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ABSTRACT 
     
Clinical ultrasound (US) imaging and therapy require a precise knowledge of the intensity distribution of the 

acoustic field. Although piezoelectric hydrophones are most common, these devices are limited in terms of, for example, 
type of materials, cost, and performance at high frequency and pressure. As an alternative to conventional acoustic 
detectors, we describe acoustoelectric hydrophones, developed using photolithographic fabrication techniques, where the 
induced voltage (phase and amplitude) is proportional to both the US pressure and bias current injected through the 
device. In this study a number of different hydrophone designs were created using indium tin oxide (ITO). A constriction 
of the current path within the hydrophone created a localized “sensitivity zone” of high current density. The width of this 
zone ranged from 30 to 1000 μm, with a thickness of 100 nm. A raster scan of the US transducer produced a map of the 
acoustic field. Hydrophones were evaluated by mapping the pressure field of a 2.25 MHz single element transducer, and 
their performance was compared to a commercial capsule hydrophone. Focal spot sizes at -6 dB were as low as 1.75 mm, 
comparing well with the commercial hydrophone measurement of 1.80 mm. Maximum sensitivity was 2 nV/Pa and up to 
the 2nd harmonic was detected. We expect improved performance with future devices as we optimize the design. 
Acoustoelectric hydrophones are potentially cheaper and more robust than the piezoelectric models currently in clinical 
use, potentially providing more choice of materials and designs for monitoring therapy or producing arrays for imaging.  
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BACKGROUND 
 
Hydrophones are used in the ultrasound (US) units of hospitals, clinics, and laboratories to measure the strength and 

distribution of the ultrasound field. Usually, this has been accomplished by means of piezoelectric hydrophones, which 
date to the time of Sir Ernest Rutherford1. They are usually accurate, and piezo technology is mature and well-
understood However, sensitive membrane and needle piezo hydrophones, for example, have the dual disadvantages of 
high cost and fragility, as well as limited bandwidth.2,3 Our group has been developing a new type of ultrasound detector 
based on the acoustoelectric (AE) effect; these AE detectors are potentially robust and inexpensive to fabricate.  

 
The acoustoelectric equation states that the change in resistivity is proportional to the change in pressure applied, 

such that:  
 
            ,         

                                
where ρ is electrical resistivity, P is incident pressure, and k is a constant of interaction. By Ohm’s law, when  
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current is passing through the device, this pressure-induced change in resistivity produces a change in voltage 
proportional to the electric current density. For an isotropic medium, the fluctuations in voltage can be used to map the 
amplitude and phase of the acoustic field. By limiting the area of the resistive material, current can be constrained to a 
“sensitivity zone” of high current density, provided the area is smaller than the acoustic wavelength.  

In addition to applications using hydrophones for characterization of the transducers used in US therapy, the 
possibility also exists for implementing these AE devices as a new class of acoustic detectors for imaging. Small 
hydrophones could potentially be arranged into 2D or 3D detector arrays using photolithography4. We have shown 
previously that acoustoelectric hydrophones achieve resolution at low frequencies, and accuracy comparable to the 
performance of commercial devices in current use, if they are designed with a sufficiently small sensitivity zone5.  

 
2. DESIGN AND FABRICATION  

 
To realize these principles in a practical way, we designed hydrophones that suddenly or gradually reduce the lateral 

extent of the resistive material to the desired size, such as our “dumbbell” and “bowtie” hydrophones, shown in the mask 
designs of Figure 1. These patterns are executed in a resistive material and gold electrodes can cover the entire design up 
to the sensitivity zone, or be limited to the circles provided, or omitted altogether.                       

Figure 1: Mask designs for patterning a) dumbbell and b) bowtie hydrophones in ITO, with close-ups showing the 200 μm ×  
200 μm sensitivity zones. (Created in AutoCAD) 
 
