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Abstract—This paper presents a microfabricated nozzleless 

acoustic droplet ejector with electrically tunable droplet size as a 

new tool for on-demand picking and placing semiconductor chips 

for semiconductor packaging. The ejector is based on a 2-mm-

thick lead zirconate titanate (PZT) sheet with a planar annular-

ring air-cavity acoustic Fresnel lens on top. When driven with 

sinusoidal pulsed voltage signals of 1.16 MHz, the ejector 

generates focused ultrasound with 1-mm focal diameter and 5-mm 

focal depth at 22 mm focal length in sodium polytungstate (SPT) 

solution. A finite-element-method (FEM) simulation model 

calculating the acoustic-field-induced fluid motion during the 

droplet ejection process has been developed, and verified by 

experiments, in which the device ejects SPT droplets whose 

diameter is from 850 to 2,490 μm, controlled by the driving pulse 

width and voltage. The ejected droplets are able to carry 400-μm-

thick square silicon chips with side length from 700 to 3,100 μm. A 

polyester channel-embedded guiding cover for semi-automatic 

loading of silicon chips to the ejection site is designed to avoid 

manual placement of the silicon chips. With the proof-of-concept 

system, we demonstrate ejecting silicon chips out of SPT surface 

onto a nearby paper, assembling them into arrays with 5 mm 

interval between chips.  

 
Index Terms—Acoustic droplet ejection, focused ultrasound, 

finite-element-method simulation, fluid dynamics, acoustic lens, 

semiconductor packaging, ultrasonic transducer. 

I. INTRODUCTION 

N semiconductor packaging such as the assembly of surface 

mount devices (SMD) or micro-light-emitting diodes (micro-

LED), individual chips need to be precisely picked and placed 

onto various substrates, and a sophisticated system equipped 

with robotic arms each carrying multiple nozzles with vacuum 

suction is commonly used for such tasks [1]. The system is 

usually expensive and bulky due to its complexity. With many 

moving parts, mechanical failures become a concern, and 

building a system with massively parallel processing capability 

is highly challenging. The nozzles in the system, handling tens 

of thousands parts per hour, suffer from wear and tear that can 

cause deformation and damage, which may lead to loss of 

vacuum (and thus holding power), shifts in picking or placing 

positions, or even part damage, increasing the assembly failure 

rate [2]. In addition, the nozzle size limits the system’s ability 

to handle very small chips, and different nozzle size is needed 

in order to handle chips of different sizes. As a result, a cheaper 

and smaller system having no moving parts or nozzles, and with 

the capability for massively parallel processing and handling 

very small chips is highly desirable. To realize such a system, 

we come up with the idea of utilizing liquid droplets ejected by 

high-intensity acoustic waves to carry semiconductor chips to 

the target position.  

Acoustic droplet ejection (ADE) was first reported in 

scientific literature in 1927 [3], where oil droplets were 

observed to be ejected from the liquid surface by continuous 

acoustic waves of high energy generated by a piezoelectric 

quartz resonator. In 1989, this phenomenon was systemically 

studied with both experiments and numerical simulations using 

tone bursts of focused acoustic energy [4]. The high energy 

from focused acoustic waves can overcome restraining forces 

from surface tension and gravity to eject liquid droplets at high 

speed without relying on physical contact or nozzles, which 

reduces maintenance cost and the risk of contact contamination. 

The technology also works with a wide range of liquids such as 

water [4], isopropyl alcohol (IPA) and ethanol [5], acetone and 

photoresist [6], ink [7], liquid metal [8], and various reagents 

used in life sciences [9–12], and the ejection direction as well 

as droplet volume can be controlled with high accuracy and 

precision [13]. These attractive features lead to the development 

of simple and cost-efficient ADE tools that use ejected droplets 

to transfer liquids or solids for applications such as inkjet 

printing [7], bio-reagent transferring [9–10], cell transferring 

[11–12], microsphere delivery [14], DNA [15] and protein [16] 

synthesis, and crystallography [17].  

To effectively generate high-intensity ultrasound for droplet 

ejection, the acoustic waves generated by a transducer has to be 

focused, and curved surfaces on the transducer itself [18] or 

acoustic lens attached to it [4] have been used for focusing. 

