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Abstract: To enhance the blue light absorption of silicon, an array of silver nanoparticles(Ag-NPs) was de-
signed so that they create Localized Surface Plasmon Resonance(LSPR) near the surface of silicon(Si). The
properties of the enhanced optical absorption of silicon in the blue band were then observed and researched.
The blue-light absorption characteristic of silicon in the Ag-NPs/Silicon composite structure were calculated
using the Finite-Difference-Time-Domain (FDTD) method. The results indicated that the metallic nano-
particles' extinction capability was related to its geometric parameters and the resonance intensity and peak
wavelength can be tuned according to different geometric parameters of Ag-NPs including radius, height and
period. At a resonance peak wavelength of 465 nm, the optical absorption of Si in the composite structure
(Ag-NPs/Si) rises from 59% to 94% with an array of radius » = 18.5 nm, a height H# = 45.0 nm and a period
P = 49.0 nm. It concluded that the light absorption gain was 0.57 and photogenerated carriers had a gain
factor of 0.53 due to the enhanced light absorption of Si via LSPR in blue band. The results provide a signi-
ficant reference for the enhancement of the blue-light absorption properties in silicon based on the LSPR ef-
fect and the design of a silicon-photodetector with a visible wide spectral resoponse.
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1 Introduction

In recent years, with the continuous develop-
ment of Surface Plasmon (SP) theory and the con-
tinuous improvement of micro-nano processing
technique, the sensitization of photoelectric detect-
ors based on SPs!! has aroused great interest among
researchers. The SPs can increase the intensity of
local electromagnetic field, enhance the interaction
between light and matter”, achieve selective light
absorption and with an ultra-high absorption rate'.,
Thus their application in solar cells™, LED"! sur-
face-enhanced Raman spectrum, photoelectric de-
tection™ and other fields has attracted extensive at-
tention.

The material properties, geometric shape,
structural parameters, medium background and oth-
er factors of micro-nano array will have an impact
on the physical phenomena of SPs”. The nature of

the material itself determines the main attenuation
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path of SPs so that the SPs will sensitize the photo-
detectors in different ways'"”. For example, in the
event of Surface Plasmons Resonance (SPR) attenu-
ation, the Au-Nanoparticles (Au-NPs) transfer the
absorbed light energy to free electrons in the metal
through Landau damping. Then the free electrons
are converted into hot electrons, which jump over
the Schottky barrier into the semiconductor to im-
prove the optical response in the incident band. The
attenuation pattern of SPR in the Ag-Nanoparticles
(Ag-NPs) and Aluminum-Nanoparticles (Al-NPs) is
to scatter the incident light energy to the medium
through optical radiation", thus improving the light
absorptivity of metal particle substrates and enhan-
cing the photoelectric performance of photodetect-
ors.

In 2011, Naomi Halas ’s research group!”
demonstrated that Au-nanorods could realize ther-
moelectron detection with incident photon energy
lower than silicon bandgap width E,, and increase

the photocurrent by a factor of 20 (4;, = 1.4 pm). In
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2012, Li's research group™¥ studied the photoelec-
tric response performance of surface plasmon effect
coupled with GaN-based detector. By preparing the
Ag nanoparticles with non-uniform sizes on the
GaN surface, the device responsiveness was im-
proved by a factor of 30 (4;, = 0.36 um). In 2013,
Sobhani et al." prepared the Au grating on Si sur-
face. The silica-based thermoelectron detector based
on Extraordinary Optical Transmission (EOT) ef-
fect had an optical response of 0.6 mA/W (4, =
1.46 um) with an internal quantum efficiency of
0.2%. In 2014, Bao et al.'" studied the photoelec-
tric performance gain of AlGaN-based solar blinded
UV detector based on the Al-NPs with a non-uni-
form density. The performance of AlGaN detector
was enhanced by exciting the surface plasmons, and
its optical responser was increased from 0.144 A/W
to 0.288 A/W (4, = 0.288 um). The above research
shows that on the one hand, the excited SP effect of
metal micro-nano structure can increase the probab-
ility that the incident photons are captured by detect-
or to generate the hole-electron pair and photocur-
rent; on the other hand, based on the thermoelec-
tronic effect, the efficiency of photocurrent genera-
tion can be significantly improved by crossing the
Schottky barrier, thus effectively enhancing the
working performance of a photodetector in the re-
sponse band.

In silicon (Si), the excited carriers have a wide
spectral response in the incident band of 380~
1100 nm. However, due to the relatively large ab-
sorption coefficient and small penetration depth of
Si in the blue band, the photo-generated carriers can
diffuse to the interface or surface state easily!"’. As
a result, fewer photo-generated carriers diffuse and
drift to the depletion region, leading to low quantum
efficiency and optical response of silicon photode-
tector (Si-PD) in this band. However, efficient Si-
based blue light detectors have a great potential ap-
plication market in visible light communication”,
underwater communication''®), local intelligent posi-

tioning!"” and other fields.

So far, few reports have been made on the use
of SPs to enhance the photoelectric performance of
Si-PD in the blue band. In this paper, an array of
metal nanoparticles was designed on the silicon sur-
face. The Finite-Difference-Time-Domain (FDTD)®"
method was used to study the influence of metal
nanoparticles with different geometric parameters
on the light absorption characteristic of Si. The res-
ults were analyzed according to the physical proper-
ties of Localized Surface Plasmons (LSPs)®. The
research on the influence of SPs on the blue light
absorption of Si is expected to improve the blue
light absorption of Si, so as to provide reference for
the design and preparation of a Si-PD with high blue

light detection efficiency based on SP enhancement.

2 Theoretical model

2.1 Localized Surface Plasmon (LSP) and

FDTD numerical algorithm

If the size of metal particles is much smaller
than the penetration depth of incident field, free
electrons will oscillate relative to the metal lattice
under the joint action of coulomb field and external
electromagnetic field, and the generated non-
propagating mixed excited state will be LSP"), as

shown in Fig.1.

Space Incident field

Electronic cloud Metal-nanoparticle

Medium

Fig. 1 Schematic diagram of localized surface plasmons

with a metallic spherical structure
1 G JRBIREH R Rl 1 45 B o TR IR
Take metal spherical nanoparticles with a dia-
meter of <100 nm as an example. Under the quasi-

static approximation, the polarizability a can be
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used to describe the interaction between incident
light and particles and represent the LSP intensity.

Its expression is

a/=41ta3(8_8'" ) (D
e+2¢

m

where a is the particle radius; ¢, is the relative
dielectric constant of the background environment;
and ¢ is the relative complex dielectric constant of a
metal particle, which is affected by the frequency of
incident electromagnetic field, the characteristics
and size of material, and other factors. According to
the Eq. (1), when Re[¢] = —2¢,,, the polarizability o
is the maximum and the Localized Surface Plas-
mons Resonance (LSPR) is excited. Re[¢] = —2¢,, is
also called Frohlich condition®. When the metal
nanoparticles are in the LSPR state, the polarizabil-
ity and the efficiency of incident light absorption
and scattering are the maximum. Generally, the ex-
tinction cross section o, represents its total optical
response with a numerical relationship of o, = o, +
Ogea» Where o, and o, are the optical absorption

cross section and scattering cross section of particles

respectively®':
O = kIm[a] = 4nka3lm[ﬁ], (2)
e+2¢,
Ko, 8 s-g,
o= —lal’ = =nk'a’ “ |, (3)
T 6n|a| 3 e+2e,

where £ is the wave vector of incident light. Accord-
ing to Eq. (2) and Eq. (3), 0y, and oy, will be af-
fected by the dielectric constant ¢ of metal material
if the dimensionally stable metal particles are in a
medium environment with constant ¢,,. When the di-
pole LSPR is excited by Re[¢] = —2¢,,, the extinc-
tion cross section o, of spherical particles is the
largest.

