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Introduction 

Wet photomask cleaning relies on megasonic agitation to enhance the process, but there are many 

challenges to reliably maximize particle removal efficiency (PRE) and minimize damage.  With the shift to 

pellicle-free EUV masks, photomask processes are more vulnerable to contamination, increasing the urgency 

to improve the cleaning process.  This difficulty is largely due to the unavailability of appropriate 

measurement of the acoustic field.  Typically all that is known about the acoustic output is the driving 

frequency and the electric power delivered to a transducer, both global parameters that tell little about the 

field distribution over the substrate, the actual amplitude of the sound at the substrate, or the levels of 

cavitation (stable and transient) present at the substrate.  

It is well known [1] that for a given ultrasonic process, the amplitude of cavitation is lower at higher 

frequencies.  Although there are several studies on particle removal and pattern damage at 1 MHz, there is 

very little known about the cavitation performance at frequencies above this value.  Studies [2, 3] showed 

that varying the frequency in the range of 1–4 MHz  for DI water-based cleaning solutions, the damage was 

lowest at 4 MHz.  This suggested a reduction in transient cavitation, although it has not been verified.  

Understanding how the acoustic waves interact with the substrate is essential to optimize cleaning, and this 

knowledge is becoming accessible with new measurement methods presented here. 

Ultrasonic Sources 

Two different megasonic devices were considered.  One is a novel design consisting of a transducer coupled 

to a tilted, truncated quartz cone with a flat surface that hovers over the substrate, leaving an elliptical 

footprint of about 4 cm x 6 cm [4].  It is coupled with the substrate by cleaning fluid infused either on the 

side of the cone.   

The second device is a traditional spot shower that couples a nozzle transducer above the substrate by a 

smooth jet of cleaning fluid, 4 mm in diameter, flowing at a rate of 1.5 L/min [5].  Both devices are shown in 

Figure 1.   
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Figure 1 – (Top) 3 MHz Cone Transducer (Honda: W-357-3MQB-SKC), (Bottom) 3 MHz Nozzle Transducer 

(Honda: W-357-3MP).   

 

Acoustic Measurement Methods 

The acoustic performance of both transducer configurations were characterized by various methods, applied 

depending on the geometry of the device and its mode of application.  In all cases the tests were done with 

DI water at room temperature (22°C), filtered to 5 µm, and degassed to 3.5 mg/L of O2. 
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Needle

Hydrophone

A calibrated needle hydrophone (Figure 2) was used to measure the acoustic direct field (that propagated 

from the source) and the two forms of cavitation, stable and transient [6, 7], which are generated by the 

presence of the direct field.  It has been shown that both forms of cavitation closely relate to cleaning 

efficiency and damage [10].   

Scanning the hydrophone allows mapping the pressure distribution and, only when there are no significant 

standing waves, determining the transducer electro-acoustic efficiency.  Only in the absence of standing 

waves the definition of acoustic intensity applies, and it can be equated to 

  Iac = Prms^2 / (rho * c) 

where Prms is the RMS pressure of the traveling wave, rho the density of the medium, and c the sound 

velocity in the medium. 

In order to understand cleaning, ideally one should measure the total pressure impinging on a particle on 

the surface of the photomask.  The formation of bubbles, or cavities, in a fluid is driven by rapid changes in 

pressure from the direct sound field.  Stable cavitation occurs when the cavities oscillate in size, while 

transient cavitation occurs when the cavities collapse.  All three mechanisms may contribute to particle 

removal.  However, it is understood that transient cavitation yield damaging effects due to high velocity 

jetting and shockwaves from the bubble collapse.   

To approximate this situation, a sensor was embedded in a 6 mm photomask quartz plate (Figure 2).  A 

motorized scanning system was used to automatically map the acoustic field with both the needle 

hydrophone and mask sensor (see Figure 3).   

 

Figure 2 – (left) Needle Hydrophone and (right) Photomask Sensor Array. 
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Figure 3 - Motorized 5-axis scanning system to automatically map the acoustic field.   

Finally, schlieren imaging (see Figure 4) was used to visualize the wave propagation behavior between the 

transducer and the photomask.  Schlieren is a method that projects light through the coupling medium and 

allows imaging the acoustic wave.  Equivalent to an x-ray projection through an object, this method shows 

the areas of high and low pressure as dark and light, respectively, as shown below.  Stroboscopic application 

synchronized to the signal that drives the transducer allows observing the behavior of the waves in slow 

motion, often prompting surprising insights. 
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Fig

ure 4 - Diagram of a schlieren imaging system.   

Results and Discussion 

Conical Transducer 

The conical transducer was evaluated by scanning the hydrophone at 1 mm from the flat surface, while 

radiating into a practically anechoic tank.  The 3 MHz radiation pattern shown in Figure 5 presents a diffuse, 

irregular yet fairly uniform field.  This is to be expected from a spread source, where coherent interference 

will create patterns of lambda/2 periodicity, and the energy is distributed over a large area.  This is similar to 

the patterns found in previous work [11] for a 1 MHz cone transducer (see Figure 5). 

