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Abstract. High-resolution ultrasound imaging requires quality sensors with wide bandwidth and high sensitivity, as
shown in a wide range of applications, including intravascular imaging of cardiovascular diseases. However, piezo-
electric technology, the current dominant approach for hydrophone fabrication, has encountered many technical
limitations in the high-frequency range. Using optical techniques for the detection of high-frequency ultrasound
signals has attracted much recent attention. One of the most studied approaches is based on a Fabry–Pérot interfer-
ometer, consisting of an optical cavity sandwiched between two mirrors. This technique offers promising sensitivity
and bandwidth, and a potential alternative to piezoelectric polyvinylidene fluoride (PVDF) hydrophones. We pro-
pose an innovative optical ultrasound sensor using only a single mirror in a total-internal-reflection configuration.
Besides retaining the advantages of Fabry–Pérot interferometer-based ultrasound sensors, this unique design pro-
vides a bandwidth of at least 160 MHz, a potential decrease in fabrication cost, and an increase in signal fidelity.
C©2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3528014]
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There is a pervasive demand for high-resolution imaging
techniques for comprehensive morphological and functional
imaging of critical biological organs covered by thick tissue lay-
ers. Optical microscopy normally provides superior resolution
but with shallow imaging depth in scattering media. In contrast,
acoustic imaging enables deep tissue imaging but with rela-
tively low spatial resolution, restricted by the frequency range
employed in conventional diagnostic ultrasound imaging. In
principle, ultrasound imaging resolution can be improved by
using higher frequencies (e.g., 50 MHz). However, for a con-
ventional piezoelectric-based ultrasound sensor, higher opera-
tion frequency demands smaller effective sensor size,1 which
imposes several technological difficulties in the fabrication
of miniature piezoelectric ultrasound sensors. The challenges
include dicing piezoceramics to micrometer-size elements,2

making electrical connections to the small elements, cross talk
between elements, and increased detection noise due to re-
duced element size.3 Although recently developed miniature
polyvinylidene fluoride (PVDF) membrane hydrophones can
potentially achieve4, 5 a frequency bandwidth beyond 140 MHz,
demanding electrical connections and cross talk persist if these
membrane hydrophones are intended for imaging arrays. Fur-
thermore, it has been reported that the noise-equivalent pres-
sure (NEP) of a 50-μm-diam Fabry–Pérot optical ultrasound
sensor is comparable to that of 1-mm-diam PVDF membrane
hydrophone.6 Given that the sensitivity of a membrane hy-
drophone decreases as its area becomes smaller due to lower
capacitance,7 the Fabry–Pérot ultrasound sensor can potentially
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outperform the PVDF membrane sensor with the same active
area.8

As discussed in recent publications,3, 6,8–16 optical ultrasound
sensors have the potential to overcome many of the challenges
just mentioned. For example, no electrical connections are re-
quired near an optical ultrasound sensor and, in most of the
optical techniques employed, micrometer-size resolution can
be obtained by scanning a focused laser beam across sen-
sor surface.9 A Fabry–Pérot étalon is one of the well-studied
structures3, 7,10–16 for building such an optical ultrasound sensor
due to its superior frequency response and sensitivity relative
to conventional piezoelectric equivalents.6 The operation of a
Fabry–Pérot étalon ultrasound sensor is based on modulation
of optical cavity length by ultrasonic pressure wave. As re-
ported by Zhang et al.,8 the fabrication of a high-finesse étalon
ultrasound sensor can be achieved by first sputtering a stack
of two alternating periodic dielectric layers, also called a pho-
tonic crystal (PC) structure, on a transparent substrate to form
a high-reflection mirror, then the cavity material is deposited,
followed by sputtering the second mirror. A broad bandwidth of
20 MHz was achieved with a sensor having a cavity layer of 38
or 22 μm. In addition, the sensitivity of the étalon-based sen-
sors was speculated to be potentially two orders of magnitude
more sensitive than a piezoelectric PVDF receiver with similar
element size.8

