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Abstract: Two properly designed columns of orthogonally tilted and spatially varied
nano-apertures have been demonstrated to achieve polarization-controlled launching of the
localized cosine-Gauss beam, which is a kind of highly localized surface plasmonic wave
without diffraction. According to the experimental results, the generated unidirectional
propagating plasmonic beam could propagate with a non-diffracting length of up to 57um as
well as the extinction ratio of more than 150. We believe that our proposed device would play
an important role in highly compact photonic circuit on-chip with plasmonic wave.
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1. Introduction

Surface plasmon polariton (SPP) wave has attracted more and more attentions due to field
confinement within subwavelength scale [1-3]. Hence, it has been applied in various fields
ranging from sensing [4], nonlinear enhancement [5,6], to particle manipulation [7-9], etc.
Furthermore, it would be greatly helpful to achieve highly compact on-chip circuit with SPP
wave [10-14]. To achieve it, both controlling excitation and propagation of SPP wave are
essential. To excite the SPP wave, several structures such as gratings [15], single slit [16] or
prism-based scheme [17] have been proposed and demonstrated. However, there are two
limitations. The first one is that only the perpendicular polarization component (according to
the coupling structure) of incident optical wave can be coupled to plasmonic waves due to the
transverse magnetic (TM) nature. It means the cross-polarized component cannot be utilized.
The other is that the poor coupling directionality would lead to lower efficiency and introduce
additional noise [18]. To address the aforementioned limitations, Lin et al. have presented a
directional SPP coupler with polarization-invariant coupling efficiency [18], in which two
columns of uniform nano-apertures on the metal film are employed. For each column, a
polarization-dependent phase term is introduced to the generated SPP wave. Thus, by
controlling the polarization state of incidence, the energy ratio between the two propagating
SPP waves in both sides could be controllably varied. However, although the excitation has
been well addressed in [18], the generated SPP wave would still suffer from the wave
diffraction. Obviously, it would be hard to manipulate and detect a diverged SPP wave. To
reduce the diffraction, there are several works about non-diffracting SPP beam that have been
proposed, such as Bessel-like beams [19-28], Airy beam [29-33], bottle beams [34,35] and
arbitrary bending plasmonic beams [36], efc. Among them, the localized cosine-Gauss beam
(LCGB) [19-22,27,28] is a kind of Bessel-like beam and originates from the interference of
two tilted SPP beams. It should be noticed that the LCGB would propagate along a straight line
while the intensity of the beam keeps in the main lobe. Thus, it is very promising for
transmission, manipulation and detection. Based on the directional SPP coupler demonstrated
n [18], if the apertures could be properly designed to generate LCGB, polarization-controlled
directional launching of non-diffracting SPP waves could be achieved. Actually, it is the
motivation of this work.
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In this work, a modified SPP coupler is designed and fabricated to achieve
polarization-controlled directional launching of the LCGB. As reported in the previous work
[20,21], the key point to generate LCGB is how to introduce a spatially distributed phase
gradient on the generated SPP wave. In [18], all nano-apertures have uniform geometrical
shape so that there is no phase gradient and as a result, the generated SPP wave would diverge.
Hence, the most direct way is properly modulating the nano-apertures to achieve the required
phase gradient. There are several works to modulate the wavefront of SPP beams through
modulating the geometric dimension [33,37], orientation [19,32,38-40] or longitudinal
position [18,20,22,25,41,42] of each nano-aperture. However, according to our analysis, the
only option is to modulate the geometric dimensions of each nano-aperture to achieve the
maximum extinction ratio and coupling efficiency, which would be discussed in Sec.2. Thus, in
our proposal, two columns of nano-apertures on gold film are aligned together while the
geometric dimensions of the nano-apertures in each column have been properly arranged to
obtain a spatially distributed phase gradient to launch the LCGB. By controlling the
polarization state of incidence, the energy ratio between the two propagating LCGBs in both
sides can be controlled. Additionally, the propagation characteristics of generated LCGB have
also been investigated with two different kinds of couplers.

2. Principle

The proposed structure is etched on a metal film and consists of two columns of orthogonally
tilted and spatially varied nano-apertures as shown in Fig. 1(a). Each column could generate
LCGB in both sides by introducing a phase modulation while polarization controlled
directional launching could be achieved by both two columns [18]. To present the principle
more clearly, one column of the nano-apertures would be discussed at first.

