu is the most commonly adopted metal in integrated-
circuit (IC) manufacturing, this method provides a
promising approach to realize Si light sources on chip.
In this paper, the aforementioned three kinds of

approaches for SPP enhanced SE from nano-structured
Si are reviewed and discussed. It is organized as follows: in
Section 2, fundamentals of guided SPP mode and Purcell
effect are provided; in Section 3, the proposed method of
metal-rich Au(1 – α)-SiO2(α) cermet nanowaveguide and
double-layer structure are presented; in Section 4, the
results for Ag/Ag-poor cermet compound layer structure
are presented; in Section 5, the proposed Cu-Si3N4 grating
is discussed with Au, Ag and Al-Si3N4 gratings; Section 6
provides a summary.

2 Fundamentals of guided SPP mode and
Purcell effect

In this session, the fundamental properties of guided SPP
mode and Purcell effect will be briefly summarized while
more details could be found in Refs. [11,17–22].

SPP is a surface electromagnetic wave that is transverse
magnetic polarized (transverse magnetic (TM) or p-
polarized) and propagates along the metal-dielectric inter-
face and the amplitude decays exponentially with increas-
ing distance into each medium from the interface. The
electromagnetic field of a SPP mode could be obtained
from the solution of Maxwell’s equations in each medium,
and the associated boundary conditions. As shown in
Fig. 1, we consider the simplest system consisting of a
dielectric material, characterized by an isotropic, real,
positive permittivity εD, in the half-space z> 0, and a
metal, characterized by an isotropic, frequency-dependent
permittivity function εM(ω) in the half-space z< 0. In our
reference coordinate system shown in Fig. 1, the magnetic
field of TM SPP mode contains the field components
perpendicular to the symmetry plane, i.e., the y component.
Since the interface is symmetrical along y axis, the
electromagnetic field will also be symmetrical along y
axis and can be obtained by using Maxwell’s equations as:

Hyðx,zjωÞ ¼
Aexpðikxx –gDz – iωtÞ, z > 0,

Bexpðikxxþ gMz – iωtÞ, z< 0,

(
(1a)

Exðx,zÞ ¼ –
ic

ωε
∂Hy

∂z
, (1b)

Ezðx,zÞ ¼
ic

ωε
∂Hy

∂x
, (1c)

where, ω is the angular frequency of SPP mode, kx is wave
vector along x direction and gD/gM determine the decay of
the electromagnetic field with increasing distance from the
surface to dielectric/metal material while the relations of
them are

g2
D ¼ k2x – εD

ω
c

� �2
, (2a)

g2
M ¼ k2x – εMðωÞ

ω
c

� �2
, (2b)

then, with the boundary condition at z = 0, one can get

Fig. 1 Schematic of SPP at metal-dielectric interface and
reference coordinate system
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A ¼ B, A
gD

εD
¼ –B

gM

εMðωÞ
, (3)

obviously, Eq. (3) has a nontrivial solution only when εM is
negative. It is just the physical origin of SPP mode existing
at metal-dielectric interface. Physically, one can under-
stand it as photons coupled to collective excitations of
conduction electrons near a metal surface. Furthermore, if
both sides of Eq. (3) are squared, an explicit expression for
the wave vector kx of the SPP mode as a function of its
frequency [22]:

kx ¼
ω
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εDεMðωÞ

εD þ εMðωÞ

s
, (4)

after the dispersion relation is obtained, the electromag-
netic field of SPP mode could be calculated by Eq. (1) with
A = B. Then the SE rate Γsp can be deduced from Fermi’s
golden rule:

Γsp ¼
2π
`

f jd$h E iij j2�ð ὼÞ,�� (5)

where f jd$E iijh is the dipole emission matrix element, d is
the electro-hole pair dipole moment, and ρ(ω) is DOS for

photon �ðωÞ ¼ kx
dkx
dω

. To evaluate Γsp, E should be

normalized to a half-quantum of zero point fluctuations.
In the case of SPP mode, the emitted photons from active
dielectric material, as a result of the recombination of
electron-hole pair, will be coupled directly to the guided
SPP mode instead of free space [11]. Due to the different
dispersion relationships of the light in the WG and free
space, the DOSs in the two cases are different. Purcell
predicted the modification of SE by engineering the DOS,
and the PF can be defined as [11]:

PF ¼ Γsp

Γsp þ Γf ree

¼ 1þ πc3E0ðzÞ2ffiffiffiffiffi
εD

p
ω2!

