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This thesis elaborates the research work done to achieve piezoelectric 

micromachined ultrasonic transducers (pMUTs) devices for medical imaging with better 

properties in terms of coupling efficiency, reliability and bandwidth. The objective was 

approached with optimizing materials and design parameters. Lead zirconate titanate 

(PZT) based piezoelectric thin films were used as the active element for these devices and 

the PZT material properties such as polarization values, dielectric constant, ferroelectric 

fatigue resistance, sintering temperature and others, were further improved by doping 

with zinc, strontium and yttrium. Wherein, strontium showed improved dielectric and 

polarization values, zinc showed lower sintering temperature and higher polarization 

values and yttrium resulted in improved ferroelectric fatigue resistance of the film. 

Finally, the doped PZT composition was optimized as 52/48 PZT + 2%Zn + 2%Sr for 

next step, the device fabrication. Flexural mode of vibration was used to create 

frequencies in the range of 1-4 MHz using PZT coated silicon membrane. Two 

independent designs X and Y were separately evaluated to understand the effect of 

membrane dimension, top gold electrode dimension and effective membrane area 



 vi 

covered by it on the resonance frequency and coupling coefficient. Doped optimized PZT 

solution was used as the active material for device fabrication. Variation in the resonance 

frequency as a function of membrane dimension for both the designs was established.  

Optimum position and width of top gold electrode for design X corresponding to 

different membrane dimension was identified and an expansion of 10µm beyond 

membrane width was found to be most effective. For design Y also gold electrode of (+) 

10µm gave better results then (-) 10µm. Efficiency decreased on increasing gap width 

from 20µm to 30µm for design Y. Fabricated device was also characterized by running 

hysteresis curve, ferroelectric fatigue and FESEM pictures of the cross section and back 

side of the membrane. 
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CHAPTER ONE 

INTRODUCTION 

 
1.1 Motivation 
 
 Microelectromechanical systems (MEMS) based ultrasonic medical imaging 

devices are gaining attention among the researchers because of the possibilities to solve 

long standing problems and innovate new products. The tremendous growth observed in 

this field is primarily due to advancement in the integrated circuit (IC) industry. For the 

last few years, piezoelectric micromachined ultrasonic transducers (pMUTs) are 

investigated for fabrication of high frequency acoustic imaging devices to improve 

resolution and frequency limitations of presently available and relatively less effective 

bulk transducers. One critical research area associated with this field focuses on 

miniaturizing and exploring materials and fabrication techniques for forward looking 

endoscopes as a substitution for presently available side looking devices. To develop 

such devices it is important to understand and optimize both material and design issues 

for pMUTs. 

 Swartz et al. [1] was the first to produce silicon based integrated ultrasonic 

transducer, POSFET, which was a combination of PVDF (polyvinylidene fluoride) 

transducer with MOSFET (metal-oxide semiconductor field-effect transducer) input 

amplifier. In 1950, when PZT based piezoelectric ceramic was invented, it soon became 

popular because of exceptionally high piezoelectric properties. PZT is now the most 

commonly used active element of any ultrasonic transducer. But problems associated 

with their fabrication, cost, reliability and low frequency range available for the device to 

operate (bandwidth) in the bulk transducers have forced researchers to look for better 
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alternatives in the form of lead zirconate titanate (PZT) thin films. Bulk piezoelectric 

transducers utilizing thickness mode of vibration for high frequency, require accurate 

dicing to the order of 50µm in order to generate ultrasonic frequencies in the range of 2-

50 MHz. The complexity of the fabrication process are further enhanced by the necessity 

of an impedance matching layer for output energy maximization and a suitable backing 

material for providing support and damping effect to reduce ringing. A single bulk 

transducer, therefore, require costly and accurately designed active element, matching 

layer and backing material. The situation becomes more serious due to the narrow 

bandwidth, typically 70%, available with these devices. Another critical issue associated 

with these bulk transducers is the reliability, presence of fast alternating electric field 

distorts the reorientation of electrical domains inside the active element (ferroelectric 

fatigue), thereby, reducing the polarization values and affecting the efficiency of the 

device. The novel thin film based transducers seems to answer these problems. Given the 

fact that IC technology is so well developed, about 50 transducers can be easily 

fabricated in a single three inch silicon wafer. Modulation of the resonance frequency 

becomes much easier, since it utilizes the flexural mode of vibration, wherein, the width 

of the vibrating membrane is an important dimension, as against to the thickness and can 

be easily adjusted according to the frequency requirements. In absence of matching layer 

and backing material these devices are expected to have a much wider bandwidth, 

typically100%, then their bulk counterpart. Additionally, the ferroelectric fatigue is  much 

more suppressed due to the presence of fewer domain regions that needs to be reoriented 

in a thin film. The resistance to the fatigue can be further improved by careful addition of 

selected dopants. However, micromachined transducers suffer from low efficiency due to 
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thin (1-2µm) active piezoelectric layer available as against to 50-100µm in the case of 

bulk transducers. Improving the material properties and optimizing the design criteria can 

provide a solution to low efficiency due to the presence of less active element. 

 One of the current challenges among the researchers in the field of ultrasonic 

imaging is the fabrication of 2D arrays of transducers to obtain 3D body imaging along 

with high scanning frequencies and coupling coefficient (efficiency of the energy 

conversion in the component), using low voltage stimulation [2]. Moreover, 3D 

ultrasound can prove to be a cheaper solution to the costly CT and MRI imaging 

available today. Although, it would require complex signal processing and image 

development techniques, but at the same time improved active element of the transducer 

and the design of these transducer elements can significantly influence the overall 

performance of these 3D imaging devices. 

 In brief, the driving force for the research work discussed in this thesis can be 

summarized as the call for efficient pMUT devices for medical imaging. Need for cost 

effective devices with high coupling coefficient and broad inherent bandwidth which can 

match acoustic impedance of human body exist today. Understanding the effects of 

various design and material parameters to tailor transducer performance is the main focus 

of this research.  

1.2 Research Objective 
 
Frequency required for medical imaging inside the body is limited to the range of 

2-30MHz. A higher frequency enables better resolution but at the cost of depth of 

penetration. Frequencies in the range of 30-70MHz are used for surface imaging with 

microscopic resolution as in the case of imaging anterior chamber of the eye [3]. 
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However, most conventional ultrasonic medical imaging transducers operate in the range 

of 2-15MHz. Problems associated with these conventional bulk transducers were 

introduced in the previous section and thin film based transducers were suggested as the 

best alternative. In order to fabricate these high quality micromachined thin film 

transducers, it is imperative to first of all improve the material characteristics, so that 

power obtained from a piezoelectric layer of 1-2µm is good enough to produce intense 

ultrasonic waves for a given signal. For this reason, current research work focuses on 

PZT based thin films, because of their exceptional piezoelectric properties. Of all the 

possible compositions Pb(Zr0.52Ti0.48)O3 was extensively studied along with dopants 

addition, since it lies at the morphotrophic phase boundary (MPB) and hence, associated 

with peaks in piezoelectric coupling, compliance and dielectric permittivity. Zn, Sr and Y 

were meticulously added to this composition to improve polarization values, dielectric 

constant and resistance to fatigue. These thin film transducers are relatively new to the 

research field; therefore, there is an insufficient understanding of the design issues, which 

leads to lack of confidence on any data obtained.  This research work investigates the 

effect of various design parameters as an effort to improve the efficiency and understand 

its influence on the resonance frequency of the device. Two different designs were 

proposed and the dimension of membrane and electrode were varied to optimize them 

according to efficiency and frequency requirements. 

