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ABSTRACT 

A major challenge in the manufacturing of micro and nano devices is the 

cleaning, rinsing, and drying of very small structures. Without a technology for in situ 

and real-time monitoring and controlling, the rinse processes that account for a 

significant fraction of the total processing steps use a large amount of water and energy 

perhaps unnecessarily. This “blind” processing approach leads to waste that can have 

significant economic and environmental impacts. 

An electrochemical residue sensor (ECRS) has been developed and is aimed at in 

situ and real-time measurement of residual contamination inside the micro and nano 

structures. Using this technology, the mechanisms and bottlenecks of cleaning, rinsing, 

and drying can be investigated and the processes can be monitored and controlled.  

An equivalent circuit model was developed to assist the design of the sensor; its 

validity was proved by the first prototype. The simulation results and the experimental 

data predicted a good sensitivity in a wide range of operational frequency. To use the 

sensor in a practical rinse tank setup, the sensor-on-wafer prototype was designed and 

fabricated. Both the fab-scale and the lab-scale tests were performed and results 

illustrated many successes. The sensor is the first and the only available technology that 

provides the in situ and real-time cleanness information in the microstructures during the 

rinse processes. The sensor results distinguished four different types of rinse processes 

and showed high sensitivity to the ionic concentration change in the microstructures. The 

impacts of cleaning and rinsing parameters such as flow rate, temperature, cleaning 

solution concentrations, and process time on the sulfuric acid rinsing efficiency were 
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investigated by using the sensor. The investigation discovered that sulfuric acid rinsing is 

a two-stage process: a flow-control stage and a desorption-control stage.  

 A comprehensive rinse model was developed to correlate the transport process 

and the trench impedance that is the sensor’s signal. This model combined with the 

experimental data proved that increasing flow rate in the overflow rinse has a low 

efficiency for the rinse processes controlled by the surface reactions. The model, for the 

first time, shows the dynamics of the charging of the silicon dioxide surface and the 

dynamics of the potential build-up in the solution. It also discovered that the cation 

rinsing is a challenge if the cation adsorbs on or reacts with the surface. 
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CHAPTER 1. INTRODUCTION 

Science and technology have made phenomenal progress in the 20th century, 

greatly increasing the quality of life for people on this planet. After the development of 

mechanical and electrical devices, mankind finally entered the electronics era. Inventions 

from this era, such as the computer and the Internet have drastically changed lifestyles 

and modes of communication for everyone. One of the most exciting technological 

developments of this time is the fabrication of electronic devices in the microscope level.  

The first 5 years of 21st century, this technology was pushed into even the nanometer 

level of fabrication. As a result, scientists believe that the world will enter a “nano” era 

soon. Micro and nano structures are everywhere in the semiconductor industry and 

MEMS application. They are not only the microchips in the PCs and iPods, but also 

perform numerous special functions within optical, mechanical or biological fields. This 

research in this paper concerns one of the essential processes of micro/nano fabrication – 

micro/nano structure cleaning.  

1.1. Background 

 Micro/Nano structure cleaning processes are an important part of manufacturing. 

They clean wafers and/or structures for the next fabrication steps. Incomplete cleaning 

often decreases the both yield and profit. They account for major steps in the Fab. 

Semiconductor wafer cleaning and rinsing in the semiconductor industry are typical 

examples of its importance. These processes account for up to 65% of the total steps in 

the manufacturing process and use more than 80% of the water in typical modern 
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semiconductor fabrication plants [3]. A typical digital signal processor fab has about 400 

rinse steps. In the year 2000, the ultra pure water (UPW) usage for wafer cleaning was 

1.5 million tons per day. Taiwan alone used 78 million tons ultra pure water per year by 

2006 [17].  

 Because there are so many cleaning steps that consume so much water, significant 

research efforts have been taken to save water and improve cleaning technology. So why 

do the cleaning processes use so much ultra pure water? To answer this question, typical 

wet clean processes in the semiconductor industry need to be investigated (such as 

Piranha clean and RCA clean).  

 A typical cleaning process normally consists of the three steps shown in Figure 

1.1-1.  

Chemical Bath Rinsing DryingChemical Bath Rinsing DryingChemical Bath Rinsing DryingChemical Bath Rinsing DryingChemical Bath Rinsing DryingChemical bath Rinsing DryingChemical Bath Rinsing DryingChemical Bath Rinsing DryingChemical Bath Rinsing DryingChemical Bath Rinsing DryingChemical Bath Rinsing DryingChemical bath Rinsing Drying  

Figure 1.1-1: Three steps wet cleaning 

 The first step is a chemical bath which removes some kinds of contaminations 

from the micro/nano structure.  The second step is rinsing which removes the chemicals 

formed or remaining in the structures. The third step is drying. During drying, the water 
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or organic solvent is contamination. Obviously, ultra pure water is used both in the 

chemical bath and rinsing process. However, in the chemical bath, the water is stagnant. 

Therefore, rinse process consumes the 80-85% of the ultra pure water.  In spite of 

significant research aimed at the rinse process, rinse recipes used in current 

manufacturing are primarily designed and controlled based on routine process 

experience, not on actual in situ and real-time monitoring of the process.  This has 

resulted in significant wasting and over-use of water and chemicals “just to be on the safe 

side”. 

Saving water and time are not the only reasons for studying the rinse process, 

however, according to the International Technology Roadmap for Semiconductors, 

cleaning of the high-aspect-ratio structures and the reduction of water use in the rinse 

processes are major challenges facing 65 nm technology for 2007 and beyond [18].  

Therefore, new methods for deep trench cleaning and preventing “over clean” have a 

significant impact on the productivity of semiconductor manufacturing.  Towards this 

end, it is important to understand the mechanisms associated with the removal of 

contaminants from deep trenches. 

1.2. Previous research on rinse fundamentals  

 Because of the scaling of the semiconductor device, the tremendous increases in 

ultra pure water consumption, and the cleaning challenges for nano structures, the 

semiconductor industry noticed the challenge of the rinse process. Intensive experimental 

research has been performed to improve rinse efficiency and decrease ultra pure water 

usage. This experimental research involves not only the efforts from tool companies such 
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as SCP Global Technologies and FSI International Inc., but also efforts from 

semiconductor companies, industry associations, and government institutes, such as 

Motorola, TI (Texas Instruments), International Sematech, Sandia National Laboratory, 

and the NSF/SRC Engineering Research Center for Environmental Benign 

Semiconductor manufacturing.  Some of this research was experimental, while others 

focused on theoretical analysis. Still others just tried to find out the possibility of 

recycling and reusing the rinse water [1]. However, most of them tried to improve the 

rinse efficiency. 

1.2.1. Experimental research on the rinse process 

 Rinse processes are comprehensive processes that consist of convection, 

diffusion, and surface reactions, such as adsorption and desorption. Therefore, many 

factors could affect rinse efficiency. Some of these factors include tool designs and 

operation procedures that may impact the flow pattern and the amount of carryover 

chemicals. Other factors include properties of materials that impact surface reactions and 

then lead to a bottleneck process. Systematic research was performed across the industry 

to find out limiting factors that determine rinse efficiency.  

Rosato, et al addressed a comprehensive presentation about rinse at the SCP 

symposium in 1996 [2]. Diffusion, convection, surface reactions, and temperature 

impacts were named as limiting factors during rinse in this presentation.  The paper also 

claimed that convection dominates in surface residue removal. Proposed methods to 

improve rinse were new tank designs, using a reduced cassette to change the fluid pattern 

in the tank, and using a quick-dump rinse to increase sheer stresses and push convection 
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closer to the wafer surface. The paper attributes chemicals in the rinse tank to the 

carryover layer from the chemical bath. Therefore, if the carryover layer could be 

reduced, then the rinse time could be shorter and water could be saved. The extraction 

rate from the chemical bath, the transfer time between the chemical bath and rinse tank, 

the immersion speed into the rinse tank, wafer load/size, wafer surface conditions and 

cassette design are believed to be the factors that influence the total volume of the 

carryover.  

According to Rosato, et al, the carryover forming process is sketched in Figure 

1.2.1-1. Any chemicals that remain on the wafer after position 3 in Figure 1.2.1-1 are 

carryover and need to be removed in the rinse process. Rosato et al showed results of the 

average carryover layer thickness as a function of extraction velocity. As seen in Figure 

1.2.1-2, the slower the extraction rate, the thinner the carryover layer.  

vI

tTr

vE

vE is the Extraction rate;
vI is the immersion rate;
tTr is the time between the wafer out of the chemical bath

and before the wafer reaches the rinse tank

1
5

2

3

4

Chemical bath Rinse tank

 

Figure 1.2.1-1: The carryover formation 
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Figure 1.2.1-2: Chemical carryover as a function of extraction velocity [2] 

Rosato did not give the best extraction rate because this figure does not take into 

account how to optimize decrease in carryover within reasonable operation constrains. 

The benefit of slow extraction alone is obvious. For example, if the extraction rate is 10 

cm/sec, the average carryover layer is 35 μm thick. If the extraction rate is 1 cm/sec, the 

average carryover layer is 7 μm thick. The carryover layer thickness is 5 times thinner 

when the extraction rate is decreased. However, the slow extraction rate may not be the 

best choice. When the extraction rate is 10 cm/sec, the extraction time for 200 mm wafer 

is 2 sec. When the extraction rate is 1 cm/sec, the extraction time for a 200 mm wafer is 

20 sec. This 18 sec time increases may be impractical in the production process. The time 

on extraction is 18 sec more. The extraction rate may also have other operation constrains 

as well. 



 28

 

Figure 1.2.1-3: Wafer loading effect on rinse process [2] 

Rosato also illustrated some experimental results on the effect of wafer loading 

during rinsing in Figure 1.2.1-3. The chemical bath used in the experiment is sulfuric acid 

at 120 °C. The rinsing water temperature is 20 °C. The figure demonstrates that the larger 

the load is, the more difficult the rinse is. However, this is not an indication of a small 

loading size. In recent years, significant literature and research has concerned the single 

wafer process. But the overflow rinse tank and batch process are still the dominant for 

wet processes for several reasons. First, the batch process is highly efficient. For 

example, if one overflow rinse tank can rinse 50 wafers in 10 min, to do the same amount 

of work, single wafer tool need rinse one wafer in 0.2 min. But 0.2 min may be only 

enough time for loading and unloading the wafer. Therefore, there is currently no way 
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that a single wafer rinse can compete with an overflow rinse tank. The only way the 

single wafer rinse can survive is with a multi-chamber single wafer tool that will hold 

many wafers at a time. 

Other rinse research from Rosato’s presentation uses conductivity cell monitors to 

optimize rinse tank design. The results are shown in figure 1.2.1-4.  

 

Figure 1.2.1-4: Optimization of fluid flow in an overflow rinse tank [2] 

However, how closely these results represent the real rinse process is still unclear. 

According to their description, the conductivity cell is nothing but two-wafer shape 

electrodes replace the two wafers in figure 1.2.1-5. But if they did so, the place of the cell 

will affect the results, as shown by research on the SCP 9200 rinse tank done by the 

Sandia National laboratory [2]. They proved that the flow between wafer gaps is quite 

complicated and that the average flow rate in the wafer gaps depends on the position of 
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the gap. For example, at the end of the cassette, the average flow rate is about 1 cm/sec. 

At the middle of the cassette, the average flow rate is about 5 cm/sec.  

Rinse Tank

Signal out

Conductivity cell

Wafer out
Cell in

Go to rinse

 

Figure 1.2.1-5: A conductivity cell and its application 

Additionally, flow in the gaps is not stable, there is no steady state, there are dead 

zones in the tank and there is down flow in the tank. All this complexity puts doubt on 

the validity of the results shown in figure 1.2.1-4.  Even if Figure 1.2.1-4 shows the flow 

effect on the rinse, it only counts the fluid dynamic while the most important part, the 

surface reaction, is ignored. According to Figure 1.2.1-4, sulfuric acid can be rinsed off 

within 10 min in 20 °C ultra pure water. That is not true because the typical rinse after 

piranha clean is in a hot water rinse at 70-80 °C. The missing part of the research is the 

most important. The question to be answered is: What happened close to the wafer 

surface and what happened on the wafer surface? Rosato also talked about 
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recycling/reusing rinse water. However, the impact of impurity in the rinse water on the 

UPW system is a potential problem. If this impurity re-enters the UPW system, it will 

introduce some contaminations that UPW system could not deal with. 

Cook used a resistivity meter to monitor the resistivity in the quick dump rinse 

tank at Advanced Custom Technology, Motorola [4]. He tried to find the best recipes for 

the rinses after the premetal cleaning processes. The rinsing processes that he 

investigated are the post Piranha (H2SO4/H2O2) rinse, the post 15:1:4 Buffered Oxide 

Etch (NH4F/H2O/HF) rinse, and the post Ti (Titanium) etch (NH4OH/H2O2) rinse. The 

criteria that he used for the optimization is the time needed to achieve 10 cmMΩ ⋅  

resistivity in the rinse tank effluent. Besides the total rinse time, he also recorded the time 

needed to reach 10 cmMΩ ⋅  after the last dump rinse. His results are very important for 

rinse research. He found that the optimum number of dump cycles for all the three post-

cleaning rinses was between 2-3. With more than 3 dumps, the total rinse time increases. 

The time needed to achieve 10 cmMΩ ⋅  after the last dump rinse is 2 min for the post 

BOE rinse after 3 dumps and 2min for the post Piranha rinse after 2 dumps. The post Ti 

etch rinse is different. It needed 0 sec after 2-3 dumps to achieve 10 cmMΩ ⋅ . In fact, 

once the tank is filled after the dump, the resistivity is already high and the resistivity will 

be 14 to 17 cmMΩ ⋅  after a 30 sec rinse after dumps. Cook concluded that the 

optimization could save 40% water (calculated) and the resistivity monitoring could be 

used in other fabs for rinse optimization.  

Cook’s results are very informative. First, the quick dump can help removal of 

chemical residue from the chemical bath. Second, more dump cycles do not guarantee 
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better rinse because rinse time after the last dump levels off at 120 sec after 2 dump 

cycles. In fact, Chiarello et al in their research also found that after 2-3 dump cycles, 

more dump cycles didn’t help rinse [6]. Third, different chemicals have different 

properties that will affect the rinse processes. The post Ti etch rinse is faster than the 

other two rinse processes, even when all the processes are under the same conditions. 

This phenomenon has significant impact on the conclusions of this research. If the 

desorption of the chemicals is slow, then the concentration of these chemicals close to 

wafers will be low. Furthermore, the concentration of these chemicals in the bulk water is 

even lower because of the dilution when the chemicals transfer from wafer proximity to 

the bulk of tank. The post Ti clean rinse reaching the end point quickly has two 

explanations. One is that the chemical residues do not stick to the wafer surface. 

Therefore, the wafer surface is already clean after two dump cycles. The second 

explanation is that the chemical residues stick to the wafer surface and the desorption is 

so weak that the desorbed chemical has a low concentration that cannot be detected by a 

resistivity probe in the bulk water. This is why Cook should have used surface analysis 

methods such as total reflection x-ray fluorescence (TXRF) or secondary ion mass 

spectrometry (SIMS) to detect the cleanliness of the surface after the rinse processes.  

Dr. Roche at Motorola also utilized a resistivity probe to study rinsing efficiency 

[5]. This research is very different from the others because it has two rinse tanks, a 

primary rinse tank and a final rinse tank. The resistivity probe is placed in the final rinse 

tank. The resistivity correlates to the concentration in the final rinse bath. The integration 

of this concentration will show the carryover from the primary rinse tank. Therefore, the 
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resistivity probe here is not an in situ and real-time detection of the contamination in the 

primary rinse tank. Instead, it shows the efficiency of the primary rinse tank after the 

primary rinse.  

The experiments were done for the post HF rinse. The first set of experiments 

investigated the effect of the volume of rinse water used in the primary rinse on the total 

carryover brought to the final rinse. The results were shown in Figure 1.2.1-6. 

 

Figure 1.2.1-6: Impact of wafer cassette material on rinse efficiency [5] 

They indicate that rinse efficiency is not related to the surface of the boat (or 

cassette in some papers) in the post HF rinse because the slopes for quartz or Teflon boats 

are the same. The second set of experiments shown in the Figure 1.2.1-7 investigated the 

effect of wafer space on rinse efficiency. The rinse efficiency is lower with bigger wafer 

spacing because the lower spacing rinse curve has smaller slope. This result is surprising. 
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One possible reason is that if the wafer spacing was doubled, then the down flow and 

mixing increases between wafers. 