According to the Drude-Lorentz dielectric
model, the incident light frequency w*! satisfying

the Frohlich condition is:

Wy = 7| ————— 12, (4

m

where ), is metal plasma frequency; 2 is the factor
of the influence of electronic interband transition on
metal dielectric constant™; , and Q are both de-
pendent on metal material; 7 is the electron collision
frequency, it mainly from electron-electron scatter-
ing, phonon-electron scattering and surface-electron
scattering, which is influenced by the size of metal
structure, the array distribution and the intensity of
electron scattering within the material and on the
structure surface™. As seen from Eq. (4), when o,
Q and 7 are fixed, wp will decrease as the dielectric
constant ¢, of background environment increases.
The corresponding wavelength will register a red
shift.

Due to the different complex dielectric con-
stants of various metal materials, the loss responses
of incident light in various metals are different.
Among them, silver (Ag) and gold (Au) are re-
garded as ideal materials to enhance the interaction
between light and matter based on LSPR effect, due
to their small absorption loss®”. Especially in the
visible light bands, compared with the LSP damp-
ing frequency of Au (I'y,), Ag has a lower damping
frequency I'a, and can produce a smaller light ab-
sorption loss®** (particularly obvious in the blue and
green bands). According to the physical properties
of the above materials, this paper designed an array
of Ag nanoparticles (Ag-NPs) to improve the blue
light absorption of Si, and calculated the influence
of Ag-NP array on the light absorption of Si by us-
ing the FDTD algorithm based on Maxwell equa-
tions.

2.2 Numerical calculation

To simulate the modulation effect of LSPs on
the light absorption of silicon, a simplified model of
the interaction between metal nanostructure and in-
cident light has been established, as shown in Fig.2
(color online). An Ag-NP array (in silvery white) is
arranged on the surface of Si (in red) to form an Ag-

NP/Si composite structure.
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(a) XY view of the simulation model
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(b) XZ view of the simulation model

Fig. 2 Model structure of Ag-NPs/Si
K2 Ag-NPs/Si fHRILEH

The calculation settings are as follows:

(1) Establish the geometric structure: Si is set
as a 20.0 pm-thick cubic structure with smooth sur-
face, while each Ag-NP is set as a cylindrical struc-
ture. The dielectric constant of Si is from the data in
[25], while that of Ag-NPs is from the data in ref.
[26] and is corrected and approximated according to
Drude-Lortenz model;

(2) Set the simulation and calculation area: the
simulation time is 5000 fs. Since Ag-NP is a period-
ic structure on the XY plane, the boundary condition
is set as follows: the Z-axis is the absorption bound-
ary of Perfectly Matched Layer (PML), and the X-
axis and Y-axis are set as anti-symmetry and sym-
metry respectively.

(3) Select the light source (4;,): the plane wave
with a wavelength range of 380~760 nm and a po-
larization direction parallel to the XY plane is set
1.0 um away from the upper surface of Si and is in-
cident directly down along the Z-axis;

(4) Set the Mesh precision: it is applied to cal-
culate the electromagnetic field distribution of a
complex curved surface model structure. A 3D
structure is adopted, namely dx=dy=dz=0.3 nm. The
geometric area is equal to the size of a single Ag
nanoparticle.

The physical model of light absorption of Ag-
NPs/Siis simply expressed by the following for-

mula derived from the law of conservation of en-
ergy:
Amcm1+AS|+R+T:1’ (5)

where Ay is the light absorptivity of Si; R is the sur-
face reflectivity; T is the transmittance of Si sub-
strate (according to the dispersion properties of sil-
icon™), the transmission depth for 4 = 760 nm is
about 8.52 pum, while the designed thickness of Si is
20 um; the incident light can be almost completely
absorbed by Si, so the transmittance is considered as
T = 0); A,.a represents the light absorption loss of
Ag-NP array”’. In this case, the reflectivity R in the
incident band and the light absorption loss A, of
metal particles can be accurately calculated by us-
ing the FDTD algorithm combined with the materi-

25-26

al characteristics of Si and Ag™2%, Then they are
substituted into the Eq. (5) to obtain the light ab-
sorptivity of Si, namely Ag=1—-R-A,.., and its

gain.

3 Results and discussion

3.1 Influence of the geometrical parameters of
Ag-NPs on the light absorption of Si
Under the action of incident light, metal nano-
particles can scatter and absorb the light, as de-
scribed by Mie theory™. According to Mie theory,

the optical response of metal particles to incident
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electromagnetic field is shown as follows™!:

24’ Na'e,*?
Aln(10)

& (6
(€ +xe,) +e2|

EQ) =

where E(1) is the extinction spectrum of a metal
nanoparticle; A is the incident wavelength; N is the
concentration of free electrons in the nanoparticle; a
is the particle radius, representing the influence of
particle size on extinction properties; ¢, is the real
part of metal dielectric constant; ¢; is the imaginary
part of metal dielectric constant; y is the shape
factor, usually y = 2 for a spherical particle,
x > 2% for an ellipsoidal particle, showing the cor-
relation between particle geometry and extinction
ability. According to Eq. (6), the size and shape of
Ag-NPs can influence their extinction spectrum in
an environment with constant ¢,,. Theoretically, by
adjusting the particle size, the LSPR effect can be
stimulated in the blue band to improve the blue light
absorption of silicon. In addition, given the same in-
cident wavelength, the light absorption gain of Si
will also be affected by the modulation effect of
geometrical factors on the extinction ability of Ag-
NPs. If G, is the light absorption gain of Si, then:

AAngPs/Si —As

G, = 2 % 100%, @)

Si

where A5, npysi 1S the optical absorptance of Si in
the Ag-NPs array structure, and Ay is the optical ab-
sorptance of single medium Si.

To realize the high blue-light absorption of Si,
the Ag-NPs array design is optimized by adjusting
the radius 7, height H and period P of Ag-NPs. In
the following calculation process, the optical ab-
sorptance of Si in the Ag-NPs array with different
geometric parameters in the air will be obtained by
using the FDTD algorithm. The material properties
of Ag and Si®*?%, the boundary conditions and oth-
er settings are the same as those in section 2.2.

