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Abstract ; In this paper, a rigorous numerical simulation method( FDTD) is employed to study the grating dif-
fractive behavior of surface plasmon polariton (SPP) waves on meta-surface excited by the incident visible light
through metallic grating coupler in 550 — 700 nm waveband. The simulation results indicate that the diffraction
of SPP waves on meta-surface is quite different from that of free space light. Due to the near-field characteris-
tics, the SPP wave shows obvious diffractive effect in near field when it interacts with a metallic grating. How-
ever, the different diffracted orders will merge into one after propagating some distances. Nevertheless, the
diffractive behavior in near-field is similar to that in free space. In near field, only the Oth order light is trans-
mitted when metallic gratings have a sub-wavelength period and higher diffraction orders appear when the peri-
od of metallic gratings is larger than the wavelength of SPP waves. The research results of this paper are of
great significance for designing spectroscopic devices or systems on meta-surface with a micronscale.
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1  Introduction

Y

Surface Plasmon Polariton wave ( SPP) is an
electron density wave with collective oscillation gen-
erated by the interaction between photons and free e-
lectron on the metal surface. It can gather electro-
magnetic field energy in a small space''’ | which has
shown great potential in the field of nanophotonics
and has become a hotspot in the research of nano-
photonics'''. SPP has been hailed as the most prom-
ising information carrier for integrated nano-photonic
devices and has been widely used in many fields
such as nano-lithography, new energy sources, high-
ly sensitive biochemical sensing, solar cells and
high-efficiency photonic components >’ ; SPP has
also an important application in the area of super-
resolution imaging. Yang Jingzhong, use light soure
with wavelength of 7 pm to illuminate a graphene
nanocavity on metasurface to excite the SPP wave,
and generate a standing wave with wavelength of
52 nm by interference. When this standing wave is

1 the

applied to a microscope illumination source
resolution of the microscope can reach 26 nm, which
is nearly 100 times of the conventional fluorescent

microscope.
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As a device to excite SPP, the metal grating
has a simple structure and is easy to control, so it is

widely used to generate SPP waves'”".
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The SPP wave is an electromagnetic wave and
is essentially the same as the spatial light wave thus
possess characteristics of interference and diffrac-
tion. A number of nanodevices, such as super-len-
ses, have been developed by using the diffractive
properties of SPP waves. In recent years, the re-
search on the diffraction of SPP waves has been in-
creasing. R. Zia et al. studied the effects of the
width of the metallic waveguide on the diffraction of
the SPP wave at the waveguide end when they con-
ducted Young's double-slit experiment of SPP waves
and found that the SPP wave is not diffracted at the
waveguide end face if the waveguide width is smaller
than a critic value'®'. Feng Liang et al. focused SPP
wave on the metal surface by using its near-field dif-
fractive property, and found that the electric field
strength of the focusing point was increased by three
[9]
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The near-field diffraction phenomenon of SPP
waves on the metal surface is mainly affected by the
structural parameters such as the period and filling
factor of the diffraction grating. However, only few
work have been reported in this area. In this paper,
we use the metallic grating couple method to excite
SPP waves, and studied the influence of diffraction
grating on the near-field diffraction phenomenon of
SPP wave. We found that of SPP wave has an obvi-
ous diffractive effect in near-field. The spatial light
is transformed into SPP wave, and the spectral signal
can be separated at the micro-nanoscale by optimi-
zing the structural parameters of the diffraction grat-
ing.
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2 Surface plasmon resonance theory
and three characteristic lengths of
SPP waves
R & F R 3Rk 22 6 & SPP
B 3 AR R B

SPP wave is a kind of electromagnetic wave

propagating along the metal/dielectric interface

formed by the coupling of the surface charge group’s
oscillation and the electromagnetic field on the met-
al/dielectric interface'®’. The SPP field intensity
component is maximum at the metal/dielectric inter-
face and decays exponentially on both sides of the
interface. In the visible and near-infrared wave
bands, the real part of the dielectric constant of most
metals is negative, so the sign of dielectric constant
of the metal and its neighboring dielectric medium is
opposite, and only P-polarized light(TM) can excite
SPPs. As shown in Fig. 1, when light (including P-
polarized light) is incident on the metallic grating,
diffraction occurs on the grating surface, and differ-
ent diffraction angles correspond to different diffrac-
tion orders. According to the grating equation, it
can be seen that the component of the wave vector of
the m-th(m= 1, 2, £3 -+, £n) order diffrac-
ted light in the direction parallel to the interface is
SPP 4 Ja /4 JoU ST b 3 T L A Y 4R 1A
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Fig. 1  Cross section of rectangular metal gratings in
one-dimension
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Where k, is the light wave vector in free space, 6 is

k, =k,

the incident angle of the light wave, &, is the dielec-
tric constant of the medium, and A is the grating pe-
riod. It can be seen from equation (1) that the wave
vector of the diffracted light can be increased due to
the diffraction of the grating so that the wave vector
of the m-th order diffracted light parallel to the inter-
face can be equal to the wave vector of the SPP wave
at the interface, that is