To generate the SPP wave propagating along the metal film, a series of tilted nano-apertures
can be aligned into one column along the y-axis with a subwavelength period d as shown in Fig.
1(b), where m =—N ~ N indicates the mth aperture located in the position of (0,md). When
these apertures are illuminated by an incident light with angle frequency of , the excited SPP
wave can be written as [43]:
cos (Bm' -0,

r—r

m

Ei(;,t)= i A, exp(ip, Jexp(—iaor) exp(ikspp ‘;_a)e—kﬂ;&, 1
m=—N

where the sign of ( £ ) corresponds to the SPP wave propagating in the positive /negative
x-direction. 4,, and ¢,, are the amplitude and phase of the excited field by the mth aperture

respectively. rTn and @, are the position and tilt angle of the mth aperture, r is the space

displacement vector, 8, is the off-angle between the vector of r and r— a , kyppand k_ are

the propagation constant and evanescent wave decay coefficient of SPP wave, respectively. a
1

is the unit vector and given by a= = —(|k: |2 +[kespp |2 )_E (—ik,,0, kg ) -

The excited SPP wave can be modulated by properly controlling all of the nano-apertures.
For simplicity, the tilt angle of each aperture is assumed as identical (8, =8,m=-N ~ N).

2.1 Plane SPP Wave

When one column is designed with the amplitude and phase distribution of
A, =Aexp[—(md)2/ WOZ} ( W, is the beam waist of incident light wave) and

@, =@,m=—N ~ N , respectively, the excited SPP wave can be expressed as:
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E+ (x,y,z,t)= Asin(0)

— 2 ~
i exp{ Vlfz jexp[i(ksppx+gp)]exp(—ia)t—kzz)m.(2)

SPP 0
More details are shown in the Appendix and the corresponding wavefront distribution is
shown in Fig. 1(c). Obviously, it is a plane wave.

2.2 Localized cosine-Gauss beam (LCGB)

The LCGB is a kind of SPP wave without diffraction and the propagation distance can be more
than several dozens of SPP wavelength. LCGB can be generated by two intersecting plane SPP
beams with a rotational angle o and the electric field can be expressed as [20]:

E (x,y)e< exp[;;; ]cos[ksppysin(a)} 3)

0
The wavefront of such beam would be “ A -shaped with the opening angle of (180-2a)°.
When one column is designed with the amplitude (phase) distribution of
A, = Aexp [—(md)z /WOZJ (¢, =—kspp |md|sin (@), m=-N ~ N), the excited SPP waves
can be expressed as:

E:(x,y,2,t) = Asin(B)F(x)exp( Vlfz ]cos [ ey sin(0{)}exp(iksppx)exp(—ia)t—kzz)cAzi.

0
“

Here F(x) is a function dependent on o and the expression can be found in Appendix.
Actually, the generated SPP wave is LCGB and the corresponding wavefront distribution with
o =3°and a = 5° are shown in Figs. 1(d) and 1(e), respectively. Besides, if the incident light is
not normal to the interface but with an angle of § according to y-axis, additional phase

distribution of () = kgppysin( /) would be introduced so that the inclined-LCGB with angle

of f would be generated accordingly [21,22,34] (The detailed analysis and discussions are
shown in Appendix).
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Fig. 1. (a) Schematic of the proposed SPP coupler for polarization-controlled directional
launching of LCGB, which consists of two columns of spatially varied nano-apertures. The red
dashed line shows the wavefront distribution of generated LCGB and the red arrows show the
propagation directions for LHCP and RHCP, respectively. (b) Top views of one column of
nano-apertures with the parameters and corresponding coordinate. (c-e) The wavefront of plane
SPP wave, LCGB with a = 3° and a = 5°, respectively (from left to right). The red dashed lines
denote the shape of the wavefront and the black arrows are the propagation directions of the
generated surface waves.

It should be noticed that in both cases mentioned above, the SPP waves propagating in both
sides can only be excited along a fixed direction in spite of the tilt angle of nano-aperture.
However, both the amplitude and phase of the excited SPP wave strongly depend on the tilt
angle. Thus, interference between two adjacent columns of nano-apertures with different tilt
angles can be applied to control the propagation direction of generated SPP wave as
demonstrated in [18]. Similarly, two adjacent columns with spatially varied nano-apertures as
shown in Fig. 1(a) can be designed to achieve the polarization-controlled directional launching
of LCGB. Here, the distance of two parallel columns is denoted as s while the spacing between
two adjacent apertures is set as d in each column with d <Ay, (A, is the wavelength of

exited SPP wave). Besides, there is an offset distance of d/2 along y-axis to reduce scattering
due to adjacent apertures in two columns [18].
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When a circularly polarized plane wave is incident on a pair of adjacent nano-apertures in
two columns, the time-averaged intensities of generated SPP wave in both sides can be
expressed as:

Ea|sin (6, )sin (6, )cos[((/)2 -9)F kspps], (5)

where the subscript of i (i = 1,2) indicates the corresponding nano-aperture in the left or right

