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Abstract—The excitation of surface plasmon on a metallic grating can be observed by varying the
polar angle, accompanied by the absorption of incident light. The absorption occurs at a resonance
angle which is sensitive to the refractive index of the liquid coated on the surface of the grating. As a
result, an application in index sensing is developed. However, the sensitivity by varying the polar angle
is almost at the same level as a conventional prism couple-based sensor through angular detection. In
our new setup, we propose two methods to improve the sensitivity to refractive index change using an
index sensor. Our first method is a slight modification of the conventional setup by varying the azimuth
angle instead of the polar angle. Absorption of the incident is also observed while scanning the azimuth
angle. The second method is to utilize phase detection to realize high resolution in finding the refractive
index of liquids. In the phase detection, a good linearity is observed in the experimental results, with
a resolution 10 times higher than that of a conventional setup.

1. INTRODUCTION

A metallic grating has a property known as resonance absorption: partial or total absorption of
incident light energy occurs at a specific angle of incidence resonance, which is called surface plasmon
resonance [1-4]. Surface plasmon is a collective longitudinal vibration of free electrons on the metal
surface. Since the surface plasmon resonance absorption phenomenon in the metallic grating is strongly
influenced by the refractive index of the medium on the surface of the metallic grating, it is expected
that the metallic grating is used for measuring the liquid refractive index [5-8].

A refractive index sensor utilizing surface plasmon resonance absorption is called a surface plasmon
resonance sensor (SPR sensor). Although SPR sensors are applied in various fields such as DNA profiling
and immunoassay [9-11], improvement of resolution is required to perform measurement with higher
precision. Although a plasmon index sensor with a prism has been examined by many researchers in
detail, few works with a metallic grating have been reported. We have examined the possibility of
employing the plasmon resonance absorption on a metallic grating as an index sensor [12,13]. As a
result, an application in index sensing is developed. However, the sensitivity by the polar angle is less
than 120° /RIU, which is almost at the same level as a conventional prism couple-based sensor through
angular detection [14, 15]. In order to improve the resolution of liquid refractive index measurement using
a metallic grating, we have successfully built a high-resolution refractive index sensor by performing
azimuth angle and phase measurement in addition to measurement of diffraction efficiency of reflected
light.

Received 8 June 2019, Accepted 18 August 2019, Scheduled 9 September 2019
* Corresponding author: Taikei Suyama (suyama@akashi.ac.jp).
1 National Institute of Technology, Akashi College, 679-3 Nishioka, Uozumi-cho, Akashi, Hyogo 674-8501, Japan. 2 Expedia Group,
333 108th Avenue NE, Bellevue, WA 98004, USA. 3 Faculty of Advanced Science and Technology, Kumamoto University, 2-39-1
Kurokami, Kumamoto 860-8555, Japan.



30 Suyama et al.

2. METALLIC GRATING, INCIDENT LIGHT AND DIFFRACTED FIELDS

This section is a brief introduction of the metallic grating, incident light, and diffracted fields. In this
paper, a time factor exp(—iwt) is suppressed.

2.1. Metallic Grating and Incident Light

Figure 1 shows the schematic representation of diffraction by a layered grating made of a metal and
having an over-coating thin oxide film. The grating is uniform in the Y direction and periodic in the
X direction. The surface profiles are given by

2rx

Sizzy = my (z) = hsin (7) (1)

2rx

Spiza = 12 (x) = hsin <7> —e 2)

where h, d, and e are the amplitude (half depth) of the surface modulation, the period, and the thickness
of the coating. Note that the small letters (x, y, z) denote a point on the surfaces.

Figure 1. Schematic representation of diffraction by a metallic grating.

We assume that the volume regions Vi, V5, and V3 defined by

Vi:Z>m(X) (free space) (3)
Voime (X)< Z <m (X) (oxide film) (4)
Va:Z <mp(X) (metal) (5)

are filled with a dielectric (with a positive refractive index n;), a oxide film (with a positive refractive
index nsy), and metal (with a complex n3), respectively. Note that (X,Y, Z) denotes the coordinates of
a point in these regions. A convention P = (XY, Z) will be used as well. The electric and magnetic
fields of an incident light is given by

E' (P) = egexp (ikg - P) (6)
H' (P) = hgexp (iko - P) (7)

with
ho = (wu)il ko X€eq (8)

Here, e is the electric-field amplitude, and kg is the incident wave vector
kO = (Oé, ﬁv _7) (9)
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with o = kgsinfcose, [ = kosinfsing, v = kgcosf and ky = 27/A. As shown in Fig. 1, 6 is the polar
angle between the Z-axis and incident wave-vector, ¢ the azimuth angle between the X-axis and plane
of incidence, and A the wavelength in vacuum.

