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Abstract: A grating-based biosensor via phase detection is stated. The resolution will be 107 RIU
in the state-of-the-art today. The workspace can be shifted in a large range while the sensor

resolution can remain in a high level by only changing the incident angle.
OCIS codes: (050.0050) Diffraction and gratings; (050.5080) Phase shift

1. Introduction

An interesting property of a metal grating is known as the resonance absorption: partial or total absorption of
incident light energy occurs at a specific angle of incidence (resonance angle). This is caused by excitation of
plasmon surface waves and is accompanied by an abrupt change of diffraction efficiency [1].

We know that the resonance absorption occurs when a phase-matching condition is satisfied: the phase constant
of an evanescent order coincides with the real part of an eigenvalue of surface plasmons. According to our
prevenient research, we can easily determine the refractive index of the material with an accuracy of five digits by
measuring the zeroth-order efficiency alone [2]. The five-digit resolution, however, is not sufficient for practical
applications [3,4]. Hence, we have an urgent issue to increase the resolution in the index determination.

A promising solution to our issue is to employ phase detection to measure the phase modulation accompanying
the plasmon excitation. This is because the Fresnel models of surface plasmon excitation predict an obvious change
in the reflected phase as the material index changed [5]. The phase detection has already been employed in prism-
based biosensors and works to improve the resolution of the sensors to 107 refractive index units (RIU) [6].

In the following sections we examine the possibility of the phase detection employed in the grating-based
plasmon biosensor. We will formulate the problem of diffraction by a metal grating placed in conical mounting and
describe the method of solution employed. We will also show the numerical results and will make discussions from
the viewpoint of sensor applications.

2. Formulation of the Problem and the Method of Solution

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

Sit z, =n,(x)=hsin(2mx/d) (la)

Syt z, =1, (x)=hsin2m/d)-e (1b)
where 4, 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. The capital letters (X, ¥, Z) show the
coordinates of a point in these regions. A convention P =(X;, Y, Z) will be used as well.

The electric field of an incident light is given by

E'(P)=¢ explik' P -iax) 2
where
ki=(a’ ﬁv_y) (3)
with o = 5, k' sin @ cos¢> =k’ sin@sing> y =nk' cosd, and k' =27 /). As shown in Fig.l, 6 is the polar angle
between the Z-axis and the incident wave-vector, ¢ is the azimuth angle between the X-axis and the plane of
incidence, and /1 is the wavelength in vacuum.

Let us decompose the amplitude e’ appeared in (2) 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. Apparently, e'* has no Z-component. The
amplitude e’ is decomposed as

e =e™cosd+e™sind 4)

where ¢ , which is termed a polarization angle, is the angle between e'" and e’ (see Fig.1).
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Fig.1. Schematic representation of diffraction by a layered metal grating and definition of the polarization angle.

According to Yasuura’s theory [7, 8], The approximate solutions in each region, hence, can be expressed as:

(EU\’ ](P) = E Alj,-,E+ (N)(Zlim )(P) * E AITHM+ (N)(ZI%W )(P)
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where N is the number of truncation. We determlne the coefficients by the least-squares method. That is, we find
the coefficients that minimize the quadratic form:

N =‘];‘VX[E1N +E E" 1 X ds+f ‘VXI: EY Ed 1 X ds
+W2LI‘1/><[HI‘IN+HI'_H£’ 11 ds+W2f ‘Vx[ Hdlya’s

where S; and S, denote one period of the upper and the lower surface, v is a unit normal vector to the surfaces, and
W is an intrinsic impedance of vacuum. This over-determined set of equations is solved approximately by the QR-
decomposition.

(6)

3. Numerical Results and Discussion

In the following, we assume the use of a commercial grating made of aluminum with an gold over-coating, whose
parameters are 24 = 0.072 um, d = 0.556 um and e = 0.778 um. The incident light is a monochromatic plane wave
from a laser diode with a wavelength of 0.633 um. As for the value taken in our computation, we assume that the
refractive indices of Al and Au at this wavelength are n, = 0.1594 + i3.2166 and n; = 1.2078 + i7.0148.

The phase signal of the zeroth-order TM diffracted mode in V;is defined as phase shift between before and after
SPR activated. The phase signal of the zeroth-order TM mode is then given by

, Im(4™ ) ()

JRe(4?" J 4 1m{ a7

Figure 2a shows the efficiency of TM; mode as a function of the incident polar angle # for different azimuth
angles while V| is filled with a dielectric of refractive index n; = 1.330. Each curve in the figure shows a resonant
incident polar angle @ for a given azimuth angle ¢. It is easily to be observed that the absorption efficiency of SPR is
strongly related to the azimuth angle ¢. Correspondingly, Fig. 2b shows the phase shift of TMy mode while the
refractive index n; changes around 1.330. The phase shift curve has a steep slope over a limited range of refractive
index. We also notice that the slopes of phase shift curves are related with the strength of the resonance absorption.
That is, the strongest resonance with almost total absorption observed at § = 20.5" and ¢ = 11.2" is accompanied
with the most abrupt slope of the phase shift curve.

¢phasc =S
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Figure 2b shows great potential of a grating-based biosensor with phase detection for the purpose of high
resolution. Obviously, the resolution of such a sensor design is related to the slope of a curve chosen from the
curves in Fig. 2b. Although a steeper slope means higher resolution, the steepest curve in Fig. 2b (8 =20.5 and ¢ =
11.2) is difficult to be employed in practice because of an extremely low efficiency far less than 10~. Therefore, we
have a trade-off between high resolution and a sufficient diffracted power. For example, we can choose the
secondary tilted current (6 = 20.3 and ¢ = 5.6 ) in experiment to ensure that the signal beam is strong enough to be
detected. If we choose these parameters, and if we refer to an experimental design whose instrumental resolution in
phase detection is 5 x 10~ degrees [9, 10], then we can expect the resolution in refractive index should be about 107”7
RIU.
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Fig. 2. (a) Diffraction efficiency as a function of polar angle for given azimuth angles. (b) Phase response for different incident
angles.

We scan the resonance phenomenon around the index range as 1.271 < n; < 1.347, and find a very similar result
as Fig. 2. Thus, it is obviously that without changing the structure parameters but only the incident angle, we can
shift the workspace in a large range while the sensor resolution can remain in a high level. Combining all the small
workspaces, a wide range of refractive index can be determined respectively.

4. Conclusions

Since the sample index n; has large influence on the phase modulation of the diffracted TM mode, the phase
detection is a strong way to find the index. The resolution of the possible grating-based biosensor with phase
detection will be 107 RIU in the state-of-the-art today. This means more than 7-digit determination of the index and
can be employed for medical and physiological applications. Moreover, by only changing the incident angle, the
workspace of such a biosensor can be shift in a larger range.
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