A ko A i 2S DG PR, 0 LI pg A Gt
1, AT RIS BH R A e A . MK
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k. =k,
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£,& )
Where ko(%) "2 is the wave vector of the SPP
€1 T&

wave at the metal/dielectric interface and g, is the
dielectric constant of the metal'"'’. When the equa-
tion (2) is satisfied, the incident light is coupled to
the SPP wave so that it is excited, and the surface
plasmon resonance (SPR) phenomenon occurs.

Ak (U0 g A R AL SPP
WO e b4 T A A M R S
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As can be seen from the formula (2) ,the sur-

face plasmon wave wavelength is as follows;

12 30(2) AR, 3R A RO IR -

&1 t+ &
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where, A, is incident wavelength.
o, A HAGPERK .

SPP A 3 ML, ATt

Three characteristic lengths of SPP wave are an-
alyzed as follows.

The SPP wave propagation distance at the met-
al/dielectric interface is defined as the distance
traveled of the SPP wave when the electric field de-
creases to 1/e of the initial value, denoted as §,,,,
which is mainly determined by the imaginary part

K7, of the wave vector and
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.8,
Where &', and &”, are respectively the real and imag-
inary parts of the complex dielectric constant of the
metal respectively, A, is the wavelength of the inci-
dent light, and the penetration depth of the SPP
wave in the medium and the metal is respectively
P&, el a0 4 T B 2 A L R SRR A
REFR o Ao WASIGHA . SPP B AES BT 5 43 )
2 L 73 3 (5) L (6) Bz
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Where, k, is the incident light wave vector' .
From equation (4) to (6), the distance of light in
550 — 700 nm waveband propagating on the silver
surface is in the range of 12.5 — 60 wm, the pene-

tration depth of SPP in air and silver is in the range

of 279 =500 nm and 22.7 —29. 5 nm, respectively.
R kg M ASHERI R B . R (4) ~ (6)
75,550 ~700 nm P G 4 AR 2 I Y
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3 Determination of optimal structure

of metallic grating coupler

AR 2B A 4 Y 04

Fig. 2 shows the model for studying the near-
field diffraction of SPP waves. The left metal grating
is used to as grating coupler to excite the SPP wave,
the right metal grating serves as the diffraction grat-
ing. When light is incident on the metal grating
structure, an SPP wave is generated on the metal
surface and propagates to both left and right along
the metal surface. Near-field diffraction occurs when
a diffraction grating is encountered.

P 2 JERTFE SPP R 3 11T I 1 S OB
ZEMIECA SPP PR 4 Jm M AS 4, A O i S
Jetlte HOC A B4R A B, AR
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) A A4 , 38 B ATT SR DA A e 25 i A= 30 7 1 ik 2R
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Fig.2 Theoretical model of near-field diffraction for the

SPP wave on meta-surface

K2 SPP IR A s o AR R

In this paper, the near-field diffraction of SPP
waves excited by incident light with wavelength in
the range of 550 — 700 nm and the central wave-
length of 625 nm is studied. The coupling efficiency
of incident light to SPP wave is mainly related to the
structure parameters of metal grating coupler such as

cycle, filling factor and modulation depth. The ma-

terial of the metal grating coupler is set as silver,
and it can be seen from equation (2) that for the in-
cident light with a wavelength of 625 nm, the cou-
pling efficiency of the incident light is the highest
when the grating period A is 607 nm. The grating
filling factor D is set to 0.5 and the grating depth h
is 200 nm. By emplaying the rigorous coupled wave
theory, the reflectivity of the incident light against
the wavelength ranging from 550 — 700 nm, and the
incident angle ranging from 10 - 15° was calculated
by using the SPR angle scanning method'"*’. Fig. 3
(a) shows the three-dimensional map of the reflec-
tivity and against the wavelength and the angle of in-
cidence. Fig. 3(b) illustrates the relationship of the
reflectivity and wavelength for different incident an-
gles.