The dimensions of the sensitivity zone establish the potential resolution of the device, and also affect the sensitivity 

by controlling the resistance between the measuring electrodes. We initially made a prototype hydrophone with a 1 mm2 
sensitivity zone, and subsequently several others with sensitivity zones with 200, 75, and 30 μm widths, centered in a 20 
mm x 30 mm dumbbell or bowtie design. For the resistive material, we chose indium tin oxide (ITO) with a thickness of 
100 nm. The thinner the profile, the broader the expected bandwidth (BW) will be. For a laminar structure of 100 nm, 
used with a sound-wave travelling through water, the expected bandwidth would be 14.8 GHz. Target resistivity for our 
devices was in the range of 1.5 kΩ to 10 kΩ. ITO-on-glass substrates were made in our cleanroom, with a 100 nm layer 
of ITO deposited by e-beam evaporation onto fused silica. Their initial resistance was measured at 300 Ω.  
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Additionally, gold electrodes were applied to some of the devices, up to the boundaries of the sensitive area. In 

addition to passing the induced current and measuring the signal voltage, the electrodes define the sensitivity zone and 
help to control the resistance, and hence the current density and sensitivity, across the device. Gold electrodes also allow 
the leads to be easily soldered; devices without gold required leads to be glued directly to the ITO with silver epoxy. In 
order to achieve control over the small feature size and related parameters (resistance, current density, etc.), it was 
necessary to apply photolithographic techniques commonly used with micro-electromechanical systems (MEMS) in a 
cleanroom environment.  

 
Our group has experimented with a variety of materials to create AE hydrophones. A series of hydrophones has been 

made over the past few years from carbon powder suspended in glue; agarose gel; copper foil; and surface-mount 
resistors6. In all cases, a sensitivity zone was created by reducing the width of the design to a small area to confine 
current and increase current density. However, due to the crude fabrication methods employed, none had been made with 
a sensitivity zone less than 1 mm square.  

 
Hydrophones were fabricated on glass substrates and coated with ITO as depicted in Figure 2, steps 1 and 2 below. 

The hydrophone pattern was created in the ITO by means of a positive photolithographic process (steps 3-5). A mask 
with six patterns was designed and ordered from a commercial photomask manufacturer (Microtronics, Newtown PA). 
The substrates, with their layer of ITO, were spin-coated with photo-resist (PR) (Rohm & Haas S1813 Microposit), 
baked, and exposed in the ultraviolet (UV) mask-aligner (Fig. 3a). They were then exposed to a developer (R&H 
Microposit 351) for 30 seconds to remove the areas of PR that had been exposed to the UV, rinsed, and baked 30 
minutes at 115° C.  

 

Figure 2: Photolithography process for fabricating an acoustoelectric bowtie hydrophone. 
 
 
At this point, the remaining PR formed a pattern corresponding to the hydrophone design, revealing bare ITO on the 

rest of the sample (step 3). This ITO was etched away (step 4; Fig. 3b) with hydrochloric acid and nitric acid mixed in 
water (5:5:1  H2O:HCl:HNO3). The PR was then washed away with acetone, leaving the pattern in ITO on the glass (step 
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5). Throughout the process, the samples were continually cleaned with solvents or plasma, inspected under the 
microscope, and tested for resistivity.  

 
Half of the samples were left with the pattern unaltered in ITO. The other half were overlaid with gold electrodes 

(step 6). In order to apply the gold, a layer of titanium was first deposited on the device, to provide adhesion. The 
titanium and the gold layers were created by electron-beam deposition; they were then spin-coated with photo-resist, UV 
exposed in the mask aligner using fiduciary marks to co-register the pattern, and etched to produce a design with three 
layers. The gold etching was done with a commercial potassium iodide etchant (Transene gold etchant TFA), and the 
titanium was etched with a 1:2 ratio of ammonium hydroxide and hydrogen peroxide. A small area was left unmasked in 
the center of each device during the exposure process to create sensitivity zones of finite resistance in ITO between the 
gold electrodes. This somewhat laborious process enables much greater control over the electrical resistance of the 
device, as compared to using ITO alone for both the sensitivity zone and the electrodes. It also reduced connectivity 
noise by allowing the leads to be soldered directly to the gold, rather than having to be attached with silver epoxy.  

 

Figure 3: a) Preparing a bowtie hydrophone for UV exposure in the mask aligner; b) Rinsing a dumbbell hydrophone after 
etching the gold electrode 

 
 
 After the photolithographic process was completed, the glass substrates were diced to a standard size, having first 

been coated with PR for protection. Finally, all the completed hydrophones were spin-coated with Cytop® for 
waterproofing and insulation, leaving a small area uncoated for connection to the electrode leads. Once the leads were 
attached, the connections were waterproofed with UV-cured epoxy.  