1, o< |Ei[ sin® (8)+|E:[ sin (6,) +2|E |

column, ‘E,‘ is the amplitude, @, is the tilt angle of nano-aperture according to the y-axis, @, is

the initial phase of the excited SPP wave, the sign of ( &) corresponds to the SPP propagating
along the positive or negative x-direction, respectively. After some deductions (details shown
in Appendix), the maximum extinction conditions can be obtained:
kspps=§;9l =%;92 =3T”. (6)
With such conditions, the time-averaged intensities of SPP wave in both sides can be further
expressed as:

I, o< 2+2cos{i(6’2 —Hl)+§};l o 2+200s{i(¢92 —@)—%}, (7

where the sign of ( £ ) in the phase term £(&, — 8,) corresponds to incidence with right-handed

circular polarization (RHCP)/the left-handed circular polarization (LHCP). Equation (7)
indicates that the SPP could only propagate towards the positive/ negative x-axis for the
incidence with LHCP/RHCP.

To obtain the required phase gradient for launching LCGB, the apertures have to be
modulated. However, to achieve the maximum extinction ratio and coupling efficiency, the tilt
angle of each nano-aperture has to be fixed at 45° according to Eq. (6). Thus, the only option is
to modulate the geometric dimensions of each nano-aperture.

3. Simulation results

To find out the field responses of nano-apertures with tilt angle of 45°, the finite-different
time-domain (FDTD) simulations have been performed with sweeping width (w=0~120nm)
and length (/ = 200 ~ 400nm ). The thickness of gold film and the operation wavelength are set
as 100nm and A =980nm (corresponding to Ay, =960nm), respectively. To calculate the
performance of our proposed device, the periodic boundary condition (PBC) is employed along
y-direction and the period of such structure is set as d =480nm (half of A, ).

Both the calculated amplitude and phase responses are shown in Figs. 2(b)-2(c),
respectively, while the amplitude is normalized by the maximum amplitude of all calculated
results. It can be found that both the amplitude (4) and phase () strongly depend on the width
and length. Thus, it is very convenient and flexible to obtain the desired phase distribution of
@(y) =—kgp|y|sin(@) . To demonstrate it, two cases of @ = 3° and a = 5° are considered. For
each case, there are five kinds of apertures and the phase gradient is 0.34rad/um (0.55rad/pum)

for a = 3° (a = 5°), respectively. The corresponding geometric parameters and field response
are shown in Figs. 2(d)-2(e), respectively.
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Fig. 2. (a) Schematic of one 45° tilted rectangular nano-aperture with length of / and width of w
etched on the gold film. (b) and (c) are the calculated amplitude and phase responses versus
length of / and width of w, respectively. The amplitude is normalized by the maximum
amplitude of all calculated results. (d) and (e) The corresponding geometric parameters and field
response for five kinds of apertures to obtain the required phase distribution for a = 3°/a = 5°.

To achieve polarization-controlled launching of LCGB, the distance between two columns
of nano-apertures is set as s = 240nm according to the Eq. (6). The results obtained by FDTD
simulations are summarized in Fig. 3. As shown in Figs. 3(a)-3(b), the generated LCGBs can
only propagate towards the positive/ negative x-axis for the incidence with LHCP/RHCP for
both cases of a = 3° and a = 5°. Thus the polarization-controlled directional launching of LCGB
have been achieved. Besides, the calculated electric field distributions of normal component in
both cases are shown in Figs. 3(c)-3(d). For both cases, there are two processes along the x-axis.
The first one is the formation of LCGB, in which the excited SPP wave converges to a spot. The

minimum transverse size of the spot is the beam waist of generated LCGB and denoted as @), .

After that, the second process is that LCGB propagates with a beam divergence angle of 8, ,
which is related to the diffracting condition of a paraxial beam. As shown in Eq. (4), the
propagation characteristics of generated LCGBs would strongly depend on the rotational angle
of a.. From Figs. 3(c)-3(d), it can be found that the “ A ’-shaped wavefront of LCGB with a = 3°
has a larger opening angle than that with o = 5°. For more clarity, the relation between beam
width of the generated LCGB and the longitudinal position is depicted in Figs. 3(e)-3(f) for a =

3° and a = 5°, respectively. Furthermore, both the beam waist of @, and divergence angle of
6, can be obtained. For a = 3°, there is a smaller divergence angle (0.064rad vs. 0.091rad) but
a larger beam waist (1.96pum vs.1.70um) than that with @ = 5°. Moreover, we define the
non-diffracting length L. of LCGB as the longest distance while the beam width is smaller
than half size of the coupler (about 4.5um). When the beam width is larger than that size,
energy carried by surface beam cannot be confined in the core area of the device, thus leading
to undesirable crosstalk. It should be noted that the non-diffracting length is shorter than the
standard SPP propagation length and the related discussion is given in the Appendix.
According to the results shown in Figs. 3(e)-3(f), the non-diffracting length is
Ly =58um/L; =50um with a = 3°0 = 5°. These results indicate that the propagation
characteristics of generated LCGB can be controlled by properly setting the value of a
[20,21,24,28]. Similar to that shown in [20], the non-diffracting length of LCGB can be longer
by increasing the number of the nano-apertures within one column. However, it would increase
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the footprint of the device. Thus, there is a tradeoff between the compactness of device and the
propagation length of LCGB, which should be properly balanced according to the specific
applications.