ARSCEZPFFE PO PR 625 nm, JEB A
550 ~700 nm FJ A G B SPP P AT 5 B
Zo MASHCHEGWOE SPP U AR F 8 5 4
M) TR R A 3 o s L R o i TR R S
Ao BE AR JE O R AR O R, aE i 5
(2) AL A T 625 nme (YA SO, Sl A
WA 9 607 nm B, ASSIEHIRES R iR Ol
A D WO 0.5, JEHEE h 320 200 nm, AR
1R R A e, R SPROMBEER DT
TR AR 550 ~700 nm  AGFF1E 10° ~
15 Ju Fl N A G B3 A3 B SR S PR
ASHAEER =4 R, el 3 (a) Frs. 3
(b) Ay B R G PR A AR ML

It can be seen from Fig. 3(a) that for the above
mentioned metal grating structure, the reflectivity is
lower for 625 nm wavelength when incident angle
falls on the range of 12.5° —15°.
deduced from Fig. 3(b) that when the incident angle

It can be further

is about 14°, the reflectivity is the mimimum, that
means the coupling efficiency is the highest, about
35% . At this incident angle, the coupling ratio is
25% and 10% for 550 nm and 700 nm respectively.

HITE 3 (a) AT LA, 18 bk 4w el 46 1y
LK 625 nm LA 12.5° ~ 15° AGFF, [
SPREAL. milE 3(b) g2 nI g, AL 25
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Fig.3 Relationship between the reflectivity of the metal grating structure and wavelength for different incident angles for the

wavelength in the range of 550 — 700 nm and the incident angle in the range of 10° —15°. (a)3D Diagram; (b)2D

curve
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4 Diffraction results and analysis

ot es R 5 5 #7

When the period of the metal silver grating is
607 nm, the wavelength of SPP waves excited by the
incident light with a wavelength ranging from 550 —
700 nm is in the range of 525 to 683 nm. As shown
in Fig. 2, the metal grating coupler has a period of
607 nm, filling factor of 0.5 and a groove depth of
200 nm. The right diffractive metal grating located
on the metal surface has a height of 600 nm and a
thickness of 200 nm in the X direction. When stud-
ying the diffractive behavior of SPP waves through a
metal grating, two cases are considered: one is the
case where the grating height and filling factor keep
no change but the grating period changes; the other
case is that the grating height and period keep no
change but the filling factor changes. At the same
time, the excitation wavelength and the incident an-

gle are fixed at 625 nm and 14°.

L4 I AR A EHE 1 0 607 nm i, P

550 ~700nm F A S G OA B SPP K AE

525 ~683 nm Z[A], BEEE 2 /R L AT A

TUFR A SPP R4 T et A 910 607 nm, (573

Fom 0.5, MU TR ) O 200 nm, A5 07 7 5 46 s Ot

WMz Fa @ b, @y 600 nm, 7E X J7 fa) |

FJELEE S 200 nm, HFFE SPP I 28 i H i 17 4

F3 g % AR PRI D00 3 EFE - — R el

JEFN 28 FEANAZ T G 390 e A A At A4 0 5

75— s B R AL o s L kA R

IO RV S CI N B O e S AN 3 A B

625 nm#All 14°,

4.1 Diffraction situation by fixed diffraction
grating filling factor but different period
gt = BE, A A RN 6T
1FxR

Figs.4(a) —4(e) show the near-field diffrac-
tion of the SPP wave excited by the incident light
with the wavelength of 625 nm when the filling factor
of the diffraction grating is constant (0.5) and the
period is different. In the figures, XY plane is the
metal film surface, and the diffraction grating is lo-
cated on the Y-axis.