 
3. EXPERIMENTAL SET-UP AND PROCEDURES 

 
When fabrication was complete, the hydrophones were tested in the lab. Voltage from a signal generator (Agilent 

33220A, Agilent Technologies, Santa Clara CA) was applied across two of the four hydrophone leads in the form of a 
200 Hz square wave at voltage levels ranging from 1 V to 20 V peak-to-peak. Induced current was a function of the 
devices’ electrical resistance, which ranged from 160 Ω to 220 Ω in the case of the hydrophones with gold electrodes, 

Proc. of SPIE Vol. 7629  76290O-4

Downloaded from SPIE Digital Library on 11 Jun 2010 to 128.196.71.153. Terms of Use:  http://spiedl.org/terms



 

 

and from 1.8 kΩ to 90 kΩ for the designs in pure ITO. Current was monitored by measuring the voltage across a 1 Ω 
resistor inserted into the circuit.  

Figure 4: Hydrophone testing apparatus. The US transducer is coupled to hydrophone in a tank of deionized water (not shown). 
 
The devices were then raster-scanned at the focal plane of a 2.25 MHz transducer (Panametrics NDT V395, focal 

depth F = 68.6 mm, and element diameter D = 38.1 mm). Transducer voltage was normally set to 400 V, corresponding 
to a pressure output of 500 kPa, but readings were also taken at 100 V, 200 V, and 300 V for sensitivity testing. 
Ultrasound pulses were triggered in sync with the injected 200 Hz square wave at 90° and 270° (phase during cycle). 
Because the phase of the AE signal also depended on the phase injected current, subtracting the negative phase from the 
positive phase effectively reduced common-mode noise, such as the US vibration potential, while doubling the AE signal 
amplitude.  

 
The induced voltage across the hydrophones was passed through the second pair of leads into a series of differential 

amplifiers (LeCroy/Preamble DA 1855A) for a total gain of, typically, 60 dB, and on to a waveform digitizer (Signatec 
PDA12A) and oscilloscope. An Onda HGL-0200 capsule hydrophone was used as a standard against which to compare 
our own devices. 
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4. RESULTS AND DISCUSSION 
 
Four hydrophones were created on glass substrates, both with and without gold electrodes, in two designs, as shown 

in Table 1:  

 Table 1: Hydrophones prepared for testing. Sensitivity was measured at 10mA of induced current 
 
An acoustoelectric signal from the 2.25 MHz transducer was obtained for all of the hydrophones. The bowtie-on-

glass prototype is shown in Figure 5; its pulse/echo and acoustoelectric responses are plotted in Figure 6. This device, 
with gold electrodes and a 1mm2 sensitivity zone, had a signal strength of 1mV at 500 kPa using a 2.25 MHz transducer 
and a bias current of 10 mA. It had SNR = 38 after averaging 100 samples at each point, with NEP = 65.2 kPa. 

Figure 5: Bowtie hydrophone on glass with gold electrodes and 1 mm2 ITO sensitivity zone (in close-up). Note the four lead-
wires soldered to the surface.  
 
Given the above parameters, sensitivity is calculated at S = 2 nV/Pa. Subsequent gold-on-ITO hydrophones with 

smaller sensitive zones delivered better spatial resolution, albeit with lower sensitivities. The dumbbell-on-glass pattern 
with the 200 μm sensitive zone had an output of 0.11 mV and sensitivity of 0.22 nV/Pa for 12 mA of induced current. 
The resolution improved by a factor of 25 over the 1 mm model, which brings it to the same order of magnitude as the 
transducer’s lateral spot size of D = 1.21 mm. Results for the pure ITO (no gold electrode) hydrophones were similar, but 
noisier. A bowtie pattern with a 200 μm sensitive zone had sensitivity of S = 0.98 nV/P, and a 75μm dumbbell had S = 
1.2 nV/Pa.  

 
These results underestimate the sensitivity, however, since the sensitivity zones are much smaller than the US beam 

spot: even the 1 mm2 gold bowtie has only 68% of the area of the transducer’s spot size. Increasing the area of the 
hydrophone would improve apparent sensitivity at the expense of spatial resolution. A more interesting experiment 
would be to reduce the US spot by increasing the transducer frequency. Basic pulse/echo (P/E) and AE response signals 
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for the 75 μm ITO dumbbell are shown in Figure 6. Sensitivity for this same device is plotted at four levels of transducer 
pressure in Figure 7. Even at the lowest transducer level of 125 kPa, least-squares regression of the data shows a strong 
linear relationship between the sensitivity and the applied voltage, up to 20 V (the limit of our function generator).  