In brief, the goal of this research was to improve the existing pMUTs by 

exploring better materials for thin film piezoelectric actuation and understanding the 

effect of various design parameters on the overall performance of the device. Variables 
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both from material and design point of view were systematically analyzed and tested to 

evaluate their impact on device performance. 

1.3 Outline of Research 

The current research work is presented over 3 chapters. Chapter two investigates 

the material aspect and explores the effect of zinc, strontium and yttrium on ferroelectric 

properties of PZT based thin films. MEMS devices using piezoelectric  effect of PZT thin 

films are preferred due to their low electrical noise in sensing application, high force 

output in actuation applications and high sensitivity [4-5]. Since the PZT thin films form 

the active element of these ultrasonic devices, any further improvement in the properties 

of these films will automatically improve the performance of the device. Keeping this in 

mind, effect of individual dopant was first established in terms of remnant and saturation 

polarization, coercive field, ferroelectric fatigue, dielectric constant and crystallization 

temperatures. This was followed by optimizing the combination of these dopants to 

further improve the properties. Details of design of experimentation and final optimized 

composition achieved are discussed in chapter two.  

Chapter three focuses on the comprehension of various design parameters of 

pMUTs. Flexural mode of vibration i.e., k31 is used instead of thickness mode to generate 

desired frequency, wherein, the electric field is applied across the thickness, the 3 

direction, resulting in the vertical bending of the membrane due to lateral strain along 1 

direction. Initial FEM modeling reported previously by our research group has helped to 

narrow down on the range for various parameters. Current research work analyzes the 

effect of dimensions of vibrating membrane and design and dimension of top gold 

electrode using optimized PZT thin films. Corel-Draw was used to design these 
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membranes and top gold electrode. Various parameters partly constricted by FEM 

modeling were then scanned methodically to understand their individual effect. Details of 

the design and results obtained are explained in chapter three. 

1.4 Reference  
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30MHz: Application of High Frequency Ultrasonic Imaging, IEEE Engineering in 
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CHAPTER TWO 
 

Effect of Zn, Sr and Y addition on PZT thin films 

Abhishek Dalakoti, Amit Bandyopadhyay and Susmita Bose 

School of Mechanical and Materials Engineering 

Washington State University 

Pullman, WA 99164 

 

2.1 Abstract 

We have investigated methods to improve piezoelectric properties of PZT based 

thin films, which is a key component of piezoelectric micromachined ultrasonic 

transducers (pMUTs).  As pMUTs are driven by a thin piezoelectric layer on a Si 

membrane, improvement of piezoelectric properties of thin films can significantly 

increase their efficiency.  We have used Zn, Sr and Y doping on PZT based thin films 

along the morphotrophic phase boundary (MPB) composition to increase its piezoelectric 

properties.  Results obtained were then extended to compositions both sides of the MPB.  

Sol-gel method was used to make precursor solutions and then spin coated on 

Pt(100)/Ti/SiO 2/Si substrate for making the PZT thin films.  It was found that Zn and Sr 

together had the most significant effect on properties of PZT thin films in which a 

saturation polarization of 108 µC/cm2 and remnant polarization of 54 µC/cm2 was 

achieved. 

2.2 Introduction 

Piezoelectric micromachined ultrasonic transducers (pMUTs) are an example of 

application of MEMS technology to ultrasound generation and detection, which is 

expected to offer many advantages over conventional ultrasonic transducers [1-2].  
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Unfortunately, pMUTs typically show a 3 to 5% efficiency for “31” or flexural mode 

designs compared to >30% efficiency for conventional "dice and fill" based bulk 

transducers [1].  Fabrication of high efficiency pMUTs require clear understanding and 

maximization of properties of materials used and the designs proposed.  Various 

parameters that need to be optimized are dielectric constant, polarization values, 

ferroelectric fatigue, resonance frequency, coupling coefficient and others for a better 

transducer device for 2D and 3D medical imaging.  Some of these values are actually 

interrelated, such as dielectric constant, polarization values and coupling coefficient.  

Lead zirconate titanate (PZT) based thin films were used in our study due to their 

excellent piezoelectric properties.  Of the various possible compositions, ferroelectric 

properties at the MPB are maximized due to the co-existence of rhombohedral and 

tetragonal phases [3].  Easy modulation of various ferroelectric properties by cation 

doping gives an additional advantage to these thin films [4-6].  We have developed PZT 

based thin films to be used in pMUTs focusing on increasing remnant and saturation 

polarization, improving ferroelectric fatigue resistance, and dielectric constant, while 

decreasing coercive field and reducing crystallization temperature using Zn, Sr and Y as 

‘A’ and ‘B’ site cation doping.  Addition of Y into ‘A’ site was done to reduce oxygen 

vacancies and improve fatigue resistance.  Sr was added into ‘A’ site to increase remnant 

and saturation polarization via tailored grain orientation and Zn was added into ‘B’ site to 

reduce crystallization temperature.  Combined effects of all these dopants were also 

evaluated for thin PZT films of thickness less than 1 micron.   
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2.3 Experimental Procedure 

PZT based thin film having composition as {Pb1-x-y SrxYy [(Zr.52 Ti.48)1-z Znz] O3}, 

with different values for x, y and z were fabricated. 50 ml, 0.5M metallorganic precursor 

solution was prepared via sol-gel method using 2-methoxy ethanol (2MOE) as solvent 

and lead acetate tri-hydrate, titanium isopropoxide (97%), zirconium n-propoxide (70% 

w/w in propanol), strontium isopropoxide (97%), yttrium isopropoxide (95%) and zinc 

acetate as starting materials. All the chemicals were purchased from Alfa Aesar, MA, and 

used without any further purification. Stoichiometric amount of lead acetate tri-hydrate 

and zinc acetate were dissolved in 2MOE. 10-mol% excess lead was added to this 

solution to compensate for the lead-loss due to volatization during sintering. This solution 

was distilled at 1250C for 2h to remove the water of crystallization. Zirconium n-

propoxide and titanium isopropoxide were then added along with the dopants viz. 

strontium isopropoxide and yttrium isopropoxide in a moisture controlled glove box, in 

desired amount to the above distilled solution. The solution was then refluxed at 1250C 

for 3h to achieve a homogeneous precursor solution. Strontium isopropoxide and yttrium 

isopropoxide could not be added to the solution during distillation because of their higher 

susceptibility to oxidation and, therefore, were later added during the refluxing step. 

However, zinc acetate was added during distillation. 

The solution was spin coated on platinized silicon substrate at 4000 rpm for 12 

sec. After each layer, the film was heated for 5 minutes separately on hot plates 

maintained at 1250C and 3250C. This process was repeated up to four layers. Final 

sintering was then carried out in a furnace maintained at 7000C for 15 minutes. In case of 

eight or twelve layer films, intermediate sintering at 6000C for 15 minutes was carried out 
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after every four layers, before depositing another four-layer film sequence, followed by 

final sintering at 7000C for 15 minutes. 

For electrical characterization, gold pads (120 nm thick and .0785 µm2 in area) 

were sputtered on top of the films. For phase analysis, X-ray diffraction studies were 

performed using a Philips PW 3040/00 X’pert MPD system with Co-Ka radiation and a 

Ni-filter over a 2? range of 200 to 700. Ferroelectric properties were characterized using a 

Precision Workstation (Radiant Technologies, Albuquerque, NM). All ferroelectric 

fatigue tests were carried out at 1 MHz and 3V. Hysteresis measurements were taken 

with a period of 5 ms and a delay of 10 ms between preset loop and measurement loop. 