 

Figure 1.2.1-7: Impact of wafer space on rinse efficiency [5] 

The research also investigated the effect of pulsing. The pulsing in this research 

was caused by opening and closing an inlet valve every 15 sec. As expected, the results 

shown in Figure 1.2.1-8 indicated that the pulsing could achieve the same cleanliness 

with less rinse water. The intersection of lines in this graph shows that 90-95 % of 

carryover is removed just by putting a wafer in the rinse tank and taking it out. At most, 

then, the rinse process just removed 5-10% of the carryover layer, indicating that the 

rinse efficiency is low. This result suggests the need for more research to improve the 

rinse efficiency.  
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Figure 1.2.1-8: Impact of pulsed flow on rinse efficiency [5] 

To improve rinse efficiency, Kurt K. Christenson studied the use of centrifugal 

force to improve rinsing efficiency [10,11]. The reason that centrifugal force can improve 

rinse efficiency is attributed to the centrifugal force helping removal of the stagnant fluid 

layer on the wafer surface. A simple model was used to simulate the ramp rinsing and the 

calculated simulation is shown in figure 1.2.1-9. Experiments were also done to prove 

that centrifugal methods help with the removal of the chemical residues on wafers. 

Experimental data is plotted in figure 1.2.1-10. Actually spin rinsing now is very 

common practice in the fab, but it does not replace the overflow rinse yet. 
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Figure 1.2.1-9: Comparison of over flow rinse and ramped rinse (calculated) [10] 

 

Figure 1.2.1-10: Comparison of over flow rinse and ramped rinse (experimental data) [10] 
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T. J. O’Hern et al also studied limiting factors in overflow rinse tanks [12]. Their 

method uses a wafer gap conductivity cell. The appeal of this technology is that it gives 

contamination information between wafers. However, this is integrated information. It is 

an averaged conductivity between wafers. The experiments show that not all rinse 

parameters and rinse tank design parameters have a significant impact on the rinse. Table 

1.2.1-1 shows which parameters are significant.  

Table 1.2.1-1: Limiting factors of rinse efficiency [12]  
Variable Strong Effect Medium Effect Weak Effect No Effect 

Flow Rate X    

Tank Volume X    

Outflow Geometry    X 

Side Jets   X  

Floor Injection 

(Holes or Slots)  X*   

Floor Screen    X 

Agitation    X 

*Effect localized to certain wafer gaps 

Their paper also claims that rinse is a continuous stirred tank reactor (CSTR) 

process. Every wafer gap will be a small CSTR and the residence times are different in 

each wafer gap. Also according to the Figure 1.2.1-11, the rinse in the gap is not an ideal 

CSTR. Instead, the data fits to the model and gets a fitted resistance time τ equals 35.84 

sec. In the same figure, the theoretical residence time is 48.54sec. The inability to match 

fitted residence time and theoretical residence time makes the conclusions of the paper 
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less convincing. A CSTR having exponential concentration decaying is correct. But any 

exponential decaying deferring to CSTR may be incorrect.  

 

Figure 1.2.1-11: Rinsing off of NaCl and its fit to CSTR model [12] 

R.M. Hall et al studied the effects of temperature on a post sulfuric acid rinse 

[13]. The researchers noticed that one layer of chemical residue still remained on the 

wafer surface even after a megasonic cold water rinse. In addition, this layer of chemical 

was difficult to detect. However, after contact with moisture for a while, the chemical 

residue crystallized and detected as particles. But, if the hot water was used in the post 

sulfuric acid rinse, the last layer could be effectively removed and the number of particles 

decreased dramatically, as seen in Figure 1.2.1-12, whether there was a megasonic 

operation or not. Hot water decreased the particles. The three functions of hot water were 

proposed as decreasing carryover layer viscosity, increasing diffusivity, and improving 

surface reaction kinetics to help desorption. 
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Figure 1.2.1-12: Effects of temperature on post sulfuric acid rinse [13] 

With help from 3-D CFD (Computational Fluid Dynamics) capability, Raccurt et 

al designed and tested a new rinse technology [16]. It is called the circle stream rinser 

(CSR). Different from overflow rinse tank, this new tank only operates at high flow rates 

(piston flow up through wafers) during 20% of the rinse time. It operates at a 

recirculation mode during 80% of the time. The different operation modes are shown in 

Figure 1.2.11-13.  
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Figure 1.2.1-13: Schematic of the CSR tank. [16] 

More efficient rinse performance is shown in Figure 1.2.1-14 based on resistivity 

measurement. However, no matter how quickly the rinse tank is rinsed, the surface 

contamination shown in Figure 1.2.1-15 decreases slowly after a few seconds of quick 

dropping. There is a constant exponential decrease after a few seconds, which indicates a 

desorption control process.  

 

Figure 1.2.1-14: Experimental result of comparison between overflow and CSR tanks in 

terms of resistivity after a conventional (1, 1, 5) SC2 [16] 
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Figure 1.2.1-15: Evolution of surface contamination during rinsing step after KCl surface 

contamination (K gauge) measured by TXRF (error bars are too small to be represented) 

[16] 

1.2.2 Theoretical analysis of the rinse process 

 The earliest theoretical analysis of the rinse process can be found in the 1960s 

when some well-known companies were founded in Silicon Valley in California. 

Tallmadge et al tried to describe rinse process in a one-dimensional diffusion model 

setup on the domain as in Figure 1.2.2-1 [15]. The “b” in the figure is the carryover layer. 

The thickness of b is assumed to be constant throughout the entire rinse process, 

including insertion and extraction. The “L” is the distance between the wafer surface and 

the sidewall of a rinse tank. The flow rate between those two walls was assumed to be 

negligible. Therefore, the only removal mechanism was diffusion. The solution to this 
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model was found to be too conservative and indicated that convection between wafer and 

tank wall should be considered.  

 

Figure 1.2.2-1: Early diffusion model [15] 

 The rinse was not a big challenge when the semiconductor industry was relatively 

small. Therefore, the theoretical modeling is not a major effort.  But from 1990s on, the 

rinse became more and more important because of the tremendous amount of water 

consumption and cleaning challenges for micro/nano structures. A. Toni first realized that 

there was no completed theoretical description available. Therefore, he gave a completed 

theoretical description of the rinse process that serves as an approximate description [14]. 

This is a conservative description. It assumed that there is a hydrodynamic boundary 

layer on the wafer surface. Within this layer the flow is slow and the film is stagnant. 

Outside of the stagnant fluid layer, there is a perfect mixing assumption. Toni proposed 

the stagnant film thickness was calculated by the following equation: 

UL
νL

3
2δ =      [1.2.2-1] 
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Where U is the velocity between wafers, which was believed to be of the order of 

1cm/s; ν is the kinematic viscosity; And L is the wafer diameter. At room temperature, 

the stagnant layer thinness is about 0.26 cm. This number is very large. Assuming that 

there is no flow in this layer is a very conservative way to treat the rinse process. By 

using this model, Toni found that overflow rinse process was inefficient. Using cascade 

and quick dump rinse to remove the stagnant layer, using ultrasonic to decrease stagnant 

layer thickness was proposed as the ways to improve rinse efficiency.  

 Because Toni’s rinse model is so conservative, it cannot meet the experimental 

data collected by other researchers. J. J. Rosato et al developed a model based on their 

experimental data [7].  Some important data and their fits to the model are shown in 

Figures 1.2.2-2 through 1.2.2-5. They showed that an excellent agreement had been 

found between the experimental data and a perfect mixing model (or called CSTR 

model). They also concluded that Toni’s simple rinse model does not apply to a well-

designed rinse tank. However, after the data is carefully reviewed, some points in the 

experiments become very clear. The load of the wafers has little impact on the rinse 

curves in all figures. This is especially true when quartz cassette was used; the load of 

wafers almost has no impact on the rinse process. The material of the cassette, however, 

does slightly impact on rinse, as shown in Figure 1.2.2-5. After the experiments were 

again reviewed, the answer became obvious. The wafers used here are silicon wafers. 

After (50:1) HF at 25 °C for 120 sec of etching, the silicon wafers will be hydrophobic. 

There is a negligible amount of carryover on the wafer that could be brought to the rinse 

tank. All the experiments were just rinsing cassettes. Therefore, there is no surprise that 
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the tank behaves like a CSTR and the amount of wafers loaded does not impact the rinse 

process. The authors’ conclusion is correct for hydrophobic wafers that have no carryover 

layer and no adsorption on the wafer. However, the conclusion that Toni is incorrect and 

the rinse is a perfect mixing process (CSTR) may not be true for hydrophilic wafer 

rinsing.  

 

Figure 1.2.2-2: Experimental data points and its fit to the CSTR model (Teflon cassette 

and wafer load shown in parentheses) [7] 

 

Figure 1.2.2-3: Experimental data points and its fit to the CSTR model (Quartz cassette 

and wafer load shown in parentheses) [7] 
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Figure 1.2.2-4: Experimental data points and its fit to the CSTR model (Standard cassette 

and wafer load shown in parentheses) [7] 

 

Figure 1.2.2-5: Experimental data points and its fit to the CSTR model (Teflon and 

Quartz cassettes and wafer load shown in parentheses) [7] 

Other than trying ideal transport models, such as a diffusion model or CSTR 

model, some researchers use computational fluid dynamics to study the rinse tank 

[3,8,16]. Dr. Kempka analyzed the flow pattern in an idealized rinse tank at steady state 

and tried to find a way to improve the rinse process [3]. This analysis used the finite 

element numerical method. His model makes some assumptions. The wafer thickness 
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was assumed to be zero. The overflow out of tank has a zero-normal-traction boundary or 

assumes a zero vertical velocity plus nonzero horizontal velocity. All these assumptions 

make simulation easier. However, why these assumptions can be made without distorting 

the flow pattern in the tank is not addressed. The inlet flow was assumed to be uniformly 

vertical, and the wafers were aligned perfectly vertically. All these approximations are 

quite idealistic and had not been justified. The equations the simulation used are:  

uμP]u)u(
t
uρ[ 2 rrr
r

∇+−∇=∇•+
∂
∂    [1.2.2-2] 

0u =•∇
r     [1.2.2-3] 

The first equation is the equation of motion for constant density ρ and viscosity μ. 

It has another very famous name: the “Navier-Stokes Equation”. The second equation is 

the equation of continuity when density ρ is constant and the presence of contaminations 

will not affect the flow pattern. The simulating program is obtained from Fluid Dynamics 

International, Evanston, IL, and the name of the program is FIDAP. To simplify the 

simulation, Dr. Kempta used a 2-D model in this paper; the 2-D plane is vertical in the 

tank, perpendicular with wafers, and right across the center of the wafers, as shown in 

Figure 1.2.2-6. 



 47

INFLOW

CENTER PLANE

INFLOW

CENTER PLANE

 

Figure 1.2.2-6: The position of the 2-D simulation domain in the rinse tank [3] 

The two kinds of results for the two different boundary conditions were shown in 

the paper. The first kind of boundary condition is a zero-traction at the top of the rinse 

tank. The corresponding results are shown in Figures 1.2.2-7 and 1.2.2-8. 

 

Figure 1.2.2-7: Differing 2-D flow paths when the inlet area was varied [3] 
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Figure 1.2.2-8: Vertical velocity distribution in the rinse tank [3] 

In Figures 1.2.2-7 and 1.2.2-8, most of the rinse water bypasses the wafers and the 

flow rate between wafer gaps is very slow. Although removal of the water inlet close to 

the rinse tank wall can increase the flow rate between wafer gaps, it will not be much.  

The second kind of boundary condition is that the vertical velocity at the top of 

the rinse tank is zero. And the results are the same. All these results are qualitative and 

not quantitative. They are believable because application of Bernoulli’s equation in the 

rinse tank will predict same results. The results indicate that the rinse tank designer needs 

to decrease the distance between the rinse tank wall and wafers as much as possible. 

However, as Dr. Kempta mentioned in his paper, another problem will be that water will 

flow through the gaps between the wafer’s edge and rinse tank as shown in Figure 1.2.2-

9. The flow rate between wafer gaps will still be low.  
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Figure 1.2.2-9: Water bypasses wafer at the lowest resistance point 

 Nowadays the personal computer (PC) becomes very powerful and finite element 

simulators on PC became available. Researchers began to use them as a way to study the 

rinse process. Raccurt et al used ‘TRIO’ software to do the rinse tank 2-D and 3-D CFD 

and to design a rinse tank based on simulation and experimental data [16]. One result 

they found is that the faster the velocity between wafers, the higher the DI water 

consumption, as shown in Figure 1.2.2-10. They attributed this phenomenon to 

contamination not having enough time to diffuse out of the boundary layer. However, this 

paper did not have evidence for it. More research is needed to prove this point. One 

possible reason might be: To achieve higher flow rate in between the wafers, more water 

will be wasted around the wafers.  
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Figure 1.2.2-10: Impact of water flow velocity on DI water consumption for 50 x 200 

mm wafers. The resistivity is indicated for CoHCl = 1.5 M (numerical result) [16] 

Another interesting result is that the downward flow rinse is more efficient than 

the overflow rinse as shown in Figure 1.2.2-11. The reason for this is attributed to the 

flow of the fluid and force of gravity force going in the same direction [16]. 

 

Figure 1.2.2-11: Impact of the water flow direction on DI water consumption for 50 x 

200 mm wafers (3D computation and numerical result) [16] 
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 Theoretical analysis of the rinse tank is important for understanding the rinse 

process. However, because of the scaling of the smallest feature size, more and more 

concerns arise, such as whether the wafer can still be treated as a flat wafer and how 

those micro/nano structures on the wafer will impact the rinse process. Nakao et al did 

some early work on these issues [20]. Using a 2-D simulation method including the 

following equations, they discovered a very important result that has influenced rinse 

research in the past ten years.  

0=
∂
∂

+
∂
∂

y
v

x
u      [1.2.2-4] 

Navier-Stockes equations, 

vDg
y
p

ρ
1

x
vu

y
vv

t
v 2

y ∇++
∂
∂

−=
∂
∂

+
∂
∂

+
∂
∂   [1.2.2-5] 

uDg
x
p

ρ
1

x
uu

y
uv

t
u 2

x ∇++
∂
∂

−=
∂
∂

+
∂
∂

+
∂
∂   [1.2.2-6] 

Diffusion equation 

cD
x
uc

y
vc

t
c 2∇=

∂
∂

+
∂
∂

+
∂
∂     [1.2.2-7] 

 



 52

They found that when the bulk flow is slow, the velocity at the mouth of the 

trench (point B in figure 1.2.2-12) is also slow. 

 

Figure 1.2.2-12: Flow velocity distribution (velocity in the bulk v=1.5x10-2 m/s) [20] 

At the bottom of the trench, velocity is 1.5x10-12 m/s, which are 10 orders of 

magnitude smaller than the velocity in the bulk. Due to the decreased velocity, it is 

interesting to see what is the cleaning mechanism. Nakao accomplished this by setting the 

diffusion coefficient to zero and compared these results with original model, which 

included diffusion in Figure 1.2.2-13.  
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Figure 1.2.2-13: Relative concentration of the solution at the bottom of the trench (with 

diffusion vs. without diffusion, bulk flow velocity is 1.5x10-2 m/s) [20] 

If there is no diffusion, the figure shows that the concentration at the bottom of 

the trench could not drop within 100 sec. If there is diffusion, the concentration will drop 

several orders of magnitude within 10 sec. Therefore, the chemical removal mechanism 

inside the trench is diffusion. The discovering that diffusion dominates inside the trench 

is not the only highlight of this research. It is very clearly shown in Figure 1.2.2-14 and 

Figure 1.2.2-15 that both diffusion and convection help removal of chemicals away from 

the wafer after they diffuse out of the trenches. 
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Figure 1.2.2-14 Relative concentration of the solution at the bottom of the trench as a 

parameter of the diffusion coefficient D (bulk flow velocity is 1.5x10-2 m/s) [20] 

 

Figure 1.2.2-15 Relative concentration of the solution at the bottom of the trench as a 

function of flow velocity. (D=1.0x10-9 m2/s) [20] 

All early modeling is very important, but they do not notice the surface chemical 

residue on the wafers. Aoki et al reported SOx residues on wafers after a piranha clean 
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and hot DI water rinse [21]. They also found that the residue concentration is larger in the 

deep-submicron holes than on flat surface [19]. Without a theoretical explanation, they 

proposed an effective diffusivity in their simulation. This diffusivity increases 

quadratically as ions move away from the surface. Using this simulator, Aoki was able to 

explain why there is more chemical residue in the deep holes. The simulation results 

shows that the cleaning becomes more difficult while the diameter of the holes shrinking 

from 0.4 micrometer to 0.1 micrometer in Figure 1.2.2-16 (a, b) The conclusion is the 

cleaning will face a big challenge when it goes to much smaller features. 

Point B (at the center of hole wall)

Point A (at the center of hole bottom)

Point B (at the center of hole wall)

Point A (at the center of hole bottom)Point A (at the center of hole bottom)
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Point A (at the center of hole bottom)
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Point A (at the center of hole bottom)Point A (at the center of hole bottom)

Point B (at the center of hole wall)

 

Figure 1.2.2-16 Dependence of the concentration of SOX ion in the hole at different place 

for each different hole diameters [21] 
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 Hebda at the University of Arizona, by utilizing the 2-D implicit finite difference 

method, simulated the patterned wafer rinse process [22]. This is the first time that the 

surface reaction was included in the model. 
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∂
∂      [1.2.2-8] 
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In this simulation, he found that it takes 3000 sec to bring the SOx surface 

concentration down to 5x1011 atoms/cm2.  