þ1

–1½∂ðεωÞ=∂ω�E0ðzÞdz
kx
dkx
dω

, (6)

where Γfree is the SE rate without the cermet WG, E0(z) is
the un-normalized electrical field of the guided SPP mode.
Obviously, PF is related to the position of active material
along z axis. Especially, PF decays along z direction with
E0(z) as shown so that significant SE rate enhancement can
be achieved only near the interface.
Till now, we have introduced some basic but important

principles for guided SPP mode and Purcell effect.
Although the presented system is simplest, it is very
similar to a real and more complicatedWG. In the followed
session, we will demonstrate the SE rate enhancement for
some different SPP WG structures with the same
theoretical frame as presented in this session.

3 SPP enhancement on metal-rich cermet
WG

In our previous work [17], aiming at improving the internal
QE from NP-Si, we proposed a device structure with a
metal-rich Au(1 – α)-SiO2(α) cermet WG. A schematic
structure of the porous Si with a cermet WG is shown in the
inset of Fig. 2. The active layer is the NP-Si on the Si
substrate, which can be prepared by electrochemical
etching. On the top of NP-Si is the Au(1 – α)-SiO2(α)
cermet WG with the thickness of h. The structure can be
considered as a three-layer model: the air, Au(1 – α)-
SiO2(α) cermet and NP-Si. The electromagnetic field of
such structure can be solved by modifying Eqs. (1) and (2)
with multilayer model [17]. The permittivity of NP-Si is
assumed to be εD = 4, which is between air (εD = 1) and Si
(εD = 11.6). As the permittivity of the cermet strongly
depends on its component, i.e., the SiO2 volume fraction α,
it is possible to design and engineer the desired dispersion
relationship by controlling α. With the effective medium
theory with Bruggeman’s formula [23], the permittivity of
cermet (εCM) could be calculated:

ð1 – αÞ εAu – εCM
εAu þ 2εCM

� �
þ α

εSiO2
– εCM

εSiO2
þ 2εCM

� �
¼ 0, (7)

where εAu and εSiO2
are the permittivity for Au and

SiO2. In the case of small α, i.e., the cermet is metal
rich, it is reasonable to suppose that its optical
property can still be described by the Drude model

εCMðωÞ ¼ ε1 1 –
ω2
p

ωðωþ iΓÞ

" #
. The calculated εCM by

Eq. (2) is fitted by using the Drude model, and two
important parameters, namely, plasmon frequency ωp and
dielectric constant at high frequency ε1, are shown in
Fig. 2 as a function of α. From Fig. 1, one can see that the
plasmon frequency ωp is decreased as a result of doping
SiO2.
After the permittivity of cermet is obtained, the

dispersion relationship of the WG could be obtained with
various volume fractions as shown in Fig. 3(a). The
thickness of the WG, h, is supposed to be 10 nm. As Au
dominates in the cermet, the property of the WG is surface-
plasmon-like with two branches, i.e., the symmetric (S)
branch and the anti-symmetric (AS) branch, respectively.
The light lines in air (the gray line) and in NP-Si (the black
line) are also shown. An important feature in Fig. 3(a) is
that the resonant frequency decreases as the SiO2 volume
fraction α increases. A typical photoluminescence (PL)
spectrum of the NP-Si is shown in the inset of Fig. 3(a),
which centers at ὼ ¼ 1:718  eV. The shaded area
corresponds to the frequency range between two half-
maxima. As the frequency of the S mode is much higher
than that of NP-Si luminescence, we ignore this mode and
discuss the AS mode only. By using Eq. (6), the PF could
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also be calculated and the results are shown in Fig. 3(b). It
can be seen from Fig. 3(b) that the maximum of PF is red-
shifted as α increases. This red-shift is very important
because it increases the PF at lower frequencies, which is
long covered for increasing the SE rate from NP-Si. For
example, the shaded area in Fig. 3(b) represents the main
body of the luminescent spectrum (see the inset of Fig. 3
(a)) and one can see that PF associated with a cermet WG
(α = 20%) is much larger than that with a pure Au WG. To
illustrate this point more clearly, fixing the photon
frequency at ὼ ¼ 1:718  eV, the PF as a function of α is
also shown in the inset of Fig. 3(b). As a comparison, one
can see that with pure Au, the PF is only 50 while the PF