2.4 Results and Discussion 

A base line was first established with undoped PZT compositions Pb (Zrx Ti1-x) 

O3, with Zr/Ti ratio of 60/40, 52/48 and 40/60.  Most of the measurements were then 

made with Zn, Sr, and Y addition at the Zr/Ti ratio of 52/48 or MPB composition and 

using eight- layer films, which had an average thickness of 600 nm.  XRD pattern of all 

the samples showed peaks to confirm the presence of only perovskite phase, and no 

pyrochlore phase was detected.  Most of the ferroelectric fatigue degradation was noticed 

after 108 cycles at 1MHz.  Therefore, film qualities were compared after 108 and 109 

cycles. 

It was found that with increasing Zn content from 1 to 2 mol% in 52/48 PZT 

composition, there was an apparent increase in the saturation polarization (Ps) from 50 to 

72 µC/cm2, as shown in figure 2.1.  The coercive field (Ec) and the remnant polarization 

(Pr) values remained almost the same, 100KV/cm and 27 µC/cm2 respectively.  As 

shown in figure 2.2, (110), (111) and (200) perovskite peaks were well developed in the 
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XRD pattern for the 2 mol% Zn doped 52/48 PZT film sintered at 6500C.  XRD result 

confirmed that crystallization was complete by 6500C and ferroelectric properties were 

similar to 7000C sintered films.  Similar results were reported on bulk PZT due to ZnO 

addition in which sintering temperature was dropped by 400 oC [7].  Ferroelectric fatigue 

degradation in 2-mol% Zn doped thin films was rapid with the film losing 90% of 

remnant polarization value within 109 cycles.  A slight decrease, from 4400 to 3800, in 

the effective dielectric constant (K) value was also observed on increasing Zn from 1 to 

2-mol%.  These results are tabulated in Table 2.1.  This effective K was calculated from 

the slope of the initial linear part of the hysteresis plot. 

With increase in Sr concentration from 1 to 2 mol%, significant improvement in 

both remnant (Pr) and saturation (Ps) polarization values were observed as shown in 

figure 2.3.  Pr increased from 23 to 33 µC/cm2 and Ps increased from 44 to 69 µC/cm2.  

Effective K with Sr addition increased significantly compared to Zn addition, with values 

> 6000.  However, increase in Sr content from 1 to 2 mol% didn’t change K significantly.  

A higher K value with the addition of Sr can be explained from the phase 

formation.  It is known that K, coupling factor and piezoelectric constant have their 

maximum values when compositions are shifted to the tetragonal side of MPB [3].  If we 

compare the intensity pattern of the XRD of 2% Zn and 2% Sr doped PZT composition, 

as shown in figure 2.2, we find that the intensity ratio of (111)/(200) is almost 20% 

greater for 2% Sr doped PZT, which makes it more tetragonal than the 2% Zn doped PZT 

composition.  Sr doped film showed better fatigue resistance, compared to 2% Zn and 

retained ~ 36% of Pr after 109 cycles as opposed to 10% after 109 cycles for Zn doped.  
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However, the films became dielectrically hard with increasing Sr content, as Ec increased 

from 62 to 136 KV/cm. 

Next, various combination of Zn and Sr were tested with and without a donor 

cation, Y+3, to reduce oxygen vacancies created by substitution of Ti+4/Zr+4 site with 

Zn+2.  2-mol% Y+3 with 52/48 PZT thin film was tested.  Although these films showed 

good fatigue response, Pr, Ps and K values were lower compared to un-doped 52/48 PZT.  

Exceptional properties were obtained for 52/48 PZT with 2%Sr + 2%Zn addition, shown 

in figure 2.3.  The film showed a Ps of 108 µC/cm2, a Pr of 54 µC/cm2 and a K of 5000.  

There was relatively less degradation in the polarization values as compared to 2-mol% 

Zn doped film.  32% of the Pr value was retained as compared to 10% for Zn doped, 

when it was tested for hysteresis after running the fatigue test for 109 cycles.  I-V test on 

the film showed a uniform resistance of 1.95x108O making it a good capacitive film.  

This dopant combination (2%Zn+2%Sr) was then tried with 40/60 and 60/40 PZT 

compositions.  It was found that polarization values were lower compared to 52/48 PZT.  

Zn addition to the thin film improved saturation polarization and reduced 

sintering temperature. This was also accompanied by an increase in ferroelectric fatigue 

degradation and reduced dielectric constant. 

..''''
22 // O

x
OTiZr VOZnZnTiOZrOZnO ++→+   (1) 

On the basis of size ratio as shown in Table 2.2, Zn+2 is expected to substitute Ti+4/Zr+4 

ions.  It is clear from Equation 1, that Zn substitution will cause an increase in oxygen 

vacancy concentration within the film. These oxygen vacancies get collected at the low 

energy domain boundaries, thereby, making the domain walls difficult to reorient under 

an applied alternating field  [8-9].  A low sintering temperature with the Zn addition can 
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either be due to the formation of some low melting liquid phase as observed in the bulk 

structure [7] or due to the modulation of the lattice parameter of perovskite PZT to such 

an extent that it matches well with underlying Pt substrate, thereby, reducing the 

activation energy for nucleation of perovskite [10].  

Sr addition at the "A" site increased intensity ratio of (111)/(200) in comparison 

to 2%Zn addition, which shifts the peak intensities to the tetragonal side of MPB and 

hence explains the increase in dielectric constant.  Influence of Y+3 addition to the Pb+2 

site is shown in Equation 2. 

PbOOYVPbOY x
OPb

O
x

Pb 2)()(2)()(2 22
2

2 2.3..2
32 ++=++ −+

−
+ −++    (2) 

Substitution of Pb+2 by Y+3 improved the fatigue resistance of the film by 

reducing oxygen vacancy concentration.  Y+3 by itself does not seem to be really 

promising because of relatively lower polarization and dielectric constant values.  This is 

due to large size difference between available Pb+2 site and Y+3 cation size, 119 and 90 

pm, respectively.  This size difference is expected to create distortion in the cell so as to 

reduce the c/a value, thereby, reducing the ferroelectric properties. More characterization 

is needed to support this, since sufficient information is not available in the present 

literature. Due to the small size difference between Zn+2 and Zr+4, 74 and 72 pm, and Sr+2 

and Pb+2, 112 and 119 pm, respectively, the lattice distortion effect is not that dominant 

for these two substitutions.  We were able to achieve superior properties using PZT 

(52/48) with 2% Zn + 2% Sr. The combined effect of the two dopants seems to partially 

annihilate the effect of vacancies created by zinc addition and also attain a compromise in 

the dielectric constant and ferroelectric values.  Since individually, Zn and Sr showed an 

improvement in Pr and Ps values, the combined polarization properties are even higher, 



 14 

which is by far one of the highest reported values for a PZT based thin film.  Currently 

pMUTs are being made with these films to test device efficiency. 