1.3 Metrology technologies for rinse processes  

Previous rinse studies are abundant and cover most aspects of the rinse process. 

However, most of the rinse studies use a resistivity probe as the metrology tool. The 

advantages of using a resistivity probe are: low cost, ease of use, in situ tank monitoring 

and real-time monitoring. However, resistivity probes have a disadvantage as well 

because they can only detect bulk resistivity in the tank, which represents contamination 

concentration in the bulk. They cannot represent the actual contamination concentration 

inside the trench or even the concentration close to the wafer. To find the real rinse 

performance, two technologies can be used: SIMS [9, 45-51] and TXRF [16, 52-54]. 

Why are these two technologies suitable for detecting real contamination on wafers? The 

Handbook of Semiconductor Wafer Cleaning Technology gave a table [23] listing all 

possible technologies. The Table 1.3-1 shows that only TXRF and SIMS technologies 

can provide 1011 atoms/cm2 detection and can give local contamination concentrations.  



 57

Table 1.3-1: Comparison of Analytical Technologies [23] 

D.L. (i.e. Detective Limitation) 

Analytical 
Technique 

Probe In Detection 
Out 

Detection 
Depth 

Analysis 
Area (cm2) 

D.L. 
(atoms/cm2) 

ESCA x-ray electron 5 nm 1 1013 

AES electron electron 5 nm 10-2 1013 

He-RBS ion ion 1 μm 10-2 1013 

N-RBS ion ion 1 μm 10-2 1010 

LIMS laser ion 1 μm 10-8 1013 

XRF x-ray x-ray 1 μm 1 1013 

HREELS electron electron 5 nm 10-2 1012 

IR photon photon 5 nm 101 1012 

VPD/AAS photon photon 5 – 50 nm 102 108 - 09 

SIMS ion ion 5 nm 10-4 109 - 1011 

TXRF x-ray x-ray 5 nm 1 1010 - 1012 

 

 

SIMS applies a primary ion beam on the sample surface to sputter off some 

ionized fragments. These ionized fragments will generate a mass to charge chart for 

analysis. TXRF utilizes an x-ray at a very small incident angle to generate a total 

reflection and excite the fluorescent x-rays from atoms very close to the surface. 

Although TXRF and SIMS have very high levels of sensitivity, they have some 

disadvantages as well. TXRF is not very sensitive to elements that have small atomic 

number since these atoms do not generate much fluorescent x-rays. Furthermore, TXRF 

needs very flat surface to have total reflection. Therefore, it cannot be used to detect the 

contamination inside trenches or holes. SIMS could detect contamination inside trenches 

or holes. However, to have a small probe diameter, it must sacrifice the probe current just 

like other beam tools, such as focused ion beam (FIB) or scanning electron microscope 
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(SEM). The sensitivity is also sacrificed if the beam current is small.  TXRF and SIMS 

technologies share one big disadvantage: they need locate on a very stable base and need 

a very high vacuum chamber. Therefore, they are ex-situ tools and cannot be used for 

real-time monitoring.  

To probe the mechanism of the rinse, a tool must be able to in situ and real-time 

monitoring of the rinse process. Karla A. Romero at the University of Arizona uses an 

ion selective microprobe to measure H+ ions close to the wafer surface during a rinse 

process [19]. The ion selective microprobe had a diameter of less than 2 microns and a 

response time of less than 3 milliseconds. A very sophistical position tool was purchased 

to locate the probe tip as close as 5 microns away from the surface of the wafer. 

Furthermore, this position system can move the tip along the wafer surface so that the 

concentration at different distances and positions above the wafer can be recorded in real-

time.  

The microprobe system in Figure 1.3-1 was built at the University of Arizona in 

1998. The microprobe characterization was done to evaluate the feasibility of using this 

technology to study the rinse process. The results are plotted in Figure 1.3-2 through 1.3-

4. When the probe was used in stagnant water, it works quite well, as shown in Figure 

1.3-2. However, after the flow was turned on and set at 2L/min (LPM), there are some 

noises in the signal, as shown in Figure 1.3-3.  
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Figure 1.3-1: Sketch of rinse study using an Ion selective microprobe [19] 

 

Figure 1.3-2: Response of microprobe when a drop of 0.1 M HCl is introduced into a 

stagnant bath [19] 
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Figure 1.3-3: Response of microprobe in stagnant and flow conditions (2 LPM) [19] 

Researcher found this because the probe is typically used in biology research. In 

the cell, the ion strength is quite high, but UPW rinse system has a very low ion strength 

that causes the probe to fail. Then 3 mol/L KCl was added into the flow system, and then 

the noise was removed, as seen in Figure 1.3-4. However, either the probe needed to be 

redesigned in a way so that it can handle pure water or the rinse must be studied under 

KCl interfering which is not possible.  

 

Figure 1.3-4: Response of microprobe during flow conditions (2.0 LPM) with a 3 M KCl 

spike [19] 
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1.4 Motivation for and objectives of this dissertation project  

A large amount of experimental researches has been done so far on every aspect 

of the rinse processes. The carryover layer, loading effects, quick dump and ramping 

rinse, wafer spacing, temperature effects, tank flow pattern and so on have been 

investigated. However, all the results of those research and conclusions reached are still 

empirical and primitive, and sometimes even contradictory. The reason for this is all the 

rinse research has been done at some specific process lines, specific fabs for different 

purposes. Therefore, the rinse recipe was chosen based on the worst rinse scenario and 

some specific test of some tool for some product. Tremendous wasting of water and 

money for over rinsing require a more systematic approach to perform rinse research to 

discover its mechanism and to find a way to actually monitor and control the rinse 

process like other processes in the fab.  To do this, new metrology methods need to be 

developed.  

Presently two categories of metrology are used for determining the cleanliness of 

wafers during and after the rinse process. The first consists of various analytical 

techniques for the measurement of contaminants left on the wafer surface after the rinse 

[6,9,11,24].  These measurements are accurate but are neither in situ nor real-time and 

therefore have limited usefulness for on-line process control.  The second category of 

metrology consists of monitoring the impurity concentration of the rinse fluid (e.g. ultra 

pure water) [6]. These measurements are in situ and real-time but are conducted relatively 

far away from the surface of the wafer and may not represent the actual wafer cleanliness. 

In this method, the sensors are usually in the rinse tank or in the outlet of the rinse tank. 
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Both of these methods are particularly problematic and have serious shortcomings when 

dealing with cleaning and rinsing of small features and patterned wafers. Therefore, the 

object of this research is to develop a sensor that allows measurement and 

characterization of the fundamental kinetics and mechanisms of impurity removal from 

deep trenches and microstructures.  The sensor will be an electrochemical device which 

measures the impedance inside the micro/nano structure. This is the only feasible way so 

far to do in situ and real-time monitoring.  

Theoretical study of transport phenomena in the sensor structure and the 

correlation between the concentration profile and impedance signal is another aspect of 

this research. Unlike previous theoretical researches that only consider some aspects of 

the real transport phenomena, this research will include electric static force, surface 

reaction, and bulk reaction. It is a comprehensive model. There are two advantages to do 

this. One advantage is that the model could be integrated into sensor technology so that 

the technician or researcher could “read” the actual concentration instead of the 

impedance. The other advantage is that the model is so far the most complete model on 

the rinse process. It can be used to predict the rinse process in the micro/nano structures 

that are not yet fabricated or that are difficult or costly to fabricate. 
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CHAPTER 2. SENSOR-ON-CHIP CONFIGURATION 

2.1 Introduction 

Current rinse recipes are based on the worst rinse scenario possible. As a result, 

inefficient processes cause excessive rinsing in most semiconductor fabs, and there is still 

no way to detect contamination in situ and real-time during rinse. This research develops 

an in situ and real-time sensor to study the rinse process. The concept, design, fabrication, 

and testing of the sensor-on-chip are described in this chapter with conclusions at the end. 

2.1.1 Sensor Concept and Structure [40] 

Basic Concept 

 The semiconductor industry uses resistivity measurements as a convenient means 

to monitor ionic concentration during rinsing.  The solution resistivity, ρsoln, is calculated 

from the solution’s resistance inside the trench, Rtrench, and the apparatus' cell constant 

L/A (L being the distance between the electrodes and A being the electrode area): 

 

 ⎟
⎠
⎞

⎜
⎝
⎛=

A
LρR solntrench      [2.1.1-1] 

For dilute systems, the Kohlrausch law of independent migration [33, 34,] can be used to 

determine the ionic concentration from resistance. For a hypothetical monoprotic acid 

HX, 

 [ ] [ ] [ ]−−+ ⋅+⋅+⋅= XλOHλHλ
ρ

1
XOHH

soln

   [2.1.1-2] 
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λH, λOH, and λX represent molar ionic conductivity in an infinite dilution and [H+], [OH-], 

and [X-] represent molar ionic concentrations.  Through the algebraic relationships 

represented by Equation 2.1.1-1 and 2.1.1-2, the concentration of ionic impurities inside a 

trench (i.e., trench cleanliness) can be assessed by measuring Rtrench electrically.  

Moreover, the rate at which trench contaminants are removed can be determined through 

in situ and real-time measurements of the change in the trench resistivity during wafer 

rinsing and cleaning. 

Sensor Structure and Principles of operation 

 A cross section of a micro-trench that is the heart of the sensor is shown in Figure 

2.1.1-1. A layer of polysilicon, which acts as an electrode, is sandwiched between two 

layers of dielectric. A LCR meter monitors the impedance across the electrodes during 

the rinse.  This impedance is very sensitive to the presence of residual impurities in the 

trench.  Using correlations like this, the measured impedance can be correlated to the 

liquid impedance and therefore the residual impurity concentrations in the solution inside 

trench can also be measured.  

Poly

SiO2

SiO2

 

Figure 2.1.1-1: SEM cross section of trench sensor  
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2.1.2 Fabrication of the Sensor [40] 

 Trench formation is part of the modern standard CMOS (complementary metal–

oxide–semiconductor) process (as with shallow trench isolation formation or during via 

formation) [31, 32, 44]. This formation tends to have high aspect ratios (deep and 

narrow). Trenches with high aspect ratios are difficult to clean due to large transport 

restrictions for bringing cleaning liquids into the channels and removing impurities from 

the channels. The sensor mimics the wafer after trench formation to achieve a close 

correlation between its measurement output and the transport of impurities inside the 

trenches on a product wafer. A process was developed and employed for the fabrication 

of the sensor; the summary of the procedure is as follows. 

 A dielectric layer (silicon dioxide) and an electrode layer (degenerately doped n-

type polysilicon) are deposited on a silicon wafer carrier.  Titanium is deposited on top of 

this stack, and titanium silicide is formed during a rapid thermal anneal process to reduce 

the electrode resistivity.  The cross section of the device at this stage is shown in Figure 

2.1.2-1a. The conducting electrode, consisting of the polysilicon-silicide stack, must be 

patterned using lithography and etching to define the boundaries of the sensor area.  Care 

must be taken at this point to ensure that electrical contacts can be formed to the sensor at 

some distance from the high aspect ratio features so that contact wiring to the sensor does 

not interfere with the fluid flow. The cross section after the electrode pattern etching is 

shown in Figure 2.1.2-1b.  After removal of the photoresist, a second dielectric layer is 

deposited (2 μm silicon dioxide).  The cross section after this is shown in Figure 2.1.2-1c.  

Contact pad openings are defined by photolithography. The top dielectric layer is etched 
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away over the pad regions so that electrical contact can be made to the sensor electrode 

(Figure 2.1.2-1d).  The high aspect ratio features are formed last, so that they are not 

contaminated.  The trench pattern is defined in photoresist (Figure 2.1.2-1e) and after 

etching and photoresist removal; the final structure is complete (Figure 2.1.2-1f). Figure 

2.1.2-2 is a scanning electron micrograph top view of a segment of the serpentine trench. 
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Poly-Si
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Figure 2.1.2-1: Fabrication steps for trench device 

 

Figure 2.1.2-2: SEM photo of micro trench etched in SiO2 [40] 
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 The sensor was fabricated at American Semiconductor Inc. They arrived at the 

University of Arizona as bare dies shown in the left lower corner of Figure 2.1.2-3. Some 

packaging work needs to be done so that the sensor can be tested in solution. After 

packaging, the prototype is also shown in Figure 2.1.2-3.  

15 mm15 mm

 

Figure 2.1.2-3: Sensor structure and prototype 

 The packaging has two tasks. One is making the electric contact, and the other is 

sealing the contact area [35-38]. There are two ways to connect the wire to the contact 

pads. One is wire bonding; the other is conductive glue. Wire bonding requires a bonding 

machine. The conductive glue made of silver epoxy can also bond the wire to the pads. 

The glue is two components of epoxy filled with fine silver power. After making the 

connection, the contact areas (pads areas) need to be sealed, so that there will be no 

electric current leakage. However, different sealing materials recommended [35-38] are 
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applied, none of them works with very concentrated and harsh solutions. Therefore, most 

tests of the sensor’s concept were done in dilute chemicals. 

2.2 The trench device design and operation 

 The design of the sensor has been a challenge because of the parasitics (intrinsic 

undesirable impedances associated with the structure). The sensor was designed by using 

an equivalent circuit model. After the fabrication, the sensor was tested for evaluate the 

performance of the sensor and the parasitics. 

2.2.1 Equivalent circuit model [40] 

 The sensor was fabricated by CMOS technology at American Semiconductor Inc. 

The electrode is polysilicon, which introduces a large transfer resistance. The structure is 

built on a silicon chip, which introduces other parasitics. Therefore, Figure 2.2.1-1 

proposes an equivalent circuit model to describe the electrochemical sensor. 

 

Figure 2.2.1-1: The equivalent circuit model (Superposed onto the SEM cross section of 

the trench sensor) 
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 Accurate measurement of the local solution resistance is critical when using this 

sensor for measurement of the local ionic concentration.  To achieve this high degree of 

accuracy, the trench device and the corresponding test procedures must be designed to 

reduce the impact of device parasitics. 

 All circuit components in Figure 2.2.1-1 except the solution resistance are 

parasitics. They need to be evaluated before this model can be used successfully. These 

parasitics can be divided into two groups. One group consists the transfer resistance and 

double layer capacitance that could be evaluated by electrochemical impedance 

spectroscopy (EIS) [40,41]. The other group of circuit components consists other passive 

parasitic impedances (resistors and capacitors) associated with the electrical connection 

between the contact pads and the trench. These parasitics can be estimated by using basic 

physical equations on a device design (layout, layer thickness, and materials).  

A set of structures and sensors were designed and fabricated based on these 

estimations and experimental tests were performed for measuring the parasitics and 

impedance responses in different solutions.  Experimental verification of all the 

estimations and predictions about parasitics and sensor performance is a must. This is 

because after the equivalent circuit is approved, the model can be used to design new 

sensors with confidence and the measured circuit components will replace the estimated 

ones. The equivalent circuit model can also be used to correlate impedance to 

conductance and then to concentration. Therefore, the equivalent circuit model has two 

functions: design and data analysis.  
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2.2.2 Measurement of parasitics [39] 

Interfacial parasitics were already measured during the design process with EIS 

technology [39,40].  The parasitics tested here are parasitics associated with connection 

lines. There are several devices being designed and fabricated to facilitate this test. Each 

device acts as a passive network. For reference, each device is named after its respective 

contact pads. For example, the device connected to pads 5 and 6 is referenced as N56. 

N56 was fabricated with a 1 μm trench. N34 has a 1 μm trench, but its trench is filled 

with SiO2. N78 has an unfilled 2 μm trench and N910 has a 2 μm trench filled with SiO2. 

N12 does not have a serpentine trench, but rather a 50 μm gap filled with SiO2 between 

two wide polysilicon traces. The different trench widths enable investigation of the 

geometric influence on the rinse processes. The dielectric filled trenches facilitate the 

calculation of critical device parasitics. 

1 2 3 4 5 6 7 8 9 10

11 12

 

Figure 2.2.2-1: Layout (top view) of the chip with multiple trench device structures 

 The first set of tests were performed on the unfilled device or trench filled with 

SiO2. In this case, the equivalent circuit became very simple, as shown in Figure 2.2.2-2. 