However, curvature error and surface roughness of these 

usually macro-machined or 3D-printed curved surfaces are hard 

to control. Alternatively,  focusing can be realized by 

controlling the time delay of the driving signal applied on each 

element of a phased array [19], which involves complicated 

driving electronics with many electrical connections, making 

the system bulky and complex. Another method to focus 

ultrasound is to use a thin, planar, microfabricated Fresnel 

acoustic lens. Single- [20] and multi-layer [5] acoustic Fresnel 

lenses have been microfabricated through etching and bonding 
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to thin-film transducers, with challenges in precisely 

controlling the layer thickness. On the other hand, our fully-

microfabricated self-focusing acoustic transducers (SFATs) 

[21] with annular-ring air-cavity Fresnel lenses are easy to be 

manufactured since the layer thickness control is not critical, 

and no bonding of the lens is needed. With our SFAT-based 

droplet ejectors, the demonstrated ejection rate is up to 8 kHz 

[22], and the transducers can be formed into arrays for parallel 

ejection of multiple droplets [15−16]. Moreover, the size of 

droplets ejected by the SFATs can be tuned through electrically 

controlling the number of activated Fresnel rings [23] or 

designing transducers working at different frequencies [14, 22]. 

These advantages make SFAT-based droplet ejectors a good 

tool for semiconductor chip ejection. However, the previous 

SFAT-based droplet ejectors have relatively small droplet size 

(up to 560 μm [23]), which is not large enough to generate 

droplets for carrying most semiconductor chips. 

In this work, as a proof-of-concept demonstration, we present 

a simple system based on our newly designed SFAT-based 

droplet ejector, which achieves a focal size as large as 1 mm, 

and can eject droplets to carry silicon chips floating on liquid 

surface. The transducer has small footprint and can be 

electrically interfaced with only two electrical wires. We also 

demonstrate a new and easy way to control the droplet size 

through changing the driving pulse width and voltage, which 

can vary the droplet diameter for transferring chips of various 

sizes. Moreover, we design a channel-embedded plastic cover 

to load silicon chips automatically onto the ejection site by the 

local fluid flow generated during droplet ejection. 

II. DEVICE DESIGN 

The SFAT is built on a bulk PZT substrate on top of which a 

nickel electrode is patterned into a circle with an extended 

rectangular soldering pad for electrical connection (Fig. 1b). At 

the bottom side of the PZT, another electrode is patterned into 

the same shape but with a 90 rotation so that the circular 

portions of both electrodes coincide but the soldering pads do 

not. When sinusoidal voltage signal is applied across the 

electrodes through electrical wires soldered on the rectangular 

pads, the PZT sandwiched between the circular regions of the 

electrodes vibrates in thickness direction, generating acoustic 

waves, which are focused through a planar acoustic Fresnel lens 

on the top electrode. The lens consists of Parylene-sealed 

annular-ring air cavities alternating with non-air-cavity circle 

and ring areas that are uniformly coated with Parylene (Fig. 1a 

and 1b). The acoustic waves are almost completely blocked by 

the air cavities due to the large acoustic impedance difference 

between air (0.4 kPa∙s/m) and solid (over 1 MPa∙s/m), but can 

propagate through the non-air-cavity areas. To focus ultrasound 

waves at a focal point at a distance F (focal length) above the 

center of the transducer’s top surface, the annular rings are 

designed into Fresnel half-wavelength bands (FHWB) [20] so 

that all the acoustic waves arrive at the focal point with a net 

phase difference less than 180 after passing through the lens. 

This is achieved by choosing boundary radii Rn so that the path-

length from the focal point to any ring boundary is longer than 

F by integer multiples of the half wavelength (/2) (Fig. 1a), as 

shown in the equation below:  

√𝑅𝑛
2 + 𝐹2 − 𝐹 = 𝑛𝜆 2⁄ , 𝑛 = 0,1,2,⋯, (1) 

from which we have: 

𝑅𝑛 = √𝑛𝜆 × (𝐹 + 𝑛𝜆 4⁄ ), 𝑛 = 0,1,2,⋯. (2) 

The non-air-cavity regions are assigned for areas where 𝑅𝑛 <
𝑅 < 𝑅𝑛+1, 𝑛 = 0,2,4,⋯, which include the circle in the center 

(which is essentially a “ring” with zero inner diameter) and 

every other ring outward.  

Since the droplet size is proportional to the focal diameter 

[4−5, 14, 22−23], to have large droplet size, we design the 

Fresnel lens to have a large focal diameter, which can be 

approximated by the width of the outermost ring band (if its 

boundary radii are much larger than its width) of the lens [14]. 