2.5 Conclusions 

Sr, Zn and Y doped perovskite PZT thin film were prepared by sol-gel method 

and characterized for their polarization values, dielectric constant and ferroelectric 

fatigue response for potential application in pMUTs. Properties with individual cations 

were first established and then properties were optimized using different combination of 

ions.  Zn and Sr doped PZT films showed an improvement in the polarization values, but 

Y doped films showed better resistance to ferroelectric fatigue with lower polarization 

values.  Significantly high values for saturation and remnant polarization, 108 µC/cm2 

and 54 µC/cm2 respectively, were achieved with 2%Zn + 2%Sr 52/48 PZT.  
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Figure 2.1 Polarization vs. electric field behavior for Zn doped PZT. (a) 52/48 PZT with 

1-mol% Zn sintered at 7000C, (b) 52/48 PZT with 2-mol % Zn sintered at 7000C (c) 

52/48 with 2-mol% Zn at sintered at 6500C. 
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Figure 2.2 XRD patterns for doped PZT thin films. (a) 52/48 PZT with 2-mol% Sr 

addition, sintered at 7000C; (b) 52/48 PZT with 2-mol% Zn addition, sintered at 7000C; 

(c) 52/48 PZT with 2-mol% Zn addition, sintered at 6500C. 
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Figure 2.3 Polarization vs. electric field behavior for films sintered at 7000C. (a) 52/48 

PZT with 1-mol % Sr, (b) 52/48 PZT with 2-mol % Sr, (c) 52/48 PZT with 2-mol % Sr + 

2-mol % Zn. 
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Table 2.1: Ferroelectric properties for various Zn, Sr and Y doped PZT thin films sintered 

at 7000C for 15 minutes. 

 
 

 

 
Metal cation Ti+4 Zr+4 Pb+2 Zn+2 Sr+2 Y+3 

Ionic Radius (pm) 60.5 72 119 74 112 90 

 

Table 2.2: Ionic radius of the substituting and parent cations.  
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CHAPTER THREE 
 

INFLUENCE OF TOP ELECTRODE DESIGN ON pMUTs PERFORMANCE 
 

 
3.1 Abstract  

 
Piezoelectric micromachined ultrasonic transducers (pMUTs) were designed, 

fabricated and tested to measure resonance frequency and coupling coefficient. Prior to 

this, doped PZT thin film deposited on the membrane was tested for polarization values 

and later on for their ferroelectric fatigue resistance. Two different designs, single 

electrode and double electrode pMUT element, X and Y, respectively, were analyzed to 

understand the influence of design parameters on the device performance. Variation in 

the resonance frequency and efficiency of the device was investigated due to changes in 

the membrane dimension and top gold electrode design (gap and width), to have the 

ability to tailor the device. It was found that frequency decreases with increase in the 

membrane size for both the designs. Expanding gold electrode beyond the membrane 

dimension has a positive effect on the coupling coefficient of the pMUT elements. A gap 

of 20µm showed better efficiency than 30µm gap for the two electrode design.  

3.2  Introduction 
  

Miniaturization of electronic components have created interest in thin films as 

against to the commonly used bulk ceramic materials. Geometrical flexibility and easy 

integration to various devices has further accelerated its rapid growth both among the 

research and industrial community. Sensing and actuation capabilities in most of the 

MEMS devices utilize piezoelectric effect as in sonar systems [1], pressure sensors [2], 

ultrasonic transducers [3], accelerometers [4], controlling microfluidic flows in inkjet 

printer heads and others. Lead zirconate titanate (PZT) based piezoelectric material have 
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emerged as a material of choice due to excellent polarization values, dielectric constant, 

piezoelectric constant and thermal stability. 

There are two types of MUTs: (1) cMUTs and (2) pMUTs. cMUTs uses a 

capacitive film, while pMUTs uses a piezoelectric actuated membrane to operate the 

device.  Since its advent, these two working principles have kept competing with each 

other as the piezoelectric transducers [5-6] and the capacitive transducers [7], however, 

the high bias voltage which causes frequent collapse of the cMUTS [8] and complexity of 

having different designs for sending and receiving signals [9] has limited its universal 

acceptance.  

This research investigates measures to improve properties of piezoelectric 

micromachined ultrasonic transducers (pMUTs) for medical imaging. The main thrust for 

this work can be defined as the need for transducer with inherently higher bandwidth, 

high sensitivity and better coupling coefficient with improved control over the resonance 

frequency. Such devices can find application in forward looking endoscopes, which have 

dimensions almost similar to that of the probe of the endoscope. Another area attracting 

wide attention is the fabrication of two-dimensional arrays of the single transducer [10] to 

obtain 3-D imaging of object such as moving heart. This would require complex signal 

processing and image development along with accurate working knowledge with single 

transducer and ability to put them in arrays. Improvement in pMUTs performance can be 

achieved through optimization in material and design variables. Research work focusing 

on material optimization [11] and FEA analysis [12] reported previously by our group 

has helped us to narrow down with respect to various ranges for different parameters 

regarding the designing of pMUTs.  
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3.2a  Optimization Criteria 

Using piezoelectric actuation, different frequencies can be generated via thickness 

and bending mode vibrations. However, limitation in the frequency range for medical 

imaging as 2-12 MHz excludes the use of thickness mode vibrations which normally 

results in frequency of GHz range for thin films [13]. The flexural mode of vibration i.e., 

k31 is used for generating desired frequencies as shown in figure 3.1, wherein, electric 

field is applied across the thickness, the 3 direction and longitudinal strains are generated 

along the 1 direction, which causes the membranes to vibrate along the direction of the 

applied field. The parameters that were studied are: (1) vibrating membrane width, (2) 

top gold electrode design and (3) effective area of membrane covered by the electrode. 

Influences of these parameters were studied based on their effect on resonance frequency 

and coupling coefficient of the pMUTs. 

3.3 Experimental 

3.3a  pMUTs Designs 

 Figure 3.2 shows structural details of two different designs with the corresponding 

geometrical design parameters, which were investigated in this research. For the future 

discussion these will be referred as X and Y, wherein, X is a single electrode design and 

Y is a double electrode pMUT element. Starting with the first design, the single electrode 

(X), we simultaneously varied membrane width and top gold electrode as shown in Table 

3.1. Corresponding to each membrane width, four electrode widths were studied. The 

length of these membranes is expected not to have a great impact on the properties 

provided they are at least in the ratio of 1:10 as width to length. Therefore, length (l) for 

30, 60 and 90µm wide membrane were maintained at 1000µm and for 120µm wide 
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membrane at 1200µm. Gold electrode length (h) was also taken as a constant as, 900µm 

for 30, 60 and 90µm membranes and 1100µm for 1200µm membranes. 

For the second design, the two electrode designs (Y), the parameters to evaluate 

are width of the membrane (w), gap between the electrodes (g) and width of the electrode 

outside/inside (+/-) the membrane (s). Vibrating membrane width was varied as 30, 60, 

90 and 120µm. Two different values for ‘s’ were tried as (+)10µm and (-)10µm along 

with ‘g’ values as 20µm and 30µm. ‘s’ value of (+)10 corresponds to gold electrode 

extending 10µm beyond the membrane dimension and (-10) signifies gold electrode 

10µm inside the edge of the membrane. Details of the designs studied are shown in Table 

3.2. The designs for back-side membrane by Si etching and top gold electrode design 

were made using Corel-draw software and are shown in Figure 3.3a and 3.3b. 

3.3b Fabrication of Membrane 

 Single side polished, p-type <100> silicon wafers with 74mm diameter and 380 

+/-20µm thickness were used for the device fabrication. Process details for the membrane 

fabrication are shown in Figure 3.4. The wafers were subjected to high temperature wet 

oxidation at 10500C in oxygen and nitrogen environment. A 45 minutes ramp to 10500C 

was followed by 80 minutes soak time to grow a 300nm oxide layer on silicon. Nitrogen 

is maintained at 0.5 liters per minute throughout the process and oxygen at 3 liters per 

minute during the 80 minute soak period. Oxide on polished side of the wafer was then 

stripped using a buffered oxide etchant (BOE) consisting of (10:1) HF and NH4F for 15 

minutes, while the other side was protected using a semiconductor tape. This was 

followed by boron diffusion on the bare silicon side at 11250C for 110 minutes to result 

in approximately 2.3µm boron depth. The oxide layer on the back side prevents boron to 
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diffuse onto this side. Boron diffusion results in a borosilicate glass on the surface which 

needs to be stripped of to reduce the stresses in the wafer when platinum, PZT and gold 

layers will be deposited. This was achieved by a 20 minutes etching in BOE 10:1, 

followed by growing a sacrificial low temperature oxide (LTO) at 8500C for two hrs. The 

LTO is then removed  to ensure complete removal of boron skin and a second LTO is 

grown, which acts as an etch stop for silicon etch and a barrier between piezoelectric 

layer and conductive silicon wafer. Dimensions of the opening on the mask for back side 

etching to fabricate membrane on the polished side were significantly bigger than actual 

membrane size. These were calculated considering the 54.70 angle between the (100) and 

(111) etching directions and 380µm thickness of the silicon wafers. 