 71

Cover

RpolyRpoly Ctrench

Clower Clower

Cover

RpolyRpoly Ctrench

Clower Clower

 

Figure 2.2.2-2: Equivalent circuit for the measurement of parasitics in the trench network 

[39] 

The general impedance equation for the circuit shown in Figure 2.2.2-2 is 

 )C/2Cf(C2
j2RZ

overlowertrench
poly ++

−=
π

  [2.2.2-1] 

Therefore, the real part of the measured impedance is 

 )ZRe(R2 poly =      [2.2.2-2] 

The imaginary part of the impedance is frequency dependent. As Equation 2.2.2-3 shows, 

Im(Z) has a linear relationship with the reciprocal of the measurement frequency: 

 )Im(Z)C/2CC(
f2

1
overlowertrench ++−=

π
   [2.2.2-3] 

 A series of impedance versus frequency measurements were made on the various 

trench structures to obtain accurate values for Rpoly, Clower, and Cover. All measurements 

were made with Agilent’s 4284 precision LCR meter. 
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 For the first measurement, the impedance across the unfilled device N78 was 

measured versus frequency. Figure 2.2.2-3 illustrates a cross section of the device while 

the measurement was taken. As the figure illustrates, the trench and the region above the 

device hold air (which for our purposes will be assumed to be a vacuum).  

Empty trench SiO2

Poly Si

Si

Empty trench SiO2

Poly Si

Si

 

Figure 2.2.2-3:  Cross-section of unfilled N78 device used in first measurement of 

parasitics  

From this measurement, the Rpoly was determined from Equation 2.2.2-2 to be 465 

Ω. Figure 2.2.2-4 shows the reciprocal frequency plotted versus -Im(Z). As Equation 

2.2.2-3 indicates, the slope of this curve is equal to 

 14.9pF/2CC lowerairtrench, =+ ,   [2.2.2-4] 

If we neglect Cover, this approximation is justified by the low dielectric constant of the 

vacuum and the relatively large thickness of the capacitor.  
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Figure 2.2.2-4: Impedance-frequency relation in the first measurement 

 To make an accurate determination of Clower and Ctrench, a second measurement is 

made on a separate trench device, N910. Figure 2.2.2-5 illustrates a cross section of this 

device.  
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Figure 2.2.2-5:  Cross-section of N910 device used in second measurement of parasitics 
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 As shown, this device is filled with SiO2. The dielectric constant of SiO2 is 

approximately four times that of a vacuum. Therefore, the capacitance across the trench 

of N910 (
2SiOtrench,C ) is four times that of N78 (Ctrench,air): 

 airtrench,SiOtrench, 4CC
2
= .   [2.2.2-5] 

Figure 2.2.2-6 shows the reciprocal frequency plotted versus -Im(Z) for measurements on 

device N910. Using the same technique as above, the slope of the curve in Figure 2.2.2-6 

is determined to be 

 24.4pF/2CC lowerSiOtrench, 2
=+ .  [2.2.2-6] 

Using Equations 7, 8, and 9, it is readily shown that Ctrench = 3.2 pF and Clower = 23.4 pF 
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Figure 2.2.2-6: Impedance-frequency relation in the second measurement 

 The last parasitic that must be determined is Cover. However, as previously 

mentioned, the value of this capacitor is dependent on the presence of a solution above 
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the trench, as illustrated in Figure 2.2.2-7. We had assumed that in the absence of a 

solution, Cover could be neglected. 
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Figure 2.2.2-7: Cross section of N910 device with a solution over the top of the device 

 Figure 2.2.2-8 shows the reciprocal frequency plotted versus -Im(Z) for 

measurements on device N910 with a H2CO3 solution over the top of the device. Using 

Equation 2.2.2-3 and the slope of the plot in Figure 2.2.2-8, we calculate 

 26.8pFC/2CC overlowerSiOtrench, 2
=++ ,   [2.2.2-6] 

and, therefore, Cover for H2CO3 is determined to be 2.4 pF. 
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Figure 2.2.2-8: Impedance-frequency relation for measurement on N910 device with 

H2CO3 over the device 
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 Figure 2.2.2-9 shows the frequency response when sulfuric acid is used instead of 

H2CO3. This corresponds to a change in the solution pH from 5.6 to 1.9 and a 

corresponding Cover of 2.2 pF for H2SO4. Because of the relative insensitivity of Cover to 

solution pH, it is assumed that Cover is approximately 2.3 pF. 
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Figure 2.2.2-9: Impedance-frequency relation for measurement on N910 device with 

H2SO4 over the device 

2.2.3. Impedance measurement of chemical solution [40] 

 The solution impedance across the filled device N78 was measured versus 

frequency. Figure 2.2.3-1 illustrates the cross section of the device while the 

measurement was taken. As the figure demonstrates, the trench and the region above the 

device is filled with solution. To calibrate the device, impedances were measured as a 

function of frequency for three solutions of differing contaminant concentrations (i.e., 

pH). 
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Figure 2.2.3-1: Cross section of N78 device used in solution impedance measurement 

Figure 2.2.3-2 shows the impedance response of the sensor as a function of 

measurement signal frequency for various levels of ionic concentration, including results 

for extremely low ionic concentration representing ultra pure water (UPW).   
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Figure 2.2.3-2: Frequency dependence of sensor impedance for the sensor [40] 

 The normalized difference Z　 norm is the normalized difference between the 

sensor’s output impedance when filled with UPW and its output when filled with a 

solution of some given ionic strength: 
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                                )Z(Solution
)Z(SolutionZ(UPW)

ΔZnorm

−
= ,   [2.2.3-1] 

This data is plotted in Figure. 2.2.3-3 
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Figure 2.2.3-3: Frequency dependence of normalized impedance difference for the sensor 

[40] 

 Figure 2.2.3-2 and Figure 2.2.3-3 show that the sensor is sensitive to changes in 

ion concentration for certain measurement frequencies.  The data in these two figures also 

reveals an important feature of the electrical response that has implications for the testing 

technique used in these types of experiments.  The sensor has a maximum difference in 

output for solutions of varying ionic strength when the measurement signal frequency is 

between 10 kHz and 100 kHz.  Therefore, changes in Rtrench are best resolved within this 
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frequency band. The following analysis discusses the mechanisms for these unique 

frequency response characteristics.   

2.2.4 Key parameters of sensor design [40] 

 In this part of the research, the equivalent circuit model is used to explain the 

experimental data for two different configurations of the sensor design and the key to the 

sensor design is found. Configuration 1 has a very short trench and very wide connection 

lines. Configuration 2 has a very long serpentine trench and very narrow connection 

lines. A SEM cross section of the device that represents both configurations is shown in 

Figure 2.2.4-1. 

 

Figure 2.2.4-1: SEM cross section of the device (with the Superposed equivalent circuit 

model) 

This figure shows a deep trench etched through the lower SiO2 and polysilicon 

layers and partially through the upper SiO2 layer.  The sensor is supported by a silicon 

substrate. The polysilicon lines are the electrical contacts to the trench.  A schematic of 

the lumped-element equivalent circuit model for the entire device is superposed onto the 
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micrograph.  The equivalent circuit shows that the trench solution resistance, Rtrench, is in 

series with the impedance of the two solution/polysilicon interfaces (i.e., Rct || Cdl).  The 

capacitances, Clower , and Cupper, formed by the upper and lower SiO2 dielectrics are in 

parallel with this series impedance.  The series resistance, Rpoly, represents the lumped-

element approximation of the contact and polysilicon line resistance. 

 Rpoly, Clower, and Cupper are calculated from material properties and design layout 

for the design purposes. The photolithography masks and the layer thicknesses define the 

critical dimensions of these parasitic devices.  For example, the magnitude of Rpoly is 

defined by the line length and active area of the electrode, whereas Clower and Cupper are 

functions of the polysilicon line width, length, and dielectric thickness.  Due to their 

different geometries, configurations 1 and 2 have significantly different values for Rpoly, 

Clower, and Cupper in their respective electrical models.  Because the polysilicon electrode 

and trench length are different for the two configurations, Cdl and Rct are also different.  

 Figure 2.2.4-2 and 2.2.4-3 show the experimental data and the simulated response 

generated using the lumped-element model for the two configurations.  The experimental 

data and simulation results show good agreement.  Configuration 1 has a monotonic 

decrease in impedance with increasing frequency until the response saturates at a 

minimum level, approximately equal to Rpoly.  Moreover, simulations of configuration 1’s 

geometry demonstrates a “masking” of the trench solution resistance by the parasitics 

since there is essentially no difference between the two Rtrench values used in the 

simulations.  Simulations of configuration 2 reproduce the bandpass characteristics and 

Rtrench sensitivities observed in the experiments. 
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Figure 2.2.4-2: Frequency dependence of sensor impedance for configuration 1 [40] 
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Figure 2.2.4-3: Frequency dependence of sensor impedance for configuration 2 [40] 

 Because the parasitics include both capacitors and resistors, the frequency of the 

signal used to measure the impedance also affects the sensitivity.  At low and high 
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frequencies, the sensor’s sensitivity is determined by the values of the parasitics relative 

to the quantity being determined, Rtrench.  To further examine the influence of the 

parasitics on the device’s sensitivity, the frequency response was analyzed for different 

values of the double layer capacitance, Cdl.  The value of Cdl ranged from one pF to one 

thousand pF.  For each value of Cdl, a frequency sweep was simulated with two different 

trench solution resistances: 1 M  and 1.1 M , a difference of 10%.  The results of the 　 　

simulations are plotted in Figure 2.2.4-4. The normalized difference in the sensor 

impedance, 

                 1.0MΩ.Z(R
1.0MΩ.Z(R1.1MΩ.Z(R

ΔZ
Trench

trenchtrench
norm =

=−=
=  , [2.2.4-1] 

 is shown in Figure 2.2.4-4.  
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Figure 2.2.4-4: Capacitance effect on relative difference in impedance response [40]  
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 Since the difference between the two solution resistances is 10%, a result of 0.1 

indicates full resolution of Rtrench.  When the normalized difference is less that 0.1, the 

signal will be partially masked by the device parasitics and the maximum sensor 

resolution cannot be attained.  If Cdl is sufficiently large, the sensor can attain its 

maximum sensitivity over a certain frequency range.  The bandwidth of this range 

increases with increasing Cdl. 

 The physical mechanisms that determine these frequency response characteristics 

are as follows.  At low measurement signal frequencies, the current primarily goes 

through the Rct Rtrench series path (at low frequencies, all capacitors are open circuits).  

Since the transfer resistance Rct is much greater than Rtrench, small differences in Rtrench 

cannot be resolved at low frequencies. The parasitic capacitances between the contact 

lines and the ground plane (Clower) and the top solution (Cupper) are in parallel with Rtrench.  

These parallel capacitances short out the subcircuit containing Rtrench at high 

measurement signal frequencies (at high frequencies, all capacitors are short circuits).  

Therefore, small differences in Rtrench cannot be resolved at high frequencies 

 As the measurement signal frequency increases, Cdl will short out the transfer 

resistance.  If there are intermediate frequencies where Cdl is shorted, but the parallel 

capacitors are not yet shorted, then the solution resistance at a high aspect ratio, Rtrench, 

can be observed.  Such a condition will exist only when Cdl is much larger than the 

parallel capacitors, as was illustrated with the aid of Figure 2.2.4-4. Configuration 2 

increases the active area of the electrode at the trench by increasing the thickness of the 

electrode layer and increasing the length of the trench, thus increasing the value of Cdl. It 
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also reduces the area of the contact lines and increases the thickness of the dielectric 

below and above the electrode, thus reducing the value of the parallel parasitic capacitors. 

Therefore, configuration 2 has a band of measurement frequencies two orders of 

magnitude wide where the optimal sensor resolution can be obtained.  Configuration 1 

does not meet the conditions necessary to obtain optimal sensor resolution.  However, it 

is necessary to determine the values of the parasitic capacitances and to validate the 

modeling. Configuration 1 also clearly illustrates the importance of controlling the 

parasitic for the sensor to have sufficient resolution.  

2.2.5 Calibration and sensitivity 

 The sensor was calibrated for a dilute solution shown in figure 2.2.5-1. The 

calibration shows that the sensor impedance is a function of the solution concentration. 

But more important is the data fit to the equivalent circuit. This fit proves that the 

equivalent circuit model is suitable for sensor design and data analysis. 
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Figure 2.2.5-1: Calibration curve of the sensor on chip configuration 
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 Because controlling the small concentration deviation at 18.3 cm⋅ΜΩ  is difficult, 

the sensor’s calibration was never performed at this resistivity range. However, the 

sensitivity of the sensor was estimated based on a theoretical model. For the purposes of 

this research, sensitivity can be defined as the minimum detectable concentration change 

of a certain chemical. Different ions have different conductivity, therefore, when 

sensitivity is discussed, the name of the ion should be clear at once. 

 Sensor sensitivity strongly depends on instrument accuracy. The instrument used 

in this research is an Agilent (or HP) 4284a precision LCR meter. The accuracy is not a 

number that applies to all the measurements. Instead, it is a function of the operation 

parameter. The operation parameters demonstrate an accuracy of 0.4 % (see Appendix A) 

in this research. When the accuracy of the measurement is known, the sensitivity of the 

sensor can be calculated for different solutions with different ions or ion concentrations. 

When the sensitivity is considered, the specific solution must be named.  

 A sulfuric acid solution is used here to demonstrate how the sensitivity can be 

calculated. To simplify the calculation, assume that the solution flows so that there is not 

enough time for the carbon dioxide in the air to dissolve into it. Then only three ions are 

considered: a proton, hydroxide, and sulfate, and they are in equilibrium. The resolutions 

of the sensor were calculated and shown in table 2.2.5-1. In this table, ΔC is the 

concentration change that can be detected by the sensor at certain concentrations. The 

assumption is that any changes in resistivity that are larger than or equal to 0.4 % can be 

detected. 
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Table 2.2.5-1: Sensor resolution at different sulfate concentrations 

Sulfate concentration (mol/m3) 0 0.001 0.01 0.1 

ΔC (mol/m3) 2.95x10-5 4.06x10-6 4.06x10-5 4.06x10-4 

ΔC (ppb) 3 0.39 3.9 39 

Table 2.2.5-1 demonstrates that the sensor’s sensitivity is below ppb level. When 

the concentration of the sulfate is lower than 0.01 mol/m3, the sensor resolution is higher 

than 4 ppb. This high resolution at low concentrations is an ideal property for facilitating 

rinse research that deals with trace level contaminations.   

2.3 Conclusions 

 This chapter designed and tested the new electrochemical sensor for measuring 

the concentration of residual ionic concentrations in an in situ manner on patterned 

wafers.  The sensor functions by measuring the solution resistivity inside a high-aspect-

ratio structure. This resistivity can be correlated with ionic concentrations inside the 

trench.  Analysis of the equivalent circuit and of measurement results reveals that a key 

parameter affecting the sensor’s potential sensitivity is the ratio of the double layer 

capacitance to the parallel parasitic capacitance. If this ratio is too small, the sensor 

cannot attain its optimal resolution.  The experimental measurements, as well as the 

analysis of the equivalent circuits for the sensor, indicate that a long serpentine channel 

with a large ratio of double layer capacitance versus parasitic capacitance is needed to 

obtain the sensitivity desired for in situ and real-time monitoring of the rinse process.  
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The sensor has a higher resolution at lower concentrations, which is a great benefit for 

rinse research. 

2.4 Challenges and future work 

 Packaging of the sensor chip turns out to be the biggest challenge. Therefore, 

most of the work that was discussed in this chapter was done at a probe station without 

the whole sensor immersing into chemicals and a rinse tank. An equivalent circuit model 

and sensitivity of the sensor are proved at low pH levels. However, because of the 

packaging problem, the calibration between pH =6 and pH=7 cannot be done. Also 

because of the packaging problem, the rinse data is not repeatable. Although some 

revealing rinse curves were obtained (Figure 2.4-1), the sensor-on-chip configuration was 

replaced by a newer generation of sensor. The new sensor is a sensor-on-wafer 

configuration, which eliminates the packaging problem and will be addressed in the next 

chapter.   
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Figure 2.4-1: HCl rinse out real-time monitoring by sensor-on-chip configuration 
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Future work of sensor-on-chip configuration is developing a low cost packaging 

technology with no contamination. One possible direction is proposed in Figure 2.4-2. 

Sensor
Teflon plastic bar

No glue

 

Figure 2.4-2: The sketch of proposed packaging strategy 

The electrical contacts will be made on the backside of the sensor. The sensor 

chip will be embedded onto a Teflon piece. No glues are to be used because they either 

contaminate the sensor or will not survive in harsh chemicals. The pre-machined boat on 

the Teflon piece is slightly smaller than the chip size. There is a large mechanic force 

between the Teflon piece and the sidewall of the chip, which may seal the back of the 

sensor. 
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CHAPTER 3. SENSOR-ON-WAFER CONFIGURATION 

3.1 Introduction 

In chapter 2, experimental data proved that the concept of the sensor and the 

equivalent circuit model were correct. However, the sensor is still a chip. To use this chip 

in harsh chemicals in the fab, it needs to be well packaged and the packaging materials 

must not introduce contaminants into the cleaning facilities. This challenge is not part of 

this research. Instead, a sensor-on-wafer concept is proposed. A sketch of this concept is 

depicted in Figure 3.1-1. 

sensor

contact

sensor

contact

 

Figure 3.1-1: Top view of the electrochemical residue sensor-on-wafer (4 inch wafer).   

