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Humidity Detection Based on Surface Plasmon Resonance
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Abstract: A method of humidity detection based on surface plasmon resonance was proposed.
Kretschmann structure was applied to excite surface plasmon polarization. Porous ceramic SiO, was used
as the humidity-sensitive material. The refractive index of porous ceramic SiO, altered as the ambient
relative humidity changed, thus leading to a shift of surface plasmon resonance angle. On this basis, the
reflection spectrum was simulated and analyzed under different refractive index of humidity-sensing layer
by finite element method. Furthermore, the thickness of gold film was optimized in accordance with the
full width at half maximum of reflection spectrum and the formant depth. The results show that, the best
thickness of gold film is 55 nm, a linear relationship between the shift of surface plasmon resonance angle
and the variation of humidity-sensing layer refractive index is got, high resolution of 0. 37 % RH and high
sensitivity of 0. 03°/% RH are obtained. The research contributes to the realization and application of
humidity sensor based on surface plasmon resonance.
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incident light Surface plasmon waves can

0 Introduction : .
propagate in subwavelength structure system, forming
Surface Plasmon Resonance (SPR) is collective highly integrated photonic circuits. The technology is a

oscillations of free electrons in solid when stimulated by significant bond between optical field and electrical field
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1 It has been attracted high importance and developed

at  great speed, especially in  terms  of
biomacromolecules and circumstances detection™’, The
technology of SPR was used to detect the amine tissue
proteins successfully by Byoung Jin-Jeon in 201177,
Liu Xia detected pesticide residues by taking the
advantage of high sensitivity of SPR technology in
201357,

humidity is very rarely reported.

However, the use of SPR in terms of detecting

Humidity is closely related to scientific studies,
production and living. The maintaining of precision
instruments, the storage of grain, printing and dyeing
et al have strict requirements for humidity. The
traditional humidity sensors are mostly resistive or
capacitive sensors based on conductive mechanism of

electron and ion. But they are difficult to integrate and

[7-8]

meet the precision requirements To overcome the

drawbacks of capacitive humidity sensor, optical

humidity and temperature sensor based on fiber grating

was proposed to improve the sensitivity and

[9-10]

stability" ", resolution was

studied and

and Wang Zhen-yuan™'¥,

synchronously, high

achieved. Porous ceramic SiO, was
analyzed by Alberto!"
providing foundation for porous ceramic SiO, as
humidity-sensitive material. In the literature, a novel
method to detect humidity is put forward and
demonstrated. SPR technology is applied to humidity
detection for the first time. Thanks to the superhigh
sensitivity of SPR to the refractive index variation of
porous ceramic Si0O, caused by humidity change, high
sensitivity and resolution have been achieved by

theoretical analyses and simulation.

1 Calculation methods

1.1 Mechanical model

The commonly used method for exciting surface
plasmons is the Kretschmann prism configuration,
initially investigated by Kretschmann and Raether*,
which consists of three layers. The optical layout,
composed of a prism, a metal film and a dielectric layer
is shown in Fig. 1.

The incident light, p-polarized light falls on the
metal layer through the prism with total reflection™".
There is an evanescent wave with amplitude decaying
exponentially normal to the interface under the total
reflection. When k,, = Re (ks ), surface plasmons at
the interface of the metal and dielectric are excited by

the evanescent wave. where

n,=n/e; Q)

d -

&

Fig. 1 The schematic view of optical system to excite SPR
1/2
kg | =2 (S5 ) (2)
‘ Sp ‘ ¢ & +€Z
koo | =+/e) Zsin 0 (3)

k., is the wave number vector of the incident light
across the media, ks is the wave number vector of the
surface plasmon, &, e and e, are the dielectric
constants of the prism, the metal film and the dielectric
layer respectively, n,(;=0,1,2) is the refractive index
correspondingly, c¢ is the speed of light in vacuum, w is
the frequency and @ is the angle of incidence.

As the incident light is p-polarized light, the
reflection coefficient R can be got according to the

Fresnel equation and the reflectivity equation for single

layer
R:‘r ’ ‘: ro rexp (21 kad) |*? 7
o 1+ryrpexp (2ik,d)
_ ok, —mk, . ‘
where r,, = =" represents the reflection ratio

nik., +nlk,,
of the strength of the electric field at the interface
b —

between two adjacent media. e

\/(%)“”3_ (Ko 70 (p=0.1. q=1,2,j=0,1.2).