Positive photolithography using AZ400K as photoresist was carried out to create 

oxide mask on back side of the wafer. The exposed silicon was then etched away using 

ethylenediamine pyrocatechol (EDP) at 1100C for 4.5 hrs. This back-side etching resulted 

in 2µm thickness of silicon membrane of desired dimensions. Figure 3.5a shows an 

FESEM image of the back side of the membrane. The process was repeated for each 

wafer to create silicon membrane of different sizes to fabricate pMUTs. 

3.3c  PZT and Gold Electrode Deposition 

 Ti/Pt was sputter coated as 20nm Ti and 175nm Pt as bottom electrode on back 

side etched silicon wafers prior to PZT deposition. This was followed by a 10 minute 

annealing at 6500C to relieve the strain energy associated with the residual stress 

development during sputtering [13-14]. 52/48 PZT + 2%Zn + 2%Sr was used as the 

precursor solution to be deposited on the platinized membrane. 0.5M metallorganic 

precursor solution were prepared via sol-gel method using 2-methoxy ethanol as a solvent 
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and lead acetate tri-hydrate, titanium isopropoxide (97%), zirconium n-propoxide (70% 

w/w in propanol), strontium isopropoxide (97%) and zinc acetate as the starting 

materials. Stoichiometric amount of lead acetate tri-hydrate and zinc acetate were 

dissolved in 2MOE. 10-mol% excess lead was added to this solution to compensate for 

the lead- loss due to volatization during sintering. This solution was distilled at 1250C for 

2h to remove the water of crystallization. Zirconium n-propoxide and titanium 

isopropoxide were then added along with the dopant strontium isopropoxide in a moisture 

controlled glove box, in desired amount to the above distilled solution. The solution was 

then refluxed at 1250C for 5hrs to achieve a homogeneous precursor solution.  

The precursor solution was spin coated on platinized silicon membranes at 4000 

rpm for 12 sec. After each layer, the film was heated for 5 minutes separately on hot 

plates maintained at 1250C and 3250C. This process was repeated up to four layers. Final 

sintering was then carried out in a furnace maintained at 7000C for 15 minutes. In the 

case of eight layer films, intermediate sintering at 6000C for 15 minutes was carried out 

after four layers, before depositing another four- layer film sequence, followed by a final 

sintering at 7000C for 15 minutes. 

For top electrode, Ti/W was first sputtered for 17 seconds at 100W and 7.5mTorr 

and then Au sputtering was carried out for 15 minutes and 28 seconds at 75 W and 

7.5mTorr. This resulted in 12.5nm of Ti/W as adhesive layer and 200nm of Au layer as 

top electrode. In order to pattern the top electrode, positive photolithography with 

AZ400K (photoresist) was used after careful alignment with the help of six poked holes 

in the wafer. Exposed gold was then etched away using Type TFA gold etchant for 2 

minutes and Ti/W layer was removed using 30% hydrogen peroxide in water for 40 
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seconds. Figure 3.5b shows the FESEM pictures of the cross-section of the final device. 

The pictures does not resolves different layers of silicon, platinum, PZT and gold but 

gives an idea of approximate thickness ~ 400µm, of the final devices  

3.4 Results and Discussion 

The preliminary characterization of the devices was achieved by measuring 

ferroelectric properties using Precision workstation ferroelectric tester (Radiant 

Technologies, NM). Values obtained corresponding to designs X and Y are tabulated in 

Table 3.1 and Table 3.2, respectively. Results were uniform for different designs and 

ascertained the quality of the deposited PZT thin film. Figure 3.6a shows the polarization 

behavior of the deposited doped PZT material on the membrane. Precision Impedance 

Analyzer, Agilent Model 4294A was used for measuring resonance (fr) and anti-

resonance frequency (fa). These values were then used to determine the coupling 

coefficient of the device using the relation 
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A D.C. voltage of 20V across the 0.6µm thickness of PZT film was applied 

during property measurement to pole the material, so as to visualize the capacitive-

inductive transition in the device. Finally, films were tested for ferroelectric fatigue 

degradation under an applied A.C. field at 1MHz and 3V.  PZT film retained 30% of 

remnant polarization after 109 cycles and the corresponding ferroelectric fatigue graph is 

shown in Figure 3.6b. 

3.4a Design X: 

The single electrode arrangement, design X, was investigated to understand the 

influence of membrane and top gold electrode width, as the main design parameters on 
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the resonance frequency and coupling coefficient. For this reason, membrane width was 

varied as 30, 60, 90 and 120µm along with the simultaneous variation in the dimension of 

top gold electrode, so that it stretches across the membrane width. Table 3.1 tabulates the 

results obtained corresponding to different variations in design X.  

Figure 3.7a shows the effect of membrane and top gold electrode width on the 

resonance frequency. The x-axis contains gold electrode width with respect to membrane 

dimension and varies from (-) 10 to (+) 30µm i.e. the ‘s’ value as explained previously. 

For a membrane of 90µm width, value corresponding to (-) 10µm in the figure 3.7a 

implies a gold electrode width of 90-10 = 80µm. As can be seen from graph, the 

resonance frequency is dependent on the membrane width to a greater extent than on the 

gold electrode width. It decreases as the membrane width increases from 30, 60, 90 and 

120µm. For example, the resonance frequency values corresponding to (+) 10µm 

configuration of top electrode, i.e. 20, 50 , 80 and 110µm gold electrode width for 30, 60, 

90 and 120µm membranes decreases from 2.023, 1.529 and 1.317 to 0.959, respectively. 

Moreover, for a given membrane dimension, resonance frequency increases with increase 

in top gold electrode width, but again this dependence is comparatively less than on 

membrane dimension. 

The decrease in the resonance frequency with increase in the membrane width is 

reasonable and can be explained. As the width of the vibrating membrane is increased, it 

causes an increase in the wavelength generated by this membrane. There are no direct 

equations to show this relation, as would have been in the case of frequencies generated 

due to thickness mode vibration. With the velocity of the wave remaining same inside the 

material, this increase in wavelength causes a decrease in frequency with increase in 
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membrane width. Another reason for this is the increase in the mass of the vibrating 

membrane along with the platinum, PZT and gold layers on top of it with an increase in 

membrane width. This increase in the mass causes the overall frequency of the device to 

decrease. Also, a narrow membrane is expected to experience a higher restoring force as 

compared to a wider membrane due to increased stiffness which causes the resonance 

frequency to increase in the case of membrane with smaller width. 

Figure 3.7b shows the effect on the coupling coefficient of the device due to 

design parameters. It has four different curves corresponding to different membrane 

dimensions. The efficiency showed a greater dependence on the top gold electrode 

dimension as against to membrane width. It increases as the gold electrode stretches 

beyond the membrane width and then decreases. For example, in the case of 120µm 

membrane, the coupling coefficient value increased from 1.44 to 2.52%, which 

corresponds to an increase of roughly 75%,  as the gold electrode width increases from 80 

to 100µm, i.e., from (-10) to (+10) in the Figure 3.7b and then decreased. A similar trend 

was observed with 30, 60 and 90µm membranes with the coupling coefficient value 

increasing by 43%, 40% and 36%, respectively, as the top gold electrode width was 

varied in the similar fashion.   