Let us decompose the amplitude of the incident light into a TE- and a TM-component, where TE
(or TM) means the absence of the Z-component in the relevant electric (or magnetic) field. To do this,
we first define two unit vectors that span a plane orthogonal to kg

e™ = (sin ¢, — cos ¢, 0) (10)

e™ = (cosfcosg, cos B sin b, sin A) (11)

Apparently, eI has no Z-component. The fact that the magnetic amplitude accompanying e™ cannot

have any Z-component can be seen by direct manipulation. In addition, they are perpendicular to each
other, and both of them make a right angle with ky. Hence, they are unit vectors in the direction of
the TE- and TM-components in the sense above. The amplitude ey is decomposed as

ep=cosd-e P4 sing-e™ (12)

where § is the angle between €™ and ey and is termed as a polarization angle. Thus, the incident light

is specified by the wavelength A, the polar and azimuth angles 6 and ¢, and the polarization angle 9.

2.2. The Diffracted Fields

Because the diffracted fields have both TE- and TM-components, we need TE and TM vector modal
functions to construct solutions. The modal functions are derived from the Floquet modes and are
defined by

Pam (P) = egn exp (iKgmP) (13)
‘PE% (P) = eg%exp (ikqm‘P) (14)
for m =0, £1, £2, ... (PeV,; ¢ = 1,2,3). Here,
e KgmXi: ™ €qm X Kgm
eqm - - €0 - TE (15)
[kgm xiz| |eqm><kqm|
and
klm - (amaﬁv _ﬂ)/lm) (16)
ka = (aﬂ%ﬁ7 :F’YQm) (17)
k3m - (amaﬁa _73m) (18)
with
2
Qm = @+ —Zm (19)
Yam =\ (ngko)? — (a2, + 5) (20)

Note that the modal functions given in Egs. (13) and (14) are employed in constructing diffracted
electric fields. For magnetic fields, we define alternative sets of modal functions:

, 1 . .
which are obtained from Egs. (13) and (14) through Maxwell’s equations.

Approximate solutions in V; are finite sums of up-going modal functions with unknown modal
coefficients. Likewise, the solutions in V3 are linear combinations of down-going modal functions,
whereas in Vs, the solutions must have oscillating modal functions. All the solutions should consist
of TE- and TM-components except the planar mounting case. The approximate solutions in each
region, hence, can be expressed as:

(E§N> Z Ut (N ( > Z Ugn' (N ( %M>( ) (22)
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where N is the truncation number, and the plus and minus signs represent the direction of propagation.
Symbols UMY and UIM are unknown modal coefficients of the mth order TE and TM modes. It
should be noted that the TE- and TM-components should be included in each solution and that the
approximations for the electric and magnetic fields have common modal coefficients.

We define the efficiency of the zeroth-order diffracted mode in V; as per period power carried away
by the zeroth mode normalized by the per period incident power:

po=po-+pp (23)
where the efficiency of the zeroth-order TE and TM mode is given by
Y10 2 Y10 2
poTEZT(UlToE(N){ ; poTMZT\U%M(N)( (24)

3. AZIMUTH ANGLE DETECTION

In this section, we introduce the method of azimuth angle detection to improve the resolution of liquid
refractive index measurement and the instructions for experiment preparation.

3.1. Method of Azimuth Angle Detection

Conventionally, the excitation of surface plasmon on a metallic grating could be observed by varying
the polar angle, accompanied by absorption of the incident TM-wave [16-18]. The absorption occurs at
the resonance angle which is sensitive to the refractive index on the surface of the grating [12,13].

In our new setup, we propose a slight modification to the conventional setup by varying azimuth
angle ¢ instead of polar angle 8. Absorption of the incident TM-wave is also observed while varying the
azimuth angle ¢. When a TM wave is incident on a metal grating, enhanced TM-TE mode conversion
occurs at angles of incidence at which the surface plasmons are excited [19, 20]. TM-TE mode conversion
is observed at a certain azimuth angle ¢4, at which the surface plasmon is excited, and the resonance
angle ¢, is also sensitive to the refractive index coated. The enhanced TM-TE mode conversion can
be used in precise measurement of the resonance angle. For this purpose, we define the ratio of TE-
and TM-components pi¥/pd™, where pf® and pi™ are the efficiencies of the zeroth-order TE- and
TM-components, respectively. This phenomenal is similar to varying the polar angle #; however, the
sensitivity could be greatly improved.