Two important parameters determining the performance of
the étalon-based optical ultrasound sensor are the finesse of the
étalon and the Young’s modulus of the cavity material. One-
dimensional PC structures can be used to fabricate an étalon
sensor with high finesse by sputtering dielectric multilayers on
both sides of a cavity layer. For coating with hard dielectric
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Fig. 1 Working principle of a sensor with an open-cavity structure: (a) the conceptual split of an étalon sensor having a cavity layer sandwiched by
two PC structures from the middle of the cavity layer; (b) only half of the structure is used in TIR geometry, owing to the TIR, a mirror image of the
PC structure results in a virtual étalon structure; and (c) a PC-TIR optoacoustic sensor with an open cavity, which ultimately enables optimizing the
ultrasound detection sensitivity and bandwidth.

materials, including SiO2 and TiO2, the cavity material must
meet several requirements to ensure good coating quality: (i)
sufficient rigidity, (ii) a high melting point, and (iii) a thermal
expansion coefficient matched with the dielectric multilayers.
Yet such materials have intrinsically limited response to an ul-
trasound signal. For example, an étalon sensor with fused silica
as the cavity layer was fabricated, but the detection sensitivity
is limited7 due to silica’s high Young’s modulus, which lim-
its the change in cavity length induced by ultrasonic pressure
waves. Polymer films with lower Young’s moduli were used in
an attempt to increase the sensitivity.3, 14 However, it is difficult
to obtain a high-quality coating with hard dielectric materials
on most polymer films due to the preceding strict requirements
on substrate temperature and rigidity. A soft dielectric coating
can be used instead, which lowers the requirements on the sub-
strate physical properties, but the coating is less robust than a
hard dielectric coating. Optical ultrasound sensors with pary-
lene C as the cavity layer, which has a melting point of 290◦C
and Young’s modulus of 4.75 GPa,17 was successfully fabri-
cated using soft dielectric coating of ZnS and Na3AlF6 on a
polymethyl-methacrylate (PMMA) substrate.8 Instead of coat-
ing dielectric materials on a polymer film, metal coating was
normally used,3, 14 which however resulted in a lower finesse
due to the relatively low reflectivity. Thus, the detection sen-
sitivity of the polymer étalon sensor is not optimized either.
To overcome these limitations due to the trade-off between the
finesse of the étalon structure and the compressibility of the cav-
ity layer material, in this paper we demonstrate an alternative
approach for constructing a high-frequency optical ultrasound
sensor with an open-cavity configuration.

We conceptually split a Fabry–Pérot étalon sensor with a
cavity layer sandwiched between two PC structures from the
middle and use only half of the structure in a total-internal-
reflection (TIR) geometry [Fig. 1(a)]. Owing to the TIR, there
is a mirror image of the PC structure [Fig. 1(b)]. Thus, a cavity
is still formed even with only half of a conventional étalon
structure due to the PC structure and its imaginary part in the
TIR configuration. Note that this is an open cavity [Fig. 1(c)],
in contrast to the closed cavity in a conventional étalon sensor.

The existence of resonant modes similar to that of a Fabry–
Pérot étalon cavity has been verified in our previous experiments
utilizing the open cavity for real-time bioassays.18, 19 This PC-
TIR sensor (a PC structure used in TIR geometry) has a number
of advantages. First, a variety of materials can be used for the
cavity layer, because no coating is necessary on top of the cavity
layer. Thus, the selection of materials fully depends on their
capability for achieving a large optical response to broadband
high-frequency ultrasonic signals rather than having to meet
the requirements of fabrication processes. Second, comparing
to a sandwiched étalon structure, the open-cavity configuration
also enables the sensing layer to be more flexible, because not
both sides of the layer are coated with dielectric materials that
could increase the cavity mechanical toughness and reduce the
sensor response. Finally, the PC-TIR sensor retains most of the
advantages of other Fabry–Pérot ultrasound sensors. However,
because of the required oblique incident angle of the probe
beam, the spatial resolution of the PC-TIR sensor is degraded
by a factor of 1 over cosine of the incident angle compared to
a Fabry–Pérot ultrasound sensor with the normal incidence of a
probe beam having the same beam diameter.