can be increased to 210 by doping 20% SiO2.
Proposed device structure with a cermet nanowaveguide

makes the radiative recombination process dominate inside
a NP-Si layer. Without the WG, the nonradiative
recombination process still dominates inside NP-Si,
although quantum confinement effect does enhance the
radiative one. To give a concept of order, the typical
nonradiative lifetime of careers in NP-Si is τnr = 1 μs and
typical radiative one is τr = 30 μs; these will vary with
temperature, doping, etc., though. The internal QE ηint can
be generally expressed as:

ηint ¼ PFτ – 1r

PFτ – 1r þ τ – 1nr
, (8)

where τr and τnr are the radiative and nonradiative lifetimes,
respectively.
To make a clear comparison, ηint (the case that α = 20%

as an example) with the cermet WG and without the WG
are illustrated as a distribution along z in Fig. 4. One can
see that ηint is greatly improved and always larger than that
without the WG within the entire transversal extension of
the guided mode inside the NP-Si. Especially, in the layer
that z< hc (about 20 nm, which is much thicker than the
thickness of WG h = 10nm), ηint> 50% and τenhancedr <τnr,
which means that radiative recombination dominates.
In the aforementioned part, only one cermet layer on top

of active material is considered. In order to obtain more
effective enhancement of Si-NC, a double layer structure
was further proposed based on the original idea of adopting
Au-rich cermet [18]. Figure 5 shows the proposed double
layer structure, the monolayer is also presented for
comparison. Active layer can be considered as Si quantum
dots embedded in SiO2 matrix (indicated by SiOx, x< 2)

Fig. 2 Dependence on SiO2 volume fraction α of plasmon
frequency ωp (square) and high frequency dielectric constant ε
(circle) in Drude model of metal-rich cermet. Inset: schematic
structure of nanoporous Si layer with a Au(1 –α)-SiO2(α) cermet
WG

Fig. 3 (a) Dispersion of Au(1 –α)-SiO2(α) cermet WG with different components. Inset: typical PL spectrum of NP-Si. Shaded area
corresponds to frequency range between two half-maxima; (b) PF with different components α versus photon energy ὼ. Inset: increase of
PF with the increase of SiO2 volume fraction α, fixing the photon energy at 1.718 eV

54 Front. Optoelectron. 2012, 5(1): 51–62



with thickness of h2 and refractive index of 1.71. By
inserting another Au-rich cermet film at the SiOx/SiO2

interface, monolayer can be modified to the double layer
structure. For a concrete example, Au(1 – α)-SiO2(α)
cermet was chosen here. To simplify the discussion, we
set two Au-rich cermet films of the double layer structure
with the same thickness of h1 and the same SiO2 fraction α.
Figure 6 shows the dispersion curve of the monolayer

and double layer structure with h1 = h2 = 30 nm and
different SiO2 fraction (α = 0, 0.2). Only the lowest modes
of each structure are considered here because they
dominate the power dissipation of dipole source closed
to metal surface(s). It is can be seen that, increasing the
fraction α can lower the SPP resonant frequency and flat
the dispersion curve to raise the DOS in relative low
frequency region, which in the case of monolayer
structure. For typical Si-NC, the luminescence wavelength
region is from 600 to 900 nm ( ὼ ¼ 2:07 – 1:38  eV),
which is very similar to the NP-Si. In such luminescence
range, the dispersion curves of the double layer structure
are more flat than that of mono-layer. This phenomenon
can be explained from the view point of coupled mode
theory: the mode of double layer can be treated as the lower
frequency branch produced by coupling between the
modes of two mono-layer WGs, and the frequency
splitting flats the dispersion curve of lower branch,
which yields larger DOS and is beneficial to PF