Kl4(a) ~4(e) ZPK N 625 nm FJASIEHT

ORI SPP JAERTH G 5 45 Fe— 5 (0. 5) T JH]
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Fig. 4  Diffraction phenomenon of SPP wave of inci-
dence light with wavelength of 625 nm when
diffraction grating with different period but the
same filling factor (It should be noted that the
white dashed line represents the location of the
diffraction grating)

K4 Pk A =625 nm A OEHUZ I SPP J7E 4
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It can be seen that there is only the Oth diffrac-
tion order at this time. The transmitted light intensi-
ty is quite weak, below 0.2, and the transmission
distance is only about 2. 3 pm after passing through
the diffraction grating; Fig. 4 (b) is the case when

the period of the diffraction grating is A In this

spp

case, the diffraction phenomenon can be observed

and one can see that besides the Oth order, =+ 1
storders are also appear. The light intensity at this
time also increases significantly with the maximum
reaches to about 1, while the transmission distance
also increases to about 4 pm; Figs. 4(c) — (e) de-
pict the diffraction of the SPP wave when the diffrac-
4\, and 67 re-

tion grating period is 1. 54, , 41, o>

spectively. It can be seen that the diffraction order
increases correspondingly as the period of the dif-
fraction grating increases. When the diffraction grat-
ing period is 1.5 times of the SPP wavelength, the
highest order of the diffraction is +2nd and the dis-
tinction of diffraction fringes is relatively clear.
When the grating period is 4 — 6 times of the SPP
wavelength , the distribution of diffraction fringes be-
comes more disordered due to even higher diffraction
orders appear.

[ 4 () S 2SR SHUH A 9 0. 54, i SPP
BRSOl T LI By R FRAT S, H
BEHOEHRELS , 12 0.2 wm PUT , ASHEE S R4
JEMbIE ek B B AE 2.3 um Zefy ;[ 4 (b) AT
S AW A, BT TE , B A W A9 17 5 31
LA LVE R0 R = 1 A it , JF Bt A
IRADE L Sy v | W Waw SN Cil i N s O K TR i
e SPP G B AE 4 pm ZiA7 ;8 4(c) ~4
(e) MATEHOEMEI 50 1. 5o, AA,, T 64,
i} SPP AT IE . mT LU B, B 7 5 6l
4 FETIIAS T 18 R, AT S SR DA 0% 22 0 437 5
SEHE A SPP KB 1.5 5, B AT ST gk
=2 9, I HATTSS A5 800 43 A1 H S I 5 T 2406
WHE I SPP I 4 ~ 6 A5, iy T 53wt A 2
Ut B ATT 55 2R SO A R A 2R L
4.2 Diffraction behavior of diffraction grating

with fixed period but different filling fac-

tor
Tt EBEE, & =t AR KR HT S
&5

Figs.5(a) —=5(e) show the near-field diffrac-
tion of the SPP wave at the metaface with a constant

period of the diffraction grating of 910 nm, but the
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filling factor changes. In the Fig. 5, the XY plane is
the metal film surface, and the diffraction grating is
located on the Y-axis. Fig. 5(f) illustates the elec-
tric field intensity distribution corresponding to the
Fig. 5(a) —=5(d) near field diffraction on the sur-
face of the metal thin film at x =0.

Bl5(a) ~5Ce) AT 55 0 Mt R 301 I 2
910 nmANAE, 5755 LR AL I SPP 3 75 8 3% 181 11 3
GAEHHIE o B XY S D 4 R IR AR T, HL
R T Y B b o &5 () AR 5 (a) ~
S(d) BmMERE HL « =0 FITGAT S a g
S0 A P o

As can be seen from the graphs in Figs. 5(a) —
(e), the SPP wave finally converges on the metal
surface after passing through the diffraction grating,
and the diffraction order does not change substantial-
ly, but the intensity changes as the filling factor of
the diffraction grating changes. When the filling fac-
tor of the grating changes from 0.1 to 0.7, the di-
ameter of the converging light beam gradually be-
comes smaller. When the grating filling factor is
0.9, the light transmittance has become very low,
so that the maximum electric field intensity is only a-
bout 0. 3. It can be seen from Fig. 5(f) that the dif-
fraction angle the SPP wave in of near-field also va-
ries when the filling factor of grating is different.
The diffraction angle of the +1 storderis in the range
of 39.79° to 42.67° for different filling factors.
When the filling factor is 0. 1, the diffraction angle
is the smallest, i. e. 39.79°. The diffraction angle
is the largest at 42. 67° when the filling factor is
0.5. The diffraction angle is very close, i.e. about
41°, when the filling factor ranges from 0. 3 to 0. 7.
The light field intensity of +1 diffraction order va-
ries with different filling factor, which is related to
the different intensity of the SPP wave passing
through the diffraction grating.