We designed the PC-TIR sensor based on the following the-
oretical calculations. The sensor is composed of a transparent
substrate, a periodic structure of two alternating layers of differ-
ent dielectric materials (e.g., silica and titania), and a polymer
thin film as the cavity layer. Assume the incident angle at the
substrate layer is θ i, and the refraction angles in the substrate
(S), silica (A), titania (B), and cavity layer (X) are θ s, θA, θB,
and θX, respectively. Let ns, nA, nB, and nX be the refractive
indices of the substrate, silica, titania, and the cavity layer, re-
spectively. To form a photonic bandgap, the thickness of the
dielectric multilayer must satisfy

dA = λ

4
(
n2

A − n2
S sin2 θS

)1/2 , dB = λ

4
(
n2

B − n2
S sin2 θS

)1/2 ,

(1)

where dA and dB are the thicknesses for silica and titania, re-
spectively and λ is the wavelength of the probe laser, which was
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Fig. 2 Resonance condition of the PC-TIR sensor. (a) Electric field profiles in a PC-TIR sensor at an incident angle of 64 deg simulated with a transfer
matrix method. The dashed line shows the case without resonance for compressed cavity thickness of 0.99dX, while the solid line shows the case
with resonance at dX = 0.334 μm. The strong field enhancement in the PMMA layer indicates the existence of a cavity in this open structure.
(b) Simulated and measured reflectance spectra for a PC-TIR sensor with a PMMA cavity thickness of 2.65 μm. The measured reflectance dip is as
narrow as 1 nm, which is in a good agreement with the simulated result.

chosen to be 632.8 nm in this experiment. An incident angle of
64 deg was chosen, so that the TIR occurs at the polymer-water
interface but not at the titania–silica interface. At this incident
angle, the titania and silica layers therefore have designed thick-
nesses of 89.8 and 307.2 nm, respectively. They were used to
form five alternating layers of the PC structure and were fab-
ricated by electron-beam physical vapor deposition on a BK7
glass substrate.

To obtain a resonance condition in the cavity, the thickness
of the cavity layer dx should satisfy the following relation:

2
2π

λd
nx dx cos θx + α = (2m + 1)π (m = 0, 1, 2, . . .),

(2)
where α represents the Goos–Hänchen phase shift. The factor of
2 in the first term on the left-hand side is due to the fact that the
light double passes this layer because of the TIR. The integer
m means that multiple resonant conditions can be satisfied. For
s-polarization of incident light, substituting the Goos–Hänchen
phase shift expression into Eq. (2), one obtains the thickness of
the cavity layer,

dX = λd

4π
(
n2

X − n2
S sin2 θS

)1/2

×
{

2mπ + π − 2 tan−1

[(
n2

S sin2 θS − n2
H

n2
X − n2

S sin2 θS

)1/2
]}

, (3)

where nH is the refractive index of the medium above the cavity
layer.

We chose PMMA as the material for the cavity layer due to
its good elasticity property for achieving high sensitivity and the
ease of depositing PMMA by spin-coating. PMMA has a low
Young’s modulus of 2 GPa as compared to titania (230 GPa) and
silica (72 GPa). The PC-TIR sensor is essentially an interferom-
eter with its optical resonant wavelengths determined by the
thickness of the PMMA layer. When exposed to an ultrasound
wave, the ultrasonic pressure wave modulates the thickness of

the PMMA cavity, causing it to be on and off resonance. While
off resonance, the optical electric field within the cavity layer
destructively interferes and the field is minimal [Fig. 2(a)]. Upon
resonance, the probe light is confined within the cavity due to
constructive interference, and field enhancement occurs. How-
ever, because no light is transmitted to the other side of cavity
layer in TIR, conservation of energy requires the reflectance of
the interferometer to be unity regardless of whether the cavity
is on or off resonance. To distinguish these two cases, a small
amount of light-absorbing dye (50 ppm of Nile blue dye) is
incorporated into the PMMA cavity layer. Because of the field
enhancement in this layer under the resonant condition, the max-
imum absorption occurs and the reflectance spectrum shows a
significant dip at the resonant wavelength [Fig. 2(b)].