For a Frensel lens with total N ring boundaries with the 

outermost ring width being ΔR, if 𝑅𝑁 ≫ Δ𝑅 (which is usually 

true for N ≥ 5), we have [14]: 

𝛥𝑅 ≅ √(𝑐𝐹) (4𝑁𝑓)⁄ , (3) 

where f and c are frequency and sound velocity in medium, 

respectively. According to (3), in order to make focal diameter 

large (which can be estimated by ΔR), we design a SFAT with 

long focal length of 22 mm, low operating frequency of 1.16 

MHz, and only five non-air-cavity Fresnel rings (N = 9).  

Fig.1.  (a) Schematic showing the cross section (across the dashed line in (b)) of the droplet/silicon chip ejector, to illustrate how the annular-ring air-cavity 
Fresnel lens is designed to focused ultrasound. (b) Top-view photo of the ejector on 2-mm-thick PZT substrate (brown), showing five air-cavity rings (light grey 

with holes, for blocking out-of-phase waves) alternating with five Parylene-covered electrode regions (dark grey circle and rings, where in-phase waves could 
pass). The four holes on each air-cavity ring are release-holes sealed after releasing sacrificial layers to create the air cavities during fabrication [21]. 

(a) (b) 
5 mm 

Rn=√nλ × (F + nλ 4⁄ )  
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To keep silicon chips (having a density of 2.32 g/cm3) afloat 

on liquid medium, we choose sodium polytungstate (SPT, 

Geoliquids Inc.) solution as liquid medium, with its density 

adjusted to 2.50 g/cm3 by mixing SPT powder with DI water at 

a weight ratio of 3.386:1, resulting a sound velocity of 1,372 

m/s [24]. Compared to other types of heavy liquids such as 

halogenated hydrocarbons, SPT solution is non-toxic, easy to 

make (water-soluble), and chemically inert to common 

materials used on semiconductor chips.  

III. SIMULATION 

A. Overview of Simulation Settings 

Acoustic fields and induced fluid motions during droplet 

ejection have been simulated through finite-element-method 

(FEM) with COMSOL Multiphysics, using the settings 

summarized in Table I. To save computation time and memory, 

two-dimensional (2D) axisymmetry is defined in all 

simulations, where only a half of the volume cross section is 

modelled, as shown in Fig. 2a. All 2D simulation plots 

presented in this paper are created through mirroring the 

simulated data along the central vertical axis (R = 0). In the 

simulations, only the media (SPT and/or air) above the 

transducer are considered, and the acoustic waves coming from 

the transducer are modelled with normal displacement 

boundary conditions on the non-air-cavity areas. 

In acoustic simulations, the reflection from sidewalls are 

ignored by adding perfectly matched boundary layers, since the 

sidewalls are reasonably far away from the focal point of the 

transducer in the actual cases. The simulation area for fluid 

dynamics simulations is chosen to be smaller than that for 

acoustic simulations, since only the fluid motion near the 

central axis and the air-SPT interface are of importance. 

B. Simulation of Acoustic Pressure and Body Force 

Without reflection from SPT solution’s top surface, acoustic 

simulations in the frequency domain at 1.16 MHz show that the 

focal length is at the targeted 22 mm, while focal depth and 

diameter are 5 mm (Fig. 2b) and 1 mm (Fig. 2c), respectively. 

The large focal depth is desirable, because it tolerates the liquid 

level change during ejection. These results are confirmed with 

hydrophone measurement of acoustic pressure. With a SFAT 

immersed in SPT solution driven with 1.16 MHz sinusoidal 

pulsed signals, a hydrophone (HGL-0085, Onda Corp.) is 

scanned along the central vertical axis (Fig. 2d) and along the 

central lateral axis at the focal plane (Fig. 2e) to measure 

pressure distribution, with liquid’s top surface well above the 

scan path to minimize reflection. The measured focal length, 

focal depth and focal size are 21.7, 5.03, and 1.0 mm, 

respectively, close to the simulated values. With 85 Vpp applied, 

the peak pressure at the focal point is measured to be 1.29 MPa. 

In the actual case, acoustic reflection from the SPT’s top surface 

needs to be considered. By comparing models with different 

liquid heights in simulation, we find that when the liquid level 

is 20.04 mm above the transducer, focal zones with very high 

pressure appear near the SPT-air interface. Through 

normalizing the simulated pressure value with hydrophone 

measurement data (assuming the peak pressure is proportional 

to the applied voltage), the peak pressure near the SPT’s top 

surface is 8.7 MPa, when 400 Vpp is applied on the transducer 

(Fig. 2f).  