3.1.1 Influence of the change of Ag-NP cylinder
radius »

According to the dipole approximation theory,

when the size of metal particles is much smaller
than that of the LSPs excited by incident wave-

1, the particle size L and the resonance

length!
wavelength A,y are in the numerical empirical rela-
tionship L~0.14,,. As the resonance wavelength
should be located in the blue band, the radius » of
Ag-NP cylinder is preliminarily determined to be
within 12.5~22.5 nm according to the above size re-
lation. The step size is set as 2.5 nm, and the height
is H =50.0 nm. In order to remain the coupled in-
tensity of incident light contributed by the interac-
tion polarization of dipolar electromagnetic field
within the fixed adjacent Ag-NPs. In Fig.2, the min-
imum distance D between metal particles is un-
changed, D = 20.0 nm. The optical absorptance of Si
(Ag;) calculated by the FDTD method and its vari-
ation are shown in Fig.3 (color online).

The Fig.3 (a) shows the optical absorptance of
Si in the Ag-NP cylinder array with different radii
(r). For r = 12.5 nm, 15.0 nm, 17.5 nm, 20.0 nm or
22.5 nm, the maximum optical absorptance of Si is
Agi = 74% (A = 451 nm), Ag; = 76% (4 = 460 nm),
Ag; = 77% (A =470 nm), Ag; = 78% (1 =479 nm) or
Agi = 79% (A = 486 nm) respectively. As seen from
the curve, there are two absorption peaks with dif-
ferent intensities in the absorption spectrum of Si.
This is similar to the absorption or scattering spec-
trum of Ag-NPs calculated in refs. [29-35]. Accord-
ing to the Ag; defined in Eq. (5), when Ag has a low
blue-light absorption loss and the transmittance is
ignored, the occurrence of double absorption peaks
is mainly related to the change of Ag-NPs extinc-
tion ability caused by the shape and structure of
metal particles and the dielectric constant of array
substrate. As known from the parametric shape
factor y in Eq. (6), the extinction spectrum of a met-
al particle depends on its own structure. If the sur-
face structure of a particle is complex with several
different symmetry axes, the free electrons in the
LSPR state will oscillate inside the particle in differ-

ent ways. The extinction spectrum reflects multiple
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cause it has three different axes of symmetry”. % 0l
Secondly, according to the Ag-NP extinction spec- g
trum calculated in ref. [35], the single formant in the ‘;‘)‘ 04r — E%g nm
extinction spectrum will gradually split into two 02f E Eéé:é EE
with the increase of the substrate refractivity n if n > 0 ) . —— NoAg-NPs
2. The analysis result shows that, compared with the 380 a7 Waveg]gth,nm 065 700
common oxide substrates with low refractive index 0.80 490
(such as Si0,, n <2), silicon (Si), the substrate ma- ®)
terial used in this paper, has a higher refractive in- ° 1480 g
dex and a higher dielectric constant. During the ex- é o E
citation of LSPs, the charges accumulated on the % 1470 é’_
surface of Ag- NPs generate an electric field nearby, s 0T 1 460 zﬂg
causing obvious polarization on Ag-NPs/Si inter- :—_giegll(as;()rgitt?gﬁe
face that induces the electric field to react upon the 014, 150 175 20.0 7 50
metal nanoparticles. This may affect the internal res- Radius/m
onance mode and generate double absorption peaks, 40 © — —1250m
because LSP is the quantum state of collective elec- E Eig% Eﬁ
tron motion inside the matter in terms of quantum __ Of ——r=22.5nmm
mechanics™. Under the polarized electric field at the 133
interface, the wave functions of the quantum states o 40|
of LSPs inside particles may overlap and cause the
quantum interaction, which will affect the extinc- 30 ) ) )

380 475 570 665 760

tion performance of Ag-NPs and lead to the phe-
nomenon of double absorption peaks. It is con-
cluded from the above analysis that the geometrical
structure of Ag-NPs and the high dielectric constant
of the substrate are the main reasons for the occur-
rence of double peaks on the absorption spectrum of
Si.

The Fig.3(b) shows the relationship between
the resonance wavelength 4., and the radius . The
curve shows that A, is redshifted with the in-
crease of r, which means that 4., increases from
451 nm (r = 12.5 nm) to 486 nm (» = 22.5 nm). The
analysis shows that the increase of radius r will
cause a longer interaction distance of dipoles in Ag-
NPs, a smaller recovery coefficient and a lower res-
onance frequency of oscillating electrons, and the

redshift of LSP formant position®®l.

Wavelength/nm

Fig. 3 Influence of geometric parameters of Ag-NPs on the
optical properties of silicon. (a) Absorptance versus
radius 7 in blue band; (b) absorptance and resonant
wavelength versus radius r; (c) absorption gain

versus radius 7 in blue band
K3 Ag-NPs JUMSERERDEFAT AW . (a) k12
r R RETEHEGI BER ISR R 5 (b) a3 5 gk
BB r 9781k (o) B4R r X REAE TG B Y
W IACHE i 5 M)

The Fig.3(c) is obtained after substituting the
calculation results of Fig.3(a) into Eq. (7). The ab-
sorption spectrum lines in the figure indicate that the
change of radius r affects the light absorption gain
G s Of Si at the same incident wavelength. The ana-
lysis of this change shows that, according to Gans

theoryP”, the extinction coefficient o, (1) of ellips-
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oidal metal nanoparticles can be expressed as:

(8’ +

where V' is the particle volume; ¢4 is the dielectric

(1/P)e

1-P;
—Ismed + (8,)2

P.
(8)

2nVe

med

Tould) = =7

2 )

J

constant of space environment; ¢ is the real part of
dielectric constant of metal particle; &' is the ima-
ginary part of dielectric constant of metal particle; P,
represents the polarization factor and is related to
the aspect ratio of the particle. According to the ex-
tinction coefficient o.(4) defined by Eq. (8), not
only the volume V but also the aspect ratio (or polar-
ization factor P)) of a particle will change during the
adjustment of the radius » (the height H is un-
changed). As a result, under the joint modulation of

the parameters V' and P;, the light absorption gain

ferent.

According to the above analysis, Si has a high-
er absorption rate (4g; =~ 79%) in the blue band
(A=486 nm) when the radius of Ag-NPs is 22.5 nm
(H=50.0 nm, P=65.0 nm).

3.1.2 Influence of the change of Ag-NP cylinder
height
To further optimize the light absorption gain of
Ag-NP array on Si and analyze the change of blue
light absorption of Si with the height H of Ag-NP
cylinder, we set the radius and period as 22.5 nm
and 65.0 nm respectively according to the data res-
ults in section 3.1.1. In the range of 30.0 ~ 70.0 nm,
the height H was adjusted with the step size of
10.0 nm. The absorption spectra of Si based on the
Ag-NP arrays of different heights were calculated
with the FDTD algorithm, as shown in Fig.4 (color

G, of Si in the Ag-NPs with different radii is dif- online).
1.0 0.85 550
@ (b)
0.8 0.80 | 1530
5] @ £
S 06} g 0751 1510 &
= =S — =
2 20 2 2
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b 0.4 H=10 nm 3 0.70 490 <
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g
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380 475 570 665 760
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Fig. 4

Influence of geometric parameters of Ag-NPs on the optical properties of silicon. (a) Absorptance versus height A in

blue band; (b) absorptance and resonant wavelength versus height H; (c) absorption gain versus height A in blue band
K4  Ag-NPs JUMZEORERDCFMERTIRN . (a) R H A RETE MG B A MOBGEZ R ; (b) G ieae 5 4 i < b g B2
H 7284 () i BE H A RELE DG BRI 45 52

The Fig.4(a) shows the change of Si-ab-

sorptance Ag; with the particle height H. For H =
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30.0 nm, 40.0 nm, 50.0 nm, 60.0 nm or 70.0 nm, the
maximum optical absorptance of Si is Ag; = 64%
(4 =452 nm), Ag; = 72% (1 = 466 nm), Ag; = 79%
(A =486 nm), Ag; =~ 83% (4 =498 nm) or Ag; = 82%
(A = 544 nm) respectively. The Fig.4(b) shows the
relationship between the resonance wavelength A,
and the height H. The curve shows that with the in-
crease of Ag-NP height H, A,
452 nm (H = 30.0 nm) to 544 nm (H = 70.0 nm).