Figure 6: a) A-line pulse/echo response for an ITO dumbbell hydrophone with a 75 micron sensitivity zone from the 2.25 MHz 
transducer.  b) Acoustoelectric response of the same hydrophone at 500 kPa and 10 V applied voltage. Depth in mm is based on 
the measured response time multiplied by the speed of sound in water: 46.3 µs × 1.48 mm/µs = 68.6 mm (= focal length). 

  
 
Figure 7: Sensitivity vs. applied voltage for a 100% ITO (no gold) dumbbell hydrophone with a sensitivity zone of 75μm, at 
transducer pressure levels of 125kPa, 250kPa, 375kPa, and 500kPa. The fitted lines indicate a good linear response for all 
transducer pressures: correlation coefficient R > 0.95 at all pressures except 125 kPa, for which R > 0.90. 
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The relatively low SNR of the 100% ITO hydrophones can be seen in the resolution profiles of Figure 8, where two 

are compared to the Onda HGL-0200 and a bowtie in ITO with gold electrodes. The profiles show the AE signal strength 
across the center of the raster-scan, in both the x- and y-directions. Full-width half-maximum (-6dB) spot images are 
shown at the top.  

Figure 8: Beam profiles, with -6 dB spot images, for four hydrophones. The 200 μm bowtie and the 75 μm dumbbell are 100% 
ITO; the 1 mm bowtie is overlaid with gold electrodes, except at the sensitivity zone. 
 
The side-lobes of the gold-on-ITO bowtie are clearly visible at -40 dB, while the two all-ITO devices lose definition 

much earlier. This is likely due to the small sensitivity zones of the ITO hydrophones, compared to the US beam size, 
but may also be attributable to the less reliable silver epoxy connection of the lead-wires. Side-lobes are not visible on 
the Onda due to its narrow shape.  

 
Initial estimates of the bandwidth limits, according to simulation models described in our sister paper in this same 

conference proceedings7, indicate 2nd and 3rd harmonics up to 8 MHz or higher. Given that the theoretical upper bound 
for the BW attributable to the extremely thin structure of the ITO hydrophones is over 10GHz, these harmonics are 
simply those of the transducer. This wide bandwidth is far beyond what is commonly seen in Piezo devices, and could be 
used to shrink spatial resolution by allowing the use of transducers with higher frequencies. However, thinness also 
reduces sensitivity. This trade-off is familiar with comparable piezo and optical detectors of ultrasound, such as etalon 
hydrophones8, which often refer to a Q-factor (higher Q = lower bandwidth, but better sensitivity). Since a hydrophone 
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thickness of even a few micrometers would be sufficient to see the harmonics of transducers up to 100 MHz, our next 
series of devices will accept a somewhat reduced BW in the expectation of achieving higher sensitivities. 

 
Figure 9: Bandwidth for a 100% ITO (no gold) dumbbell hydrophone with a sensitivity zone of 75μm: (Top) AE signal time 

trace; (Bottom) FFT showing 2nd and 3rd harmonics of the response to the 2.25 MHz transducer 
 
We are therefore exploring for alternative materials, as well as designs, to optimize performance of these new 

acoustoelectric ultrasound detectors. The linear rise in sensitivity as a function of voltage illustrated in Figure 7 suggests 
that increasing the applied voltage may be a productive technique, if the material is sufficiently robust. Devising 
hydrophones on Mylar® or other thin substrates is already underway, and will allow us to create acoustically transparent 
hydrophones for transmissive detection and imaging. Smaller dimensions also open up the possibility of working at 
higher ultrasound frequencies. We have seen responses above 6 MHz in our current models and expect to push beyond 
that as our designs and processes are optimized. 

 
 

5. CONCLUSIONS AND FUTURE CONSIDERATIONS 
 
The use of photolithographic fabrication techniques has enabled a new breed of ultrasound detectors based on the 

AE effect. We are now able to control the physical parameters and fabricate hydrophones of much smaller dimensions 
than was previously possible. Smaller device size will make it easier to build arrays for imaging and detection, as well as 
for characterizing transducers and to push the limits in terms of bandwidth and sensitivity. The initial devices reported in 
this study accurately portray the ultrasound beam pattern of a 2.25 MHz transducer with sensitivities close to 2 nV/Pa.  
Although this sensitivity is worse than the commercial hydrophone used for this study, we expect better performance in 
future devices that use optimal materials and designs to control the shape of the device and sensitivity zone. 
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