improvement. Due to the transversal exponent-evanescent
property of the guided mode in the active region, electric
field decrease quickly along the direction perpendicular the
interface in the mono-layer structure; only the region near
the Au cermet/SiOx interface can obtain evident enhance-
ment. While in the double layer structure, exponent-
evanescent property is not so serious due to the influence of
the other Au cermet/SiOx interface, which will result in
noticeable improvement in PF for the whole active region.
Here, we fixed the photon frequency at ὼ ¼ 1:654  eV
(equivalent to the wavelength at 750 nm), and then
calculated the |E|2 distribution of the monolayer and
double layer structures. The results are shown in Figs. 6(a)
and 6(b), respectively. Although the field will evanescently
decay from the interface, if the distance is small enough,
electric field can still keep a relatively high value. It can be
seen from Fig. 6(b) that, due to the effect of the double
layer structure, electric field mostly concentrates in SiOx

active region. Then much smaller modal volume, combin-
ing with DOS enhancement, results in a noticeable
improvement of PF. For the case of α = 0 and 0.2, PF
(over entire SiOx active region) increases from no more
than 4 and 6 to all above 17 and 21, respectively.
In summary, we have proposed and theoretically

demonstrated the enhancement of SE from a NP-Si or Si-
NC layer with a metal-rich Au(1 – α)-SiO2(α) cermet WG.
The dispersion can be engineered by controlling the
component of the WG so that the DOS can be tuned to be
very large at the luminescent frequencies. Therefore SE
can be greatly enhanced due to Purcell effect and the
internal QE is greatly increased. Some detailed discussions
could be found in Refs. [17,18].

4 SPP enhancement on metal-poor cermet
WG with compound structure

In Session 3, we have demonstrated the so called metal-
rich cermet to lower the plasmon frequency by doping
dielectric into metals. However, to obtain enhancement for
luminescence from NP-Si or Si-NC ( ὼ<2:0  eV), only Au,
which has relatively low plasmon frequency, can be used
with such method. If adopting other metals, whose
plasmon frequency are relative high, the dielectric doping
fraction should be high so that the cermet is metal-poor and
dielectric like with positive real part of permittivity in some
frequency region. In order to use such metal materials with
higher plasmon frequency, we proposed a compound
structure SPP WG [19], where an Ag-poor cermet layer
was introduced into SPP WG structure as shown in Fig. 7.
For the proposed structure as shown in Fig. 7(a), the

active layer is the Si-rich nitride (SRN), which can be
prepared by plasma-enhanced chemical vapor deposition.
On the top of the SRN is an Ag film, covered by a thin Ag-
poor cermet layer consisted of Ag(1 – α)-Si3N4(α), where

Fig. 4 Distributions of internal QE ηint with and without cermet
WG

Fig. 5 Schematic of monolayer and double layer structures
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the Si3N4 volume fraction α exceeds 0.5. Such structure is
so called compound layer structure. For comparison, the
structures without Ag-poor cermet and the simplest two
layers SPP WG are also presented as Figs. 7(b) and 7(c).
In the case of α> 0.5, the cermet is Ag-poor and

dielectric like with positive real part of permittivity in some
frequency region. Furthermore, the cermet permittivity and
its dispersion are both several times larger than that of the
doping dielectric, which are the key factors to notably
increase the DOS. Because the DOS is proportional to
kdk/dω, large value of DOS can be obtained near the
resonant frequency where the dispersion curve is flat.
Figure 8 is the calculated dispersion relationship of Ag/Ag-
poor cermet layer (Fig. 7(a)), compared with the pure Au
or Ag film without Ag-poor cermet (Fig. 7(b)). It can be
seen that in Fig. 8(a), there is only one resonant frequency
for pure Au or Ag film. Even though the resonant
frequency of Au film is lower than that of Ag film due to
different plasmon frequencies of Au and Ag, resonant
frequency of Au film is still higher than 2.0 eV. It is noticed
that the Ag/Ag-poor cermet layer has two resonant
frequencies, one is almost the same with Ag film, and
the other is much lower, even lower than that of Au film.
Furthermore, SPP resonant frequency of the Ag/Ag-poor
cermet layer shifts with different components, i.e., the

Si3N4 volume fraction α. As shown in Fig. 8(b), it is
possible to engineer the SPP resonant frequency in a wide
region to match the Si-NC luminescence.
Large value permittivity and the unique dispersion of the