If the top gold electrode width is less than the membrane dimension, such that it 

lies within the membrane, then on applying an electric field the center of the membrane 

and the position where top electrode is ending will have deflections in opposite direction. 

The end point of the top electrode will act as a hinge and will move in a direction 

opposite to the center of the membrane.  Due to these complex vibrations present in the 

system, the membrane will not be able to achieve full deflection corresponding to an 
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applied electric field resulting in a decrease in the coupling coefficient values for such 

configuration. If the width of the top electrode is increased beyond the membrane 

dimension providing free movement, then the entire membrane will vibrate in the same 

direction, thereby, increasing the total deflection and hence efficiency. However, on 

increasing this top electrode width beyond a certain range, (+)10µm in this case, the extra 

electrode area will only add to the parasitic capacitance, instead of providing any useful 

mechanical vibrations and, therefore, the efficiency is expected to decrease. Figure 3.8 

shows an example of resonance and anti-resonance frequency obtained using impedance 

analyzer for design X, with membrane width as 90µm and gold electrode width as 80µm. 

3.4b Design Y: 

For the double electrode design Y, performance of the device was evaluated as a 

function of membrane dimension, gold electrode width and the gap between these 

electrodes. For this purpose, membrane dimension was varied as 30, 60, 90 and 120µm.  

Two different electrode gaps were analyzed as 20 and 30µm (g = 20 or 30µm as shown in 

figure 3.2b) in combination with two separate positions for top electrodes, i.e., one 10µm 

inside the membrane and the other stretching 10µm outside the membrane. Resonance 

frequency and the corresponding efficiency obtained are tabulated in Table 3.2.  

It is clear from the values in Table 3.2 that for a given membrane width, coupling 

coefficient is greater for top electrode extending outside the membrane dimension as 

compared to inside. For membrane dimension of 90 and 120µm, efficiency was higher for 

‘s’ values as (+) 10µm instead of (-) 10µm. Consider 120µm membrane with gap between 

the top electrodes as 20µm. The coupling coefficient value increased from 1.66% to 2.6% 

registering an increase of 56% and this increase was almost 175% in case of 90µm 
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membrane. This behavior with the double electrode design is in agreement to what we 

observed with single electrode design and strengthens our previous argument of 

increasing the deflections near the edge as one of the way to achieve higher efficiency. 

Also, from Table 3.2, for a given membrane width and position of electrodes, i.e. 

either extending outside or inside, there was a decrease in efficiency with increase in the 

gap between the electrodes. A gap of 20µm gave better coupling coefficient values then 

30µm gap. This is because a 30µm gap will lead to less active top electrode area on the 

membrane to provide the deflection. Gap effect on the efficiency can be better studied by 

varying it in a close interval in the range from 10µm to 30µm. However, for the present 

case 20µm gap shows a clear preference over 30µm gap in terms of efficiency, for 

example, in the case of 90µm membrane with ‘s’ value as (+) 10µm, efficiency increased 

from 1.79% to 2.86%, as gap between the electrode decreased from 30µm to 20µm.   

Except for a few anomalous values, resonance value showed a decrease with 

increase in membrane width. Another important notion to address over here would be 

comparatively large dependence of resonance frequency on the top electrode 

configuration for design Y then for design X. The resonance frequency is increasing with 

increase in gap between the electrodes. If we look at design Y with 60, 90 and 120µm 

membranes and (+) 10µm as the ‘s’ value, the resonance value increases by 12%, 125% 

and observes a negligible decrease of 0.95%, respectively, as the gap between the 

electrode is increased from 20µm to 30µm. This frequency dependence due to top 

electrode design in case of double electrode pMUT element is much greater than in the 

case of design X, the single electrode pMUT.  
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After thoroughly investigating both the designs, it can be clearly stated that 

expanding top electrode beyond the membrane dimensions is favorable for the coupling 

coefficient values in both the cases. In the case of single electrode design, resonance 

frequency is mainly governed by the membrane dimension, however, in case of double 

electrode design it can be easily tailored both by membrane dimension and top electrode 

design. Coupling coefficient value in the case of single electrode was largely determined 

by the top electrode width; however, for double electrode design it can be controlled both 

by the gap and the width of the top gold electrodes. In brief it seems that in case of design 

Y, in spite of having efficiency in the same range as design X, it is much easier to tailor 

the resonance frequency and efficiency for a desired application.   

4. Conclusion 

 Two different piezoelectric micromachined ultrasonic transducer designs using 

52/48 PZT + (2%Zn+2%Sr) as active element were fabricated and tested for resonance 

frequency, coupling coefficient, polarization values and ferroelectric fatigue. The films 

showed saturation polarization of 56µC/cm2, remnant of 26µC/cm2 and retained 32% of 

remnant polarization after 109 cycles. Membrane width, top gold electrode dimension and 

the gap was varied so as to understand their individual effect on the performance of the 

device. In spite of the overall low efficiency of these membranes, we were able to 

establish critical design property relationships. For design X resonance frequency was 

primarily governed by the membrane dimension, instead of top gold electrode width and 

decreased with an increase in this value. Expanding the top gold electrode width 10µm 

beyond the membrane dimension increased the efficiency of the devices for both the 

designs. Resonance frequency for design Y was dependent both on membrane dimension 
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and top gold electrode design.  A gap of 20µm for design Y showed better efficiency then 

30µm gap.  
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Figure 3.1: Flexural mode of vibration with (3) being the direction of applied electric 

field and (1) the direction of strains generated. Different layers from top are (a) Gold, (b) 

Doped PZT, (c) Platinum, (d) Boron doped silicon and (e) Silicon wafer. 
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Figure 3.2 Schematic details of design with respective variables. (a) Design X – Single 

electrode pMUT element. (b) Design Y – Double electrode pMUT element. 
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Figure 3.3 (a) Masks for back side etching (b) Mask for top gold electrode and (c) an 

enlarged image showing single (Cx4) and double electrode (Cy8) pMUT elements. 
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Figure 3.4 Silicon Membrane Fabrication. 
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(b) 
 

Figure 3.5 FESEM images of (a) Back side of the membrane after etching with EDP. (b) 
Cross-sectional view of the device after top gold electrode deposition at 56X. 
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(a) 

 
 

 
(b) 

 
Figure 3.6 (a) Polarization behavior of the PZT film deposited on the membrane. (b) 

Fatigue response of the film after 109 cycles at 1MHz and 3V. 
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(b) 
 
 

Figure 3.7 (a) Effect of membrane dimension and top gold electrode width on the 
resonance frequency for design X. (b) Effect of membrane dimension and top gold  

electrode width on the coupling coefficient of the device for design X. 
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Figure 3.8 Variation in impedance (z) and phase angle (?) values with change in 
the frequency for design X corresponding to membrane width of 90µm and gold 

electrode width of 80µm. 
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Table 3.1. Frequency response using impedance analyzer and polarization values 

obtained corresponding to different variations in design X with 52/48 PZT + (2% Zn + 
2% Sr) as the active element. 
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Table 3.2. Frequency response using impedance analyzer and polarization values 
obtained corresponding to different variations in design Y with 52/48 PZT + (2% Zn + 

2% Sr) as the active element. 
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CHAPTER FOUR 
 

SUMMARY AND FUTURE PLAN 
 
 

Development of better piezoelectric micromachined ultrasonic transducers was 

attempted in this project work. The problem was approached from both material and 

design point of view. Zinc, strontium and yttrium were the three dopant elements 

methodically selected to be used with 52/48 PZT for the first part of the research, 

wherein, improvement in the base active material of the device was attempted. Various 

compositions were characterized in terms of polarization values, dielectric constant, 

sintering temperature, electric field and ferroelectric fatigue. Effects of individual dopant 

element were first established. It was found that 2% Zn helps in reducing sintering 

temperature by 500C and increases the remnant and saturation polarization values. 