From Nyborg’s analysis of Navier-Stokes equation of fluid 

mechanics and the continuity equation using the method of 

successive approximations [25], the acoustic-field-induced 

steady body force 𝐹𝑎𝑐
⃗⃗ ⃗⃗  ⃗ exerted on the SPT solution (which is 

considered as an incompressible Newtonian fluid) can be 

evaluated using the equation below: 

𝐹𝑎𝑐
⃗⃗ ⃗⃗  ⃗ = 𝜌𝑆𝑃𝑇⟨𝑣1⃗⃗⃗⃗  (𝛻 ⋅ 𝑣1⃗⃗⃗⃗ ) + (𝑣1⃗⃗⃗⃗ ⋅ 𝛻)𝑣1⃗⃗⃗⃗ ⟩, (4) 

where the angle brackets denote time-averaging; 𝜌𝑆𝑃𝑇  is SPT 

density (2.50 kg/m3); and 𝑣1⃗⃗⃗⃗  is sinusoidal particle velocity 

induced by acoustic field, calculated from simulated acoustic 

pressure [26]. From (4), the magnitude and direction of the 

body force near the SPT-air interface are evaluated (Fig. 2g), in 

which we clearly see strong force pointing from the center of 

the focal zone closest to SPT’s top surface into the air, and the 

peak force magnitude is as high as 3.38×107 N/m3. 

C. Simulation of the Droplet Ejection Process 

 We then use the calculated body force to simulate the droplet 

ejection process in time domain. For simplicity, we only model 

the body force near the focal zone (Area EFLK in Fig. 2a), due 

TABLE I  

KEY SIMULATION SETTINGS
* 

 Acoustic Simulation Fluid Dynamics Simulation 

Simulation Area Area ABPO Area CDNM 

Material 

Ignoring SPT-air interface 

reflection: 

SPT: Area ABPO 

Normal cases: 

Air: Area ABJG 

SPT: Area GJPO 

At  t =0, 

Air: Area CDIG 

SPT: Area GINM 

Physics Modules Pressure Acoustics, Frequency domain Laminar Flow/Level Set, Time domain 

Boundary 

Conditions 

Normal displacement (non-air-cavity rings): OR1, R2R3, R4R5, 

R6R7, R8R9; Sound hard boundaries (air-cavity rings): R1R2, 

R3R4, R5R6, R7R8, R9P; 

Perfectly matched boundaries (no reflection): ABJP 

Volume force: Area EFLK, value derived from acoustic 

simulation, duration equal to pulse width; 

Gravity: Area CDNM; Open boundary: CDNM; 

Level set initial interface: GHI 

Mesh Type/Size 
Free triangular, 25 μm maximum element size, with three rounds 

of adaptive mesh refinement 

Free triangular, 50 μm maximum element size, with three rounds 

of adaptive mesh refinement 

*All boundary and area notations are defined in Fig. 2a. 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

4 

to the dominantly higher force magnitude in this region. To 

model the pulsed driving signal, the force value is multiplied by 

a window function whose duration is equal to the driving pulse 

width. In the simulation, fluid velocity 𝑢⃗  is calculated through 

solving the Navier-Stokes equation (5) and the continuity 

equation (6): 

𝜌𝜕𝑢⃗ 𝜕𝑡⁄ + 𝜌𝑢⃗ (𝛻 ⋅ 𝑢⃗ ) − 𝜂∇2𝑢⃗  + ∇𝑝 = 𝐹𝑎𝑐
⃗⃗ ⃗⃗  ⃗ + 𝐹𝑠𝑡

⃗⃗⃗⃗  ⃗ + 𝜌𝑔, (5) 

𝛻 ⋅ 𝑢⃗ = 0, (6) 

where 𝜌 is mass density (1.204×10-3 g/cm3 for air [27] and 2.5 

g/cm3 for SPT); η is dynamic viscosity (1.825×10-2 mPa∙s for 

air [27] and 10.2 mPa∙s for SPT [28]); p is pressure; g is 

standard gravity (9.8 m/s2); and 𝐹𝑠𝑡
⃗⃗⃗⃗  ⃗ is the body force induced 

by surface tension. 

