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Abstract

An ultrasonic sensor or an ultrasonic microscope has been a promising tool to image
physical properties of sample. This is not possible with the light microscope or other types of
electromagnetic waves. However, the ultrasonic microscope does need a lot of research effort to
increase the spatial resolution especially in terms of instrumentation. We believe that this research
project will open up an opportunity to build a whole new way of ultrasonic detection using surface
plasmons resonance, where the ultrasounds can be detected directly without measuring the echo
signal. This will make the ultrasound imaging become easier to be adapted in microscopic imaging
system.

Keywords : Ultrasonic microscope, echo signal, surface plasmons resonance
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Abstract

In this work, we present a numerical analysis of a Microelectromechanical system (MEMS)
waveguide ultrasound detection sensor. The sensor made of 2 gold thin films, act as mirrors,
are separated by 416.67 nm creating an optical waveguide. The top and bottom gold films have
the thickness of 1 pum and 40 nm, respectively. The top mirror is suspended in the air fixing on
left and right side allowing the beam to deflect upon an acoustic pressure incident. The
detection of the deflected mirror was done optically by 633 nm wavelength laser incidents on
the bottom mirror. As the air gap spacing between 2 mirrors change due to the pressure, the
angle of reflectance minimum also change. The waveguide structure is able to detect the
change of the air gap up to 237 nm. The configuration allowing a sensitive measurement with
the sensor size of 50 x 50 um? which open up possibility of arranging the sensor into arrays
and performing parallel detection.

Keywords photoacoustic, ultrasound, MEMS, waveguide, sensor
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Abstract

We report a theoretical investigation of a surface plasmon resonance (SPR) based acoustic sensor for optical detection
of ultrasound. The structure being studied is arranged in the Krestchmann configuration and the detection is performed by
observing the change of refractive index of water next to the SPR metal. Pressure acoustic is simulated using COMSOL. A local
refractive index change of water is calculated by converting the incident pressure to water density [1]. Then, the water density is
converted to the refractive index [2]. The calculation shows a linear relationship between the refractive index and the pressure.
At 1 bar pressure, the changes of the refractive index of the water, dn/dp, is 1.6478x10%° Pal. The sensor sensitivity is
determined by the change of reflectance with respect to the pressure, dR/dp. Maximum sensitivity, 0.0023, is found at the half-
width of the lower angle of the reflectance minimum. We also discuss the reduction of sensitivity as the adhesion layer thickness
between substrate and SPR metal film increases.

[1] W. Wagner, “The IAPWS Formulation 1995 for the Thermodynamic Properties of Ordinary Water Substance for General and
Scientific Use,” J. Phys. Chem. Ref. Data, vol. 31, no. 2, p. 387, 1999.

[2] I. Thorméhlen, J. Straub, and U. Grigull, “Refractive Index of Water and Its Dependence on Wavelength, Temperature, and
Density,” J. Phys. Chem. Ref. Data, vol. 14, no. 4, p. 933, 1985.

Keywords: Ultrasonic detection, Acoustic sensor, Pressure sensor, Surface Plasmon Resonance
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Investigation on feasibility of using surface plasmons
resonance (SPR) sensor for ultrasonic detection

A novel optical detection of ultrasonic waves

Manas Sangworasil

Faculty of Biomedical Engineering
Rangsit University
Pathum Thani, Thailand

Phitsini Suvarnaphaet
Department of Physics, Faculty of Science
Mabhidol University
Bangkok, Thailand

Abstract—Scientists and engineers have dreamed of a high
resolution ultrasonic microscopic imaging, where the resolution
of the ultrasound is required to be as high as optical resolution.
In order to achieve this, of course, a very high frequency
ultrasonic source in GHz regime is required as well as a highly
sensitive ultrasonic camera in the same operating frequency
range. In this talk, we will show some experimental results and
discuss a feasibility and key issues of employing a standard
Kretschmann based surface plasmons resonance (SPR) sensor
system to perform high frequency ultrasonic imaging. At the end
of the talk, we will discuss some ways to get around the issues.

Index Terms—High Frequency Ultrasonic Detection, Surface
Plasmons Resonance, SPR, Optical detection

1. INTRODUCTION

Ultrasonic imaging has been one of the gold standard in
biomedical imaging tools for clinical use [1]. For human
tissues and organs, ultrasonic frequencies around 1-5 MHz
range are sufficient to image human body [2]. However, there
is another field which requires a much higher ultrasonic
frequency, which is acoustic microscopy [3]. Main reasons to
employ an acoustic microscope rather than an optical
microscope are that firstly the acoustic and optical microscopes
measure different quantities of the sample. For the optical
wave, it is use to reflect and transmit light from/through the
sample. This is essentially related to refractive indices of the
sample. For the acoustic wave, the way that this wave interacts
with the sample does not depend on the refractive indices, but
rather depends on its mechanical properties, such as, stress,
strain and acoustic impedance of the sample. In other words,
the acoustic microscope provides a microscopic image that is

978-1-5090-3940-1/16/$31.00 ©2016 IEEE
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related to mechanical properties of the sample. This may
enable us to understand more about cells and drug delivery,
e.g. how cells move and how the receptor channels open for up
taking drugs.