Ag-poor cermet are the key factors to notably increase the
DOS. As a concrete example, the photon frequency is fixed
at ὼ ¼ 1:7106  eV (equivalent to the wavelength at
725 nm), and the corresponding calculation results of the
DOS is shown in Fig. 9(a). It can be seen that thicker Ag-
poor cermet layer is suitable to obtain larger DOS. To
concisely explain this conclusion, we take the two-layer
structure (Fig. 7(c)) for example, where the metal layer and
the dielectric layer are both with infinity thickness.
Generally, it is considered that the dispersion of dielectric
is too small to influence the DOS. However, dispersion of
dielectric-like cermet, the value of dεD/dω, is much higher
than that of traditional dielectric. Therefore its influence to
DOS should no longer be neglected in this case. It should
be figured out that, when the metal is fixed, large values of
εD and dεD/dω will both increase the DOS. For a more
complex structure, as shown Fig. 7(a), we can consider that
the multilayer dielectric/cermet as one layer material with
equivalent permittivity which is affected by the permittiv-
ity and field filling factors of each layer. Thus, introducing
Ag-poor cermet into structure would still result in positive
effect to DOS enhancement. It is also noticed that
increasing the thickness results in the growth of DOS. It
can be considered that increasing thickness means increase
in proportion of Ag-poor cermet, as well as the equivalent
permittivity and its dispersion, which finally reflects on the
growth of DOS. At the mean time, when thickness exceeds
a certain value, increase in the thickness of Ag-poor cermet
could not obtain further significant DOS enhancement. In
this situation, field filling factor of Ag-poor cermet is large
enough, and the influence of Ag-poor cermet layer has
already taken the major part of multilayer. Thus, several
dozen nanometers thickness of Ag-poor cermet layer is
totally enough for the DOS enhancement.

Fig. 6 |E|2 and PF distributions in (a) monolayer; (b) double layer; SP WG (h1 = h2 = 30 nm). The calculated |E|2 field and PF are shown
as lines and circles, respectively. And different colors indicates two components of α = 0 and 0.2

Fig. 7 (a) Ag/Ag-poor cermet SPP WG; (b) SPP WG with pure
Au or Ag film; (c) two-layer SPP WG
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Furthermore, the corresponding PFs are also calculated
and shown in Fig. 9(b). As a concrete example, emitting
dipole is assumed 5 nm away from the interface of metal/
SRN, and the photon frequency is still fixed at ὼ ¼
1:7106  eV (equivalent to the wavelength of 725 nm). It can
be seen that the tendency of PF is different from that of
DOS. The Si3N4 fractions, corresponding to the maximum
value of DOS and PF, respectively, are not the same, and
this phenomenon is more evident with thicker Ag-poor
cermet layer. This is because the field distribution also
affects the value of PF, according to Eq. (6). Over thick Ag-
poor cermet layer reduces the field concentration in active
layer, which is harmful for PF. Thus, there is a tradeoff on

the thickness of Ag-poor cermet layer. In our case, the
optimization thickness is about 15 nm.
In our previous work [17], it is figured out that high

volume fraction of dielectric, which lowers the resonant
frequency and realizes large region tuning, will increase
the resistivity of metal rich cermet and be harmful for
electric performance of devices. On the other hand, in the
structure we proposed here, even the Ag-poor cermet has
very large resistivity; the lower Ag layer can still serve as
the electrode for Schottky type Si light source with very
good conductivity. Namely, the compound layer structure
provides an approach that we can optimize the optical
performances (SPP mediated enhancement) and electric

Fig. 9 Dependence on Si3N4 fraction α of (a) DOS; (b) PF with different thicknesses of Ag-poor cermet layer, fixing the photon energy
at 1.7106 eV (equivalent to the wavelength at 725 nm). The yellow and wine dot lines are the reference results of 20 nm thick Au and Ag
film, respectively

Fig. 8 (a) Dispersion of Au, Ag, Ag/Ag-poor cermet SP WG; (b) dispersion of the Ag/Ag-poor cermet SP WG with different Si3N4

fractions
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behavior (conductivity) separately, in a wide frequency
range.