M S(a) ~5(e) ATLAFE 2|, SPP i 117 54
JeHIE  7E R AR E R AR R B T )
URIEAA K AR A, AFL S B2 B AT S8 6 5 25 L

1.5} A
r 09 12
0.94
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03 e 05

2
b7
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g
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012 @ 0.2
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—15 —05 0.5 1.5
X/pm ¥/um
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Fig.5 Diffraction phenomenon of SPP wave for an inci-
dence light with wavelength of 625 nm for dif-
fraction grating with different duty ratios and the
fixed grating period. (a) Duty radio is 0.1;
(b)Duty radio is 0.3; (c¢) Duty radio is 0.5;
(d)Duty radio is 0.7; (e) Duty radio is 0.9;
(f) Electric field intensity distribution of the dif-
fraction patterns along y axis under different duty
radio at x =0

B5 AR A =625 nm, £i7 51564 E N
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LR BRI AL . (a) S
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M 2 AN TR IR 4 AR R T L v = 0 2%
A 5 P it 2

AL . e S 2 LA 0. 1 22 4B F] 0.7
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4.3 Comparison of diffraction behaviors of
metal gratings in free space and on meta-
surface
BHZEHFSBRE L& BLMITHT
AR

(@

.2
—1.1—05 0.1 0.7
X/pum X/pm

(d ©

0.2
—12—05 0.0 05 1.2

To further illustrate the difference between the
grating diffraction behavior of SPP waves on the me-
ta-surface and that in free-space light, we also cal-
culated the diffraction effect of metal gratings in free
space and compared them with those on the meta-
surface. Fig. 6(a) shows the free space grating dif-
fraction model. Here for the convenience of compari-
son, let the incident light wavelength and SPP wave-
length to be 607 nm as well, and let the thickness of
the metal grating also equal to 200 nm. However,
the difference is that the height of the metal grating
on the meta-surface is limited to 600 nm in the di-
rection perpendicular to the period, while the size of
the metal grating in the free space in the direction

perpendicular to the period is infinitely large.

07 — Spp
0.6 0.7 —— Spatial light
=05 - 05
0.4 2
&
0.3 0.3
0.2
0.1
—15 —05 0.5 1.5
X/pm
()

Fig.6 Comparison of near field diffraction of SPP wave and free space light; (a) theoretical model for near field diffraction

of free space light; (b)near field diffraction of SPP on meta-surface; ( ¢)near field diffraction in free space light;

(d) electric field distribution in X direction at 0. 95 pm from diffraction grating corresponding to (b) ;

field distribution in Z direction at 0. 95 wm corresponding to (c¢) ;

metal film corresponding to (d), (e)
Ko Hphizs
MBI GRTIHIEL; () A 2

S [RDCS  _E T R T A LSS R : (a) 25
SEDE L AT ST 5 (d) XFRL(b) ZERIATHEHE 0. 95 wm 4b X J5 ) L HL Y

(e) electric

(f) electric field intensity at the surface of the

SIRDGHE TR B 5 (b) SPP IR T L1

G AL s Ce) X (o) FEREATAF G 0. 95 wm &b Z J5 1) By RS0 A B5 () XERE(d) | (e) 75 4 J W R i Ak

f1% Pt 7 JEE fH 2%
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it — 2 U W R T T SPP i i G AT 4
A3 oA A R s DG eI AT oA B DX AR
Xt B S R TR OE M BEAT 1A, JF A K
R OLEEAT B 1B 6 (a) BITas i A S EDE
W RT AT o X B O LU AR, AN D B8
KA SPP P K AHAE, #f o 607 nm, JF H 4 J& Ot
WHEEEARSE, & O 200 nm , (HAS [F) 2Z Ab 15 T 3%
TET L 455 A A e e L ) b A BRI
600 nm, 1ii} 5 F17 8] A <5 SR R ) S
BT 1] b RS BUEERR o

Fig. 6(b) shows the grating near-field diffrac-
tion of the SPP wave for an incident wavelength of
625 nm. The wavelength of the SPP wave excited at
this time is 607 nm and the period of the diffraction
the fill-

spp

ing factor is 0. 5. Fig. 6(c) shows the near-field dif-

grating is 910 nm, which is about 1.5

fraction of the space light with an incident wave-
length of 607 nm. In order to compare the diffraction
phenomenon on the metasurface to that in free
space, the period, filling factor and thickness of the
diffraction grating is set to 910 nm . 0. 5 and 200 nm
respectively.