3.2. Experimental Details

As shown in Fig. 2, a commercial UV grating (1800GPM, Holographic, Edmund Optics) made of Al
with a thin oxide film over-coating is mounted on a stage that rotates about the Z-axis to scan the
azimuth angle ¢ with 0.2° steps. The incident light is set on a rotating arm that allows polar angle
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Figure 2. The experimental setup. Figure 3. Typical absorption in planar mounting
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scan with 0.2° steps. The TE- or TM-component of the zeroth diffracted wave is monitored by a power
meter through a beam splitter (B/S).

In the following examples, we employ a grating made of aluminum whose parameters are h =
0.035 um and d = 0.556 pm. It has a thin oxide film (AlyO3, no= 1.76, e= 0.015 pm) over-coating. The
liquid glycerin is used in the experiment as measurement sample. As an incident light, we choose a
TM monochromatic plane wave whose wavelength is A= 0.670 um. The refractive index of Al at this
wavelength is given by ns = 1.3517 4 ¢7.1150 [21].

We show typical plasmon resonance absorption in planar mounting (¢ = 0°) in Fig. 3. The solid
curve and the dots represent numerical result and experimental data. We observe a fairly good agreement
between them. The dip in the efficiency at § = 9.8° corresponds to the absorption, while the sharp
peak at 6 = 11.8° relates to the —1 order cutoff. Note that parameters h and e of the commercial
UV grating used in experiment are found through this numerical experiment, which are calculated by
mode-matching method [22-25]. The method is a useful technique for computation of boundary-value
problems, especially for structures consisting of separate regions. It is based on matching the fields at
the boundaries of different regions.

4. PHASE DETECTION

Phase detection is aimed at improving the resolution of the SPR sensor [26-28]. In this section, we
explain the rotation analyzer method [29,30] which can measure the polarization characteristics and
phase of diffracted light.

4.1. Polarized Light Analysis

Assuming that the electric field of the diffracted light in the incident region Vi is Eqg, its TE and TM
components are expressed by Egs. (25) and (26).

Ei; (P) = Uig® (N) g (P) (25)
Eiy" (P) = Ui (N) @gm (P) (26)

Consider a coordinate system consisting of the z axis (E{F(P) direction), y axis (EJM(P) direction),
and z axis (kjo direction) with the fractional vector of the diffracted light as k.

In this coordinate system, the instantaneous values E, and E, which are the TE and TM
components of the zeroth diffracted electric field are expressed by

EM(P) - E, = Eycos (wt — kz + ;) (27)
Ely’ (P) — E, = Eycos (wt — kz + 3,) (28)

Here, E,p and E,o are the amplitudes of £, and E,, and ¢, and ¢, are the initial phases of F, and E,,
respectively. E, and E, in Egs. (27) and (28) are regarded as electric waves of orthogonal plane waves.
The phase difference A is given by

A =0, — 0y (29)
The ellipse representing the polarized light of the diffracted light is expressed as:
E$>2 (Ey>2 2B, B, 9
+ == - - —=cos A =sin“ A 30
(EacO EyO EacO EyO ( )

Figure 4 shows the elliptically polarized light. As shown in Fig. 4, a is the long radius of the ellipse,

and b is the short radius. Also, the angle of the amplitude ratio which is the slope from E, is defined

as W. Its tangent is given by

ExO
y0

tan ¥ =

(31)

A pair of values, ¥ and A, are used as parameters representing the polarization of the diffracted light.
The coordinate system in Fig. 4 is referred to as a (¥, A) coordinate system.
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Figure 4. Elliptically polarized light. Figure 5. The optical system of rotation analyzer

method.

4.2. The Rotation Analyzer Method

The rotation analyzer method is used to measure the polarization state associated with reflection [31, 32].
Fig. 5 shows the optical system of the rotation analyzer method. The rotation analyzer method consists
of a laser light source, a polarizer, a sample, a rotating analyzer, and a power meter. The polarizer is
inserted perpendicularly to the plane of incidence, and the analyzer is inserted perpendicularly to the
plane of reflection. Here, the rotation angle R of the polarizer is set to 45° counterclockwise. After
irradiating the sample with the laser, the rotation angle A of the analyzer is rotated clockwise by 5°
from 0° to 180°, and the reflected light intensity [ is measured with a power meter. I is expressed by
Eq. (32) with A as a function

I
I= Eo(l—l—Flcos 2A + Fysin 2A) (32)

Iy is the average reflected light intensity. Symbols F} and F5 are the normalized Fourier coefficients,
which can be determined by Fourier transform. Let A;(I = 1,2,...,n) be the rotation angle until the
analyzer rotates from 0° to 180°, and let the reflected light intensity corresponding to A; be [;. In terms
of these values, F7 and F5 are computed from

n

D (Iicos24,) D (Iisin24;)
= RBR=F (33)

n n
> T > T
=1 =1

When the rotation angle R = 45°, ¥ and A can be obtained by

[ 14+ F; F:
v = tan_l 1 i_ Fll, A = COS_1 ﬁ (34)
-1

The optical system is fixed at a specific polar angle, azimuth angle, and refractive index nq of the
sample. As a result, ¥ and A which change are obtained from Eq. (34).