The boundary profile change of the SPT-air two-phase 

system is numerically solved with a conservative level set 

method [29]. A field function 𝜙(𝑥 , 𝑡) having a value between 0 

and 1 at any spatial coordinate 𝑥  is used to model the two-phase 

fluid system consisting of air and SPT. The regions where 𝜙 =
0  are considered as air, and the regions where 𝜙 = 1  are 

considered as SPT, while the transition regions with 𝜙 values 

in between are modelled with a smoothed Heaviside step 

function [29], with 𝜙 = 0.5 defined as the boundary between 

the two media. The governing equation calculating the time-

evolution of the field function is shown below: 

𝜕𝜙(𝑥 , 𝑡) 𝜕𝑡⁄ + 𝑢⃗ ∙ ∇𝜙
=  𝛾∇ ∙ [𝜖𝑙𝑠∇𝜙 − 𝜙(1 − 𝜙)(∇𝜙 |∇𝜙|⁄ )], 

(7) 

where reinitialization parameter 𝛾  and interface thickness-

controlling parameter 𝜖𝑙𝑠  are two non-physical parameters 

related to the stability and accuracy of the numerical 

calculation, with the former set as the maximum fluid velocity 

during the ejection process, while the latter being the half of the 

maximum finite-element mesh size. The body force from 

surface tension  𝐹𝑠𝑡
⃗⃗⃗⃗  ⃗ is calculated from the interface unit normal 

vector 𝑛̂  and the mean boundary curvature 𝜅  at the SPT-air 

boundary, which are functions of 𝜙, as shown below [30]: 

𝑛̂ = (∇𝜙 |∇𝜙|⁄ ) |𝜙=0.5, (8) 

𝜅 = (−𝛻 ⋅ 𝑛̂)  |𝜙=0.5, (9) 

𝐹𝑠𝑡
⃗⃗⃗⃗  ⃗ = 𝜎𝜅𝛿𝑠𝑛̂, (10) 

where 𝜎  is the surface tension at the SPT-air interface (78 

mN/m [28]), and 𝛿𝑠 is a smoothed Dirac delta function centered 

at the boundary where 𝜙 = 0.5 [30]. In each time step of the 

simulation, the flow velocity 𝑢⃗  is solved using (5) and (6), and 

then plugged into (7) to solve the field function 𝜙. Once the 

field function is updated, the surface-tension-induced body 

force 𝐹𝑠𝑡
⃗⃗⃗⃗  ⃗ is calculated using (10), and is fed back to (5) for 

further updating 𝑢⃗ . This process repeats as time proceeds. 

Using the model mentioned above, we simulate different 

cases  with the same 400 Vpp applied on the transducer but with 

driving pulse from 517 to 2,586 μs (Fig. 3a to 3d). In all four 

cases, droplets are ejected by the focused ultrasound (with 

satellite droplets generat ed in the latter three cases), and the 

simulated diameter of the main droplets increases with the 

driving pulse width, ranging from 932.6 to 1690.5 μm (Fig. 4a). 

Similarly, we keep the driving pulse width at 1,724 μs, while 

varying the driving voltage from 310 to 430 Vpp, with the 

Fig. 2.  (a) Defined 2D simulation area with axisymmetry, with related simulation settings shown in Table I. Simulated relative acoustic pressure distribution 

ignoring reflection from the SPT-air interface: (b) over the central vertical plane, (c) over focal plane at Z = 22 mm. Hydrophone measurement of acoustic 

pressure in SPT solution (d) along the central vertical axis and (e) along the central lateral axis on the focal plane, with 85 Vpp applied on the ejector. (f) 

Simulated acoustic pressure (color-bar unit: MPa) over central vertical plane with acoustic reflection from the SPT-air interface (20.04 mm above the device’s 
top surface), with 400 Vpp applied to the transducer (pressure values normalized from measurement data in (d) and (e)). (g) Magnitude (color-bar unit: ×106 

N/m3) and direction (white arrows) of the acoustic-field-induced body force near the SPT-air interface, calculated from the pressure distribution in (f). 

(g) 

(b) 

(c) 

(d) 

(a) 

(e) 

(f) 
Air 

SPT 

SPT 

Air 
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Z
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m
m
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simulated main droplet diameters shown in Fig. 4a. In this case, 

the droplet size also increases with applied voltage (ranging 

from 1327.3 to 1451.5 μm, as shown in Fig. 3c, 3e to 3h), but 

the increase is small compared to the case with increased pulse 

width.  

These results suggest a new and simple way of controlling 

the droplet size through tuning the driving conditions, 

especially the pulse width. To understand this phenomenon, we 

have simulated the volume (defined as VPW) of the bulging 

water column above the initial water surface (Z = 20.04 mm) at 

the moment when the acoustic signal (as well as the induced 

body force) is turned off after an activation period equal to the 

driving pulse width, with four examples shown in Fig. 3i−3l. 