6(b) AP AN 625 nm UK )
SPP e R T b B OEHNIL S AT 15 T8 , it
K1 SPP PP O 607 nm, A7 S SN E BN
910 nm, 2420 1.54,, &R 0.5, B 6(c) R
AFHEP S 607 nm {973 [ADEHEATEE I o
TR A A (B 6 5 SPP i A FE 2 T A AT
PR, BARTHEM A 910 nm, =515 0.5,
& JEYEHMEE D 200 nm,,

Comparing Fig. 6 (b) and 6 (c¢), one can see
that the diffractive behavior of SPP wave is similar to
the phenomenon when space light is diffracted in the
near field. Fig. 6(d) and 6(e) correspond to the e-
lectric field intensity plots for Z >0(i. e SPP waves
in air) at X =0.95 pm in Fig. 6(b) and 6(c¢). The
SPP wave exponentially decays in the medium and in
the metal, so that on the metal film surface, the e-
lectric field intensity reaches its maximum value and
decays rapidly in the Z direction. Where as space

light propagates uniformly in the medium'™*' | the in-

tensity of the electric field in the Z-direction is uni-
formly distributed. Fig. 6(c) is light intensity distri-
bution curve on the metal surface corresponds to
Fig. 6(d) and 6 (e). As can be seen from the fig-
ure, in addition to the difference in field intensity,
the position of Oth and =+ 1th diffraction orders are
basically the same.

FLEE 6 (b) #1 6 (c) AT LA Hi, SPP i 5 =%
[BCAEIE AT AT R LR, B 6(d) A6 (e) X
ME6(b) . 6(c)H X =0.95 pm 4b,Z >0 F4
(R SPP JeAE=s <) YL 5k FE &, SPP 5 AE S
JRF A5 a8 FP ' S 4 BOrE Uk, PRI 7 < R R R
T L, AL 3 B IR e KAEL, 75 Z B 5 1) T 3 5
Vo A GRS B R R SRR BT LA
Z 77 ) L5 PR ) A o 1B 6 (e ) X
K16(d) . 6(e) TE4:mARTH LR Atk &,
K el DI, —BR TAESREE A B X4h,0 .
+ TS RN B A —EL

In addition, it is clear that the near-field dif-
fraction angles of the SPP waves excited by different
incident wavelengths on the meta-surface are also
different after diffraction by metal grating on meta-
surface. It is known from equation (3), when the
incident light wavelengths is 550 nm, 581 nm, 616
nm, 655 nm and 700 nm respectively, the wave-
length of SPP waves excited by the device in Fig. 2
is 524.7 nm, 557.9 nm, 594. 8 nm, 635. 8 nm and
682.9 nm, and the =1 order near-field diffraction
angles after metal grating diffraction on the metasur-
face is 35.737°, 36.966°, 38.157°, 39.311° and
41.507°, respectively. For diffraction of light in
free space, when light with a wavelengths of 524.7
nm, 557.9 nm, 594.8 nm, 635.8 nm and 682.9
nm respectively is incident on the diffraction grating
with the same structural parameters as shown in
Fig. 6 (a), the resulting far-field diffraction angle
can be determined by .

AN AR AR T E A [A) A A i &
() SPP e 22 CHIMTT 5 J5 BT AT 6 A AN ], i
A (3) AL, AR I3 5 550 581,616
655 Jz 700 nm Bf, I FH &L 2 9 2% B Uk Y SPP
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W KA IR Ry 524.7,557.9,594.8,635.8
682. 9 nm, H 225t MR 4 Jm e aE Y + 1
I b A A fA ok B 35,7377 36.966°
38.157° 39.311° ) 41.507°, [i%tF [ Hi%s i i
JERY AT, K P a3 0l O 524.7.557.9,594. 8
635.8 [ 682.9 nm FYSE AL F|E 6 (a) Frm HAT
FR IS5 ZER AT M b ™ A B I 717 55
R (7)) BRAE -
dsin = kA . (7)
By using this formula, the corresponding dif-
fraction angles are determined to be 31.653°,
33.916°, 36.503°, 39.485° and 43.071° respec-
tively. In comparison with the case on meta-surface,
it can be found that the near-field diffraction angle is
almost the same, and the maximum error is only a-