5. RESULTS AND DISCUSSION

In this section, we consider the surface plasmon resonance absorption of the liquid glycerin refractive
index separately for polar angle, azimuth angle, and phase difference detection. We also examine its
application as a high-resolution refractive index sensor.
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Figure 6. Efficiency of TM-component pOTM Figure 7. The resonance angle 6,, as a function

according to the polar angle 6. of refractive index n;.

5.1. Polar Angle Detection

As a conventional setup result, Fig. 6 shows the efficiency of TM component as a function of the polar
angle 6 for different refractive indices. We observe that the change of sample refractive index from 1.357
to 1.398 is therefore detected as a shift of a resonance angle 6 from 12.8° to 16.8°. As illustrated in
Fig. 6, it will be difficult to find the resonance angle due to the “flat-dip effect” of the efficiency which
would require a high resolution of the power meter to distinguish different resonance angles close to
each other.

Figure 7 shows the resonance angle 6 as a function of refractive index. A linear relationship is
observed between the absorption angle 0, and the refractive index for several azimuth angles ¢ = 15°,
30°, 45°, respectively. As a conventional SPR sensor, the refractive index of the sample is determined
by the absorption angle. Further, the resolution is maximized when the azimuth angle is fixed at 45°,
and we can achieve a 119° /RIU resolution.

5.2. Azimuth Angle Detection

Figure 8 illustrates pOTE / ng as a function of the azimuth angle ¢ for different refractive indices. We
observe that the peak shifts from 41° to 26° corresponding to the refractive index changed from 1.357
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to 1.398.

Figure 9 shows the resonance angle ¢ as a function of refractive index. In Fig. 9, we observe a
negative linear relationship between the absorption angle ¢4, and refractive index. The resolution is
the highest at a polar angle of 16°, and we can realize a 432° /RIU. The resolution is related to the
threshold of both the angular and power detections.

5.3. Phase Difference Detection

Figure 10 shows the light intensity I with respect to the rotation angle A of the analyzer. In this case,
the incident and azimuth angles are fixed at 13° and 30°, respectively. According to Fig. 10, when n;
changes, a change in angle of the analyzer having the largest light absorption is observed, indicating
that the polarization state of the reflected light is changing.

Figure 11 shows the phase difference A of index of the refractive index in glycerin. According to
Fig. 11, a linear relationship can be confirmed between n; and A. The resolution is 1200° /RIU, which
is 10 times higher than the polar angle characteristic. If we can measure A with two digits after the
decimal point, the liquid refractive index can be measured up to five decimal places.
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Figure 10. Light intensity of analyzer angles. Figure 11. Phase difference A as a

function of refractive index nj.

5.4. Comparison of Resolution

In Table 1, we summarize the refractive index resolution by different metrics of polar angle 8, azimuth
angle ¢, and phase difference A. The resolution of polar angle detection is 119°/RIU at ¢ = 45°; the
resolution of azimuth angle detection is 432°/RIU at € = 16°; the resolution is about 3.5 times higher
than that of polar angle detection. In the case of phase difference detection, we can realize a 1200° /RIU

Table 1. Comparison of resolution.

Metrics Setting [deg.] | Resolution [deg./RIU]

6=0 87

Polar angle 0 ¢ =30 101

¢ =45 119

0 =16 432

Azimuth angle ¢ 0 =18 375
0 =20 340

Phase difference A | § =13, ¢ = 30 1200
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by adopting the appropriate polar angle # and azimuth angle ¢, and the resolution is 10 times more
sensitive than that of the polar angle. We will continue to investigate the physical theory of phase
detection in our future research.

6. CONCLUSION

We propose a new setup for SPR sensing applications based on metallic gratings to improve the
resolution of an index sensor. We have confirmed that the sensitivity will be greatly improved compared
to that of a conventional setup SPR sensor. The resolution of azimuth angle detection is 432°/RIU.
Since the sample index has large influence on the phase modulation, the phase detection is a better
way to find the index. The resolution of phase detection is 1200° /RIU, which is 10 times more sensitive
than that of a conventional setup.
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