Because a cylindrical metal nanoparticle has a ver-

« 18 redshifted from

tical axis and a horizontal axis, its surface plasma
will resonate in two modes in different directions.
That is, the vertical surface plasma will resonate in
the y-direction, while the horizontal surface plasma
will resonate in the x-direction. The resonance
wavelength of surface plasma will shift with the
change of aspect ratio*. Therefore, the increase of
height H will lead to the decrease of electron oscilla-
tion frequency and the redshift of formant position.

The light absorption gain in Fig.4(c) is ob-
tained after substituting the calculation results of
Fig.4(a) into Eq. (7). The curve in Fig.4(c) shows
the influence of height (H) change on the light ab-
sorption gain G, at the same incident wavelength.
If H = 50.0 nm, the maximum G, will be 30% at
A =475 nm. If H < 50.0 nm, G,,, will increase with
the height H. If H> 50.0 nm, G, will decrease with
the increasing height H. In other words, with the in-
crease of Ag-NP height H, G, will increase first
and then decrease. The analysis of this phenomenon
based on the Gan theory”” shows that, the height H
(fixed radius ») determines the metal nanoparticle
volume ¥ and the polarization factor P, as seen
from the extinction coefficient o,,(4) defined by Eq.
(8). Both factors jointly modulate the intensity of
coupling between incident light and Ag-NPs and af-
fect the extinction ability of Ag-NPs, so that the Ag-
NPs with different heights produce different light
absorption gains for Si.

According to the above analysis, Si has a high-
er absorption rate (Ag; = 83%) in the blue band

(A=498 nm) when the height of Ag-NPs is 60.0 nm

(r=22.5nm, P=65.0 nm).

3.1.3 Influence of the change of Ag-NP array peri-
od

In fact, the optical response of a metal nano-
particle array to incident wave depends not only on
the material, size, shape and ambient medium of the
mono-metal nanoparticles, but also on the distribu-
tion of the array particles™. To further optimize the
light absorption gain effect of Ag-NPs array on Si,
the influence of Ag-NPs period P on the blue light
absorption of Si was investigated. The period P con-
tains the Ag-NPs diameter 27 and the minimum spa-
cing D between adjacent particles. If the size of Ag-
NPs is fixed and D is changed in the optimization
process, the coupling intensity of incident light con-
tributed by the interaction between the dipolar fields
of adjacent Ag-NPs can be changed to affect the
light absorption of Si. According to the calculation
results in sections 3.1.1 and 3.1.2, the radius and
height were set as » = 22.5 nm and H = 60.0 nm re-
spectively. In the range of 60.0~80.0 nm, the period
P was adjusted by a step size of 5.0 nm. The optical
absorption spectrum of Si was calculated with the
FDTD algorithm. For the results, see Fig.5 (color
online).

The Fig.5(a) shows the effect of metal particle
period P on the optical absorption spectrum of Si.
ForP=60.0nm, 65.0nm, 70.0nm, 75.0nm or 80.0 nm,
the maximum optical absorptance of Si is 4g; =~ 82%
(A =539 nm), Ag; = 83% (1 = 498 nm), Ag; = 80%
(A=486 nm), Ag; = 78% (A =477 nm) or Ag; = 75.5%
(A = 462 nm). The Fig.5(b) shows the relationship
between the resonance wavelength ., and the
period P. The curve shows that 4., is blue-shifted
from 539 nm (P = 60.0 nm) to 462 nm (P = 80.0 nm).
According to the CD-Method theory™, the dipole
polarizability in Ag-NPs has the following relation-
ship with the period:

-AE,

= o “Re(AS) + iy + Im(AS))

9
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where 1 is the dipolar polarizability of metal nano
array; A is the dipole action matrix related to the ar-
ray period, whose modulus is a normal number; E|,
is the intensity of external field; w is the frequency
of incident field; w, is the LSPR frequency of

mono-metal nanoparticle, which is influenced by the

dielectric constant of ambient environment™; y is the
half width of its extinction spectrum; S is the hyster-
esis dipole . The AS in Eq. (9) changes with the
period P. According to the CD-Method theory™”, if
the period is P < 100 nm, @, and y will remain un-

changed and /¢, will be blue-shifted with the in-

material, size and geometry of the particle and the crease of P.
1.0 0.84 540
(@) (b)
) 0.8 . 1520 g
S S 0.81 - <
S o6} s - 5
o o =
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Fig. 5

Influence of geometric parameters of Ag-NPs on the optical properties of silicon. (a) absorptance versus period P in

blue band; (b) absorptance and resonant wavelength versus period P; (c) absorption gain versus period P in blue band
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The light absorption gain of Si in Fig.5(c),
namely Gy, is obtained after substituting the calcu-
lation results of Fig.5(a) into Eq. (7). The curve in
Fig.5(c) shows the influence of period (P) change
on the light absorption gain G, at the same incid-
ent wavelength. If P = 65.0 nm, then G, will be
34% at the incident wavelength A = 498 nm. If P <
65.0 nm, G, will increase with P. If P > 65.0 nm,
G, Will decrease with the increasing P. G, shows
a general trend of increasing first and then decreas-
ing. The analysis results show that, the increase of

the period P will affect the polarization effect of ad-

jacent particle dipoles™ and change the intensity of
local electromagnetic field in the particle gap. If P =
65.0 nm, the interaction of local electromagnetic
fields will maximize the polarizability a of metal
particles and the light absorption gain G, of Si. If
P < 65.0 nm, the coupling between dipoles in adja-
cent Ag-NPs is so strong, that the light absorption
loss A e Of Ag-NPs increases and the light absorp-
tion of Si and the light absorption gain G, de-
creases. If P > 65.0 nm, the interaction between di-
poles in adjacent Ag-NPs will decline with the in-

crease of the period P. Although the non-radiation
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loss effect of Ag-NPs is inhibited™, the effect of
coupling between incident field and Ag-NPs is
weakened. The LSP intensity decreases with the in-
crease of the period P**. As a result, the reflectance
R increases and the light absorption gain G, of Si
decreases with the increase of the array period P.