bout 5°.
SPP wave after transmitted through the metal grating

This means that the diffraction angle of the

on the meta-surface can be roughly estimated by u-
sing the conventional grating diffraction formula in
free-space-of, but more accurate results have to be
obtained by rigorous numerical calculations.
FII A AR TS5 PR L B AT 55 A 0531
A 31.653°, 33.916°, 36.503°, 39.485° K
43.071°, PHAHXT LG, W] KBS SPP i i 41T 4
JEMEE I A AT A A 22 A R, e ORIR 22X
500 XULHT, R E A A T Bt s mDEET
SO, AT LIOO R 2 T G A4 AT S £ B AT
WAL T, 5B MR B 25 SR 250 1o A (RO
PSR
4.4 Comparison of diffraction of two kinds of
diffraction gratings on metasurface
BRE L AFLTSEMOTSE SR B Xt
Figs. 7(a) and 7(b) show two kinds of diffrac-
Fig. 7(a) shows
the case where the diffraction grating protrudes on
and Fig. 7 (b) shows the case
where the diffraction grating is recessed on the metal

surface. In Fig. 7(a),

tion gratings on the meta-surface,

the metal surface;

in order to avoid the influ-
ence of stray light on the diffraction of near-field SPP
wave, the height of the diffraction grating is set to be
600 nm, which is equal to the penetration depth of

the SPP wave in the air and the width is 200 nm. In
order to compare the near-field diffraction of the two
kinds of diffraction gratings, the depth of the diffrac-
tion grating grooves in Fig. 7(b) is set to be 600 nm
and the width is set to be 200 nm which is the same
as that in Fig. 7 (a).

gratings are set to have the same period and filling

The two kinds of diffraction

factor.

K 7(a) 7 (b) Ayl E PR SO R
R I T Ca) AT 5 DBt 12 T 48 T 2 T ) 1
TE s BT (b) A S e Mk 6 R R I 15 e . &l
7(a)Hr, o TR ARG X SPP I 711 5 52
e, BEAT S CAN A 5 B g 600 nm, &5 SPP i AE %S
PR FEE TR ARSE, 98y 200nm X H
FERTEHCH A AT S O, JRE 7 (b) sh AT
WHUTRG R B2 2 600 nm, 512 24 200 nm, 58] 7 (a)
ARTA], ELBCE PR AT SR A A S S0 o 23 e 2 AH

L

+=+ +—+—+ >

z Glass substrate
y Ag

: Glass substrate
y Ag
(b)

Fig.7  Schematic diagrams of two kinds of diffraction
gratings

K7 PR e R

The grating period, the filling factor and depth
of grating coupler of excitation SPP wave on the left
of the above two structures is set to be 607 nm,

0.5, 200 nm respectively, the incident light wave-
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length is in the range of 550 =700 nm and the inci-
Figs. 8 (a) and 8 (b) show the

near-field diffraction of SPP waves under the above

dent angle is 14°.

respectively. In

the dif-

mentioned two grating structures,
Fig. 8, XY plane is the metal film surface,
fraction grating is located on the Y-axis.
BCE 3 1 R S5 14 2o Ok SPP i 1Y G i
JE W O 607 nm, 725 HOY 0.5, JE TR N
200 nm, AHHEIE K A 550 ~ 700 nm, A SR
o E8(a) 8(b) 7l 1E L3k PR G2 A
T ,SPP PRI DL . B R XY S 6
W T, AT SOOI T Y Al
Fig. 8(c) shows the near-field diffraction curve
with an incident light wavelength of 550 — 700 nm
corresponding to the structure shown in Fig. 7(b).
As can be seen from the figure, the zero-th diffrac-
tion order of each wavelength center is located at y =
0, but for diffraction orders of £1, %2, there have
been obvious diffractive effect. The reason is that
the intensity of the electric field diffracted by the
SPP wave is different that for the fixed metal grating
coupling structure there is only one optimal incident
wavelength , and at this wavelength, the light is cou-

pled into the SPP wave most efficiently' .

B 8(c) XS RLIE 7 (b) B s 548, A58
K 550 ~700 nm KT ATHT LR IE . A ]
AR & K ZRATH B OB y =0 |,
BTE £ 1, £2 AT A W 215 4.
ANTRIE B A G BT & 1) SPP AT 6 5 Y F
Gyt REANTR] , DR, , T 2 1) <6 e DR 5 4l A 2
X — A ERAE A AR, A B AR & K
SPP kR e