Fig. 3. (a) The FDTD simulation results of polarization-controlled directional launching of
LCGB with a = 3° and a = 5°, respectively. (a) and (b) are the intensity distributions of
polarization-controlled unidirectional LCGB for the incidence with RHCP and LHCP,
respectively. (c) and (d) are the electric field distributions of normal component. (¢) and (f) are
the relation between beam width of the generated LCGB and the longitudinal position and the
parameters (beam waist, divergence angle, non-diffracting length) for describing propagation
characteristics are also given.

4. Experimental results

To verify our proposal, several samples have been fabricated by a focused ion beam machine
(FIB) (Tescan LYRA3). A 100nm thick gold thin film is evaporated on the quartz substrate
with a Snm thick buffer layer of titanium through vapor deposition. Figure 4(a) is the scanning
electron microscope (SEM) image of the whole structure composed of LCGB couplers with a =
3°and the enlarged area shows the details. There are five couplers aligned together with a
period of one SPP wavelength (~960nm) to achieve higher coupling efficiency. According to
the FDTD simulation, the coupling efficiency is ~3.5%, which is consistent to the value of
~3.2% given in [18]. It should be mentioned that the efficiency could be further improved by
increasing the number of couplers or adopting low-loss plasmonic materials. Besides, there are
two annular gratings in both sides to scatter the generated LCGB into propagation mode in
free-space for measurement and the spacing between the two gratings is about 65um. The
coupler with o = 5°is also fabricated and shown in Appendix. For the measurement, a 980nm
laser source (Thorlabs, CLD1015) is incident onto the sample followed by a polarizer and a
quarter wave plate (QWP), then focused by an objective (Nikon, NA = 0.3), and the other
objective (Nikon, NA = 0.3) is used for collecting the scattering light by the annular gratings.
The optical signal scattered by gratings is detected by a charge-coupled device (CCD) camera
(Thorlabs, 4070M-USB).
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Fig. 4. (a) The SEM image of the whole structure and the annular gratings in both sides to scatter
the generated LCGB into propagation mode in free-space for measurement. (b). The enlarged
area is the couplers group composed of five couplers with o = 3°. (¢) The measured signals of
polarization-controlled directional propagation ofrgenerated LCGBwuith LHCP, RHCP and LP,
respectively. A short video about it is provided in| Visualization 1.

The intensity of optical signals scattered by the-twe-annulargratings depends on the stat

e of

polarization (SOP) of incidence. A short video about it is provided iph Visualization 1.

The

typical results for incidence with RHCP, LHCP and linear polarization|(LP) are shown in

Fig.

4(c). With LHCP incidence, the optical signals can only be observed in the right side and vice
versa with LP incidence, the optical signals are in both sides. Therefore, it can be concluded
that the propagation direction of LCGB is well controlled by the SOP of incident light.
Furthermore, the extinction ratio of the coupler has been estimated. According to the calculated
results, the optical waists in both sides are nearly the same as well as nearly at the same
position. Thus, the SPP wave generated in both sides can be considered as the same Gaussian

intensity distribution so that the extinction ratio could be approximately calculated as the r

atio

of peak intensity. The measured extinction ratio is ~150, ~160 and ~1.1 for incidence with
RHCP, LHCP and LP, respectively. There is a little difference of the extinction ratio between

the RHCP and LHCP, which may be due to the error from fabrication, measurement
alignment.

and
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Fig. 5. (a-b) The SEM image of upper-part and lower-part with o = 3°. (¢) The measured signals
of upper-part and lower-part for incidence with LHCP. (d) The normalized intensity distribution
along y-axis of scattered spot.

It should be noted that the LCGB originates from the interference of two opposite tilted SPP
beam and thus possesses the phase distribution of @(y)=—kg,, |¥|sin (&) . Therefore, to verify

the induced phase distribution, we have fabricated and measured samples with only upper-part
(»>0) and lower-part (y<0) of our proposed structure as shown in Figs. 5(a)-5(b), respectively.
Theoretically, upper-part would induce the negative linear phase gradient along y-axis of

k_ =—kgpyp sin () while lower-part would induce positive phase gradient of k, = kg, sin () .