The key challenges in acoustic microscopy are that there is
a trade-off between image resolution and sample penetration
depth; especially for biomedical samples where water is the
main substance here. At the frequency up to 1.5GHz the
attenuation in water of the acoustic wave becomes problematic
[4]. In order to get around this, a very strong ultrasonic
generator and/or a very sensitive ultrasonic detector are
required.

For high frequency acoustic microscopy, a very high
bandwidth camera is required to detect a GHz frequency and
scan multiple spots to form an image.

II. SURFACE PLASMONS RESONANCE (SPR) SENSOR

Surface Plasmons Resonance (SPR) is a guided
electromagnetic wave propagating along a uniform surface of
noble metals, such as, gold (Au), silver (Ag) and copper (Cu).
The SPR wave is sensitive to refractive index change in its
surrounding medium as shown in Fig. 1. Fig. la shows the
conceptual diagram for SPR experiment using 50 nm gold
deposited on a glass prism (BK7) with excitation wavelength
690 nm; where the sample was water (n=1.330) left hand side
Fig. and ethanol alcohol (n=1.359) [5] right hand side Fig. The
reflection spectrum shows a dark band dip, which is a strong
evidence of the SPR effect, so called, SPR dip. The angle,
where the SPR dip occurs, is called plasmonic angle or 6,. We
can see from Fig. 1b that the Fresnel equations simulation



shows that the plasmonic angle for water and ethanol alcohol
were sinf,=0.934 and sin6,=0.956 respectively. This illustrates
how the SPR system work as a label-free sensor sensing any
local refractive index change within 250nm height above the
gold sensor surface due to the penetration depth of the SPR
field.

There are some requirements that are needed to be satisfied

in order to excite the SPR.

(1) Negative real part of a complex permittivity; which
metals like gold, silver or copper serve the purpose
here.

(2) Proper thickness of metal, i.e. 50 nm for gold and
silver. For this study, a sputter coating technique was
used to sputter 50nm on glass substrate with 3 nm of
Cr layer as an adhesion layer.

(3) High refractive index coupling material since the SPR
cannot be excited through air. In this study, we used
SF11 prism (n= 1.7726) [Schott glass]

(4) P-polarization (TM polarization) of the incident wave

(5) Total internal reflection excitation. The SPR only
occurs beyond the critical angle.

a)
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SPR wave SPR wave
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Fig. 1. shows (a) conceptual diagram of Kretschmann based SPR sensor when
the samples are water (left hand side) and ethanol (right hand side) and (b)
simulated results for the SPR dips corresponding to the system configuration in
Fig. 1a. The blue curve is for the water case n=1.330 and the red curve is for
the ethanol case n=1.359.

Kretschmann based Surface Plasmons Resonance (SPR)
configuration is one of approaches that satisfies all the
requirements [6]. The Kretschmann SPR sensor has been
widely employed in biomedical proteomic studies, such as,
protein binding and immunoassay [7].

In this study, an SPR sensor system has been aligned as
shown in Fig. 2 and employed in order to investigate the
feasibility of detecting an acoustic wave from an ultrasonic
transducer with 2.5Bar magnitude and frequency of SMHz.

The ultrasonic transducer was positioned above the gold sensor
in water environment. The water layer also served as an
acoustic medium. The system consists of a 690nm laser with a
fiber coupling to a doublet =60 lens producing a well
collimated beam. The beam was then passed through an
aperture and a linear polarizer to clean up the beam quality and
maintain a linear polarization of the laser beam. The beam was
then passed a rotatable half waveplate to ensure that the
incident wave on the sample was p-polarized. The beam then
reflected on a mirror for directing the beam off-axis before
passing through a cylindrical lens and focused down on a 50
nm gold sensor through a SF11 prism.

l Convex cylindrical lens
/ - .ﬁ =

mirror

Half-wave plate
Linear polarizer

F =60 mm

690.7 nm laser

» ‘. -\.' -' e :)v' : - .’ . .-
Fig. 2 shows (a) a conceptual diagram of SPR system setup for acoustic
detection (b) a photo of the experimental setup.
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Fig. 3 shows an experimental result obtained from the system in Fig. 2.