According to the above calculation, when the
radius, height and period of Ag-NP array are 22.5 nm,
60.0 nm and 65.0 nm respectively, the maximum
light absorption rate Ag; of Si will be 83% and the
absorption peak position will be 498 nm with the
peak wavelength at the edge of the blue band. In or-
der to meet the current requirements for efficient
blue LED detection, it is necessary to continue to
adjust and optimize the design scheme so that the
maximum blue light absorption of Si can happen in
the range of 440~480 nm.
3.2 Light absorption enhancement mechanism

of LSPR effect

Based on the above calculation of the influ-
ence of Ag-NP geometry parameters on Si ab-
sorptance, we repeatedly optimized and calculated
the radius 7, height H and period P of Ag-NPs and
the distance D between adjacent particles and fi-
nally obtained the following results. If » =18.5 nm,
H =45.0 nm and P =49.0 nm, the highest light ab-

1.0

(@
08 Ag-NPs/Si
061}
Si
0.4}

Si absorptance

021

0 L L L
380 475 570 665 760

Wavelength/nm

sorption rate of Si in the Ag-NPs/Si composite
structure will be approximately 94% and the reson-
ant wavelength will be /¢, = 465 nm. The light ab-
sorption spectrum of the single medium Si in
Fig.6(a) is derived from the calculation results of
FDTD algorithm for the interaction between incid-
ent light field and Si*. From the illustrated calcula-
tion results, it is found that in the Ag-NPs/Si struc-
ture, Si fails to achieve perfect blue light absorption.
The numerical function of Si-absorptance Ag; based
on Eq. (5) is expressed as: Ag; = 1 — Ao — R. Due
to the light absorption loss A, and reflectivity R
of Ag-NPs, the incident light at the wavelength 4 =
465 nm is not fully absorbed by Si (4g; < 100%),
and double absorption peaks also appear in the ab-
sorption spectrum of Si (according to the dispersion
characteristics of Si, the design thickness of Si in the
Ag-NPs/Si model is much larger than the penetra-
tion depth of blue light, so blue light is almost com-
pletely absorbed by Si and the transmittance 7' can
be ignored). This phenomenon has been explained
previously and will not be explained again. After
substituting the calculation results of Fig.6(a) into
Eq. (7), the light absorption gain of Si in Fig.6(b) is
obtained. At A = 465 nm, the maximum absorption

gain is obtained, that is, G,,, = 57%.

60

(b)

30+

Gabs/ (%)
o

730 L

760 I I I
380 475 570 665 760

Wavelength/nm

Fig. 6 Si-absorptance in visible bands from 380 nm to 760 nm. (a) Absorptances of silicon without and with Ag-NPs on the

surface; (b) absorption gain of silicon
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We explored the influence of LSPR effect on
the light absorption of Si in blue band. The analysis
results show that, the absorption loss 4., of Ag

material in the blue-green band is extremely low™®,

and the transmittance can be considered as 7= 0 ac-

cording to the dispersion relation of Si. Therefore, it
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can be concluded from Eq. (5) that the enhanced
blue light absorption of Si results from the decrease
of the surface reflectance R of Si in this band. After
the incident light frequency w;, matches the LSPR
frequency w;gpr and the equation Re[e] = —2¢,, is
met, the generated LSPR effect provides Ag-NPs
with a maximal extinction cross section (or absorp-
tion cross section mainly for small particles)®. The
energy of incident field is converted into the oscil-
lating kinetic energy of dipoles inside the particle to
effectively reduce the reflectance R of Si surface.
However, according to the polarizability a of metal
particles defined in Eq. (1) and the dispersion rela-
tion of complex dielectric constant of Ag material®),
the condition w;, # wgpr in the incident band of
other frequencies will cause Re[e] # —2¢,,, leading to
a small polarizability a, a lower effect of coupling
between incident light and Ag-NPs, a non-resonant
state of Ag-NPs and another increase of reflectance
R in theory. We detected the reflected light energy
1 um above the Si surface, and calculated the re-
flectivity R with the FDTD algorithm under the
same calculation conditions, as shown in Fig.7. It
can be seen from Fig.6 and Fig.7, when the light at
Ain =465 nm is incident on the Si surface, its reflect-
ance will be R; = 0.41. According to the Eq. (5), the
optical absorptance of Si is 47 = 0.59 (Ayeq = O if
no Ag-NPs exist). When the light is incident on the
Ag-NPs/Si structure, the reflectance will drop to
R, =0.01. According to the FDTD numerical meth-
od, the light absorption loss of Ag-NPs is calculated
to be Ao = 0.05, as shown in Fig.8. The curve
shows that, the theoretical blue-light absorption loss
of Ag-NPs is similar to the light absorption loss of
40 nm Ag-NPs calculated by M.A Garcia®" (see the
Fig.8 in ref. [34]). After substituting the light ab-
sorption loss A, of Ag-NPs into Eq. (5), the op-
tical absorptance of Si in the Ag-NPs array is de-
termined as A, =~ 0.94, higher than 4, (4, = 0.59).
From the curve in Fig.8, we also find that although
the light absorption loss A at 4 > 465 nm is

smaller than 0.05, the reflectance R is still increas-
ing, as shown in the reflectance curve of Fig.7. As a
result, the optical absorptance of Si calculated by
Eq. (5) is Ag; < 0.94. For example, if A = 475 nm,
R = 0.04 and A4,,., = 0.03, the optical absorptance
calculated by the above Equation (5) will be Ag; =
0.93.

0.6
Si
> 04+
=
2 Ag-NPs/Si
5
@ 02}
0 L L L
400 425 450 475 500

Wavelength/nm

Fig. 7 Reflectivity R of structure surface in blue band

versus absorption loss 4., of Ag-NPs
K7 I BA RIS R 5 Ag-NPs JEI IR AE
Aot FIRFR MZE

It can be seen from the above data that the
LSPR effect reduces the reflectivity of Si surface,
and that most of the incident light energy is coupled
by Ag-NPs into the interior of Si and then absorbed
by Si.

0.4

031
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Ametal

0.1}
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400 425 450 475 500
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Fig. 8 Absorption 10ss 4 e 0f Ag-NPs in blue band
K8 Wit Bt Ag-NPs JEIRHRFE A e HH1ZE

3.3 Gain effect of Ag-NPs array on photo-gen-
erated carriers
The number of generated carriers has a certain
effect on the quantum efficiency of semiconductor

photodetectors. If the production rate of electron-
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hole pairs, namely G,(x), is used to represent the
number of photo-generated carriers™*'), then:

(1 - R)Pop!