5 SPP enhancement on metallic grating

In Sections 3 and 4, we have demonstrated two approaches
based on metal rich/poor cermet SPP WG. In this session,
we will demonstrate a different but more flexible approach
based on metallic gratings to enhance the SE from Si-NC.
As shown in Fig. 1, the shape of spatially periodic metal-
dielectric interface, i.e., one dimensional metallic grating,
is described as z = s(x) with period of a. The interface
consists of dielectric in the region z> s(x) and metal in the
region z< s(x). The metal is characterized by a real,
isotropic, and frequency dielectric function.
When SPP wave propagates on such a periodic interface,

two standing wave solutions of SPP modes can be found
with respect to the peaks and troughs of the interface.
Therefore the dispersion curve splits into two branches.
Just like “photonic band gap” (PBG) in spatially periodic
dielectric structures called “photonic crystals” [24,25],
SPPBG can also occur, where propagation of SPP mode
over certain range of frequency is forbidden [25]. At the
BE-frequency, the DOS for photon is very large and the SE
rate can be greatly enhanced [11–15]. Since the BE-
frequency only depends on the parameters of the metallic
grating (period, depth, etc.), large DOS and SE rate
enhancement can be achieved within a large frequency
range by properly engineering the periodic structure in
spite of the applied materials. In other words, the mismatch
between SPP resonance and luminescence of Si-NCs can
be overcome by adopting the metallic grating.

For metallic grating, the SPP modes solutions and the
formula of PF are different from to those described in
Section 2. In our previous work, we have proposed a
combination method to obtain the numerical solution of
SPP mode propagating on a cylindrical periodic dielectric-
metal interface, including both of dispersion relation and
field distribution [26]. Moreover, we have deduced the PF
formula for the case of one dimensional metallic grating
[20,21]. The details could be found in the mentioned
references and here only some important results are
presented.
In the calculation, we assume that the Si-NCs are

embedded in Si nitride (Si3N4). The permittivity of Si3N4

is assumed as εD ¼ 4. The metallic grating was assumed as
sinusoidal shape sðxÞ ¼ dsinð2π=axÞ with period a and
depth d = 0.1a. After the metal material and period of the
metallic grating are determined, the dispersion relation
k(ω) and the electromagnetic field distribution E(x, z)
could be obtained by our proposed combination method
[26]. Figure11 shows calculated dispersion relations for
Cu-Si3N4 grating with the period from a = 90 to 140 nm.
As a reference, the dielectric light line (Si3N4) and
dispersion curve of flat Cu-Si3N4 interface are also plotted
with dashed and solid line, respectively. The energy band
gap can be observed clearly. There are two branches for the
dispersion curves of sinusoidal shaped interface while one
is higher than that of flat interface and the other is lower. It
can be found that the BE-frequency for lower branch is
varied from ὼ ¼ 1:92 to 1.58 eV with increasing period.
Such results indicate that the BE-frequency of SPPBG can
be engineered according to Si-NCs luminescence with
proper grating period. Additionally, it should be noticed
that there is only one branch for a = 90 nm. The reason is
because the solutions for the higher branch are beyond the
plasmon frequency ( ὼp ¼ 2:855  eV).
In principle, both the lower and higher branches could

be applied for SPP enhancement. In Fig. 11, it can be

Fig. 11 Calculated dispersion curves for Cu-Si3N4 interface with
sinusoidal shape with period a = 90–140 nm and depth h = 0.1a

Fig. 10 Schematic cylindrical periodic dielectric-metal interface
and reference coordinate system. Interface consists of dielectric in
the region z> s(x) and metal in the region z< s(x)
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observed that the lower branches are within the frequency
range of Si-NCs while the higher branches are in the range
of much higher frequencies. So if higher branches are
desired for SPP enhancement, shorter grating wave vector
(Kg) is required to move the dispersion curve of higher
branch to short wave vector range. In Fig. 3, the dispersion
curve of SPP mode on flat interface is much closer to the
light line as decreasing wave vector. It could be expected
that higher branches would be also very close to the light
line due to the nature that higher branches are always
between the dispersion curve on flat interface and dielectric
light line. Intuitively, the achievable SPP enhancement of
high branches would be very low. Furthermore, it can also
be understood as that the wavelength of such SPP mode is
much longer (shorter wave vector) so that the advantage
introduced from small mode volume of SPP mode is not so
significant. For this consideration, the lower branch is
more preferred to be applied in the interested frequency
range. It should be mentioned that the higher branches can
also be applied if the semiconductor materials with higher
luminescence frequency, e.g., blue light region such as
GaN or Si-NCs with very small averaged size are
considered.
With a = 120 nm, the field intensity of Hy at BE-