The ultrasonic wave is a mechanical wave, which
compresses and decompresses the water medium making the
local refractive index on the gold sensor varies following the
ultrasonic wave pulse pattern. This enables us to measure the
ultrasonic wave through this local refractive index change. We



have performed a series of theoretical analysis [8] and found
that the refractive index of the water change due to 1 Pa
pressure, dn/dp, is 1.4 x 107'°RIU/ Pa or 1.5x10° RIU at
atmospheric pressure. Therefore with the pressure of 2.5 bar, it
is expected that the SPR system can detect the ultrasonic wave.
Fig. 3 shows an experimental result obtained from an
accumulated read out signal for 50 times on the oscilloscope of
the system in Fig. 2. We can see that the system can be
employed to detect the ultrasonic waves. We have checked the
data that it agrees very well with the pulse duration generated
by the ultrasonic pulser. Although the system still needs some
improvements especially in term of signal to noise, it does
demonstrate the feasibility of using the SPR to detect the
ultrasonic wave. One key advantage of the system is that it
does not require to detect any echo of the ultrasonic wave and
this will open a novel way to perform ultrasonic imaging.

I11. DISCUSSION

We have demonstrated that the SPR system can be
employed to detect the ultrasonic wave. Some improvements
still, however, are needed to be investigated in order to
improve the sensitivity of the SPR system. There is a number
of research work done on enhancing the sensitivity of the SPR
system, such as, measuring the phase of the SPR [9], grating
structures [10] and nanoparticles [11].

The other issue that needs to be discussed is that how the
system can scan very quickly to serve as a camera rather than a
single point detector. In this case, it does require a very high
bandwidth system in GHz range. This is very demanding even
for the current state of the art electronic technology. Here we
would like to investigate in the future study whether we could
adapt time-stretching microscope [12] technique to perform the
high speed scanning. The time-stretching microscope performs
a very high speed imaging by encoding the spatial information
in the wavelength dimension.

IV. CONCLUSION

In this talk, we have discussed some key issues in acoustic
microscopy, which are (1) the trade-off between penetration
depth and resolution and (2) the technique requires very high
bandwidth ultrasound sensitive camera. We have demonstrated
the feasibility of employing the standard Kretschamnn type
SPR system to detect the ultrasonic wave. At the end of the
talk, we have discussed some techniques to improve the
sensitivity of the SPR system and a possible way to perform a
high speed scanning by employing a time-stretching
microscopy technique.
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Abstract. We report a theoretical investigation of a surface plasmon resonance (SPR)-based
acoustic sensor for optical detection of ultrasound. The structure being studied is arranged in the
Krestchmann configuration and the detection is performed by observing the change of refractive
index of water next to the SPR metal. The acoustic pressure is simulated using COMSOL. The
simulation results illustrate an insight into mechanism of pressure variation on the surface of SPR
sensor due to a constructive interference of the ultrasound. This leads to a local refractive index
change of water. The local refractive index change is calculated by converting the incident pressure
to water density using IAPWS-95 formulation. Then, the water density is converted to the refractive
index using Lorentz-Lorenz formulation. Here we report the change in the refractive index of the
water to pressure, dn/dp, which is calculated to be 1.4 x 10°° Pa*, which is very close to the dn/dp
reported by M. W. Sigrist 1986. We also investigated the effect of temperature and wavelength on
the dn/dp and found that the variation in temperature and wavelength does not show any significant
effect on the dn/dp relationship. We also discuss the effect of quality factor (Q) and possible
improvements to enhance the sensitivity of SPR-based acoustic sensor.

Introduction

Surface Plasmon Resonance Simulation

Surface plasmon resonance (SPR) based sensors have extensively been utilized in many
biosensing applications [1]. The SPR is a coupling of electromagnetic (EM) wave to oscillating
surface plasma at a metal-dielectric interface. Excitation of the SPR is possible when the
momentum of an incident EM wave matches to that of the SPR. By solving Maxwell’s equation, it
is found that only the transverse magnetic (TM) wave has a solution that is matched to surface
plasmon frequency and the dispersion relation is described as [2]

g = ol |_%a®m (1)
= cwlad—I-Em lead-l-sm

where ¢ is the speed of light in vacuum, k, = 2m /A4 is the free space wavenumber, 4 is the free
space wavelength, £,,, and & is the relative permittivity of metal and dielectric, respectively.
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One of the most common techniques to demonstrate SPR is carried out via an attenuated
total internal reflection (ATR) which presented by Andreas Otto, Erich Kretschmann and Heinz
Raether [3,4]. In this work, we choose the Kretschmann configuration where the EM wave is
coupled to a prism to increase the momentum of an incident wave on the plasmon metal. At
plasmon angle, the wave vector component which is parallel to the interface has the momentum
matches that of the SPR. This matching condition is given by:

)

B 2nn
where k, is the parallel component of the wave vector, .. is the refractive index of prism, and

= —;rim sinf =[5,
& is the angle of incidence. As the EM wave couples to plasmon mode, there is a reflectance drop
while manifests itself as a dark band in the reflected signal as shown in Fig.1.