With the sensor-on-wafer concept, the electrical contacts are made near the top of 

the wafer.  Since these contacts are neither immersed in the cleaning solution nor in the 

rinse bath, unintentional contamination from these contacts is avoided. 
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3.2 Design of sensor-on-wafer configuration 

 The design of the sensor-on-wafer configuration is very different from the sensor-

on-chip configuration because the connection lines that stretch out of chemical solution 

are long and wide. Chapter 2 revealed that the key parameter of the sensor’s design is the 

double layer capacitance to the parallel parasitic (i.e. Cupper, Clower) ratio. When using the 

silicon substrate, the connection lines bring large parallel parasitics. Designing a pair of 

electrodes with large area to compensate this large increase of parallel parasitics is 

difficult because the electrode area is limited by the size of the wafer and manufacturing 

constrains. To solve this design problem, the silicon substrate is replaced with a fused 

silica wafer to decrease the parallel parasitics without decreasing the width and length of 

the connection line. A fused silica wafer works as an insulator and can decrease the Clower 

tremendously. Figure 3.2-1 shows the difference between the silicon substrate and the 

fused silica substrate.  
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Figure 3.2-1: Connection line parasitics 
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In the sensor-on-chip configuration, the connection line is separated from the 

silicon substrate by a deposited oxide layer less than or equal to 3 μm. The resistance of 

silicon substrate is negligible. The capacitance between the connection lines and the 

silicon substrate can be estimated by Equation 3.2-1: 

A
d

C ε
=      [3.2-1] 

This capacitance is above 1nF, which will damage the sensitivity at operation frequency. 

As for the fused silica wafer, the d in Equation 3.2-1 equals 500 μm.  This capacitance 

does not cause sensitivity damage at the operation frequency. 

Another concern of the design is the capacitance above the connection line, since 

using a fused silica wafer cannot solve this issue. However, even if this capacitance is 

shorted out under operation conditions, the sensitivity may not be terminated. The reason 

for this is that the connection lines are far apart and the water in the bulk should be purer 

than the water in the trenches. To prove that this reason is realistic, some experiments 

were performed to measure how the parasitics above the connection lines will affect the 

design and the sensitivity. A test device was fabricated resembling the sketch below in 

Figure 3.2-2.  
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Figure 3.2-2: A sketch of test structure for parasitic check 

The fabrication of the test device was done at the Microelectronics Lab at the 

University of Arizona. The substrate is Pyrex glass because it is less expensive but has 

similar electrical properties to fused silica. An Ebeam evaporator was used to deposit a 

Chromium layer on the Pyrex glass. The connection line was formed by a lithography 

step followed by a wet etch. Then a 1 μm thick layer of photoresist was spun on. Using 

acetone removes the photoresist where the electrical contacts need to be made. Hard 

baking the photoresist finally forms the device that is needed. The device is then inserted 

into the rinse tank vertically until the water level reaches the dashed line in Figure 3.2-

2(b). When measuring the impedance at 1 kHz, the value is 2-3 MΩ. This is an important 

value in the design because the trench impedance that is the aimed signal parallels this 2-

3 MΩ of impedance. Finally, a sensor-on-wafer design was accomplished and all that 

remain is the fabrication.  
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3.3 Fabrication technologies 

 Sensor fabrication is one of the most difficult tasks in this research. Therefore, 

American Semiconductor Inc. manufactured the sensor-on-chip configuration. However, 

the sensor-on-wafer configuration cannot fit into a standard CMOS processes for two 

reasons. First, the sensor-on-wafer configuration has large structures, such as connection 

lines, which cannot be put in a die. The CMOS foundries produce chips, not wafers. Most 

foundries use steppers to perform the lithography. Therefore, foundries have their own 

design rules, such as that all the structure need to fit into a 1cm x 1cm square (a die). 

However, the sensor-on-chip configuration is much larger than any die that is fabricated 

in any foundry. Second, the substrate is fused silica. Because fused silica has different 

physical properties, such as heat conductivity and reflective index, a fused silica wafer 

may have process conditions different from a normal silicon wafer. Therefore a special 

recipe must be developed to process a fused silica wafer. CMOS foundries do not do this 

development for a small amount of work. Therefore, the fabrication must be done at 

academic institutes. The sensor-on-chip is fabricated in two facilities in Arizona. One is 

at the Microelectronic Lab (MEL) at the University of Arizona and the other is at the 

Center for Solid State Electronic Research (CSSER) at Arizona State University. 

Although the fabrication is done at academic institutes, most the technologies and 

fabrication concepts are still borrowed from CMOS manufacturing. These include film 

deposition, photolithography [56], and patterning. 
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3.3.1 Thin film deposition 

 Thin film deposition refers to depositing a film. Film thickness varies from a 

mono atomic layer to hundreds of micrometers. In this research, the film thickness varies 

from 0.1 to 3 μm. There are three ways to deposit a thin film: spin-on technology, 

physical vapor deposition (PVD), and chemical vapor deposition (CVD).  

 

Spin-on technology 

 There are two different materials commonly spun on in the semiconductor 

industry: photoresists and spin-on dielectrics. The spin-on technology includes spin-on 

and post-spin treatments. Spin-on requires a machine called a spinner. The spinner at 

ASU is shown in Figure 3.3.1-1.   
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Figure 3.3.1-1: A spinner at the Arizona State University CSSER cleanroom 

The principles of operation of the spinner are shown in Figure 3.3.1-2.  
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Figure 3.3.1-2: Sketch of the principles of operation of a spinner 

During operation, a chunk is mounted in the chamber and driven by a motor. A 

piece of substrate (e.g. a wafer) is held by vacuum on the chuck. A solution that contains 

a spin-on material is dispersed on the wafer. After the chamber is closed, the chuck 

begins to rotate slowly so that the solution will spread on the whole substrate and the 

solvent will evaporate at the same time. Then the chunk will accelerate to the final spin 

rate according to the preset program as shown in Figure 3.3.1-2 [56, 58]. The photoresist 

viscosity and spin rate determine the film thickness. For many spin-on processes, like a 

spin-on dielectric, the chamber pressure has a significant impact on the film uniformity. 

After spinning, the wafer with the film (e.g. a photoresist) will go through post-spin 

treatments. For a spin-on dielectric, the treatments are complicated and the treatments 

will define the critical film quality, such as porosity. The photoresist treatment normally 

is a so-called “soft bake” process [56]. This bake cannot be done at very high 

temperatures, which will destroy photosensitivity at the exposure step.  The soft bake 

drives out the solvent and enhances adhesion of the photoresist on the substrate. It also 

impacts the exposure process, which will be discussed when the lithography technology 

is reviewed.  
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Physical vapor deposition (PVD) 

 Another deposition technology is physical vapor deposition (PVD). This 

technology is often used for depositing metals. However, it can deposit material other 

than metals. It is called “physical” because the film is not formed by chemical reactions. 

A piece of the material that needs to be deposited is required and called a “target”. 

Normally there are two ways to deposit a target material on a substrate: evaporation or 

sputtering. Because the sputtering tool is not available for this research, electron beam 

(Ebeam) evaporation that is the available will be introduced.  

Vacuum Chamber

Shutter

Crucible 

Substrate

 

Figure 3.3.1-3: Sketch of an Electron Beam Evaporation System 

 The sketch of an evaporation system is shown in Figure 3.3.1-3 [25]. It consists of 

a vacuum chamber, an electron gun, a crucible, a shutter, and a wafer holding 

mechanism. During operation, the vacuum chamber will be pumped down to 10-6-10-7 

Torr. Then the electron gun is activated and the electrons hit the target in the crucible. 

Most targets melt and evaporate. Opening or closing the shutter controls the film 
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thickness. The Ebeam evaporation system is simple and low cost. For a target like 

Aluminum, the deposition temperature is low, which will enable depositing metal on 

organic-based material, like plastic. Therefore, Ebeam evaporation systems are popular in 

academic research labs. However, the evaporator has some weak points as well. The first 

weakness is that the crucible is a point source that has a shadowing effect. A shadowing 

effect means that the evaporation will have poor step coverage. A point source also 

deposits film uniformly. Using a carousel-type wafer holder can reduce the uniformity. A 

Company called CHA Industries makes this type of evaporator [59]. However, the 

mechanic movement will generate particles, which may cause manufacturing defects. The 

second weakness of the Ebeam evaporator is that the film deposited is less dense and 

more susceptible to chemical attack. The third weakness exists for some special targets. 

For example, when depositing Chromium or SiO2, the target does not melt. It is very easy 

for the electron beam to penetrate the crucible. The thickness that can be achieved per run 

is also limited because of the possibility of penetrating the crucible. 

 

Chemical vapor deposition (CVD) 

 In CVD, the reactants (gases) are introduced into a reactor with a diluting gas 

(such as an inert gas like Helium). In the reactor, the reactants are broken into reactive 

precursors. The precursors react on the substrate to form a thin film. The breaking down 

energy normally is either thermal energy or plasma. This former mechanism is called 

thermal CVD while the latter one is known as plasma enhanced CVD or just PECVD. 

Because there are chemical reactions, the CVD is much more complicated than the 
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aforementioned evaporator. However, it allows very good control of the film quality. It 

can deposit conformal film on high aspect ratio structures. In this research, two reactions 

are used for two different films. One reaction is for polysilicon deposition, which is a 

thermal CVD process [32,57].  

(gas)2HSi(solid)(gas)SiH 24 +→    [3.3.1-1] 

The other is for SiO2 deposition, which is a plasma enhanced CVD process [32].  

(gas)2N(gas)2H(solid)SiOO(gas)2N(gas)SiH 22224 ++→+  [3.3.1-2] 

3.3.2 Lithography [56]  

 Lithography is defined as a four steps process that is shown in Figure 3.3.2-1 [25] 
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Figure 3.3.2-1: Sketch of the four steps of lithography [25] 
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The first step exposes a photoresist layer to a pattern. The next step removes the 

exposed photoresist (for a positive photoresist) or an unexposed photoresist (for a 

negative photoresist). Then a patterning step etches the substrate on the areas that are not 

protected by a photoresist. The final step removes the photoresist residue.  

 The photoresist on the substrate helps to determine the results of the lithography. 

The first decision need to be made is the thickness of the photoresist. However, this is 

also determined by the etching step. Etching technology and the etching selectivity 

determine the minimum photoresist thickness. The smallest features to be patterned set a 

requirement of the maximum photoresist thickness. For example, if a 0.8 μm line needs 

to be made, then a 1 μm thick photoresist may be a reasonable choice. If the photoresist is 

too thick, a high aspect ratio photoresist structure needs to be made, as shown in 

Figure3.3.2-2. This is difficult to do. 

w
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H>>w

 

Figure 3.3.2-2: High aspect ratio photo resist pattern 
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Once the photoresist thickness is determined, the development time needs to be 

estimated according to the exposed photoresist-dissolving rate in the developer. The soft 

baking temperature, baking time, and exposure dose control the dissolving rate. A vendor 

of photoresist should provide a correlation among soft bake conditions, exposure dose, 

and development time. Experiments are also needed to find the best recipe. After 

development, the photoresist stands on the substrate as shown in Figure 3.3.2-2. Then an 

etching step will pattern the substrate. 

3.3.3 Patterning (Etching) 

 Pattering technologies consist of lift-off, wet etching, drying etching, ion milling, 

FIB (Focused Ion Beam) cutting, and etc. Lift off is not capable of patterning small 

features. Ion milling needs a hard mask. FIB technology is expensive so that it is 

normally used on deep sub-micron features. In this research etching is the proper 

technology to use. 

 

Wet etching  

 Wet etching does not require expensive tools. It utilizes chemicals in the liquid 

phase to etch materials off. Normally, wet etchings are isotropic and cause undercut 

below photoresist, as shown in Figure 3.3.3-1(a). Anisotropic recipes for crystalline 

substrate are also available. A large amount of the wet etch recipes can be found on the 

Internet by using a search engine [70]. And there are some books also list some wet 

etching methods [30,68]. 
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Figure 3.3.3-1: An isotropic wet etch with undercuts (a) compared to an anisotropic etch 

(b) 

Dry etching 

 This research uses dry etching technology known as reactive ion etching (RIE). 

Fluorine chemicals are used for silicon dioxide etching. During the etching, the glowing 

plasma is generated by radio frequency (RF) energy. There are reactions between the 

substrate and reactive radical. Therefore, RIE is a chemical etching. It also includes ion 

bombardment, which is a physical etching. Therefore, RIE is a combination of chemical 

and physical etching. The chemical etching in the vertical direction is enhanced by the 

ion bombardment, making it anisotropic, as shown in Figure 3.3.3-1(b). Sze also 

mentioned that a higher pressure and/or higher temperatures increase isotropic etching 

while lower temperature and lower pressures increase anisotropic etching [25]. Wolf’s 

book gives a detailed description of fluorine gas etching [31].  

3.4 Laboratory Fabrication Procedure  

The first step of the fabrication procedure is the generation of process a flow sheet 

by the lab user that determines each step. This flow sheet needs to describe in detail all 
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the processes, including the tool settings that he/she wants to use. This sheet should also 

include all the chemicals that will be used in the lab. The flow sheet should be discussed 

with the lab manager and lab engineers. All the tool settings and chemicals should be 

within the lab is capabilities and meet lab safety requirements.  

The second step of fabrication is generating masks.  Mask design is actually done 

in the first step because it needs to fit in with the process flow. In this step, mask images 

are generated in L-edit or AutoCAD. If using L-edit, the mask file will be GDS-II. If 

using AutoCAD, the mask file will be DXF. The files are then sent to a mask writer. 

When the smallest feature in the mask is larger than 8 μm, then the mask will be written 

at ASU. If not, the mask files will be sent out to Photo-Science for printing. 

The third step of fabrication is actually fabricating the sensors in the lab. In this 

step, the lab user needs to fabricate the sensor according to the process flow sheet. 

However, sometimes the flow sheet will turn out to be unrealistic. Some tools could fail 

to operate properly for long periods of time or even become unavailable. Therefore, the 

design and the flow sheet and even the masks will be updated during fabrication. Once 

the flow sheet needs to be changed, a revised flow sheet needs also requires approval 

from the lab management. 

3.5 Three-mask process design and fabrication 

A three-mask process design and flow sheet was first proposed to the ASU 

CSSER cleanroom and it was approved. This first design is similar to the design that was 

submitted to American Semiconductor Inc. for fabrication. To make a sensor that can be 

readily used for real-time monitoring in the semiconductor process line, silicon and 
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silicon dioxide are the only bricks available to build the building because of 

contamination concerns. A simplified sketch in Figure 3.5-1 shows the steps in the 

fabrication process.  

(a)

(b)

(c)

Poly Si deposition

Poly Si patterning

SiO2 deposition

Etching the contact holes

Forming titanium silicide

Etching sensor trench

(d)

(e)

(f)

 

Figure 3.5-1: The three-mask process design 

Polysilicon deposition 

 Polysilicon functions as the electrodes in this design. To achieve good sensitivity, 

the electrode quality is critical. In this design, the polysilicon thickness is 1 μm and its 

resistivity must be 0.01 cmΩ ⋅  or smaller to decrease serial parasitics. First, the fused 

silica wafers need a clean process [63]. The piranha clean solution consists H2SO4 (97 %) 

and H2O2 (30%). The volume ratio of these two chemicals is 2:1. The operation 

temperature is 130 °C. After a piranha clean is a BOE (buffered oxide etch) dip and a DI 

water rinse. After that all organic contaminations are removed. The fused silica wafers 
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were transferred to the diffusion tube for polysilicon deposition. At this time, several 

silicon wafers are also loaded with the fused silica wafer as dummies. These silicon 

wafers can be used to calibrate the process. Measuring polysilicon thickness on the fused 

silica wafer will be a challenge. However, measuring polysilicon thickness on a silicon 

wafer is an already developed technology.  

The first polysilicon deposition failed when all fused silica wafers cracked. The 

cause of this cracking was the temperature shock when the wafers were pushed into the 

tube. Therefore, a different recipe was proposed to decrease the idle temperature and 

slow temperature ramping during the operation. After changing the recipe, the deposition 

was successful. After polysilicon deposition, the polysilicon thickness was measured on a 

dummy wafers between 1.10-1.25 μm [61,62], which meets the design requirements. 

Then the fused silica wafers were transferred to a solid source doping process. The 

principles of this process are shown in Figure 3.5-2.  
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Figure 3.5-2: A sketch of the solid source doping operation 

The source wafers made of the doping material (e.g. phosphorous) seated in the 

tube with the wafers that needed to be doped. The tube was heated to over 1000 °C so 
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that the dope atoms could diffuse into the polysilicon. Furthermore, only one side of the 

fused silica wafers needed doping. This way, one solid doping source can dope two target 

wafers. 