In Fig. 8(d), the incident light of 550 — 581
nm is separated by 1.23°and the incident light of
581 — 616 nm is separated by 1.20°on the metal
surface. The incident light of 616 —655 nm is sepa-
rated by 1.15° and the incident light at 655 -
700 nm is separated by 2.20° on the metal surface
due to the near-field diffraction of the SPP wave.
Since the excitation and propagation of SPP waves in

near-field diffraction are on the order of microme-

15 M
0.9
0.9
0.7
= 0.3! 0.7: 3.’
S [ . §0.55 3
~—03 Bt 03.
09 0.3
! 0.1
—1.5
0 2 4
X/pum X/pm
(@ (b)
—— 2=550 nm
1.2F —— 2=581 nm
L —— 1=616 nm
1.0F —— A=655nm
2 —— A=700 nm
g 08f
S 06}
E 044:
=
0.2
0.0 X
il ) 1 2 3
Y/um
©

Fig.8 (a)Near field diffraction of the incident light at
(b) near
field diffraction of the incident light at 625 nm

625 nm Corresponding to Fig. 7 (a) ;
Corresponding to Fig. 7(b); (c¢) curve of near
field diffraction of the incident light at 550 —
700 nm corresponding to Fig. 7 (b). White
dashed line in the figure (ieft sode) represents
the grating location
K8 (a) XM 7 (a) FIRE5te , AGTHEI A 625 nm
BTG RT ; (b) XL 7 (b) Frs 4544,
625 nm WL IAATH 5 () XN 7 (b) FrR 4
H, ABF GG Ky 550 ~ 700 nm BT 3715 5
I R Ze M B g e 2k R AT A e e
(AR

ters[ 15]

, the signal of incident light can be separated
by the near-field diffraction of SPP wave to realize
micron-scale spectrometer.

KI8(d) iy T SPP Ay 1T 4, 550 ~
581 nm [ ASEAE I8 K B JF 1.23°,581 ~
616 nm [ AGHETE & # 1 _E 7T 1.20°,616 ~
655 nm [ ASIEAE S I K B IF 1. 15°,655 ~
700 nm [ ASHEAE B LA LI 2.20°0 £
Dafii s b el T SPP I 10k A% 6 AR AR OK
%", EIUJ'I"JFH SPP A T LA R A S
5 S AT 2088, 5 ORI
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5 Conclusions
& %

In this paper, the near-field diffraction of SPP
waves excited by visible light incident on metal grat-
ing structures in the wavelength range of 550 -
700 nm is studied by a method of metal grating cou-
pling. First of all, according to the rigorous coupling
wave theory, the SPR angle scanning method is used
to find the optimal metal grating structure with the
highest coupling efficiency for the incident light with
the central wavelength of 625 nm. Then the effect of
metal grating structure parameters on the near-field
diffraction of SPP wave is studied. The results show
that the diffraction effect of SPP is most pronounced
when the period of the diffraction grating is 1.5
times the wavelength of SPP and the filling factor is
0.5. Finally, using the phenomenon of SPP wave
near-field diffraction, the incident light of 550 — 558
nm can be separated by 1. 23° on the metal surface,
the incident light of 581 — 616 nm is separated by
1. 20° on the metal surface and the incident light of
616 — 655 nm can be separated by 1.15° on the
metal surface, the 655 — 700 nm incident light can

be separated by 2.20° on the metal surface. Final-

SE

ly, the diffraction of SPP wave and the diffraction of
free space light are compared. We discover that the
diffraction angle calculated from the free-space grat-
ing diffraction formula is similar to that of the SPP
wave. The formula can be used to make a rough es-
timate of the diffraction angle of a grating on a meta-
surface.

ARSI 4 T R 5 75 2, X B 7S50 ~
700 nm I A Y AT 0L OGS 310 46 T Ol 2 Al I
ORI SPP B AT MR AT TOE 5. B
MR A A% H S D e, A SPR AR 4 7
2L B D I 625 nm (I ASHERE S RBCR R
e Jm A e o ARIGHIESE T G JE Ul as 24k
Xt SPP P AT AT I . A5 RFR ], U ATHHE
W R SPP PP AY 1.5 A5 A HE ol 0.5
i, SPP I AT AT ARSCR S W X2 o dJiw, A SPP i
LA BEGE, AR 550 ~ 581 nm [ A YEAE
JEARIE FoyIT 1.23°,581 ~616 nm B AGHLTE
JmFE oI 1.20°,616 ~655 nm 1 ASHETE
@M L IF 115°, AlRE 655 ~ 700 nm A AR
JEAES @A F oy T 2. 200, feJa K SPP AT
SR OUA A h s DG AT ST DL EAT He A, R
AR B A 2 1D 2 25t AT R A
SPP PR BUAR 22 A K, Al LT 228 O & 1
UM S A B A TR A 5
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