To compare VPW and the main droplet volume in each case, we 

calculate the equivalent diameter from VPW assuming that the 

same amount of volume forms a spherical droplet, and plot the 

results in Fig. 4a. Interestingly, from the graph we see that the 

equivalent diameter derived from VPW and the main droplet 

diameter are very close. Although the water column will 

continue to rise after the acoustic signal is off, and the main 

droplet will break up from its tip. It seems that only the initial 

volume pushed up during the acoustic drive contributes to the 

volume of the main droplet. To study how VPW (which is 

roughly equal to the main droplet volume) is affected by the 

driving conditions, we also simulate the maximum upward fluid 

speed (defined as uPW) along the central vertical axis (R = 0 mm) 

at the same moment when VPW is calculated, as  shown in Fig. 

4b. By plotting the product of uPW and the driving pulse width 

versus VPW, we find a good linear relationship between these 

two plotted values (Fig. 4c). These findings explain the 

dominant effect of the pulse width on the droplet size: while 

both increasing applied voltage and increasing pulse width will 

lead to higher uPW, an increase in the latter will further lead to 

higher VPW (and thus larger droplet size). These findings may 

lead to new insights on the droplet size control, and in-depth 

theoretical analysis regarding the physics behind them will be 

our future work. 

IV. WITH LONG PULSE WIDTHS (AND HIGH DRIVING 

VOLTAGES), THE EJECTION PROCESS IS LESS STABLE [31]. AS A 

RESULT, SATELLITE DROPLETS ARE GENERATED, AND THE 

EJECTION DIRECTION IS LESS REPEATABLE. HOWEVER, IN OUR 

Fig. 3.  Simulation snapshots of ejected droplets with 400 Vpp applied on the 

transducer with driving pulse width of (a) 517 μs, (b) 862 μs, (c) 1,724 μs and 
(d) 2,586 μs. Simulation snapshots of ejected droplets with 1,724 μs driving 

pulse width and driving voltage of (e) 310 Vpp, (f) 340 Vpp, (g) 370 Vpp, and 

(h) 430 Vpp. Simulation snapshots of the water columns formed at the 
moment when acoustic signal is turned off with driving voltages and pulse 

widths of (i) 400 Vpp, 517 μs; (j) 400 Vpp, 2,586 μs; (k) 310 Vpp, 1,724 μs; and 
(l) 400 Vpp, 1,724 μs, respectively. 

(a) (b) (d) (c) 

(i) 

(e) (f) (h) (g) 

(j) (k) (l) 

Fig. 4.  (a) Simulated main droplet diameter (and the equivalent diameter 
calculated from the bulging water column volume VPW  when acoustic signal 

is turned off) versus driving pulse width (with 400 Vpp applied) and driving 

voltage (with 1,724 μs pulse width). (b) Maximum upward fluid speed along 
the central vertical axis (uPW) when acoustic signal is turned off versus 

different driving conditions. (c)  VPW  (in μL) versus uPW (in m/s) multiplied by 
pulse width (in ms) fitted by a linear trendline.  

(a) 

(b) 

(c) 
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APPLICATION, THE FORMER CONCERN IS NOT AN ISSUE AS LONG 

AS THE MAIN DROPLET CAN CARRY A SEMICONDUCTOR CHIP, 

AND THE LATTER PROBLEM CAN BE MINIMIZED AS DISCUSSED 

IN THE NEXT SECTION. EXPERIMENTAL RESULTS 

A. Characterization of Droplet Diameter 

The SFAT is microfabricated according to the steps 

described in [21]. During droplet ejection experiments, a 1.16 

MHz pulsed sinusoidal voltage signal from a function generator 

(AFG3252, Tektronix, Inc.) is amplified by a power amplifier 

(75A250, Amplifier Research Corp.), and is delivered to the 

SFAT, which is placed at the bottom of a plastic container filled 

with SPT solution. The liquid level is adjusted until the ejected 

droplets can fly to the highest level before falling down due to 

gravity, and turn out to be around 20 mm, as predicted by the 

simulation in Fig. 2f. With the driving condition of 394 Vpp and 

2 Hz pulse repetition frequency (PRF) while varying the driving 

pulse width from 517 to 2,586 μs, we take stroboscopic 

snapshots of the droplet ejection process (Fig. 5a to 5d) with a 

long-range microscope lens (Zoom 6000, Navitar Inc.) attached 

to a digital camera (STC-MCCM401U3V, Sentech Co., Ltd.) 