 

Polysilicon patterning 

 All the polysilicon will be removed except the areas that are used for the sensor, 

connection lines, and contact pads. This is a prime example of the “ waste” of materials 

caused by the semiconductor process. The remaining area may not account for 1 % of the 

area that is deposited.  

 The first layer to be removed is the polysilicon layer on the back of the fused 

silicon wafer. This layer of polysilicon is not a part of the sensor and will cross talk with 

the sensor on the front side if not removed. In this step, a Reactive Ion Etcher (RIE) is 

used to etch the polysilicon. There are two gases available to etch the polysilicon: SF6 

and CF4. SF6 etching is faster. However, when etching fine structures, this aggressive gas 

usually undercut the polysilicon. CF4 etching is slower, but it causes much less undercut. 

Because this etching step does not produce small structures (etching the whole blank 

polysilicon layer), the aggressive gas SF6 was chosen to do the etching.  

But before SF6 process, one more step must be done. Because SF6 was supposed 

to etch the polysilicon, there is a layer of phosphorous oxide on top of the polysilicon. 

The phosphorous oxide comes from the solid source doping. Hydrofluoric acid (HF) or 

Buffered Oxide Enchant (BOE) can remove this layer. If the SF6 process is performed 

right after the dilute HF or BOE etching, then it will etch the polysilicon. But if the wafer 
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sits in the cleanroom long enough, the SF6 does not etch the polysilicon correctly. The 

reason for this is that the silicon dioxide grows on the polysilicon. If this occurs, then 

another dilute HF or BOE process is needed to remove the oxide layer. Others may just 

add an oxide punch-through process before the SF6 process during the RIE etching. The 

idea is to use CF4 etching to remove the oxide and then switch to SF6 gas to etch the 

polysilicon. A 1.10-1.25 μm thick polysilicon layer can be easily removed within 10 min 

in the SF6 process.  

 Patterning the front side of the polysilicon is more complicated. The sensor area, 

connection lines, and contact pads need to remain on the wafer after etching. This is 

accomplished by using lithography technology. A positive photoresist is spun onto the 

polysilicon. An EVG 620 aligner performs the UV exposure. An AZ 300MIF developer 

was chosen to develop the photoresist after exposure. After development, the wafer was 

rinsed with DI water and then hard-baked for 5 min at 130 °C.  At this point, the 

photoresist that was not exposed to UV rays remained on the wafer and the wafer is ready 

for the etching process. After etching, the remaining photoresist must be removed. Two 

methods have been tried to accomplish this. One is using an AZ 400T photoresist 

stripper. At normal operation conditions (15 min at 70 °C), the photoresist residue cannot 

be completely removed. At extreme conditions (10 min at 130 °C), the photoresist 

residue can be removed. However, after more than 10 min at this temperature, the 

degraded chemical will deposit on the wafer. The second and best way to treat organic 

residue is a piranha clean. 
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Oxide deposition 

 Silicon dioxide deposition is never an easy process because the sensor requires 2-

3 μm thick of oxide. There are two kinds of tools that are available for oxide deposition: 

an Ebeam Evaporator or Plasma Enhanced CVD.  

 Using the Ebeam deposits the silicon dioxide is not a standard process in most 

cleanrooms since the tool is designed mainly for metal deposition and not for silicon 

dioxide deposition. The first issue with this process is that there is no target commercially 

available. The solution is to buy very pure fused silica rods and break them into small 

chunks. The second issue is that the fused silica does not melt. This property causes 

operational issues because the fused silica targets available are either little powders or 

small pieces of rods. None of these materials can be packed into a crucible with high 

density. Because the silica does not melt, the Ebeam can drill a hole into the fused silica 

and then punch through the crucible easily. Experiments indicated that the Ebeam drilling 

speed is much slower in the small rods than in the fine powders. However, to deposit a 3 

μm thick layer of oxide, one rod is definitely not enough. There must be someone 

standing in front of the machine and watching the deposition, and can move the beam 

from one rod to another. Since the Ebeam generates a very bright light on fused silica, a 

special safety glass was used to block the radiation. Then evaporation of the fused silica 

became possible. However, one issue still needs to be solved before this technology can 

be used.  

The fused silica vapor not only deposits on the fused silica wafer, but also 

deposits everywhere in the chamber. However, it does not stick to the chamber wall. 
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Experiments indicated that if the deposition thickness was larger than 200 nm, there 

would be a high risk of generating fused silica flakes. There are at least two shortcomings 

of silica flakes. One is that the deposited film only has decent quality in the first couple of 

runs. After that, the particles can be found on the deposit film. The chamber is very dirty 

because of the flakes’ peeling off. The other problem is that the roughing pump failed 

after a few runs. The fused silica flakes damaged the pump because they are very 

abrasive. The roughing pump needed to be rebuilt.  

Fortunately, this silica flake issue can be carefully dealt with. A TorrVac Ebeam 

evaporator was found to be the best tool to try this fused silica evaporation. This machine 

has neither a carousel nor a spin disc which is normally used in the Ebeam machine. It 

was designed in such a way that a set of Aluminum Shields can be easily set up in the 

chamber. After every run, the Aluminum Shields were taken out and replaced by new 

ones. Because there is no carousel or spin disc design in this machine, there will be no 

movement during deposition, which minimizes the production of flakes. However, the 

deposited film thickness will not be uniform.  

The silicon dioxide deposited by the Ebeam is not dense. Densification normally 

follows the Ebeam deposition. There are two ways to perform the densification. One way 

is an annealing process below 750 °C. This process will only physically change the film 

to a denser film. The other method involves heated up to 750 °C or higher. After this high 

temperature annealing, some properties of the deposited oxide film can be close to 

thermally deposited SiO2 [66,67]. The densification temperature should not be too high 

because the doped atom will diffuse faster at higher temperatures. Redistribution of 
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doped atoms should be avoided in the densification process. In this research, as long as 

the deposit film does not have long pinholes, the densification process should be avoided. 

The reason for this is the deposited film cracking. One reason that leads to cracking is the 

high step features cannot be covered in Ebeam deposition. A sketch of this issue is shown 

in Figure 3.5-3. The patterned polysilicon creates a step on the wafer, and this step 

generates a void (point 1 in the figure) because of the shadowing effect mentioned earlier. 

The void along did not cause cracking. The large film thickness generates large stress at 

the film interface where void exists after the heat treatment because of the different heat 

expansion coefficients. Therefore, the film cracks after the heat treatment as shown in 

Figure 3.5-4 (point 1 in the figure is the interface between polysilicon and oxide). 

Furthermore, an Ebeam oxide layer without densification may have reliability issues. The 

sensor will have a relatively short life. 
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Figure 3.5-3: A sketch of the shadowing effect in Ebeam evaporation 
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Figure 3.5-4: A crack at the polysilicon and oxide interface 

 Using Ebeam oxide has some processing and property issues. Therefore, using a 

plasma enhanced CVD to deposit oxide is another option. There are pros and cons to this 

process as well. Using PECVD to deposit oxide is a standard process at ASU. The film 

quality is also much better than Ebeam oxide. However, the CVD tool available at ASU 

is not design for thick oxide deposition. The deposition rate is normally lower than 1 

angstrom/sec. The maximum run time defined in the standard recipe is 9999 sec [60]. 

This means that the maximum thickness is about 900 nm and depends upon the operation 

parameters.  

For the first attempt at depositing the oxide film, several single consecutive runs 

are tried. The results were not promising because of one particle issue. The particles 

deposited during oxide deposition caused the sensor to short circuit. To fabricate a 

functioning sensor, the particle deposition must be minimized. To solve the particle issue, 
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the cause of the presence of large amounts of particles in oxide deposition must be found. 

Research discovered that the problem was the CVD machine. Not only the way it 

operates, but also the design of the machine, generates particles. A sketch of the CVD 

machine is shown in Figure 3.5-5.  
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Figure 3.5-5: A sketch of the CVD system 

The CVD has a water chilling system to cool down the chamber during the 

operation. Plasma is generated at the top of the chamber. The silicon dioxide or silicon 

nitride could be deposited on the wafers depending on what gases and recipes are in use. 

During the operation, the chamber was operated at 30 °C and the wafer stage at 300 °C. 

The film deposited on the wafer is high quality, but the film deposited on the chamber is 

low quality. After deposition, a layer of loose film material covers the chamber. This 
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layer of material should be removed before it falls. However, as mentioned before, this 

machine is not designed for thick layer deposition. The chamber has a wafer transfer 

system and the chamber itself cannot be opened frequently. Routine chamber cleaning is 

arranged every two months.  

When the machine is used to deposit 3 μm of silicon dioxide film. The operation 

required by the standard recipe is separated into three runs. Each run will have a wafer 

transfer operation. During the wafer transfer, the loose film falls on the wafer and is 

incorporated into the oxide film. Some modifications of the operation were performed in 

an effort to fabricate better film. One possible change is to modify the recipe. The 

proposed recipe changed the three separate runs into one longer run. Unfortunately, this 

recipe is unacceptable at ASU because of safety issues. However, they did approve 

continuing the deposit of a 2 μm silicon dioxide film. This can only be done twice. At the 

same time, research also shows that increasing the chilling water temperature to 40 °C 

also helps reduce particles. Then the chamber is opened and cleaned. After the chamber is 

reassembled, the chilling water temperature was set at 40 °C and the continuing run 

provides two wafers. In the meantime, a service request was sent to MEMS exchange to 

deposit 3 μm of silicon dioxide film. However, they also fail to provide wafers free from 

particles. Figure 3.5-6 shows one wafer from MEMS exchange. This figure shows that a 

thick silicon dioxide layer deposition is not a standard process and that a special recipe is 

needed to achieve high quality film. 
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Figure 3.5-6: Silicon dioxide wafer from MEMS exchange 

 

Contact pads fabrication 

 Contact pads are needed to make electrical contacts. When the voltage signal is 

pumped into the sensor, the current signal can be measured during sensor operation. To 

prevent damaging and contaminating the sensor trench, the pads need to be fabricated 

before the final trench etching. Several processes are needed to fabricate the pads. These 

are lithography, etching, metal deposition, and rapid thermal anneal (RTA) process. 

During lithography, the mask of the pad opening needs to align to the polysilicon pattern. 

After lithography, the wafer will be etched in the RIE machine. The TiSi2 will be formed 

after etching. TiSi2 is used to decrease the contact resistance (one of the parasitics) when 

wire bonding is used to make the electrical contact.  

TiSi2 can be produced in two ways. One way is through depositing Ti on silicon 

and using a rapid thermal annealing (RTA) process to form TiSi2. The other way is 
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through sputtering TiSi2 directly. Since no sputter was available, the first method was 

tried in this research. The Ebeam evaporator was used to deposit Ti. The challenge of this 

method is the rapid thermal anneal process [43]. The rapid thermal process causes oxide 

cracking because of the un-matched thermal expansion coefficients and outstanding oxide 

layer thickness. Therefore, the wire bonding idea was replaced by a silver epoxy contact. 

This way, small contact resistance is achieved. 

 

Trench patterning 

Lithography technology was used for trench patterning. But unlike the 

polysilicon-patterning step, this lithography step includes patterning photo resistance into 

2-3 μm wide lines. Patterning 2-3 μm wide lines of photoresist may not be difficult in 

most standard CMOS processes. The challenge is that the photoresist needs to survive 

after 3 μm of silicon dioxide etching. As mentioned before, a photoresist selection and 

lithography recipe needs development. There are two different recipes that can be used. 

One uses CF4/O2 gas to etch SiO2 and polysilicon. The other first uses CHF3/Ar to etch 

SiO2 and uses polysilicon as an etching stop layer, and then switches to CF4/O2 or SF6 

etching to etch the polysilicon. The first recipe is easy for etching, but causes a challenge 

during lithography. The CF4/O2 recipe etches photoresist almost three times faster than it 

etches oxide. An AZ 4620 photoresist was chosen to do the work. However, patterning a 

2-3 μm wide and 8 μm deep photoresist structure is very difficult. So a two-step etching 

recipe was selected. A standard CHF3/Ar recipe etches photoresist as quickly as oxide. 

Therefore, the photoresist thickness is reduced to 3.5 μm. AZ 4330 was chosen to do the 
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work because it can create a 3.5 μm film at a standard spin recipe (500RPM spread and 

5000RPM spin). However, the challenge of patterning the photoresist film remains. To 

solve the problem, two approaches were taken.  

The first approach was to try to spin faster to bring down the thickness, since it is 

easier to build small features on a thin photoresist film. The other approach was to change 

the standard etching recipe to increase etching selectivity in an attempt to make the 

oxide-etching rate faster than the photoresist-etching rate.  To spin an AZ4330 thinner is 

not easy; the photoresist thickness still equals 2.7 μm when the spin rate reaches the 

maximum speed (8000RPM). Therefore, one recipe was developed to deal with this 

problem and it is a two-step process. In the first step, the photoresist will be patterned as 

deeply as possible. In the second step, the sample is put into the RIE chamber. Then an 

oxygen plasma is used to etch the photoresist down as shown in Figure 3.5-7.  
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Figure 3.5-7: A sketch of plasma etching of the photoresist 

Although this method proved effective, the overall photoresist thickness 

decreased and the shape of the photoresist lines became irregular. Therefore, this recipe 

can only be used when other methods have failed. Fortunately, the RIE recipe changes 

generated good data. When the CHF3/Ar ratio is adjusted to 10, the etch rate on the 

photoresist is one third of the etch rate on the oxide. According to an OCG 825 
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calibration curve (see Figure 3.5-8), the OCG 825 photoresist can now be used instead of 

an AZ 4330.  
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Figure 3.5-8: OCG 825 photoresist calibration curve 

Therefore, a standard OCG 825 recipe was used (500RPM spread/ 5000RPM 

spin) with a photoresist thickness of about 1.1 μm. The UV dose was 100mJ/cm2 on the 

EVG 620 aligner [65]. The development times 45 sec in the OCG 936 developer at 30 

°C. With these settings the 2 μm wide photoresist lines are patterned successfully. The 

RIE etching recipe is shown as follows [64]: 

Table 3.5-1: The Oxford RIE setting for trench etching 

CHF3 flow rate 50 sccm 

Ar flow rate 5 sccm 

Chamber pressure 30 mTorr 

RF 200 Watt 
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During the etching, the DC bias was recorded as 73 volts, and the reflection 

energy was 0 Watts. After etching, the alpha stepper was used to measure the thickness 

found to be 2.8 μm. This indicated that the photoresist was almost etched through, but the 

Oxide layer was only etched to less than 10 % of the thickness, which is acceptable. 

Therefore, the entire three-mask process was accomplished successfully. 

3.6 Single-mask process design and fabrication 

 Although the three-mask design was successful and fabrication is possible, there 

are too many masks and process steps involved and the cost of fabrication is too high for 

just making one sensor. Fabrication time is also very long, and this issue was made worse 

by the tool availability issue. This made making the design simpler without sacrificing 

the sensitivity an important issue. Also important is the quantity of sensors that can be 

made in a reasonable amount of time at a specific cost. 

 A new design was proposed to simplify the sensor. This design uses only one 

mask. The procedure proposed is shown in Figure 3.6-1. The electrode’s chromium layer 

is deposited on a fused silica wafer by an Ebeam evaporator. The PECVD is used to 

deposit 2-3 μm of oxide on top of the Cr layer, as shown in Figure 3.6-1a. After 

patterning the photoresist, as shown in Figure 3.6-1b, silicon dioxide is etched using an 

RIE tool.  Since the photoresist is thin (1 μm), the recipe needs to be the special recipe 

mentioned earlier, such that the photoresist etch rate is kept much slower than the oxide 

etch rate. After the RIE step shown in figure 3.6-1c, the electric contacts are opened. 