frequency were calculated and the results are shown in
Fig. 12 in contour map, where all the intensity are
normalized by the maximum value on boundary and the
regions of high field strength are shown as white. As
mentioned by Barnes, the physical origin of the SPP band
gap can be found from the fact that two standing wave
solutions of SPP modes take different positions with
respect to the peaks and troughs of the interface [27]. Such
indication can be observed clearly in Fig. 12. For the lower
frequency mode (Fig. 12(a)), the surface charge distribu-
tion should be concentrated around the peaks so that

extremum of normal field component occur at the same
position, whereas the extremum of Hy and is around the
toughs. For the higher frequency mode (Fig. 12(b)),Hywill
occur at peaks.
After the dispersion curve and electromagnetic field

distribution are obtained, the PF can be calculated in
success [20,21]. Figure 13 is the calculated PF at BE-
frequency for Cu-Si3N4 grating by setting a = 120 nm and
d = 0.1a. The regions of high PFs are shown as white. As
shown in Fig. 13, PF is related to the position of Si-NCs
along both x and z axes. Especially, PF decays along z
direction with E(x, z) so that significant SE enhancement
can be achieved only near the interface. In order to evaluate
the SPP enhancement conveniently with various periods of
grating, we assume that the Si-NCs are uniformly
distributed in dielectric layer and the PF is averaged
within one period along x axis and one decay length Dz

along z axis, which denotes the length when the electric
field decay to the 1/e of that at interface z = s(x), in the
dielectric:

PFavgðx,zÞ ¼
1

a

1

Dz
!

a

0
!

Dz

0
PFðx,zÞdzdx: (9)

In the followed parts, the averaged PF is used for
discussion. Obviously, Dz should be replaced by the
thickness of the active layer for a real device.
In our previous work [20,21], it has been demonstrated

that Au, Ag Al and Cu-Si3N4 gratings can be used to
enhance the SE of Si-NC with proper period. Here we re-
plot those results in Fig. 14. It can be seen that obvious
enhancement are achieved within the frequency range of
Si-NCs luminescence with the Au Cu, Ag and Al-Si3N4

grating. Especially for Cu-Si3N4 gratings, as the period is
varied from 90 to 140 nm, the BE-frequency is
decreased from ὼ ¼ 1:92 to 1.58 eV while the related

Fig. 12 Normalized spatial distribution of magnetic field normal to symmetry |Hy|: (a) for low frequency mode; (b) high frequency mode
at BE-frequency. The regions of high field strength are shown as white
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maximum PFavg is from 162.7 to 29.8. The SPP resonant
frequencies for flat Au, Cu, Ag and Al-Si3N4 interface are
ὼ ¼ 2:38, 2.85, 3.15 and 4.73eV, all of which are higher

than the energy of Si-NCs luminescence. Then it can be
concluded that with proper setting grating period, metallic
grating can be applied to overcome the mismatch between
metal SPP resonant frequency and luminescence frequency
of Si-NCs in spite of the applied metal materials.
Meanwhile, it can be also found that both the BE-
frequency and related maximum PFavg decreases as the
period increased for all four cases. It could be understood
that higher PF is achieved at high frequency since shorter
period is corresponding to longer wave-vector and closer
to the SPP resonant frequency. With the same reason, it is
also can be understood why the shorter period and higher
maximum PFavg can be achieved by such metal with
relatively lower SPP resonant frequency. Since Au and Ag
are not compatible with Si IC manufacturing and the SPP
resonance frequency of Al is rather high, it could be

expected that Cu-gratings are more suitable to enhance the
SE of Si emitters applied on chip.
After the PF obtained, the enhanced internal QE ηint can

be evaluated by Eq. (8). For more clarity, the original QE

ηo ηo ¼
τ – 1r

τ – 1r þ τ – 1nr

� �
is also calculated for comparison.