x

— - S Material Thickness | Refractive
wave | = F index
o Water - 1.3300
Au 53 nm 0.1283+)3.9815
Glass Cr 1nm 3.9891+]4.1849
Prism N-BK7 170 um 151
Reflected beam Incident beam
Fig. 1. Schematic of the SPR sensor Table 1. Optical parameters and thicknesses of

the sensor used in TMM calculation

As shown in Eg. 1 and 2, the plasmon angle depends on the refractive index of metal,
dielectric and a coupling medium. Therefore, the acoustic wave can be detected through the change
of refractive index of the dielectric medium which is water in this work. The acoustic wave
propagating from a piezoelectric transducer creates pressure fluctuation and locally changes the
water density and, therefore, the refractive index. In this study, SPR reflectance spectra was
calculated using Transfer Matrix Method (TMM) and Fresnel equations.

Acoustic simulation

The acoustic field profile was simulated using COMSOL to determine the maximum
pressure at the metal/water interface as the acoustic wave incidents on the SPR sensor. The pressure
on the sensor surface is then converted to density using IAPWS-95 formulation [5,6]. This density
variation can then be converted into refractive index through Lorentz-Lorenz formulation [7].

Results
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Figure 2. Total acoustic pressure field profile in log scale as the wave incidents on a hard wall

boundary.
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Fig.2 shows the acoustic pressure profile as the 10 MHz acoustic wave incidents on a hard
wall boundary where x-axis represents the distance away from the wall. The input pressure is 1 bar
rectangular waveform and it is placed 3 mm away from the sensor. The maximum acoustic pressure
observed at the wall is 2 bar when the reflected acoustic wave travels back half a wavelength away
from the wall which indicates a constructive interference. It also indicates that the acoustic pressure
at the interface does not drop much within 1 pum distance away from the wall at 10 MHz acoustic
frequency. Therefore, a fixed value of the refractive index of water can be used in optical
calculation because surface plasmon field penetration depth is well below 1 pm. The COMSOL and
Lorentz-Lorenz formulation predicts the change in refractive index of approximately 1.5 x 10° RIU
at atmospheric pressure and 2 x 10 RIU for pressure up to 150 MPa. The simulated dn/dp value of
1.5 x 10"1% RIU/Pa is very close to the dn/dp reported by M. W. Sigrist in 1986 where they analyzed
the dn/dp from of various sources of experimental results. We also studied the effect of temperature
and wavelength on the dn/dp and found that the variation in temperature and wavelength does not
show any significant effect on the dn/dp.

For the current technology, the SPR sensors can detect the local refractive index change
down to approximately 10° RIU [8], which means the lowest ultrasound pressure that can be
detected is around 0.07 Bar, which is not as good as some other techniques, such as, Fabry-Parot
fiber optic [9] and ring resonator [10].

Discussion of how to improve the sensitivity

Although the conventional SPR based sensor does not have the most impressive sensitivity
but the sensitivity could potentially be improved with a resonant structure e.g. microdisk resonator
[11]. Also, the SPR has its own advantage, for example, SPR can be excited with wavelength longer
than 590 nm and maybe potentially useful for ultrasonic scanning and detection.

One thing that most sensitive sensors have in common is a high quality factor (Q factor).
This also applies for the SPR based detection. In this section, we compare two cases of SPR-based
ultrasound detection for 1Bar of 10MHz ultrasound using a gold sensor with 53 nm thick and a
silver sensor with 57 thick. The SPR dip for the silver is sharper than the SPR dip in gold, hence the
Q factor for the silver sensor is the gold sensor leading to an improvement in sensitivity as shown in
Fig. 3.
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Fig. 3 shows (a) sensitivity for gold sensor (b) sensitivity for silver sensor
Reflectance spectra of the sensor as a function of incident angle at with (red dashed line) and
without (black solid line) 1 bar input acoustic pressure. The blue solid line represents the reflectance
changes.

The key factor to improve the sensitivity of the SPR-based sensor for ultrasound detection is
utilising a high Q factor structure. Researchers have been interested in the high Q structures, such
as, micro ring resonator [10] and metamaterial nanorod structure [8].



Conclusion

We report a numerical calculation of the SPR-based sensor to detect the acoustic wave and
demonstrate an alternative approach to calculate the dn/dp using COMSOL. The COMSOL was
employed to work out acoustic field and local pressure and density on the SPR sensor. This quantity
can then be converted to the local refractive index change using Lorentz-Lorenz formulation. The
dn/dp reported here is 1.4 x 101° RIU/Pa, which agrees very well with the dn/dp value of 1.35 x 10"
10 RIU/Pa reported in ref. [12]. We also studied the effect of temperature and wavelength on the
dn/dp and found that dn/dp is, in fact, an independent function of temperature and wavelength. We
have discussed the effect of quality factor on the sensitivity of SPR-based ultrasonic detection.
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