G.(x) = D,aexp(—ax) = Y

aexp(—ax),
(10

where @, is incident photon flux, R is reflectivity,
P,y is incident light power (W/m?), S is incident
area (m?), hv is single-photon energy (eV), and o is
the absorption coefficient of a medium (m™). The
power density of incident light is 1 W/m* Depend-
ing on the optical absorption energy (internal en-
ergy loss of undirected air propagation) of silicon is

all converted into hole-electron pairs. The calcula-
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Propagation distance/nm
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tion conditions are the same as those in section 2.2.
By using the FDTD algorithm and Eq. (10), we cal-
culated the number of initial photo-generated carri-
ers of Si in the Ag-NP array under the conditions
Aip = 465 nm, r = 18.5 nm, H = 45.0 nm and P =
49.0 nm. The results are shown in Fig.9(a), where
the horizontal axis represents the propagation dis-
tance of incident light within Si. The comparison of
carrier generation rates in Fig. 9(a) shows that the
LSPR effect can increase the number of photo-gen-
erated carriers in Si, and indirectly indicates that a
certain number of photo-generated carriers can be

generated in the depths of silicon.
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Fig. 9 Generation rate of carriers at A;;, = 465 nm: (a) carrier generation rates of Si/Ag-NPs and Si; (b) gain ratio
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If G is the number of photo-generated carriers

(m™) and M is the gain ratio of G, then:

GAg-Nm/Si - Gsa

, (11
GSi

M =

where Gy, npysi and G are the concentrations of
photo-generated carriers in Ag-NPs/Si structure and
single medium Si respectively. After substituting the
number of photo-generated carriers (G) calculated in
Fig.9(a) into Eq. (11), the gain of G in the Ag-
NPs/Si structure is determined as M = 0.53, as
shown in Fig.9(b). According to the analysis of
G,(x) defined in Eq. (10), M is caused by the de-
crease of the reflectivity R of Ag-NPs/Si structure.
The physical mechanism of this change has been ex-

plained in the previous section, so it will not be re-

peated here. Therefore, the following conclusion is
drawn: theoretically, the LSPR effect can increase
the number of photo-generated carriers and the
probability of carrier collection by electrodes, and
enhance the quantum efficiency of Si-based photo-
detectors.

The above research results have important the-
oretical reference value for the design of silicon-
based visible light photodetectors with high blue-

light response and for the solution to other issues.

4  Conclusion

The effect of Ag-NPs/Si composite structure on
visible light absorption was studied in this paper. In

the blue band, the relations between the geometrical
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parameters (radius 7, height H and period P) of Ag-
NPs and the light absorption of Si were calculated
separately. When the radius r is increased, the optic-
al absorptance of Si will increase and the formant
position will register a redshift. When the height H
is increased, the optical absorptance of Si will in-
crease first and then decrease and the formant posi-
tion will register a redshift. When the period P is in-
creased, the optical absorptance of Si will increase
first and then decrease and the formant position will
register a blueshift. The optimization results of Ag-
NPs/Si composite structure show that when the

parameters of Ag-NPs structure are » = 18.5 nm,

—— 3O R ——

1 3l
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VT AF R, Fifi B 3% T 55 25 0T (Surface Plas-
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KUk (Au-Nanoparticles, Au-NPs) 78 & 4= 2 i %
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H =45.0 nm and period P = 49.0 nm, the maximum
absorption rate of Si will be 94%, the maximum ab-
sorption peak wavelength will be 4 = 465 nm, and
the light absorption gain will be 0.57. The calcu-
lated gain of the number of photo-generated carriers
of Ag-NPs/Si at 4 = 465 nm is approximately 0.53.
The enhancement of optical absorptance of Si and
the increase of the number of photo-generated carri-
ers are related to the decrease of surface reflectivity
of Si caused by LSPR effect. The research results
have high reference value for the design of silicon-
based visible light photodetectors using Ag-NPs to

enhance the blue light response.
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3(a) 4 T RFEREARS r 19 Ag KR H: 4
FI Si G CE, 1l UL, 2 4350k 12,5, 15.0,
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17.5. 20.0 5 22.5 nm A, Si A3 6 ICR 435
N Ag; = T4% (A =451 nm). Ag; = 76% (A= 460 nm).
Ag = 77% (A = 470 nm). Ag; = 78% (A = 479 nm)
5 Ag; = 79% (A = 486 nm)., 1@ 1 & il £k & B,
Si 14 YGRS A7 T4 5k J3E AN ] F R A 0, Sk
[29-35] 552 Ag-NPs W I ek BURHE Gt
BAEMEN . 16 Ag BABARM I FE
NGB ERITEILT, 4R Si 1B i I
S EEE S W &R RIAREEH | 1454 I
A L R/ R A Ag-NPs TG4 8 {1k AR
Ko MRIESHOCARE F p 2 SCRTAI, 48 JUks )
THICICTEUA T 1 B2, 0 14 TE 254 35
N 2% BA LA RE SRR, 46 F LSPR AR
A0 A B LA AR R IR G,
TH G S 22> LRI, 91 40 AER TR 4 8 4 oK
ORI A 3 SRR RG22 4 3 LR
R HYR, AR SOk [35] A Ag-NPs 461
R, MR 0> 2 W), B 0 B93GIN, W6
T B PR G 120 T 4 A BRI, 43 BT Ry, 5
B AT S A AR (BN : SiO,, n < 2) FFIEAH
F, AR SO B4 A RS 3T R A L A
L HBUROK, 7RI & LSPs Buid #Eh, Ag 40k ik
00 R R Y A far 7E B OE T AR L b, i Ag-
NPs/Si 1 Ui 304 B 8 A ISR, 75 5 L far
TE B A HEL 37 A P 4 8 Al Kok, T BE 235 M
TS 118 A T 7 A U I R 5, DR DA i
J1ZE A BT, LSPs 24 it N FEL TR (K12 3 1Y)
A, R E A AL B S E R E, ORI
LSPs = T2 % BT fE 2 KA E S5
THIE AR, 8 Ag-NPs B G HR 1 52 1) 5% 0 11
FEAERIOE IS . 56 LRI, Ag 9K
UL P JL AT 45 44 54 I 205 3 1 A | B0 Si 1)
FEM I BRI G 1 2 R A

K 3(b) s T HARIE Ao 52142 r HYZE
R, B T B s e B (1S TR
RAELHYEIER, B Ay AN 451 nm (r =
12.5 nm) 3 /il & 486 nm (» = 22.5 nm). 23 #Hrik
M, 2B r B ANE Ag-NPs BB T 4 FH B4
AR IE K, S8R BT B2 RE0/N . LR
SR FEAIL, 51 LSPs JLARIE(T 2T 50,

W18 3(a) IR RARA LK (7) 7115 3]

Kl 3(c), Bl Byl is £k 32 B 242 v 2R fR A [R]
— AR St BOEIR Y 5 G 52 FIF M .
X FiZ AR R, AR Gans PRSP, 4 @ g0 K
BRIFORL T O R K 00(A) PTRINR:

2nVe”? 1/P)e
)= =5 ) (_P_ ) —
i (8/ + P ! Smd) +(&)
(8)

A, VRIRIRARTR, eeq 25 RIFAEEA HLH
B, & R4 B R HL BT, & R &R
KA HLH OB, P R 7, 5 BOR AR
A G, (8@ LITHIERE oou(2) W, 7
PHAT AR (B H AR ) B B rp, RSOk AR
TV kA8 Ak, A U PR L B Ak R
Py A, FEOHE R 00D RSV 5 P 3L
A GIAE R, MR FREAR r B Ag 40K FUR %t
Si FEMISINE S Gps HA 2251

IR EEAR AT, 2 Ag-NPs 248 =
22.5 nm( & & H = 50.0 nm, J&# P =65.0 nm) i,
Si 7€ 5 ot 4=486 nm I Bt H A # & 1B R Ik R
Agi = 79%:

3.1.2 Ag #h KB A& E T F0R

Syt —HAAk Ag-NPs FEHI%} Si (1560 it
T R, TRIT Si MW EM I HE Ag 40K [BRIAT: = B2
H 2 A 00, AR 3.1 B BR4s 0, ki
JHAE B E N r=22.5mm 5 P = 65.0 nm, £
30.0~70.0 nm JEE P LA 10.0 nm 254 0 15 v
H, 134 FDTD Bkt A 2E T AN S E Ag 4
KRGS Si GRS, Gkl 4 FR .