Under a certain angle of incidence, fgr» the SPR
at the interface of the metal and dielectric are excited
by the evanescent wave and the minimum reflection
intensity can even approach to 0. Porous ceramic SiO,
is recommended as the dielectric layer, so n, will
change as the humidity changing in surrounding. The
refractive index n, can affect the Ogr. So we can
analyze Oy to detect the humidity around.

1.2 The characteristic of porous ceramic SiO,

Relative humidity (% RH) refers to the humidity
saturation percentage of the air in certain volume ™.
Ceramic SiO, fabricated by sol-gel method has good
sense of humidity. The water adsorption capacity of
porous ceramic Si0), was analyzed using spectrometer

by Alberto A H

relationship between the refractive index of porous

and other researchers. The

ceramic SiO, and relative humidity is shown in Fig. 2.
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Fig. 2 The relationship between refractive index of

porous ceramic SiO, and relative humidity

2 Results and discussions

We use porous ceramic Si0), as the third layer in
this simulation, the wavelength of the incident light in
free-space is taken to be A =632 nm, because of the
high sensitivity at shorter wavelength"'"'"!, The prism
is BK7 with high transmissivity and the refractive index
is n, =1.515". The relative permittivity of Au at A=
632 nm is ¢, = — 9. 5093+ 1. 2175i"".

index of porous ceramic SiO, under different relative

The refractive

humidity is got according to Fig. 2. In Fig. 3 we show

the magnetic distribution (a-y plane) at resonance by

0/(°)
(a) &=70nm

(¢) d=55nm

201 Note that we have

Comsol Multiphysics analysis
imposed periodic boundary condition on both up and
down boundaries for a better representation of the
plasmon. The right diagram is a color scaled image of
the magnetic field while the inset is the corresponding
3D plot of the magnetic field distribution across the

materials.
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Fig. 3 Magnetic field of the H.(x.y) at the resonance angle

The thickness of gold film, which not only
determines the appearance of SPR phenomenon, but
affects the detection resolution and accuracy directly, is
a key parameter of SPR sensor. The curves in Fig. 4
show the simulated reflection spectra under the
condition that the gold film thickness is from 40 to

70 nm.
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Fig. 4 The relationship between the reflectivity and angle of incidence under different d

From the plots of Fig. 4, it can be seen that the
thinner the gold film is, the broader the SPR spectrum
peak is. The width of peak can be calculated by Full
Width at Half Maximum (FWHM). Larger FWHM
can result in lower detection resolution and deeper dip
will contribute to higher accuracy. But when the gold
film is thicker than 70 nm, the dip will diminish in
depth. The effect of d on the characteristics of
reflection spectra is shown in Fig. 5. Inset of Fig. 5
shows detailed representation of the characteristics of
dip when d changes from 50 nm to 60 nm with a step of
1 nm, in order to achieve optimized d. We obtain that,
the thickness around 55 nm is the best chosen because

the dip reaches about 0 and keeps sharp, from these

curves.
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Fig.5 The effect of d on dip

Then the d =55 nm was taken to calculate the
sensitivity of the humidity sensor. From Fig. 4(¢), we
can see that the bigger the relative permittivity n, is,
the larger the angle Oy will be. Fig. 6 shows the effect
The red line is
obtained from the analytical solutions using Egs. (1),
(2) and (3) in the range from n, =1. 35 to n, = 1. 45,
and the black diamonds are obtained directly from the

of n, on the resonance angle Ogx.

results of the Comsol simulation. The simulation and
the analytical expressions show good agreement. A
linear relationship between Oyr and n, is got in the

range from n, = 1. 37 to n, = 1. 45 used for humidity

detection.
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Fig. 6 The effect of refractive index n, on Ospr detection
According to the functions of n, with Oy and
relative humidity, we obtained the relationship of Osx

with relative humidity shown in Fig. 7.
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Fig. 7 The relationship between 0spr and relative humidity

The result clearly indicates that within the scope
of humidity changing, 0% RH ~ 100% RH, the O
shifts significantly, ranging from 54. 76° to 57. 46°. At
present the detection limit of angle resolution is 0. 01°,
so the resolution of this humidity sensor, 0. 37 % RH,
has been achieved. This resolution significantly exceeds
1% RH~2%RH, which is the resolution of capacitive
humidity sensors.
sensitivity of the humidity sensor of 0. 03°/% RH is

calculated.

Under the optimal conditions, a

0624001~ 4
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Conclusion

In this research, SPR-based sensor is applied to

detect relative humidity in surrounding. When the

thickness of gold film is around 55 nm, the sensor has

ideally high resolution and sensitivity. We anticipate

that the proposed method will be developed and become

a promising candidate for highly sensitive humidity

detection format.
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