  

Figure 5 – (left) 2D scan of 3 MHz cone transducer and (right) 2D scan of 1 MHz cone transducer 
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Once the location for the largest pressure was found, the hydrophone was placed on location and the 

driving power increased from 0.5 to 5 Watts.  Signal analysis using a Cavitation Meter (Model MCT-2000, 

Onda Corporation, USA) reveals negligible amounts of stable cavitation and transient cavitation (see Figure 

6). 

The cavitation measurement method is based on the detection of the acoustic emissions with a piezoelectric 
sensor to produce a pressure spectrum.  Different components in the spectrum represent pressures from 
the direct field, stable cavitation, and transient cavitation [7, 13].  The frequency and pressures from the 
direct field, stable and transient cavitation are recorded in SI units (i.e., Hertz and Pascal).   
 

 

Figure 6 - Direct field and cavitation as a function of driving power.   

 

Finally, schlieren imaging was used to visualize the wave propagation behavior between the transducer and 

mask substrate.  Schlieren imaging is an optical method that converts the compression due to acoustic 

waves into light by detecting the light diffraction caused by the slight change in the index of refraction [11].   

When imaged with a schlieren system (Model OptiSon 12-D, Onda Corporation, USA), a sweeping effect due 

to the interference between the incoming and the reflected waves is evident, as can be seen in the slow-

motion video recording to be presented [12].  This brush-like “scrubbing” effect might appear to play a 

major contributing factor in cleaning (see Figure 7). 
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Figure 7 - Time-series images demonstrating the acoustic wave propagation from 1 MHz and 3 MHz cone 

transducers.  (Images on Left) The incident wave propagates at an offset angle from the transducer.  (Images 

in Center) The incident wave disturbed by reflected wave from both top and bottom surface of quartz; some 

waves transmit through the quartz mask.  (Images on Right) The resultant sound field reveals a complex 

pattern from multiple reflections creating a “scrubbing” effect.   

 

Nozzle Transducer 

The spot shower / nozzle device was initially placed in contact with the surface of an anechoic tank, and the 

pressure mapped over a 10 x 10 mm squared area that encompasses the nozzle area.  This is a good 

approximation to the acoustic radiation contained within the jet, although it is not exactly the same because 

the jet-to-air interface is completely reflective.  As expected, the acoustic pressure is concentrated over a 

confined area smaller than the jet, with RMS values of several hundred Kilopascals  Two maps of the 

radiation field were made, at 1 and 2 Watt settings, to determine how the pattern might change with power.  

The same two power settings were used to generate a map using the sensing photomask, which resulted in 

a less uniform pattern.  Unfortunately it is not possible to place either the hydrophone or the photomask 

sensor at the peak pressure location because pressures beyond 1 MPa are likely to destroy the hydrophone.  

These four conditions are shown in Figures 8. 
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Figure 8 - Planar scans of acoustic field (RMS Pressure) for the nozzle at the location of the mask, at 1 Watt 

(left) and 2 Watt (right) settings.  The top maps are hydrophone scans in an anechoic chamber, the lower 

maps are generated by the mask with embedded sensor, revealing the more complex field due to 

reverberations and changing water puddle. 

Subsequently the hydrophone was placed at the peak pressure location, for both power settings (1 and 2 W), 

and connected to the MCT-2000 Cavitation Analyzer.  Even though the observed pressures were about 0.9 

MPa and 12 MPa (sufficient to cause cavitation under normal conditions), only small amounts of stable, and 

a negligible amount of transient cavitation were observed, see Figure 6. 

The nozzle application prompted the possibility of monitoring the beam by placing the hydrophone in close 

contact with the jet and close to the nozzle exit.  The distance between the nozzle and the sensor-loaded 

photomask was varied, and both the hydrophone and the sensor values were recorded for each location.  

Figure 9 shows the periodic fluctuation of P0 with varying distance, where the peaks are separated by about 

500 microns.   
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Figure 9 - Plot of Direct Field Pressure as a function of mask distance from transducer, as measured at the 

hydrophone and at the mask. 

 

Throughout this investigation it was noticed that when the jet is applied to a flat surface a circular region of 

high speed, low thickness liquid is created.  At 1 liter per minute, this region extends to about 14 mm from 

the center of the jet.  To determine how cavitation varies with the distance from the jet center, the 

hydrophone was placed at the edge of the jet (3mm from its center), connected to the MCT-2000 Cavitation 

Analyzer, and scanned linearly along a line moving away from the jet. The driving power was set to 1 W.  

Figure 10 shows the geometry of the scan (left), and the measurement obtained (right). 