Kl 4(a) 7R T Si WOGIRICR Ag; Rl 7 i
Wi B H AR O, 28 H 43 512 30.0. 40.0,
50.0. 60.0 5 70.0 nm I, Si Y5 5 G U 2843 1)
M Ag; = 64% (A =452 nm)., Ag; = 72% (/. = 466 nm).,
Ag; = 79% (A = 486 nm). Ag; ~ 83% (4 = 498 nm)
5 Ag; =~ 82% (A =544 nm)., & 4(b) 44 T IR
K Apear T 0 E HIYEAL G FR, Bt & £ W
Apeak W8 Ag-NPs (& B H (14 38 TN £LF | Apear HH
452 nm (H=30.0 nm) ZIF % 544 nm (H=70.0 nm).
F1 T 4 J B R R 9 K JUR A7 e A AR el , L4
PR T A PRSI J5 1] 92 1 4 B TR
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B VPO Ty 1) ) 2\ 1) 2 T 45 B ST S5 T R
7 T Ak 1) 2 1T A5 BT . R4S BT
A IR 4 25 Bl R\ 9 B L ) AR Ak T
FE B DR I i B H I 15 0 5 B0 HR 4IR30
%, It B RIE A K AE20R

B 4Ca) B9 H 45 RACA AL (7) 15 2
Bl 4(c) moemeliost 25, B g s T4 — A
WK, w5 HAE X SRy ok Ik ey
Goas WIEEM . BT UL 7E 1 =475 nm &b, 24 H = 50.0
nm B, G 5 5 N 30%; 24 H < 50.0 nmf,
Gaps Bl {51 5 H PRGN 05 24 H > 50.0 nm A,
Gaps Bl 155 B H (W 3G T BEAR, RDRE A Ag-NPs /=
FE H P3N, G 2B SE1G K5 W0/
TG, 454 Gan FHIEEY 454007 i aX(8)
TH IR B o(2) 1I5E SCAT RN, 48 4H K AT R R
V S5HALE T P 3R R R H AL S Ag-NPs A
AR, S Ag-NPs (YT JGRE 77, i e B H( [
FEAE ) BE T & B AR BB IR v 5 LA
5 P RV, INTTEAS ) 5 2 H 1) Ag 9K kL
XT Si IR £ HA 25 b

MG AT, 24 Ag-NPs =/ H=60.0 nm
(4% r=22.5 nm, A P =65.0 nm) B}, Si 7F 5
ot 24=498 nm Kb B A B E OGM IR, R Ag =
83%.
3.1.3 Ag HhKE RS BB T e Fh

S b, 42 48 K ORI 51 Xk A S Ik S i 1
{14 5% W) AN AN EC T B 45 T 0 K SBORL I 4 5 . R
SRR T B BB A I, BB AORE A 43 A iR
AL S R AR B AR, S — 2
fb Ag-NPs B4 51 X%} Si 11 5 W Wi 384 25 200, #8580
Ag GK TR EI P X ST EIR IR I .
F PALE Ag QK BURL A% 20 FIAH SRR F /N
[EHE D B, 2l Ag-NPs ]F [, 7Ei ikt
Rl D R AR, BUEAHAR Ag GIR IR (AR
Y 22 6] B HH B AE R A S R A3 8, AT 5%
W) Si M. AR 3.1.1 5 3.1.2 WYL
R 245 5 5 4 ) 1 %E 4 22.5 nm Al 60.0 nm,
1E 60.0 ~80.0 nm/N LA 5.0 nm A58 JE14 P (A,
4G FDTD Bk Si il 25 - s
CF B LA H 7 W) T o

Bl 5(a) JB/R T 48 ok A 1A P Xt Si il
W% R ), 24 P Bk 60.0. 65.0. 70.0,
75.0 5 80.0 nm A, Si () H% i 06 W R 43 3 A
Ag; = 82% (A = 539 nm). Ag; ~ 83% (A = 498 nm).,
Ag; = 80% (A = 486 nm), Ag; = 78% (4 = 477 nm)
5 Ag; =~ 75.5% (A =462 nm). & 5(b) %5 T HE4E
P Dpea T P EYSCER, th B2 ml LI
S Apeak F1 539 nm (P = 60.0 nm) 5 #% % 462 nm
(P =180.0 nm), H4E CD-Method HiEP, Ag 44K
ORE N R A A3 5 TR B I DG &

- -AE,
~ w—{w, —Re(AS)} +ily + Im(AS)}’

o, ITERR & R AR R AR T AL 3R, 4 2
537 Ji) A O R A AR -V P AR B, A 1E 5,
Eo BINHRE, 0 Fom ASTIIR, w) FoR .4
J& K JIURE Y Ry 3 2% 1 A B OC LR AR, HLaz
WORL AR . RS 55 JLARTIR AR B G e Ak J) 6 B 85
A HLUH BOA R0,y IR Y, S %
NIRRT T PR AR AR =S (9) R
AS K AR, MR CD-Method B¢ B, 7 J 1)
P <100 nm i, wy 5 y BEERAE, Lpeq 23 B S 1
P g & A R

e 5 () At A7) AT 2 5(c)
FIT7N B Si BITEIRMIN 25 Gy B HIZR )RR T JH]
W1 P RyARAEXT SiFE R — AT B I
25 Gaps FAERISER . 7EASE 4 = 498 nm 4k,
P =65.0 nm, | G, N 34%; >4 P < 65.0 nm i,
Gaps Bl JE B P 3G INEE N 24 P > 65.0 nm B,
Goaps Pl 51 BE P IR NI BEAIR, Gps SRR S
NSNS AN A = E N TR VNS P i e
S R 0 U R A E AR AR RIS, et fhe ]
B 1) J) B H R b v B R A AR AR, MR P =
65.0 nm B, Jay 3 F 14 4 A A B A A 46 i Ao
A o e K, ST HEIRIIE £5 Gape TR 4 P <
65.0 nm I} AH4AR Ag-NPs NAE#L T 2 8] A48 4 1
5, WA T Ag-NPs (9 )6 W U B FE Aperas 3L
Si WY L T RIE 25 G AR 24 P>
65.0 nm [}, A2 Ag 4HK UKL PN (A - 8] B AH
VEFIRE I P R3S FeAIK, S48 Ag-NPs 1y
BRI FERON A BRI B, H R T AN TS Ag-

9




1380 A

P13 %

NPs 119 #l A 2500 98 55 , = B0 LSPs 58 B A J&] 1]
P (RGN REAREY, i 5t R A iy, 323K Si
IEI IS 25 G s BERES R P A T FEAIR

RE_ER A2 A0, 2 Ag 40K FUkL RS 51
A2 r=22.5nm, = H=60.0 nm 5 P=
65.0 nm I, Si BGIRISCR Ag; Feimn, o 83%, MR
WS Apeaic = 498 nm, IR K b T BB
N, R T iERN HRETEE LED &R0t
oK, AL EAREL IR, S e R R ]
W& HEAE 440~480 nm X8,
3.2 LSPR %(RI%T Si B IRUSTIESE AL IR