Due to the linear phase gradient, the generated SPP beam of upper-part (lower-part) would tilt
toward negative (positive) y-axis with a tilt angle of a as discussed in Sec. 2. Figure 5(c) shows
the collected light scattered by gratings in 40um away with upper-part and lower-part,
respectively. It can be found that the scattered spot exists in negative (positive) y-axis for
upper-part (lower-part), which is consistent with above discussions. Furthermore, the intensity
distribution of scattered spot is also shown in Fig. 5(d). The separation distance is about
—2.04um (1.86um) corresponding to a tilt angle of 2.92° (2.67°), which is very close to the
preset angle of a = 3°. These results could confirm that the upper-part and lower-part have
successfully generated opposite tilted SPP beams, which is desired to generate the LCGB.
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Fig. 6. The SEM image of SPP coupler with a = 0°. (b) The experimental results for incidence
with LHCP in different longitudinal positions (30um, 40pm, 50um). (c) The normalized
intensity distribution of scattered spot for SPP coupler with a = 0° (black solid line) and o = 3°
(red short dash line) in different longitudinal positions (30um, 40pm, 50um) and the beam width
is also given.

Additionally, a SPP coupler with a = 0° as shown in Fig. 6(a) is also fabricated for
comparison. In this case, several pairs of orthogonally tilted nano-apertures with the same
shape (w=120nmand /=400nm ). Figure 6(b) shows the scattering light collected by the
CCD camera with incidence of LHCP in different longitudinal positions (30um, 40pum, 50pm).
Figure 6(c) shows comparison between the beam intensity distribution of & = 0° and a = 3° in
different longitudinal positions (30pm, 40um, S0um), which is normalized by the maximum
intensity of a = 3° in position of 30um. It could be found that the energy of a = 3° is more
concentrated than that of o = 0°. Furthermore, by Gaussian fitting, the 1/e* beam width can be
obtained and marked in Fig. 6 (c). The beam width of a = 0° is 6.0um/6.1pum/6.4pm at position
of 30um/40pm/50um, which is distinctly larger than case of a = 3° (2.6um/3.2um/3.9um).
Therefore, the SPP beam generated by our proposed structure would possess a smaller beam
width, which is consistent to the propagation characteristics of LCGB mentioned in Sec.3.

Through the verification of phase distribution and the comparison with a uniform SPP
coupler, it could be indirectly confirmed that the LCGB has been generated.

Fig. 7. The relation between beam width of the generated LCGBs and the longitudinal position
for a = 3° and a = 5°. The divergence angles and non-diffracting length of both cases are also
given.
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To measure the propagation characteristics of the generated LCGB, the annular gratings
have been etched at different positions along the propagation direction. Figure 7 shows the
experimental results of the relation between the beam width and the longitudinal position for
both cases of @ = 3°and a = 5°, respectively. By linear fitting, the propagation characteristics of
generated LCGBs in both cases can be obtained. For the LCGB with o = 3°, the divergence
angle is smaller (0.0737rad vs.0.0844rad) and the non-diffracting length is larger (57um
vs.50.5um) than that with a = 5°accroding to the experimental results. The relative fitting errors
of the beam divergence angle with experimental results are ~20% and 18% for cases of o =
3°and o = 5°, respectively. Comparing with the simulation results of 0.064rad (a = 3°) and
0.091rad (a0 = 5°), there is only a little difference between the experimental and simulated
results. It is mainly caused by the fabrication error and could be improved by more accurate
fabrication process. It should be mentioned that the divergence angle of LCGB with a = 5°in
the experimental result is smaller than that in the simulation result. It is probably because the
phase gradient obtained with the fabricated sample is smaller than the designed value.

5. Conclusions

In conclusion, we have proposed and demonstrated a modified SPP coupler to achieve
polarization-controlled directional launching of the LCGB. The coupler consists of two
columns of orthogonally tilted and spatially varied nano-apertures with properly designed
phase distribution. The generated LCGB can propagate as long as 57um while the beam width
is smaller than half size of the coupler. Thus, the energy of SPP wave could be mainly confined
in the core area of the coupler and transmitted dozens of wavelengths. Therefore, the cross-talk
and propagation loss induced by the beam diffraction could be reduced compared with the
plane SPP wave. It should be noted that the propagation distance can be further increased by
increasing the number of the nano-apertures within one column. However, there is a tradeoff
between the non-diffracting length and the footprint of device. Meanwhile, the propagation
direction of generated LCGBs can be controlled by the SOP of incident light and the extinction
ratio is more than 150 at operating wavelength of 980nm. Due to the polarization controllability
and LCGB generation, our proposal is very promising to serve as a high-efficiency polarization
beam splitter or polarization encoder and greatly potential to integrate with other devices such
as modulators and detectors for the compact photonic integrated circuit.