The ηint are calculated in the range of 20<PF< 160
(according to the average PF of Cu-Si3N4 gratings) and
1%< ηo< 60%. The results for 1%< ηo< 10% and
10%< ηo< 60% are shown in Figs. 15(a) and 15(b),
respectively.
From Fig. 15, significant QE improvement can be

observed. In the lower ηo (1%–10%) range, the enhanced
QE ηint can achieve the value of about 30%–94% as shown
Fig. 15(a). For example, with setting ηo = 3% and PF = 40,
ηint can be calculated as high as 55.3%. With higher (10%–
60%), it is found that the ηint is very close to 100%. For
example, with ηo = 20% and PF = 40, the value of ηint is
91%. These results indicate that radiative recombination

Fig. 15 Enhanced QE ηint versus various PF and original QE ηo for (a) 1%< ηo< 10% and (b) 10%< ηo< 60%

Fig. 13 Calculated PF distribution for Cu-Si3N4 grating within
range of 30 nm£x£270 nm and –120 nm£z£120 nm by setting
a = 120 nm and d = 0.1a. Regions of high PFs are shown as white

Fig. 14 Calculated max PFavg and related BE-frequency versus
various period for sinusoidal shaped Au, Cu, Ag and Al-Si3N4

interface with d = 0.1a
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dominates over the active region, even with a very low
original QE (< 10%), which is not difficult to reach.
In conclusion, the SE rate could be enhanced due to

SPPBG on metallic gratings. With proper grating period,
the BE-frequency of SPPBG can be engineered within
luminescent frequency range of Si-NCs ( ὼ ¼ 1:6 –
1:9  eV). The maximum PFs for Cu-Si3N4 gratings with
1μm width are calculated as 29.8–162.7. These results
indicate that the Cu grating can be employed to overcome
the frequency mismatch between SPP resonance and Si-
NCs luminescence. Since Cu is the most commonly
adopted metal in integrated-circuit manufacturing, this
work provide a promising approach to realize Si light
emitter on chip.

6 Conclusions

Aiming at improve the SE rate of nano-structured Si with
SPP enhancement, we have proposed several approaches.
The first one is based on metal-rich Au(1 – α)-SiO2(α)
cermet nanowaveguide. By properly choosing the compo-
nent of the cermet, the dispersion of such SPP WG can be
engineered so that the SE rate is greatly enhanced. For
example, the PF of 210 is achieved with doping 20% SiO2

at photon frequency of 1.718 eV (equivalent to the
wavelength at 720 nm). Due to the evanescent field nature
of SPP mode, we proposed double-layer SPP WG to
achieve higher PFs since the electromagnetic field could be
concentrated more in the active layer comparing with
mono-layer SPP WG. The second one is introducing an
Ag-poor cermet layer into SPP WG structure which is so-
called compound layer structure. Due to large permittivity
of Ag-poor cermet and its unique dispersion characteristic,
DOS can be enhanced at the frequency much lower than
the plasmon frequency of Ag. By properly choosing the
component of the Ag-poor cermet, the SPP resonance can
be engineered so that significant QE enhancement of Si-
NC can be realized by using Ag instead of Au. The third
one is based on SPPBG effect on metallic grating metallic
grating. The calculated results indicate that the common
metals such as Au, Ag, Al and Cu can be used to enhance
the SE rate of Si-NCs with grating structure. It should be
noticed that that the Cu grating can be employed. With the
help of Cu-Si3N4 gratings, the BE-frequency of SPPBG
can be engineered within luminescent frequency range of
Si-NCs ( ὼ ¼ 1:6 – 1:9  eV, equivalent to the wavelength
of 775–652 nm). The maximum PFs are calculated as
29.8–162.7 with grating width of 1 μm. Since Cu is the
most commonly adopted metal in integrated-circuit
manufacturing, this is provide a promising approach to
realize Si light sources on chip. Furthermore, the
aforementioned three kinds of methods for SPP enhanced
SE rate from Si-NCs show potential in developing high

efficiency electric pump Si based light sources. The related
work is undergoing and will be published elsewhere.
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