Immersing the entire contact area into the BOE opens the contacts. BOE is added to the 
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highest contact level, as shown in Figure 3.6-1d.  After the wafer is processed, the 

contacts to thicker wires are made using silver epoxy. 
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Figure 3.6-1: Sketch of the different fabrication stages of the ECRS on a wafer 

This process is much simpler than the three-mask process. However, the concern 

is that the parasitic will be larger. The reason for this is that the two different designs 

have different connection lines as shown in Figure 3.6-2.  
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Figure 3.6-2: A sketch of different parasitics for different connection lines  
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The single mask design will generate a parallel parasitic resistance. If this 

resistance is too small, it can decrease the total parallel parasitics phenomenally, which 

will decrease the sensitivity of the sensor. In fact, a simple test was done to test the risk of 

this happening even before completing the fabrication. A simple device as shown in 

Figure 3.6-3 was fabricated for this purpose. The device was put into water and immersed 

to the dashed line. The impedance was tested to be 2-3 MΩ in the water. Therefore, the 

design needs to prevent this parallel impedance from hindering the sensitivity. 
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Figure 3.6-3: A sketch of a simple device to test parasitics 

3.7 Summary 

 In this chapter, a sensor-on-wafer configuration was developed. This design can 

be used in the semiconductor fab without packaging contaminations. The methods to 

minimize the parallel parasitics were developed. A fused silica wafer was used instead of 

a silicon wafer. The connection lines were placed far apart from each other.  
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A three-mask design was fabricated. Slow loading and temperature ramping 

recipe was developed in thermal processes to protect the silica wafers from rapid 

temperature change. The method for depositing oxide by using Ebeam evaporator is 

developed. A CVD recipe was also developed for deposit oxide. The particles generation 

was minimized during the operation. The conductive epoxy replaced the wire bonding to 

avoid a RTA process. The method of patterning a trench (3 μm deep and 2 μm wide) in 

silicon dioxide is developed. To decrease the cost and shorten the fabrication time, a 

single-mask design was developed. The sensor was fabricated successfully based on the 

recipes developed in the three-mask design fabrication. 
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CHAPTER 4. APPLICATION OF THE SENSOR AND EXPERIMENT 
CALIBRATION 

Rinsing patterned wafers during semiconductor manufacturing is a complex 

process. Removal of the cleaning chemicals from the wafer surface involves 

adsorption/desorption, diffusion and convection.  Any one of these mechanisms can be a 

bottleneck of the rinsing process. To facilitate investigation and real-time monitoring of 

the rinsing and drying of high aspect ratio features, an electrochemical residue sensor 

(ECRS) was developed and a prototype manufactured. Experiments were conducted on 

both the Fab-scale and Laboratory-scale to test the prototype sensor’s capabilities in a 

realistic setting. 

4.1 Fab-scale experiments 

Objective of the ECRS is to monitor the rinse process and develop new rinsing 

recipes and tools. Therefore, it is important to test the sensor in an industrial rinse facility.  

4.1.1 Experimental set-up and procedure 

A single-task wet bench at a Freescale fab was provided to test the sensor. The 

wet bench has one chemical tank, in which the sensor was challenged with a chemical 

and one quick dump rinse (QDR) tank used to evaluate the rinse process, as shown in the 

Figure 4.1.1-1. It also has an automatic controller. Using the controller, the operations of 

the wet bench can be programmed with specific recipes. The controller also has a 

“debug” mode which allows manual control of the tank. The QDR tank (rinse tank) also 

has a resistivity monitor that can measure and display the tank resistivity. The flow rate 
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of the rinse water can be controlled manually by adjusting the two values at the back of 

the wet bench. However, the flow rate cannot be varied during the rinse. During the 

operation, the wafers are loaded in a cassette and transferred from the chemical process 

tank to the rinse tank by a robot arm.  In this experiment, the sensor-on-wafer is mounted 

on the robot arm with a single wafer holder instead of the whole cassette of wafers. 

Figure 4.1.1-2 shows the prototype sensor during rinse.  

 

 

Figure 4.1.1-1: Sketch of single task wet bench at a Freescale Fab 

 

 

Figure 4.1.1-2: Pictures of sensor-on-wafer in the rinse tank 
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Some modifications of the operation are necessary in certain experiments. For 

example, when certain chemicals could not be discharged into the drain, a glass beaker 

was used instead of a chemical tank to hold the challenge chemical, as shown in Figure 

4.1.1-3.  

Big Beaker
Robot Arm

Chemical Process Tank

 

Figure 4.1.1-3: Pictures of chemical process tank modification used for chemicals that 

cannot go to the drain directly. 

The experimental procedures consist of the following steps: 

A. Sensor positioning and chemical process tank leveling 

1. Fill the chemical process tank with ultra-pure water (UPW) to 2/3 of the 

tank volume. 

2. Pour the chemical into the tank. 

3. Mount the sensor on wafer to the robot arm. 

4. Run the rinse tank in overflow mode. 
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5. Adjust the wafer holder so that the wafer is immersed halfway into the 

UPW (see Figure 4.1.1-2). 

6. Move the robot arm to put the sensor wafer into the chemical process tank. 

7. Flush UPW to a level 1 inch below the middle of the wafer. 

B. Automatic controller setting 

1. Set the chemical process time (PT). 

2. Set the finish time (FT), which is how long the sensor will stay in the rinse 

tank. 

C. Flow rate setting 

1. Adjust the manual valves (2 of them) at the back of the wet bench. 

2. Dump the rinse tank and close the dump door. 

3. Start the flow and record the residence time (RT) to fill the rinse tank. 

D. Rinse 

1. Turn on the controller to start the process. 

2. Record the readings from the resistivity meter. 

4.1.2 Results and discussion 

Capabilities of ECRS 

Typical examples of the temporal profiles of sensor output (trench impedance) 

during the rinse processes are shown in Figures 4.1.2-1 and 4.1.2-2.  The results show 

that the sensor has a very good dynamic response and can provide, with adequate 

resolution, the profile that represents the kinetics of the cleaning of the trench during 

rinsing.  
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Figure 4.1.2-1: 0.09% hydrochloric acid rinse (process time 4 min) 

0.42 % H2SO4, flow rate 19.2 gal/min, process time 4 min
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Figure 4.1.2-2: 0.42% sulfuric acid rinse (process time 4 min) 
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Figures 4.1.2-3 shows the ECRS readings after the rinse water stops flowing.  The 

results show that the sensor is very sensitive to trace levels of carbon dioxide dissolving 

into water after the rinse flow stops.  Even after a few seconds, the sensor readings show 

a significant impedance drop due to CO2 invasion. 

0.09 % HCl, flow rate 19.2 gal/min, process time 2 min

Time (sec)

M
ag

ni
tu

de
 o

f I
m

pe
da

nc
e 

(k
Ω

)

0

50

100

150

200

250

300

350

0 200 400 600 800 1000

Run3
Fit

 

Figure 4.1.2-3: 0.09% hydrochloric acid rinse (process time 2 min) 

By comparing Figures 4.1.2-1 and 4.1.2-2, the difference in rinsing behavior 

observed by the sensor for two different chemicals, H2SO4 and HCl could be evaluated. 

The sensor successfully detects the difference between the cleaning of these two 

compounds. The rapid rise of the impedance for HCl, followed by a flat slop indicates a 

rapid clean up of this residual impurity during the early stages of the rinse. However, 

H2SO4 takes much longer to rinse off and remove from inside of the microstructures, as is 

evidenced by the slower initial rise and the subsequent slow convergence to a final value. 
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This is expected and is indicative of the stronger interaction of sulfuric acid with the 

surface and hence longer time required for its rinse. These results represent the very first 

direct and real-time measurements of the dynamics of residual impurity from patterned 

wafers; the chemical specificity of the output is particularly impressive and very 

important for the overall process metrology and control. 

 

Examples of ECRS application 

To demonstrate the usefulness and potential applications of the ECRS, 

experiments were conducted to utilize the sensor for understanding the mechanisms and 

kinetics of the rinse steps and to analyze the effect of process parameters on rinse 

optimization. 
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Figure 4.1.2-4:  0.06% ammonium hydroxide rinse (process time 4 min) 
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Figure 4.1.2-5:  0.16% hydrogen peroxide rinse (process time 4 min) 

The temporal profiles of ECRS during all rinse experiments, as shown from 

Figure 4.1.2-1 through Figure 4.1.2-5, clearly indicate the presence of two regions in 

terms of speed of clean up.  In the early stages of the rinse, the contamination is removed 

quickly. Therefore, the impedance increases quickly. During the later stages of the rinse, 

the rate limiting step is the desorption of the chemical from the sidewall and removal 

from the trench structure. Therefore, the contamination removal is slow and the rinse 

curves level off. 

One of the key process parameters is the flow rate of the rinse water. Most recipes 

for rinse processes use water flow rates based on either tool manufacturer specifications 

or past experience. None of these are based on the characteristics of the specific 

processes used at a location; often the flow rate used is vastly over-specified, just to be on 

the safe side. However, the data obtained during the tests at Freescale’s fab show that a 
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higher flow rate does not necessarily mean a faster cleaning. Figure 4.1.2-6 shows the 

rinsing of sulfuric acid with different flow rates. After 400 s, the impedances observed in 

the two experiments are the same. However, for times shorter than 400 s, the slower flow 

causes a slower impedance increase. This result implies that the early stage of the rinse 

process is affected by transport (including diffusion and convection). However, the later 

stage depends on surface reaction, and the rinse water flow speed is unlikely to help 

sulfuric acid removal from the oxide. This is why higher flow rate experiments have 

same response as lower flow rate experiments after 400 s.   
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Figure 4.1.2-6: 0.42% sulfuric acid rinses at different flow rates 

Combining the results on the mechanisms of rinse and the effects of flow rates 

proves that a larger flow rate is only useful for the early stages of the rinse process. These 

results suggest the hypothesis that if the rinse flow rate can be adjusted during the rinse 

process, then a lot of water can be saved by using a higher flow rate at the early stage of 

rinse followed by a lower flow rate during the remaining part of the rinse process.  
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The sensor was also used to observe the effect of the cleaning chemical solution 

exposure time. The impact of the process time on the rinse is complicated. In Figure 

4.1.2-7a, the two processes do not show much difference; but in Figure 4.1.2-7b, two 

curves show a difference. 
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Figure 4.1.2-7: Process time impact on the rinse process 
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The complication of the rinse process arises because there are three removal 

mechanisms: the desorption from the oxide surface, diffusion and convection. When the 

diffusion or the convection become the bottleneck of the process. The impact of the 

process time will not be seen and is not important. 

The impact of the initial concentration is exaggerated when the sensor is 

challenged with a concentrated cleaning solution.  This is shown in the Figure 4.1.2-8. In 

this experiment, a very high concentration of acid (97% H2SO4) was used to increase the 

initial surface contamination. Compared to the 0.42 % H2SO4, the concentrated sulfuric 

acid cannot be rinsed off even after 900 seconds of rinse. The results demonstrate that the 

initial surface loading is quite important. The more the loading, the more difficult the 

cleaning. 
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Figure 4.1.2-8: 0.42 % sulfuric acid rinsing versus 97 % sulfuric acid rinsing 
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Since the rinse tank normally takes a cassette of wafer per batch instead of just a 

single wafer, it is very important to know the difference between a single wafer and a 

multi-wafer batch operation. Experiments with a two-wafer setup were performed to 

investigate the difference. In the single wafer setup, the sensor directly faced the bulk of 

water in the tank.  But in the two-wafer setup, the sensor only directly faces the water in 

the gap between adjacent wafers (shown in Figure 4.1.2-9). 
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Figure 4.1.2-9: Sketch of the configurations for single wafer and two-wafer experiments. 

Since convection is very slow inside the gap between wafers, the sensor is 

primarily interacting with the water in its proximity.  The chemical concentration in the 

water close to the sensor determines the chemical transport rate and direction. Therefore, 

this sensor can measure the local concentration information between the wafer gaps.  

Figure 4.1.2-10 compares the two-wafer setup experiment data with that of the single-

wafer setup data.  The results show that the cleaning of trenches is delayed because of 

local high concentrations due to the slow convection. The final impedance of the single-

wafer setup is lower than that of the two-wafer setup. This is because dissolved CO2 can 
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easily reach the single wafer surface, but not the wafer gap. The results prove the 

capability of this sensor to provide local concentration information inside the wafer gap. 
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Figure 4.1.2-10: Rinse out dilute H2SO4 solution (50 ml H2SO4 in 14 gallons of water).  

The curves labeled single 02 and single 03 are the impedance data from single-

wafer setup (see Figure 4.1.2-9).  The curves labeled two-wafer 02 and two-wafer 03 

curves are the impedance data from the two-wafer setup (see Figure 4.1.2-9).  The curves 

labeled TRP reading are the data from the resistivity probe at the tank outlet. 

4.2 Laboratory-scale experiments 

A rinse system was setup at the University of Arizona. This system was used to 

calibrate the sensor and investigate the operation parameters in the rinse process, such as 

temperature.  
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4.2.1 Calibration of the sensor 

 The estimations of the sensor performance during the sensor design are 

preliminary. Sometimes, the reality is very difficult to predict and fabrication cannot be 

made exactly as the design. For example, the electrode layer was designed to be 100 nm, 

but it could be made to be 110 nm. Therefore, the actual sensor may behave differently 

from the design. Calibration of the sensor is very important. It shows the capability of the 

sensor and correlates the trench impedance to the concentration, which is the desired 

information.  

4.2.1.1 Experiment 

The experimental set up for the calibration is shown in Figure 4.2.1.1-1.  

 

Figure 4.2.1.1-1: Pictures of sensor-on-wafer during rinse 

This setup consists of a hot plate with magnetic stirring, a total conductivity 

probe, a thermal couple, and a beaker. Sulfuric acid was used to adjust the ionic 
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concentration. This sulfuric acid is prepared just before the experiment with a pH value 

of around 2. The experiments started at a low ionic concentration. Small amount of 

sulfuric acid was added to the UPW by using a pipette (10-100 ul). Then the sensor and 

the total conductivity were put into the solution. After the conductivity probe reading 

reached a stable value, this value was recorded and the sensor reading was 

simultaneously transferred to a computer by a precision LCR meter. After the data 

recording, more sulfuric acid was added in the solution, and the same procedure was 

followed to obtain more data points.  

4.2.1.2 Results and Discussion 

The calibration curve of the sensor was plotted in Figure 4.2.1.2-1. It shows an 

“S” shape.  
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Figure 4.2.1.2-1: Calibration of the sensor in sulfuric acid solutions (Magnitude of 

Impedance vs. Conductivity) 
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 When the conductivity decreases from 1000 μS/cm, the magnitude of impedance 

increases. This is because when conductivity decreases, the resistance of the solution 

increases, which causes the impedance increase. When the conductivity decreases below 

the 10 μS/cm, the magnitude of impedance ramps up quickly. This behavior works well 

for the sensor design because it is designed in such a way that its sensitivity is higher at 

low conductivity ranges. However, when the conductivity continues to decrease, the 

impedance increase slows down. This is an unexpected result and needs to be 

investigated. To do so, the calibration curve is plotted in a special way, as shown in 

Figure 4.2.1.2-2, to assist investigation.  
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Figure 4.2.1.2-2: Calibration of the sensor in sulfuric acid solution (one over magnitude 

of impedance vs. conductivity) 

 When conductivity is not too high, the phase angle of impedance is larger than     

-20°. This indicates that the impedance is close to the resistance. Therefore, the one over 
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impedance will be proportional to the conductivity because one over resistance is 

proportional to the conductivity. Figure 4.2.1.2-2 shows the linear relationship between 

these two variables. However, when conductivity is below 1 μS/cm, the linear relation is 

broken. The reason why the linearity is broken must be found because it has a significant 

impact on the sensor design.  

 That one over resistance is proportional to the conductivity cannot be violated 

because it is a fundamental relationship in nature. Therefore, the only possible 

explanation is that the conductivities differ greatly from inside the trench to the bulk 

solution. The advantage information of this phenomenon is that the sensor detecting the 

local conductivity inside trench, which is preferred. The disadvantage of the phenomenon 

is that the calibration curve plotted in Figure 4.2.1.2-1 cannot be used for a solution that 

has low conductivity. The calibration curve in pure water needs to be generated by 

theoretical simulation.  

 There is another issue of the calibration curve at the low conductivity range. At 

the end of a rinse of hydrochloric acid, as shown in Figure 4.1.2-1, the magnitude of 

impedance is below 300 kΩ; however, the calibration curve predicts that it is larger than 

300 kΩ. The reason for this is that a large diffusion barrier exists in the calibration 

experiments. This will only affect the experimental results at low conductivity ranges 

where the ionic concentration is quite low. This is also the reason why commercial 

conductivity cells used at low concentrations are flow cells 
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4.2.2 Effect of temperature on the rinse process 

 Temperature is a very important operational parameter in the rinse process. A lot 

of researches reported that high temperature rinse enhance rinse efficiency. But no one 

has given a temporal curve showing the effect of temperature. ECRS was able to provide 

this type of measurement at the first time.  

4.2.2.1 Experimental setup  

Although a tool with a wide range of temperature controls for rinse water was not 

available at Freescale, a simple system was setup at the University of Arizona to 

investigate the impact of temperature on the rinse process. Figure 4.2.2.1-1 shows the 

sketch of the setup. 

Stirring plate 

Magnetic bar

Temperature controller

Heat exchanger

UPW

Sensor
Outlet

 

Figure 4.2.2.1-1: Sketch of rinse facility with temperature control 
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This setup is the same as the setup for the calibration of the sensor except that it 

has a heat exchanger on the UPW inlet line. Therefore, the operation is different. The 

experimental procedures consist of the following steps: 

A. Water temperature setting. 

1. Open the UPW value. 

2. Start the magnetic stirring. 

3. Turn on the heat exchanger. 

4. Adjust the temperature setting on the controller. 

5. Adjust the UPW flow rate to achieve a stable water temperature. 

B. Put the sensor in the beaker and rinse it for 1 hour. 

C. Take the sensor out, using a pipette to put contamination (such as sulfuric acid) 

onto the sensor. Then wait a preset process time. 