 

Figure 10 - a) Photo of the hydrophone, nozzle and photomask and b) Measured pressures as a function of 

distance from the center. 

 

Proc. of SPIE Vol. 9985  998524-9

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 02/13/2017 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx



1
transduce

photomas . hotomask

10 Deg
12 mm Distance

Tilt transducer transducer

Wave is launched Wavefront reaches mask

photomask

Reflection creates
interference pattern

Tilt
ice

0 Deg
12 mm Dista

hötoma

0 Deg Tilt
28 mm Distance

.11
Interference pattern at 12 mm

transducer

photomask

Interference at 28 mm.
Observe the larger footprint

It is clear from that for these devices the pressure from cavitation is two orders of magnitude lower than the 

direct pressures, much lower than the values observed in lower frequency cleaning environments.   

Observation of the acoustic field for the jet application required having the nozzle in contact with water 

because the acoustic field within the jet in air cannot be imaged.  In Figure 9 (top) the jet is tilted at 10 

degrees from normal to the photomask, and stroboscopic freezing of the beam shows the complex 

interference pattern due to the reflected wave.  Figure 9 (bottom) explored the effect of distance between 

nozzle and photomask, when the beam is perpendicular to the photomask.  The beam broadens with 

distance, and the footprint is significantly larger.  More importantly, the interference pattern is very 

different from that generated by the jet at 10 degrees. 

  

 

Figure 11 – (top) Schlieren images indicating the direct field wave propagating towards the mask and 

reflecting off the surface and (bottom) schlieren images indicating a larger footprint as the distance from the 

transducer increases.   
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Conclusions  

Although the frequency and generator power settings are equivalent, the acoustic performance of the 

nozzle and cone transducers is significantly different.  Clearly frequency and electrical power alone are not 

the only determinants of acoustic performance and the subsequent cleaning activity. 

For the same input power, the direct field pressure output from the nozzle transducer is approximately 10 

times greater than that from the cone transducer, certainly because of its smaller footprint.  It is also 

observed that in both designs the pressure from cavitation is two orders of magnitude lower than the direct 

pressures (much lower than the values observed in lower frequency cleaning environments).   

It is important to keep in mind that the power levels in these measurements may be lower than those in an 

actual cleaning process: direct field pressure levels were kept below 1.2 MPa to avoid damage to the 

hydrophone and mask senser.  Independent work with nozzle transducers have shown that the amount of 

pattern damage increases with electrical power delivered to the megasonic transducers [8, 9].  However, no 

acoustical data is available to match the cleaning conditions. 

The low levels of cavitation despite the high pressures could be due to the use of degassed water, and in the 

case of the cone transducer, to the low pressures.  From the jet diameter and the water flow it is estimated 

that on the average a molecule of water spends 16 ms from entering the chamber until touching the 

substrate.  This should be enough time for bubbles to grow and cavitate, however because of the lack of 

standing waves the radiation pressure may be responsible for pushing the bubbles through the boundary 

layer and onto the bulk -- the direct field removes the bubbles much like it removes particles. 

In contrast to the jet nozzle, the cone type of devices deliver the same power spread over a large region, 

which results in relatively low cavitation pressures, below 2 kPa. 

So, what physical mechanism from each megasonic transducer is cleaning?  The results presented here 

indicate a significantly higher level of direct field pressure than stable and transient cavitation pressure.  

However, the test conditions may not fully represent actual cleaning processes leaving this still an open 

question.  What is clear is that this measurement method provides a foundation for future work which 

should include direct correlation studies with particle removal and damage.   Certainly a finite element 

analysis of the patterns on the photomask would reveal the acoustic pressure amplitudes that different 

structures are capable of tolerating.   

The conical device generates standing waves, which favor cavitation, although as stated above, at the power 

levels used no significant cavitation was observed. 

Schlieren imaging highlights the complex behavior of the sound waves propagating between the mask, 

transducer, and water surface.  For instance, it shows the nozzle transducer jet angle affects the 

interference pattern.  Schlieren imaging of the cone transducer indicated that the incident wave propagated 

at an offset angle from transducer.  The resultant sound field reveals a complex pattern from multiple 

reflections, yielding a “scrubbing” mechanism at both 1 and 3 MHz.   
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As a practical outcome, it seems that if the cone transducer design can clean efficiently, it may be a solution 

that can extend the upper limit of the process window to minimize pattern damage.   

This work demonstrates that a better understanding of the acoustic factors in a photomask cleaning system 

presents a rational path to optimizing megasonic cleaning processes.  Clearly more data is needed to 

correlate critical acoustic parameters – pressures from the direct field, stable cavitation, and transient 

cavitation – with particle removal efficiency and damage.  We make a call to start correlating PRE and 

damage to these measurable acoustic parameters, under controlled conditions. 
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