The reason why it is necessary to dope a small amount of
absorbing materials in the cavity layer can be understood in the
following way. If there was no absorption at all in the cavity
layer, then the reflectivity would remain high (basically, close
to unity) across the whole spectrum and there would be no
resonant dip. This is because for light that is not at the resonant
wavelength, it has minimal field intensity due to destructive
interference at the cavity layer [Fig. 2(a)] and is essentially
reflected by the dielectric multilayer with reflectivity near 100%.
For light at the resonant wavelength, its field intensity becomes
maximum at the cavity layer due to constructive interference.
Because of the TIR at the cavity layer–water interface, the light
is reflected back with reflectivity also close to 100%. Therefore,
to have a resonant reflectance dip in the reflection spectrum,
it is necessary to incorporate certain amount of absorption in
the cavity layer. Thus, only when the light is at the resonant
wavelength, can it experience the maximum absorption due to
the enhanced field at the cavity layer, leading to a resonant
reflectance dip in the reflectance spectrum.

The main distinction between the conventional Fabry–Pérot
and the PC-TIR structure lies in the whereabouts of the energy of
the nonreflected beam. The reflectance change of Fabry–Pérot
ultrasound sensors is due to the change in intensity between

Journal of Biomedical Optics January 2011 � Vol. 16(1)017001-3

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 16 May 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Chow et al.: Broadband optical ultrasound sensor with a unique open-cavity structure

reflected and transmitted beams caused by cavity thickness vari-
ation. In contrast, in the PC-TIR structure, no transmission is
possible due to the TIR, and the reflectance change is induced
by absorption inside the cavity, which is proportional to the in-
terferometric field enhancement inside the cavity. One concern
arises from the production of heat by light absorption inside the
cavity, which may cause shifts of the operational wavelength or
incident angle. However, deviation from expected operational
condition was not observed, even in prolonged experiments.
This is possibly because the cavity layer is in contact with the
surrounding medium (i.e., water), which provided means of heat
dissipation. There is an optimal absorption in the cavity layer to
obtain a sharp and deep resonant reflectance dip. The measured
FWHM of the dip is 1 nm [Fig. 2(b)], whereas the free spectral
range is 53 THz, giving a finesse of 71. Although the number of
dielectric layers in our fabricated sample is relatively low (only
five layers), due to large incident angle, the measured finesse is
comparable to that of conventional étalon sensors, with more di-
electric layers reported to date.6–9,16, 20 This result demonstrates
that a high finesse can be achieved for the open cavity in the
PC-TIR configuration.

The transfer factor or responsitivity of a PC-TIR sensor
depends on three factors: (i) the conversion efficiency of the
cavity-length change to the reflected light intensity change (op-
tical sensitivity, Os), (ii) the conversion efficiency of the ultra-
sonic pressure to the change in the resonance wavelength of the
cavity (acoustic sensitivity, As), and (iii) the frequency response
transfer function P(k). For a PC-TIR sensor operating near the
resonant condition, the maximum optical sensitivity is given
by18

Os|max = dI

dλ

∣∣∣∣
max

= ±1.3I0(1 − Rmin)

�λ
, (4)

where I0 is the incident probe laser intensity, Rmin is the min-
imum reflectance at resonance, and �λ is the FWHM of the
resonance dip.

The acoustic sensitivity represents the amount of strain pro-
duced by unit acoustic pressure (in micrometers per kilopascal).
Because PMMA has a much lower Young’s modulus compared
to titania and silica used for the PC structure, the contribution
from titania and silica to the acoustically induced strain is neg-
ligible compared to the contribution from PMMA. By neglect-
ing the photoelastic and thermoelastic effects, the strain can be
estimated by

strain = �dx

dx
= −�P

E
, (5)

where �P is the acoustic pressure and E is the Young’s modulus
of the cavity material. From Eqs. (2) and (5), one obtains the
acoustic sensitivity as

As = ∂λd

∂ P
= − 4nx dx cos θx

(2m + 1 − α/π)E
. (6)

Assuming that the entire beam spot is subject to ultrasonic
modulation, the calculated frequency dependence of the overall
transfer factor S is given by the product of Os, As, and |P(k)|

S = 7.2I0nXdX cos θX(1 − Rmin)

�λ [2m + 1 − (α/π)] E
|P(k)| . (7)

Fig. 3 Simulated frequency response of PC-TIR sensors with different
cavity thickness. From line 1 to line 10, the cavity layer thicknesses
are 2.31, 3.76, 4.48, 5.21, 5.93, 6.66, 7.38, 8.11, 8.83, and 9.56 μm,
respectively.