which is connected to a computer to save the photos. The 

background during droplet ejection is illuminated by a strobing 

LED light source flickering at the same 2 Hz frequency with 

some delay after the onset of the driving voltage pulse. The 

droplet ejections are stable and repeatable as photos (with frame 

height of 15 mm) taken at different times during the ejection 

look almost identical, and the main droplet size increases with 

longer pulse width, ranging from 950 to 1,604 μm, which are 

close to the simulation results. With much longer pulse width 

of 6,034 μs, the ejection process is recorded with a high-speed 

camera (DSC-RX100M6, Sony Corp.) at 960 frames per 

second, since the ejection is less stable so that no clear image 

may be captured with the strobing method, and the main droplet 

diameter is observed to be 2,490 μm (Fig. 5e). Similarly, we 

vary the driving voltage from 283 to 368 Vpp, and change the 

pulse width in each case to measure the diameter of the ejected 

main droplets. In the case where the pulse width is 1,724 μs, the 

main droplet diameter varies from 1241.4 to 1370.2 μm, as the 

driving voltage changes from 268 to 394 Vpp (Fig. 5f to 5i and 

5c). All the measurement results are summarized in Fig. 6, 

which shows higher driving voltage and longer pulse width 

indeed increase the droplet size, with the pulse width having 

more effect on the droplet size than the voltage, especially at 

lower driving voltages, agreeing with simulation results in Fig. 

4a.  

B. Ejection of Silicon Chips 

We then build a setup for chip ejection based on the ejector 

(Fig. 7a). To simulate semiconductor chips, 400-μm-thick 

silicon-nitride-covered silicon wafers are diced into square 

pieces with a dicing saw. To guide silicon chips floating on the 

liquid surface to the ejection site, a 500-μm-thick polyester 

cover is laser-machined to create a flow channel and an 

engraved circle to align the cover to the center Fresnel circle of 

the ejector (Fig. 7b). The cover is held at the liquid surface 

Fig. 5.  Photos of the ejected droplets with 394 Vpp applied on the transducer with driving pulse width of (a) 517 μs, (b) 862 μs, (c) 1,724 μs, (d) 2,586 μs and (e) 

6,034 μs. Photos of the ejected droplets with 1,724 μs driving pulse width and driving voltage of (f) 283 Vpp, (g) 312 Vpp, (h) 339 Vpp, and (i) 368 Vpp. Scale bar 

length is 2 mm in all photos. All photos are taken with optical strobing, except that (e) is taken with a high-speed camera.  

(c) (b) (d) (e) 

(f) 

(a) 2 mm 2 mm 

(g) (h) (i) 2 mm 

Fig. 6.  Graph showing measured main droplet diameter with different driving 

voltages and driving pulse widths. 
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(adjusted to around 20 mm), by a laser-machined acrylic holder 

fixed on a 5-axis precision stage, which allows fine-tuning of 

the liquid level held by surface tension between liquid and the 

cover as well as the alignment between the cover and the 

transducer. The surface tension helps also to maintain liquid 

height during ejection, in spite of some loss of liquid in the 

container from the ejection. When silicon chips are dumped 

onto the SPT solution (whose high density keeps them afloat) 

near the inlet of the cover, the chips are automatically loaded 

onto the ejection site, as we eject the chip one by one through 

operating the droplet ejector in two modes described in the next 

subsection. With 394 Vpp applied to the ejector, we successfully 

eject droplets of different sizes to carry square silicon chips 

having side lengths of 700, 1600 and 3100 μm (Fig. 7c to 7e), 

using pulse widths of 1293, 3017, and 6034 μs, respectively.  

C. Automatic Loading of Silicon Chips 

The chips loaded into the inlet of the embedded flow channel 

on the cover can be drawn to the ejection site automatically 

through an operating mode of weak droplet ejection. When the 

device is driven with 1,724 μs pulse width, 10 Hz PRF and 

around 200 Vpp voltage (about half of the typical ejection 

voltage), due to the long pulse width and the cover not being 

perfectly parallel to the ejector, droplets are ejected to the side 

of the cover from the ejection site (Fig. 8a to 8c). The voltage 

is adjusted so that the droplet does not fly too high, but flies just 

out of the cover, so that the total liquid level remains constant. 

As a result, the temporarily reduced liquid level in the local area 

in the flow channel draws the silicon chips to the end of the 

channel, which is the ejection site (Fig. 8d), with the silicon 

chips lined up along the relatively narrow channel. When a 

silicon chip is in place, the loading stops automatically since the 

chip blocks the weak ejection. Then the driving condition is 

changed to the one for the regular ejection mentioned in the 

previous subsection (the only manual task at this point, which 

can be automated), and we can keep ejecting the chips lined up 

in the channel, until loading is needed. This process of loading 

and ejection can be achieved with a computer interfaced to a 

function generator with pre-stored conditions.  