However, it deteriorates the resistance to fatigue for the deposited film. Strontium helped 

in improving the dielectric constant and polarization values, but increased the coercive 

field of the doped samples at the same time, making it difficult for dipoles to reorient. 

Yttrium showed tremendous improvement in the ferroelectric fatigue value and retained 

75% of remnant polarization after 109 cycles, however, it decreased the polarization 

values. The composition was finally optimized as 52/48 PZT with 2% Zn + 2% Sr for 

further research regarding device fabrication.  

Two different designs X and Y, single electrode and double electrode pMUT 

elements, respectively, were separately investigated to understand the effect of various 

design parameters as membrane dimension and top electrode design (width and gap 

between the electrodes) on the resonance frequency and coupling coefficient. Important 

property-dimension relations were established using the previously optimized PZT 
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solution, both for X and Y.  It was found that resonance frequency was mainly governed 

by membrane dimension and decreases with increase in this value for both the designs. 

Expanding top gold electrode beyond the membrane size improved the coupling 

coefficient of the device. However, beyond 10µm, this value started decreasing due to 

increased capacitance introduced by top electrode, instead of providing any useful 

deflection to the membrane. For design Y, gap of 20µm showed better efficiency then 

30µm.  

It was finally established that in the case of single electrode design resonance 

frequency is mainly governed by the membrane dimension, however, in case of double 

electrode design it showed great dependence both on membrane dimension and top 

electrode design. Coupling coefficient value in the case of single electrode was largely 

determined by the top electrode width; however, for double electrode design it can be 

controlled both by the gap and the width of the top gold electrodes. 

Further work in this area involves comparing the results obtained with standard 

PZT solution to illustrate the effect of better material on the overall properties. Over here 

we have used silicon wafers with thickness of 380+/-20µm. If we take into account the 

54.70, the angle between (100) and (111) etching direction, we end up wasting a 

considerable amount of lateral length, thereby, increasing the overall device size. Using 

accurately diced 100µm thick wafers, polished on both the side can solve this problem 

and also help in fabricating focused transducer because of the easy flexibility of the thin 

wafer. Finally, after thoroughly understanding here the design effect on the single 

membrane, we can now further improve the efficiency and obtain 3D imaging by 

analyzing 1D and 2D arrays.  
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APPENDICES: WSU MICROFABRICATION RECIPIES 
 
APPENDIX A: HIGH TEMPERATURE SILICON OXIDATION 
 

 
1. Log HTO procedure into furnace logbook. 

2. Put on nitrile glove. 

3. Make sure you have a clear work area on the flow bench. Roll up vinyl curtain in 

front of the flow bench to allow access for when both of your hands are occupied. 

4. Pour out the DI water in the oxygen bubbler flask heater, rinse out the flask with 

fresh DI water and fill the flask to the marked line with fresh DI water.  

5. Turn on the power to the oxygen bubbler flask heater and verify that the heater 

control set point is at 930C. 

6. Put on hot glove. 

7. Remove the end cap from the upper oxidation furnace.  

8. Take off the hot glove. 

9. Use the quartz rod to pull the oxidation wafer boat from the oxidation furnace on 

to the quartz wafer carrier and take it to the flow bench with the quartz wafer boat 

carrier.  

10. Replace quartz rod. 

11. Load the wafers in the boat, with the side to be boron doped facing the gas flow 

from the furnace. Place two dummy wafers at each end of the wafer arrangement. 

12. Move the boat with wafer to the oxidation furnace (cold). Use the quartz rod to 

slide the boat to the center of the furnace.   

13. Place the end cap. Check the furnace cooling water supply valve is open and the 

water supply line is cold.  
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14. Turn on over circuit breakers. Check the main nitrogen supply and adjust the 

rotimeter until the silver ball is at 55 or 3 liters per minute. 

15. Turn on oxidation furnace temperature control switch. Wait for 10 seconds. Turn 

on oxidation furnace heating element switch.  

16. Set the middle temperature switch 842. This corresponds to a temperature of 

10500C. Leave the right and left temperature switch at 500.  

17. Set the timer to t = 00:00:00 

18. At t = 00:40:00, check the temperature on oxygen bubbler is 930C, oxidation 

furnace temperature is 10500C and main oxygen supply valve is on. 

19. At t = 00:45:00, adjust oxygen flow rate to 3.2 or 0.5 liters per minute. Run the 

furnace for one hour twenty minutes. 

20. At t = 02:05:00, Turn off oxygen supply and rotimeter valve. Turn off power 

supply to oxygen bubbler. Check nitrogen flow is still at 55 or 3 liters per minute. 

Remove the end cap from the furnace and begin 10 minute pull out of the wafer 

boat from the furnace at a rate of 1 inch every 30 seconds. 

21. At t = 02:15:00, take the wafer boat to the flow bench to cool to handling 

temperature. Turn off oxidation heating element switch and temperature control 

switch. 

22. Replace furnace end cap. After furnace has cooled to 3000C, turn nitrogen down 

to just a trickle.  

 
 
 
 
 
 



 48 

APPENDIX B: DRYING BORON WAFER 
 
 

The purpose of this process is to dry the boron wafers that will be the source of boron for 

boron diffusion process. 

1. Load the born disk into boron diffusion wafer boat.  

2. Set oven temperature to 598 or 8000C. Set nitrogen at 43. 

3. At t = 00:00:00, once the furnace has reached the operating temperature, open the 

end cap and begin the 10 minute push of the wafer boat into the furnace. Replace 

furnace cap. 

4. At t = 00:40:00, remove the end cap and begin the 10 minute pull out of the wafer 

boat. Move it to flow bench and allow it to cool to room temperature. 

During this 40 minute period, etch out one side of HTO prepared wafer to make it 

receptive to boron diffusion. 

 
APPENDIX C: BOE SINGLE SIDE SILICON OXIDE ETCH 
 
 

1. Cover back side with semiconductor tape, trim flush w/ edges. 

2. Put in 10:1 BOE for 10 minutes to strip all oxide from exposed side.  

3. Cycle 3x through DI dump rinse  

4. Soak in acetone to remove semiconductor tape. 

5. Rinse in IPA bath  

6. Rinse in DI Bath  

7. Spin dry with heated nitrogen  
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APPENDIX D: BORON DIFFUSION 
 
 

 
1. Place wafer in boron wafer boat with etched side to receive boron, facing the 

boron disk. Between each set of boron disk, there will be two wafers facing the 

boron disk. 

2. Furnace should be at 598 or 8000C from the drying process. 

3. Adjust oxygen flow rate to 9 or 1.5 liters per minute. 

4. Adjust nitrogen flow rate to 27.5 or 1.5 liters per minute. 

5. At t = 00:00:00, begin 10 minute push of wafer boat into the diffusion furnace. 

6. At t = 00:10:00, close the end cap and allow the temperature to stabilize for 10 

minutes. 

7. At t = 00:20:00, begin 2 minute hydrogen injection, turn off nitrogen. Adjust 

H2N2 mix to 3.85 or 1.5 liters per minute. 