The frequency response transfer function |P(k)| is a normal-
ized, acoustic-frequency-dependent (or wavelength-dependent)
function determined by the acoustic properties of the cavity
layer, its backing material and its surrounding medium, and has
the following form:13

|P(k)| = T
√

2

Nkdx

×
{(

1 + R2
1

)
[1 − cos(kdx )] + 4R1 cos(kdx ) sin2(kdx/2)

1 − 2R1 R2 cos(2kdx ) + (R1 R2)2

}1/2

,

(8)

where N is the normalization factor, T is the pressure-amplitude
transmission coefficient, R1 and R2 are the pressure-amplitude
reflection coefficients at the lower and upper surfaces of the cav-
ity, and k = 2π /λx is the acoustic wave number, where λx is the
acoustic wavelength in the cavity. The calculated frequency re-
sponse transfer function for different cavity thicknesses is shown
in Fig. 3. This indicates that the frequency bandwidth increases
with decreasing cavity thickness and a broadband response can
be achieved with a reasonable cavity thickness.

To measure the transfer factor and frequency response of the
PC-TIR sensor, we used a 2-mW He–Ne laser as the probe light
with a wavelength of 632.8 nm. The beam size was reduced to
∼0.5 mm diam using a pair of objective lenses forming a tele-
scope. The PC-TIR sensor was placed on a glass prism, which
was mounted on a rotational stage. The rotational stage enabled
us to control the incident angle of the probe beam. A cylin-
der was placed around the sensor to hold water for the acous-
tic coupling. An 80-MHz, 100-μm-focal-diam, single-element
high-frequency piezoelectric ultrasound transducer (University
of Southern California, Ultrasound Transducer Resource Cen-
ter, Los Angeles, California) was driven by an ultrasound pulser
(Olympus NDT pulser/receiver 5910PR) and positioned with
its focus falling within the laser beam spot on the top surface
of the sensor. The reflected probe laser beam was detected by

Journal of Biomedical Optics January 2011 � Vol. 16(1)017001-4

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Biomedical-Optics on 16 May 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Chow et al.: Broadband optical ultrasound sensor with a unique open-cavity structure

Fig. 4 Experimental testing of PC-TIR sensors in comparison with a piezoelectric transducer. (a) Ultrasonic signals from an 80-MHz transducer
detected with a PC-TIR sensor having a PMMA cavity thickness of 2.65 μm (inset: ultrasonic pulse-echo signal detected with the piezoelectric
transducer); (b) frequency spectrum of the signals measured with the PC-TIR sensor and square-root of the pulse-echo spectrum; (c) frequency
transfer function for the 2.65-μm sensor obtained by dividing the PC-TIR spectrum by the pulse-echo spectrum; and (d) frequency spectra of the
ultrasound signals measured with four different PC-TIR sensors having different cavity thicknesses.

a photodiode (Thorlabs PDA10A, 1-mm active area diameter)
and was recorded using a digital oscilloscope (Agilent Infiniium
54830B).