HIHTH T Ag-NPs (945 JLIT S0 Si ik
SERISEN, E LR E, 2%t Ag @K BURL Y42
ro I H, R P SHSSRTRIEE D B2
HE, B 2 r=18.5nm, H=45.0 nm, P =
49.0 nm B}, Ag-NPs/Si & & 4544 Si (B icR iy
1=, 2070 94%, FAIRPEK Zpeq = 465 nm, 411K 6(a)
i B s—A R Si GRS PR T FDTD
BT A S SIS A E AR BTSSR
It E T A SR B, 7E Ag-NPs/Si 454,
Si A BESL BT A BN . MR =X (5) AT,
Asi =1 = Ape — R, T Ag-NPs B RE I
FE Amerr 5 IR R AFAE CRE Si A9 LHURRME,
Ag-NPs/Si A Si (i TR e K T W63
ARBE, WeHE Si JL-F- 23, B4R T 4
W& ), i F5 97K A = 465 nm A9 A BT 6 K 8
Si IR (Ag; < 100%), I HAE Si 1EI IS
Hs AELE U ST, Xt 2 R G iy SC AU g, AN
P K 6(a) TR S RAAAX(7), 11R
F & 6(b) Si FEM S 25, 7T UL, 7E 4 = 465 nm
b EA i IR IO 25 s = 57%0

R ST LSPR &% X Si 78 15 6 ik Btk
Wi sE ), BT Ag AORHEE P Sk B0 WSO #E
A et BAKR, T T SCHENIE S % T =0, KL, 8
(5 T St AR IS 5 B4 U T
BRI R TR R R, YAFDEIR o, 5F
3o, % T 45 B8 VO SR AR I R oo gpp AHITTL, T 2
Rele] = —2¢,, 45 £ T 10 7 A= () LSPR & i 2 ff
Ag-NPs HATH K AT G (/NRSTRL, DA
WO T OA 32) B2, BRRsE, A S 47 e e 2 40k SR Y
PR PR B ae, AR T Si R IRy

JERATR R SR, AR 4B R AL R o 1 E
(D), T Ag ABHE A B R B0 B BOC R Y
AL, # H BRI A B (H) o, # opspr) TR
I Ag-NPs, 23512 428 /- FLH 4L Re[e] # —2¢,,, T
FALE o BN, BLiF, ASES Ag-NPs ARG
RO A, A 0RE AL F AR JE R A, S BU TR
REFRIE B REE R . 7E Si R FJ7 1 um AbKS
WS R S g ik, AEAH RT3 %40 56T FDTD 55
PoRGR AR R, A 7 iR, Witk 6 5K 7
X HC A 2 4, LA 465 nm A ST Si F A, J6 8
$14 Ry = 0.41, iR~ (5) T 15 Si Ayl
Ay = 0.59( J& Ag-NPs, Ao = 0) 5 A 5 Ag-
NPs/Si Z5F5 1], J6 KR Ry = 0.01, KR FEAR,
HRAE FDTD #{H 77753151 Ag-NPs 156 it
FE Ao = 0.05, WA 8w, I E/R T
Ag-NPs [ELS #OERIi#E, H 5 M.A Garcial
TR E A2 R 40 nm 14 Ag-NPs (KGR IHRFESR
LCCHK [34] HH &l 8 7R ), AR SC I Ag-NPs (1)
FEWMIRFE Ao TRAK (5 1HHIIET Ag-NPs Bf
HI) Si fETR IR 4, ~ 0.94, 5 4, = 0.59 K I,
Si B G s A R SRl Lkl & B, R
ASF K Ay, > 465 nm B Ag-NPs {956 0 U #E
Ao /DT 0.05, {H H & 7 69 S5 Bl £k mT %0, s 5
R R, BT AR R Si 1
W A < 0.94, BIANIFE 2 = 475 nm &b, R =
0.04, Apegar = 0.03 B, FLAF(5) 1545, = 0.93,
bR BRI 291, LSPR &40 {f Si 26T 1Y )2
SPRFEAR, 4o R ZHA SRR Ag-NPs &
= Si N,
3.3  Ag-NPs [E5IRAEHR FHIIE S
A B R X R A LRI A8 A
BORA — B, 5 T —55 70O 4 il %
G (x) A A I FHOR,

(I-R)P,,
S -hv

G.(x) = Dyaexp(—ax) = aexp(—ax),

(10)
HArh, @y TR AFEFil G, R ARG, Py
AS AT (W/m?), S A G AL (m?), hv b5
HeF e (eV), a MR R I (m™) . ASF
SR R 1 Wim?, 1] B YRR 6 I I RE
(TC 1) 23 ARG I I REBRAE ) 4B ol 25 7 C-HL
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Xt RS 2.2 W AHF . I FDTD 5k 5
F(10)H457E A, =465 nm I, 248 r=18.5 nm., EjF
H =450 nm, J&# P=49.0 nm ) Ag-NPs [4 %1
T Si IR A B 1 B, A5 SR A& 9(a) i
i, o, ih R s AGHOTE St NI &HE
FEES . B A X Lt 2 5] LSPR &40
AT ST RGAE B TR, X R IR
PR E R AL 25 7= A — g B DA 2 .

W G AR THE (m?), M REER
A 15 L
G aervysi — G
— G
M, Gagnrysi 9 Gsi 70 531 9 2 T Ag-NPs [551]
Si 55—/ Si BpEA IR R, ] 9(a) h
TR MR FHERAKX D TR 25 F Ag-
NPs 51 Si A 20 T80 45 M = 0.53, 45
RE 9(b) . H(10) 28 LAY G(x) AT HI:
ARSI RCR I 25 5 Ag-NPs/Si 454 1) ) 5
SRR FEARAT . AR Ak 4 BEHL I 78 T SCE B A,
FEMON SR . A5 DA R 4598 e e b
LSPR 500 AT £ /5 56 AR 8 450, 3 2k +

BE Rk

M = (1D

PRI RUAESS, G5 Si B0 AL A 85 19 11

4 % i

ARG T Ag-NPs/Si 844 b % a] WG
W sgm . R BT, a5 E T Ag-
NPs f LT 28045 v, i H AR P 5 Si Y
FEMI ) F . ABRILLFEEE: 2248 r BN,
Si BYIEI IS R G R, SR 2T s Y i H 3
IS TR T E Sy N e W N S AN
F; 2 JRH] P BEINEE, Si (5% I ISR S K ek
N, FEARIGNT RS . X Ag-NPs/Si 52 & 450 1AL
T2k F 6. fE Ag-NPs 4541, r = 18.5 nm, H =
45.0 nm, A P =49.0 nm B, Si A5 2 W N
94%, Fr KWLM I K A = 465 nm, YEM I 25
9 0.57; i85 Ag-NPs/Si 1E A = 465 nm &b )64
I THRIEZE 20 0.53, BEAYEIR OSSR X
A PR 5 R LSPR R 51y Si
T S5 R AR G . ARSCRFGR 45 XT3
Ag-NPs 15 5 G0 e 17 B 19 ik 35 1T Dot i
NEF BA RIFMSE M.
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