8. At t = 00:22:00, turn off oxygen, turn off H2N2, turn on and adjust nitrogen to 55 

or 3 liters per minute. 

9. At t = 00:27:00, begin 10 minute temperature ramp to 9000C by adjusting lower 

furnace temperature to 693 or 9000C. 

10. At t = 00:37:00, begin 10 minute oxidation, adjust oxygen flow rate to 2.5 or 0.3 

liters per minute.  

11. At t = 00:47:00, turn off oxygen, begin 21 minute ramp to 11250C by adjusting 

the oven temperature to 922. 

12.   At t = 01:08:00, start 110 minute soak. 
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13. At t = 02:58:00, turn of heating element switch and temperature control switch. 

Allow it to cool to 7500C for 25 minutes. 

14. At t = 03:23:00, remove the end cap and begin 10 minute pull out of wafer boat. 

15. At t = 03:33:00, turn off nitrogen, move the wafer boat to the flow bench and 

allow it to cool to room temperature. 
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APPENDIX E: LOW TEMPERATURE SILICON OXIDATION 
 

Run a 20 minute BOE borosilicate etch prior to LTO. The purpose of this process is to 

grow a low temperature sacrificial silicon dioxide layer on the wafer. It will be stripped to 

remove impurities in the boron surface and provide a foundation for the final oxide layer. 

1. At t = 00:00:00, verify furnace temperature is maintained at 642 or 8500C and 

nitrogen flow is at 55 on the rotimeter. Begin 10 minute push of the wafer boat 

into the furnace. 

2. At t = 00:03:00, set oxygen to 15 or 3 liters per minute. Turn off nitrogen and 

verify that oxygen bubbler is working. 

3. At t = 00:10:00, replace oxygen furnace end cap and allow the furnace to run for 

two hours.  

4. At t = 02:10:00, set nitrogen to 55 or 3 liters per minute. Turn off oxygen, turn off 

oxygen bubbler heater and begin 10 minute pull out of the wafer boat. 

5. At t = 02:20:00, move the wafer boat to the flow bench. Allow it to cool to room 

temperature and go for 10 minute BOE sacrificial LTO etch. 

6. Grow final LTO at the end of sacrificial etching. 
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APPENDIX F: AZ5214-EIR POSITIVE PHOTOLITHOGRAPHY (FOR OXIDE     
                          ETCH) 
 
 

1. Turn on the mask aligner and allow at least 10 minutes for stabilizing. This is 

accomplished by turning the power switch to “on,” and then pressing the start 

button after a few seconds.  

2. Turn on the blue Cole-Parmer Digital hotplate and set to 1100C. Allow at least 10 

minutes for this to get up to temperature.  

3. Spin HMDS prime:  

a. Center the wafer on spin coater chuck  

b. Test spin up to 3000 rpm. Set the timer for 30 seconds at 3000 rpm, with 

acceleration set to about the 11:00-12:00 position on the dial. The deceleration 

is not an important parameter and is typically set to about the 3:00 position on 

the dial so that it stops quickly.  

c. Use a plastic transfer pipette to deposit 1,1,1,6,6,6-hexamethyldisilazane 

(HMDS) onto wafer. It has a low surface tension, so a little goes a long ways. 

This is a very volatile and toxic liquid, and it should only be opened and 

dispensed in a fume hood. Because of the hygroscopic nature of the HMDS, it 

should be tightly capped as soon as possible to maintain its effectiveness for 

priming.  

d. Spin the HMDS at 3000 rpm for 30 seconds  

 
4. Spin photoresist  

a. Use a plastic transfer pipette to deposit AZ5214 photoresist onto the wafer. 

Make sure that it goes nearly to the edge of the wafer.  
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b. Spin at 3000 rpm for 30 seconds  

c. Softbake the photoresist for 60 seconds on a hotplate at 1100C. (towards the 

back, right of center)  

5. Align the wafer with desired mask and expose for 12 seconds.  

6. Develop 60 seconds with agitation in 4:1 AZ400K (H
2
O: developer). A solution 

of 12 mL:48 mL is adequate for developing one wafer, but it should be noted that 

the developer is consumed in a chemical reaction with the photoresist. Rinse with 

DI water and blow dry with canned air. Check that the photoresist has fully 

developed by visual inspection or with the stereo microscope.  

7. Oxide Etch  

a. Tape the backside of the wafers with blue semiconductor tape, allowing an 

extra 1/8 inch around the edges. Wrap this extra tape over to the front side to 

protect the wafer edges from etching, carefully pressing it down with a 

fingernail or the back of wafer tongs.  

b. Etch in 10:1 Buffered Oxide Etch (BOE) for 5 minutes to expose silicon. 

 
c. Cycle 5x through DI dump rinse (alternate between two 3L plastic beakers 

using ~2L DI water, rinse beaker thoroughly with running DI water before 

refilling it)  

d. Remove semiconductor tape and rinse twice with acetone and IPA to remove 

photoresist.  

e. Blow dry the wafers with canned air.  
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APPENDIX G: EDP ETCHING FOR SILICON 
 
 
Chemical required: 

 Catechol – 312gm 

 Pyrazine – 7.3 gm 

 Ethylenediamine – 975mL 

 DI water – 312mL 

1. Add 312 g catechol and 7.3 g pyrazine to clean desiccator.  

2. Measure out 312 mL DI water in a clean graduated cylinder. Add slowly to the 

desiccator; stir thoroughly with a glass rod.  

3. Add 975 mL of ethylenediamine slowly to the mixture while stirring with a glass 

rod. This is an exothermic reaction and should be carried out slowly. 

4. Stir all the chemicals with a glass rod and use a vacuum seal to close the 

desiccators.  

5. Turn on water flow to the reflux condenser.  

6. Turn on hot plate to maintain EDP temperature as 1100C.  

7. Introduce wafer using a wafer boat into the solution, once the temperature is 

stabilized. 

8. Etch the wafer for four hours and thirty minute, take it out and examine for under 

etching. If yes, carry out the etching for another 15 minutes.  

9. At the end of the process, lift the wafer boat out of EDP solution and immediately 

immerse it in DI water solution.  

10. Rinse the wafer three times with fresh DI water. Finally clean the wafers with 

acetone IPA and DI. Blow air to get a clean surface. 
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APPENDIX H: TOP GOLD ELECTRODE ETCHING (POSITIVE  
                           PHOTOLITHOGRAPHY) 
 

 
1. Spin HMDS prime:  

a) Center the wafer on spincoater chuck.  

b) Test spin up to 3000 RPM.  

c) Use a plastic transfer pipette to deposit HMDS onto wafer. It has a low surface 

tension, so a little goes a long ways.  

d) Spin the HMDS to 3000 RPM for 30 seconds.  

2. Spin photoresist  

a) Use a plastic transfer pipette to deposit photoresist onto the wafer. Make sure 

that it goes nearly to the edge of the wafer.  

b) Spin to 3000 RPM for 30 seconds.  

3. Softbake the photoresist for 60 seconds at 1100C on a Cole-Parmer Digital 

hotplate. 

4. Align the wafer with desired mask and expose for 12 seconds.  

5. Develop 60 seconds with agitation in 4:1 AZ400K (H
2
O: developer).  

6. Rinse in DI water, carry out gold etching for 2 minutes with agitation in Transene 

Type TFA gold etchant.  

7. Rinse in DI water, etch TiW for 40 seconds with agitation in 30% hydrogen 

peroxide.  

8. Rinse in DI water, wash off the remaining photoresist with two acetone/IPA 

rinses.  

9. Dry the wafer with canned air, and 3 minutes on a hotplate at ~1200C.  