Figure 4(a) shows the ultrasonic pulse signals detected by a
PC-TIR sensor with a cavity thickness of 2.65 μm. A good SNR
was obtained, indicating the sensitive response of the PC-TIR
sensor to the ultrasonic signals. For comparison, the inset shows
the ultrasonic pulse-echo (backscattered) signals received by the
piezoelectric ultrasound transducer. The frequency spectrum of
the detected pulse was determined by Fourier transform and
found to be identical to that of the transducer within the cali-
bration range of 10–80 MHz. Direct measurement of frequency
response beyond 100 MHz is difficult due to the unavailabil-
ity of a well-calibrated ultrasound transducer and the lack of a
calibration technique in this high frequency range. To make a
rough estimate of the PC-TIR sensor frequency response, we
assumed that the frequency response of the transducer in receiv-
ing mode is identical to that of transmission mode when subject
to a broadband ultrasonic or electrical pulse. Also, assuming
that the pulse is undistorted on reflection at the sensor surface,
the normalized frequency spectrum of the pulse incident on the
sensor surface is given by the square root of the (normalized)
pulse-echo spectrum. This together with the spectrum measured

by the PC-TIR sensor is shown in Fig. 4(b). A good agreement
between the two spectra results in a relatively flat frequency
response to at least 160 MHz, as shown in Fig. 4(c). Uncertainty
arises at frequencies beyond 120 MHz due to the low spectral
power of the transducer.

We further investigated the relation between the cavity thick-
ness and the frequency response. Frequency spectra of ultrasonic
signals measured by four PC-TIR sensors with different cavity
thicknesses are shown in Fig. 4(d). Two 3-dB cutoff frequen-
cies are estimated to be 85 MHz for the sensor with a cavity of
9.87 μm and 110 MHz for the sensor with a cavity of 6.87 μm.
This dependence of frequency bandwidth on the cavity thick-
ness is in good agreement with our simulation results (Fig. 3).
The frequency response of the PC-TIR sensors with 2.65- and
4.27-μm cavity layers have a bandwidth that is theoretically
over 200 MHz and is much broader than the testing ultrasonic
source used in this measurement (80 MHz).

The sensitivity of the PC-TIR sensor was measured by detect-
ing the photodiode output when a calibrated ultrasonic source
of known peak pressure was used. For the PC-TIR sensor with
a cavity thickness of 4.27 μm, we obtained a sensitivity of
8 μW/MPa. The NEP, given by detection noise divided by
the sensor sensitivity, was found to be 36 kPa. Because this
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sensor has a broad frequency response [Fig. 4(d)], this sensitiv-
ity is expected to remain at this level at frequencies up to at least
120 MHz. Note that although the NEP is an order of magnitude
larger than that of a similar-sized membrane hydrophone,15 it
is mainly due to the electronic output noise of the photodiode
used. In principle, the NEP of the PC-TIR sensor can be signif-
icantly reduced by using a low-noise photodiode and a higher
power probe laser. Despite the high-detection-noise floor in our
current detection system, our experimental results do indicate
that our sensor has high sensitivity, which is determined by the
optical structure and the materials used for fabricating the sen-
sor. Although it is important to reduce the electronic noise, the
high sensitivity demonstrated in this study is a critical step for
obtaining an ultimately low NEP.

This study demonstrated the feasibility of constructing a
high-finesse optical ultrasonic sensor using only half of a Fabry–
Pérot cavity structure. Despite a coarse proof-of-principle mea-
surement, the sensor displayed a broad bandwidth of at least
160 MHz with an NEP of 36 kPa, high sensitivity, and a poten-
tially achievable low NEP if an improved detection method is
employed. Substantial effort is necessary to fully evaluate the
capability of the PC-TIR sensor at a high-frequency range. The
PC-TIR sensor configuration addresses the trade-off problem in
the other existing optical ultrasound sensors with a close cavity
structure. This novel sensor provides total flexibility in cavity
material selection to address various application requirements.
We believe that it will find appeal in a wide range of biomedi-
cal applications that require sensitive, high-frequency ultrasonic
imaging. For example, the high-sensitivity and broadband char-
acteristics of the PC-TIR sensor developed in this study may lead
to a significant improvement of the imaging quality of intravas-
cular ultrasonic imaging for detecting vulnerable atherosclerotic
plaques in the coronary artery.21 This novel optical ultrasound
sensor may also be expected to have the potential to meet the
increasing demand on the sensitivity and bandwidth required
in photoacoustic imaging, a new imaging modality that has re-
cently shown great promise for noninvasive characterization of
internal structures and functions of soft tissues.22, 23
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