Fig. 8. (a) The simulation results of polarization-controlled directional inclined-LCGB
generation with inclined angle of 5°, 10°and 15°, respectively. And the used parameters and
corresponding coordinate are also given. (b) The experimental results for inclined angle of 2°,
5°and 9°, respectively.



Vol. 27, No. 16 | 5 Aug 2019 | OPTICS EXPRESS 22064

Additionally, if the polarization-controlled LCGB coupler is illuminated by the incident
light with incidence angle of f according to y-axis, the inclined-LCGB would be generated
[21,22,31]. Figure 8(a) shows the simulation results with inclined angles of 5°, 10°and 15,
respectively, with LHCP incidence. The experimental results with inclined angles of 2°, 5°and
9°are shown in Fig. 8(b). The propagation direction can be changed accordingly by controlling
the incidence angle. Thus, multichannel coupling could be achieved with the inclined incidence
and more flexibility could be obtained. Anyway, such modified SPP coupler could play an
important role in highly compact photonic circuit on-chip.

Appendix
Plane SPP wave generation

When an incident light with angle frequency of @ is illuminated on those nano-apertures, the
excited SPP wave can be written as [43],

m

cos(& =)

Ei(_’ ) Z A, exp(ip, Jexp(—ior)

m=—N r_r

m

exp (1ksm, )e’kzz as, (8)

where the sign of ( £ ) corresponds to the SPP wave propagating in the positive /negative
x-direction. 4,, and ¢,, are the amplitude and phase of the excited field by the mth aperture

respectively. 7 and 6, are the position and tilt angle of the mth aperture r is the space

displacement vector, & ”is the off-angle between the vector of r and r—

m m s

kypand k_ are

the propagation constant and evanescent wave decay coefficient of SPP wave, respectively. a
1

is the unit vector and given by a= = —(|kz |2 +[kespp |2 )_E (—ik.,0,tkgyp ) -

When the amplitude and phase distribution are A4, = Aexp [—(md)2 / Woz} (W, is the

beam waist of incidence) and @, = @,m =—N ~ N , respectively, the excited SPP wave can be

written as:
2 0 ,
Ei(;’t)erxp{_(Vng) }Xp(“")e"p(““” COS(/—;m = )exp(iksplz‘;—a)aﬂ
) ©)
(r=r )y

is the off-angle between the vector of 7 and ;—a .

r—r,

’
where 8, = arccos ‘

Then the summation of all SPP waves expressed as Eq. (9) can be approximately transferred
into the definite integral shown below because the period d is small compared with the position

vector of 7 .
COS < arc cos LZ —[”—6(}/')}
- X4y -y)
E:(x,y,2,t)= Aexp 2 2 “(10)
W +(¥'-y)

---exp( spp\l )exp (ip)dy exp(—iax —k Z)a+
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According the paraxial approximation, the following condition can be satisfied.

TR e o an

Besides, the integral limit can be extended to infinity when the Gaussian-modulation of
amplitude is taken. For sake of simplicity, all nano-slits is assumed with the same tilt angle.
Thus, the SPP field can be expressed as:

o0 ”n ’ 2
E: (x,y,2,t)= _[exp(ikspP %}:xp[ VI)/}Z jdy%sin(ﬁ)exp(z‘(p)---

0

- N exp i) (12)
. y? \exp (ikgppX . ~
ceexp| kg, — |——————exp(—iwt—k.z)a-x.
p[ SPP ZXJ \/; p( z )
After solving the above infinity integral [20], the SPP wave can be obtained as:
E:(x,p,2,t) = Asin(6) 2w exp _yzz exp[ i(kgppx+9) ]+
Kspp Wy (13)

—exp (it —k.z)as.
Obviously, it is a plane wave.
LCGB generation
When the amplitude and phase distribution are 4, = Aexp [—(md )/ WOZ} and

@, =—kgp|md|sin(er), m=-N~N, respectively, the excited SPP waves can be obtained as:

Es (;,t) = miv Aexp[—(md)z/Wo2 } exp —ikgy [md|sin () -

cos(Hm'—Hm) o R (14)
————"exp (ikSPP r—r, )exp(—ia)t—kzz)ai.
N
Under the paraxial approximation and similar process as the above section, the SPP field
can be expressed as:

- T (o I ) .,
E:(x,y,z,t)= J‘exptlkspp %jexp[—lkspp |y|sm(0{)}exp( VIJ/}Z jdy

0

—oo

15)
2 ik .
---Asin(é’)exp(ikSPP ;—)Mexp(—iax—kzz)a+.

x

Jx

After solving the above infinity integral [20], the LCGB can be obtained as:

V;; )cos [ksppysin(a)J 16)

exp (ikgppx ) exp (-t — k.z)as,

E- (x,»,z,t) = Asin(0) F(x) exp(

where,
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F(x)= 1 7zk exp| - ksppl Sink(ll) Erfc{—vks”’);(_lmsin(a)}.(ﬂ)

Inclined-LCGB generation

When the incident angle is £ according to the y-axis, the amplitude and phase distribution of the
column would be in the form of 4, = dexp [—(md )/ WOZ} and @, = —kg, [md|sin()
+hgpp (md )sin(f),m=—N ~ N, respectively. Then the excited SPP waves can be expressed

as:

m=—N

cos(ﬁm'—ﬁm o A (18)
‘” — exp(ikSPP r—rm)exp(—ia)t—kzz)ai.
r—rm

There is a little differences compared with the above-mentioned cases. In this case, the
propagation direction is no longer the x-axis, so the paraxial approximation need be
re-considered in a new x-axis. And the coordinate transformation between the new coordinates

()AcO)A/) and the old coordinates (xOy) can be expressed as:

)< [fter o)

And the schematic diagram is shown in Fig. 9(a). The paraxial approximation is applied on
the new coordinates and the corresponding field distribution can be obtained as:

~2

E: ()Ac,)A/, z,t) = Asin(ﬁ)F(x)exp{m] cos[kspp;cos(ﬁ)Sin(a)}.. o0

~--exp(ikSPP)Ac) exp(—iwt—k.z)as.

Then through the coordinate transformation, the field distribution in the old coordinates
(xOy) can be obtained,

—(ycos(ﬁ)—xsin(,ﬁ’))2

W, /cos® (B)

---cos{kSPP sin(a)[ycos(ﬂ) —xsin(ﬂ)]cos(ﬂ)}--- @20
~-exp{ikspp [cos(ﬁ)x+sin(ﬁ)y]}exp(—ia)t—kzz)ai.
It is worth noting that the beam waist of inclined-LCGB increases to W, /cos(/) . That is

E<(r,t)= Asin(0) F (cos(f)x+sin(f) y)exp

because when there is an angle of § between the column and the paraxial beam, the effective
spatial period would decrease to dcos(f5) and thus the corresponding diffraction fringe would be
proportional to a factor of 1/cos(f). With such phase distribution, an inclined-LCGB can be
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generated with the angle of § according to the x-axis. The corresponding wavefront distribution
is shown in Fig. 9(b).

Fig. 9. (a) Top views of one column of nano-apertures with the definitions of parameters used in
calculations. (b) The wavefront of an inclined-LCGB. The red dashed lines describe the shape of
the wavefront and the black arrows show the propagation of generated inclined-LCGB.

The extinction conditions

Fig. 10. Diagram of two columns of nano-slits with the definitions of parameters for generating
polarization-controlled directional LCGB.

When a circularly polarized plane wave with angle frequency of w is incident on a pair of
adjacent nano-apertures in two columns as shown in Fig. 10, the time-averaged intensities of
generated SPP wave in both sides can be expressed as [18]:

I, ‘El “sin? (6) +|Es| sin? (92)+2‘E1‘ E>

sin (91 )Sin (62 )COS [(% @ ) + kSPPS] ,(22)
where the subscript of i (i = 1,2) indicates the corresponding nano-aperture in the left or right
column, ‘E,‘ is the amplitude, @, is the tilt angle of nano-aperture according to the y-axis, @, is

the initial phase of the excited SPP wave, the sign of ( & ) corresponds to the SPP propagating
along the positive or negative x-direction, respectively. Then, the combined field of SPP along
the positive and negative x-axis can be expressed as:

Sin(ez ) exp{i[ksm)s t (¢2 —® )]}} :

- exp (Hikgppx ) exp (—ir —k.z)as,

E:(x,y,2,1) ={‘E‘sin(9l)+ E»

(23)

Consequently, the time-averaged intensities of SPP wave can be calculated as:

I, = ‘Elr sin’ (6, )+‘Ezr sin’ (6,)+ 2‘E1HEz‘sin(0, )sin (6, )cos| (@, =9, ) F kgpps |- (24)
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To achieve unidirectional propagation, one of the /, and /_ should be zero and the other
one should be as large as possible. Without loss of generality, here I_ =0 with max([+) is

considered and then the following equations can be obtained.
‘fl‘sin(ﬁ] )= ‘Ez‘sin(@ )
((02 _q’l)_kspps =0 (25)
(¢2 _¢1)+kspps =7
For simplicity, we assume that a pair of neighboring nano-apertures in two columns have

the same shape so that we have: |E1| =|E2|. The sign of () in the phase term*(&, —6))

corresponds to incidence with right-handed circular polarization (RHCP)/the left-handed
circular polarization (LHCP). Then the maximal extinction conditions can be obtained.