Fig. 7.  (a) Cross-sectional diagram (across the center line along the channel 
on cover) of the ejection set-up. (b) Top-view photo of the laser-machined 

channel-embedded plastic cover (designed for chips with 1,600 μm side 

length) held by an acrylic holder, aligned to the ejector at the container 
bottom, with silicon chips floating in the channel. Photos of ejected droplets 

of differernt sizes (scale bar length: 2 mm) carrying 0.4-mm-thick silicon 

chips having side length of (c) 700 μm, (d) 1,600 μm (with a satellite droplet), 
and (e) 3,100 μm (with satellite droplets).  

(c) 

(b) 

(d) (e) 

(a) 

2 mm 

Ejection Site 

Chip  
Inlet 

2 mm 2 mm 

Fig. 8.  Photos showing the semi-automatic chip loading mechanism: (a) chips 

are dumped into the inlet of the flow channel, also showing the ejection 

trajectory of liquid droplets under a weak ejection; (b) chips moving in along 
the channel as a ejected liquid droplet flies in air; (c) chips moving in further; 

(d) front chip loaded at the ejection site after seven ejections. Photos of 400-

μm-thick square silicon chips with side length of (e) 700 μm and (f) 1,600 μm 
ejected into 4×3 arrays with an interval of 5 mm collected on filter paper, with 

red crosses showing the centers of ejected chips in five other repeated trials 

with the center of the left top chip aligned together. 

(c) 

(b) 

(d) 

(e) 

(a) 

2 mm (f) 

Front 
chip 

Ejection 
Trajectory  

Ejected 
Droplet  

Landed 
Droplet  

Loading 
Completed  

2 mm 

Front 
chip 

Front 
chip 

Front 
chip 
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As a demonstration, a piece of filter paper is held above the 

liquid surface with a second movable stage which is manually 

moved at an interval of 5 mm after each ejection to collect the 

ejected chips. Once hitting the filter paper, the chip is held onto 

the paper by the surface tension of the SPT and is “glued” in 

place after water evaporates from the liquid. With a relatively 

large chip, the ejection is less repeatable. To ensure good 

positioning precision and alignment, the distance between the 

liquid surface and filter paper is kept short so that the chip 

positioning error caused by variation in ejection direction is 

minimized. However, if the distance is too short, sometimes the 

ejected chip is reflected back after hitting the paper. Thus, we 

find 4 mm distance to be a good compromise. In addition, since 

shorter driving pulse width improves ejection stability and thus 

repeatability, pulse widths are kept as low as possible, to 1,293 

and 2,069 μs for the 700 and 1,600 μm chips, respectively. 

Moreover, the opening width of the guiding channel near the 

ejection site is designed to be close to the side length of the chip 

to ensure good rotational alignment (of the chips ejected and 

then collected). And before each ejection, we make sure that 

there is always a second chip right behind the loaded chip in the 

channel to prevent the loaded chip from going back. With these 

measures, we successfully eject silicon chips with side length 

of 700 μm (Fig. 8e) and 1,600 μm (Fig. 8f) into 4×3 arrays with 

the same interval. Five other trial sets indicate that the 

repeatability is good. 

V. SUMMARY 

This paper describes a micromachined acoustic droplet 

ejector based on a piezoelectric focusing ultrasonic transducer 

with Fresnel air-cavity lens. The transducer is capable of 

generating high-intensity focused ultrasound with 1-mm focal 

size, which can eject large liquid droplets with diameter from 

850 to 2,490 μm, controlled by the driving pulse width and 

voltage, with the former having more tuning effect than the 

latter. An FEM simulation model calculating the time evolution 

of the acoustic-field-induced liquid motion during droplet 

ejection is developed, and is confirmed with experiments.  

With the transducer, a proof-of-concept semiconductor chip 

pick-and-place system has successfully been demonstrated to 

eject 400-μm-thick square silicon chips with side length ranging 

from 700 to 3,100 μm, carried by SPT droplets of different 

sizes. As ejected droplets generate lateral liquid flow towards 

the ejection site, the chips are automatically loaded through a 

microchannel-embedded plastic cover.  

Our experiments demonstrate that a droplet-ejector-based  

system that is much smaller and cheaper than the conventional 

approach with robotic arms can be a new possible tool for on 

demand semiconductor chip pick and placement. With easily 

adjustable focal size [14] and tunable droplet diameter, ejector-

based pick-and-place systems are able to handle very small 

chips that robotic arms cannot handle reliably. In addition, since 

the transducer can be massively microfabricated, a similar 

system can potentially have massively parallel processing 

capability with an array of ejectors.  
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