k. s—%;ﬁl:

SPP® T

L., =2 (26)

The definition and measurement of extinction ratio

The extinction ratio can be expressed as:
y =max (T, T, )/min(T,,T,), 27)

where Ty, is the transmission coefficient of SPP wave generated in the right or left side. Due

to the SPP wave generated in both sides have the same Gaussian intensity distribution (the same
optical waist in symmetric position of both sides), thus the extinction ratio could be
approximately given by the ratio of peak intensity.

y=max(I,,1,)/min(1,.1,), (28)

where 7, is the peak intensity of SPP wave generated in the right or left side. Figures

11(al)-11(a3) show the intensity distribution of scattering signals of LCGB with a = 3° along
the propagation direction across the center of the coupler (the red dashed line) for different
SOP. Then the peak intensity of left and right side can be obtained. The extinction ratio can be
expressed by (Ix-1y)/ (Is-1y), (Ip-1v)/ (Ic-1y), (Ig-Iy)/ (Ig-1) for incidence with RHCP, LHCP and
LP, respectively, where I, is the intensity of background light.
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Fig. 11. (al-a3) The experimental results of & = 3° for incidence with RHCP, LHCP and LP. (al)
The intensity distribution of scattering signals by gratings along the propagation direction across
the center of the coupler (the red dashed line) is plotted by the CCD camera. (14, Ip) refer to the
peak intensity of left and right side for incidence with RHCP, respectively. (a2) (Ic, Ip) refer to
the peak intensity of left and right side for incidence with LHCP, respectively. (a3) (Ig, Ir) refer
to the peak intensity of left side and right side for incidence with LP, respectively. (b1-b3) The
corresponding experimental results for o = 5°.

The definition and measurement of divergence angle

The beam divergence angle is defined as:

o

div

= limm, (29)

X—>o0 WO

where w(x) is the beam width in the longitudinal position of x which is the radius of the

horizontal field when the amplitude drops to 1/e of the maximum of optical field. Thus the key
to measure the divergence angle is to measure the beam width. Firstly, the intensity distribution
of the spot along the cross section can be measured. Figure 12 shows the intensity distribution
along the cross section of scattering signal of LCGB with a = 3° in different propagation
positions of 30pm, 40pum, 50um, respectively. Then the Gaussian fitting is performed so that
the half width at 1/e? of maximum of the Gaussian peak can be obtained and this value is the
beam width of generated SPP beam. Furthermore, the beam width is linearly fitted with
longitudinal positions and the slope obtained with liner fitting would be the divergence angle.

Fig. 12. (a-c) show shows the intensity distribution along the cross section of signal (red dashed
line) in the propagation position of 30um, 40pm, 50um, respectively. The yellow arrows refer to
the signal peak collected by the CCD camera.
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Simulated intensity of main lobe vs. longitudinal position for LCGB with a. = 3°

Figure 13 shows intensity of main lobe vs. longitudinal position for LCGB with a=3°. It could
be found that the normalized intensity is still larger than 0.5 at the position of 60pum. It means
that the SPP propagation length (defined as the length while the intensity reduces to 1/e”) would
be longer than 60um. Therefore, in our case, the non-diffracting length (58pum) is adopted as a
conservative estimation of the SPP propagation characteristics.

Fig. 13. Shows the relation between intensity of main lobe and longitudinal position for LCGB
with a = 3° generated by the proposed device. The field distribution is also given in the inset.

Experimental results for LCGB with o = 5°

Figure 14(a) is the scanning electron microscope (SEM) image of the whole structure
composed of LCGB couplers with a=5° and the enlarged area shows the details. There are five
couplers aligned together to form a coupler group with a period of one SPP wavelength
(~0.96um) to achieve higher excitation efficiency. Besides, there are two annular gratings in
both sides to scatter the generated LCGB into propagating mode in free-space for measurement
and the distance between the two gratings is about 65um. Figure 14(b) shows the optical field
collected by the CCD camera when the polarization-controlled LCGB directional generators
with a=5° are illuminated by light with different SOP. Figure 14(c) shows the optical field
collected by the CCD camera for incidence with LHCP in different longitudinal positions
(30um, 40pm, 50pm).
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Fig. 14. Experimental results for polarization controlled directional LCGB generator with o =
5°. (a) The SEM image of the whole structure and the annular gratings in both sides to scatter the
generated LCGB into propagating mode in free-space for measurement. The enlarged area
shows the couplers group composed of five polarization-controlled directional LCGB couplers
with o = 5°. (b) The scattering signals of polarization-controlled directional propagation of
generated LCGB for incidence with LHCP, RHCP and LP, respectively. (c) The experimental
results for incidence with LHCP in different longitudinal positions (30um, 40pm, 50pm).
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