D. Place the sensor back in the rinse beaker and record the impedance by using a 

LCR meter. 

E. Turn off the system after finishing the experiments (Always turn off heating first, 

wait till every part of the system cools down, and then turn off the water flow 

last). 
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4.2.2.2. Results and discussion 
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Figure 4.2.2.2-1: The effects of temperature on the rinse process 

Figure 4.2.2.2-1 shows the effects of temperature on the dynamics of the rinse 

process. The temporal profile of the residual impurity concentration detected by the 

sensor shows the extent of increase in the clean up process due to the increase in 

temperature. The primary effect is during the late stages of the rinse process where higher 

temperatures give very flat or nearly zero slope, indicating that the rinse process is 

essentially complete. This is due to a higher rate of desorption of sulfuric acid from the 

oxide surface in the microstructures at the early stage. The lower final value of the 

impedance for the higher temperature is the result of the lower resistivity of UPW at 

higher temperatures  
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4.3 Operation of the sensor 

The operation of the sensor is an important aspect of its use. The sensor is 

designed to operate at 1 kHz. However, the optimum operational frequency may be at 

500 Hz or 2 kHz because of fabrication variations. Therefore, the best operational 

frequency should be tested for every sensor.  

Another important operation parameter is the operational voltage. The voltage is 

very important because it also determine the signal/noise ratio. Theoretically, high 

voltage is preferred. However, high voltage could also damage the sensor, as shown in 

Figure 4.3-1. 

 

Figure 4.3-1: The current damaged sensor 

After operating at 1 voltage for two days, the sensor’s reading suddenly increases 

to a higher level, which indicates sensor damage. The damages in Figure 4.3-1 are 

located at the root of the sensing lines where the current is the largest. This evidence 

made the current damage the most possible cause. However, to prove it, the same sensor 
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was put back in the chemical for long time. More damage cannot be found after the long 

chemical exposure. Therefore, the high current is believed to be responsible for the 

damages. Then the operational voltage was decreased to 5 mv (millivolts) to protect the 

sensor. However, the rinse curves recorded became noisy at this voltage, as shown in 

Figure 4.3-2. Therefore, more research was performed. It found that the current damages 

take place when the sensor is operating in a highly conductive solution (at the beginning 

of the rinse). At the end of the rinse, the sensor was tested at relatively higher voltages, as 

shown in Figure 4.3-2. The noise was decreased dramatically at 100mv and the sensor 

was undamaged.  
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Figure 4.3-2: The sensor test at different voltages 
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A Labview program was developed to control the voltage. When the magnitude of 

impedance is low, the voltage is set to 5 mv. When the magnitude of impedance is larger 

than 100 kΩ, the operational voltage is adjusted to 100 mv. 

It was found that the noise is large when the sensor is not mounted firmly and 

swings with the flow of the rinse tank. Therefore, a good holder and firm mounting are 

also keys to achieving high sensitivity. 

4.4 Conclusions 

The calibration and the sensor applications show that the sensor is very sensitive 

and capable of in situ and real-time monitoring. The experiments illustrate that the sensor 

can distinguish the four different types of rinse processes. The impacts of cleaning and 

rinsing parameters such as flow rate, temperature, cleaning solution concentrations, and 

process time on the sulfuric acid rinsing efficiency were investigated by using the sensor. 

It was found that sulfuric acid rinsing is a two-stage process: a flow-control stage and a 

desorption-control stage. The noise issue was addressed and methods to reduce noise 

were investigated. The best operation recipe (including frequency and voltage) was 

developed. 
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CHAPTER 5.  SPECIES TRANSPORT IN MICRO AND NANO FEATURE 

5.1 Introduction 

 An electrochemical residue sensor was designed, fabricated, and tested. The 

sensor provides excellent sensitivity and is capable of in situ and real-time monitoring. 

Additionally, a comprehensive rinse model is developed to describe the mass transport in 

the sensor and to transfer the concentration profile to the measured electrical signal. The 

model has two functions. One function is to correlate the impedance to the concentration 

profile. Incorporating this model to the sensor technology makes the sensor complete. 

During the practical operation of the sensor, the “reading” should be the concentration 

instead of the impedance.  The second function is to study the mechanism of the rinse 

process. In this way, the rinsing results of particular devices can be predicted without 

expensive fabrication and rinsing tests. This model is then addressed in detail, including 

its capabilities. 

5.2 Mass transfer theories and chemistry inside the trench 

 The rinse model needs to describe all major transport phenomena and the 

chemical reactions of the rinse process. The more complete and accurate the model is, the 

more useful it is. However, there are some details of the phenomena that still are 

unknown. For some phenomena, the thermodynamic parameters are known, but the 

kinetic parameters are still unknown. Therefore, some assumptions and estimations are 

required for the model to give reasonable results without distorting the mechanism, and 

for avoiding unnecessary complications that have not been solved yet.  
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Sulfate ion is reported as the “most difficult chemical to be removed” [71]. 

Because of it, sulfuric acid rinsing automatically became one of the most important parts 

of this research. During the research, it was also surprisingly found that the ammonium is 

also difficult to remove, as shown in chapter 4 (Figure 4.1.2-4). Because of this, a 

qualitative theoretical research is performed on the NH4OH rinsing. The sulfuric acid 

model will be discussed first, followed by the ammonium model. 

5.2.1 Diffusion 

 There are many definitions of diffusion. In this context, it is defined as the 

spontaneous spreading of mass (molecules, ions or particles) driven by the concentration 

gradient. Diffusion causes the motion of mass. The mass flux of component A (NA) can 

be described by Fick’s law as  

AABA CDN ∇−=     [5.2.1-1] 

Equation 5.2.1-1 is the mathematical form of Fick’s law in three dimensions. ABD  is the 

diffusion coefficient or diffusivity and CA is the concentration of component A. 

Diffusivity is a property that changes with temperature, pressure, and a chemical system. 

There are multiple theories of diffusion. If the mass density is low, the diffusivity of the 

binary gaseous mixture can be estimated within 5% for nonpolar gases. However, the 

theory for diffusion in the aqueous phase is not well developed, therefore, empirical 

correlations are often used for the diffusivity estimation [42]. In this research, the 

chemical concentrations are low in the rinse process. Therefore, the bulk diffusivities can 

be obtained from the CRC handbook [33]. 
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5.2.2 Convection 

 Convection is the bulk movement of the mass or the current in the fluid. 

Convection can be driven by many mechanisms such as gravity differences and pressure. 

Convection of the fluid can be described by Equation 5.2.2-1 and Equation 5.2.2-3 [42]. 

Uρ
t
ρ

⋅−∇=
∂
∂   (Equation of Continuity) [5.2.2-1] 

ρ  is the density of the fluid; U  is the velocity of the fluid. In this research, the fluid is 

incompressible; therefore, Equation 5.2.2-1 can be simplified to  

0)U( =⋅∇      [5.2.2-2] 

gρτ][p]UUρ[Uρ
t

+⋅∇−∇−⋅∇−=
∂
∂  (Equation of Motion) [5.2.2-3] 

If ρ (density) and μf (viscosity of the fluid) are constant, then Equation 5.2.2-2 can be 

simplified to  

gρUμpU
D
Dρ 2

f +∇+−∇=     [5.2.2-4] 

This equation has a famous name: the“Navier-Stokes equation”. 

Using the equation of continuity and the equation of motion solves the fluid flow 

pattern. However, the solution to these two equations is determined by the initial and 

boundary conditions. Each different rinse tanks, wafer cassettes, and rinse recipes will 

lead to different solutions. However, this is not the objective of this research. Therefore, a 

rigorous solution of these two equations was replaced by an effective diffusivity concept. 

Therefore, the Equation 5.2.1-1 will be changed to Equation 5.2.2-5. 
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AeffA CDN ∇−=     [5.2.2-5] 

In this equation, the effective diffusivity will be a fitting parameter that includes effects 

of diffusion and convection in a laminar flow field.  

5.2.3 Migration 

 During the rinse process, negative charges form on the silicon dioxide surface. 

There is no theoretical model yet to study the impact of these charges on the rinse 

process. One of the highlights of this research is the incorporation of the charge effect. 

When the surface is negatively charged, an electrical double layer with a potential 

gradient forms in the fluid [72-74]. This potential gradient causes ion motion in the fluid, 

a phenomenon called migration. The flux of the migration can be described by Equation 

5.2.3-1: 

φFCμzN AAAA ∇−=
r

,    [5.2.3-1] 

where z is the number of charges per ion, μ is the mobility of the ion, F is Faraday 

constant, and ϕ is potential. The Faraday constant is the amount of electric charge in one 

mole of electrons. The mobility of ion can be calculated by the famous “Einstein 

relation” [75,76]. 

RT
Dμ = ,  (Einstein relation)[5.2.3-2] 

where D is the diffusivity, R is the gas constant, and T is the temperature (in Kelvins). 
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5.2.4 Electrochemistry 

 During the rinse process, there are not only transport phenomena, but also 

chemical reactions. Some of these reactions take place in the aqueous phase. Some of 

them take place on the solid-liquid interface. These reactions need consideration during 

setting up the rinse model. 

5.2.4.1 Chemistry of the sulfuric acid rinse process 

 The first reaction will be sulfuric acid dissociation.  

−+ +⎯⎯→← 4
K

42 HSOHSOH a1 ,   [5.2.4.1-1] 

−+− +⎯⎯→← 2
4

K
4 SOHHSO a2 ,   [5.2.4.1-2] 

where 5
a1 101K ×=  mol/m3; 12K a2 =  mol/m3. 

The above equations show that there are many species in the system. However, the 

dissociation constants (Ka1 and Ka2) indicate that there is no need to include all of them. 

The only material that needs to be simulated is the sulfate ion ( −2
4SO ). The proof for this 

will be given later in this chapter.  

 The second reaction is the water association and dissociation:  

OHOHH 2
kHOH⎯⎯ →⎯+ −+ ,   [5.2.4.1-3] 

−+ +⎯⎯ →⎯ OHHOH O2Hk
2 ,   [5.2.4.1-4] 

where kHOH varies from 4.4x1010 M-1sec-1 to 1.5x1011 M-1sec-1 [26]. In this research, kHOH 

is assumed to be 1.0x1011 M-1sec-1. Where M is the concentration unit (i.e. mol/Liter). 

Therefore, 131114
HOHWOH Msec101010kKk

2

−−− =×==  
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 The third reaction in the system is the sulfate adsorption and desorption on the 

silicon dioxide. Very few literature references are available of this phenomenon. One 

reference states that the sulfate ions will react with about a 10% surface silanol group, as 

described as Equation 5.2.4.1 [29]: 

OHSSO(SiOH)HSO10SiOH 249
2
4 +→++ −+−   [5.2.4.1-5] 

However, Dr. K.T. Lee’s dissertation provides a quartz balance experimental data of 

sulfate adsorption and desorption [27]. Lee found that the sulfate adsorption is a 

multilayer adsorption. A sulfate bridge assumption was used to explain the why it is a 

multiplayer adsorption. What is a sulfate bridge is not mentioned in the dissertation. 

Some researchers described a sulfate bridge in their research [28,55]. A sulfate bridge is 

the bridge or attraction between the negatively charged oxide in the sulfate ion and the 

positively charged cation. The only cation in the system is the proton (H+). Andrew tried 

to fit a BET model to Lee’s data [22], but it does not fit. Using the Langmuir model with 

one assumption, he did fit the data. The assumption is that the saturated multilayer can be 

regarded as one monolayer. He obtained kads = 290 cm3/(mol⋅s) and kdes = 0.0031 s-1 from 

this fit. 

 The fourth reaction is that the proton dissociates from and re-associates on the 

silanol sites (SiOH) on the silicon dioxide as shown by Equation 5.2.4.1-6 [77,78]: 

+− +⎯⎯ →← HSiOSiOH SiOHK ,   [5.2.4.1-6] 

where KSiOH equals to 10-7.5 mol/L 
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5.2.4.2 Surface charge and electric potential for sulfuric acid rinse process 

 Many references attribute the SiO2 surface charge to the silanol dissociation. In 

this research, sulfate also reacts with the silanol. How does the sulfate adsorption impact 

the surface charge? For the outer-layer adsorbed sulfate ions connected by a sulfate 

bridge, the sulfate bridge should not bring a net charge because positive charges are 

needed to form a sulfate bridge. As for the inner layer of sulfate attached to the oxide 

surface, it is mentioned before that the sulfate only reacts to 10% of silanol sites [29]. 

Therefore, assuming that sulfate has a negligible impact on the charging process is a 

reasonable assumption at this stage of the research. If more research or literature provides 

new information, this assumption can be modified easily. After neglecting the sulfate’s 

impact on charging, the silanol dissociation alone will be used to describe the charging of 

the oxide surface. Therefore, the surface charge density can be described by Equation 

5.2.4.2-1: 

][ −−= SiOeσ ,     [5.2.4.2-1] 

where σ is the surface charge density; e is the charge of an electron; and [-SiO-] is the 

surface concentration of the dissociated silanol sites. Equation 5.2.4.2-2 can be derived 

from Equation 5.2.4.1-1 [77,78]. 

35.4

0

HH mol/m10
]SiO[[SiOH]

]SiO[C
[SiOH]

]SiO[C −
−

−−

=
−−

−
=

− ++

,  [5.2.4.2-2] 

where 0[SiOH]  is the total ionizable surface group concentration and varies widely for 

different SiO2 surfaces. The process by which the SiO2 was fabricated determines the 

0[SiOH] . In this research, the sensor is made on a fused silica wafer; therefore, 0[SiOH]  
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is assumed to be 1017 m-2 [77]. This is a hydrophobic surface. When thermal oxide was 

studied, the 0[SiOH]  may be assumed to be 5x1018 m-2, which is a hydrophilic surface. 

The wetting of the surface reflects the number of the silanol group. 

5.2.5 Ohm’s Law 

 All the mass transport and chemical reaction equations describe concentration 

distribution profiles in the system. To get the concentration information at any time, a 

small AC (alternating current) signal is used. At certain frequency ranges, a high 

impedance can be measured with a very low phase angle by the sensor. This is the 

resistance in the trench. The input voltage and output current can be described by Ohm’s 

law. In this research, it can be represented by Equation 5.2.5-1:  

VσJ b ∇⋅= ,      [5.2.5-1] 

where J is the current density (current per unit area), σb is the conductivity (which can be 

calculated from the ionic concentration), and V is the electric voltage. 

 After the physical and chemical phenomena of the rinse system was setup, it is 

time to setup the mathematical formulations with initial and boundary conditions. 

5.3 The comprehensive rinse model 

 In this section, a comprehensive rinse model is developed to describe the sulfate 

transport phenomena in the sensor. This model has two domains as shown in the Figure 

5.3-1:  
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Figure 5.3-1: Sketch of the rinse simulation domains and boundaries 

Domain 1 refers to the trench filled with fluid. Domain 2 refers to a boundary 

layer. Diffusion and migration are assumed to be the dominating mass transfer 

mechanisms in domain 1. Convection, diffusion and migration are the mass transfer 

mechanisms in domain 2. An effective diffusion coefficient replaces the bulk diffusion 

coefficient to include the impact from convection in domain 2. There are three types of 

boundary conditions (B.C.s) in the model. Boundary #1 and boundary #3 are no 

flux/symmetry boundaries. Boundary #2 is a bulk condition assumed to be a perfect 

mixing. Boundaries #4-#10 are oxide surfaces.   

The continuity equation for −2
4SO : 

)φFCμzC(D
t

C
2
4

2
4

2
4

2
4

2
4

2
4

SOSOSOSOSO
SO ∇+∇⋅∇=
∂

∂
−−−−−

−

 (in domain 1) [5.3-1] 
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  (in domain 2) [5.3-2] 

The initial condition (I.C.), 
0SO2

4
C −  = C0, which is the initial challenge concentration of 

sulfuric acid. 

B.C. #1, 0
x

C 2
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B.C. #2, 
bulk,SOSO 2

4
2
4
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4SO =

∂
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. 

At the sidewall, the boundary conditions will be flux conditions. 

The general flux is: UCφFCμzCDN 2
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The mass balance on the surface also has 

−−−−−−

−

−−= 2
4

2
4

2
4

2
4

2
4

2
4

2
4

SOS,SOdes,SOS,SO0,SOSOads,
SOS, Ck)C(SCk

dt

dC
,  [5.3-3] 

where −2
4SO0,

S  is the saturation surface concentration and I.C. −2
4SOS0,

C  is the surface 

concentration equilibrium with C0. 
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The continuity equation for H+  

−++++++

+

−+∇+∇⋅∇=
∂

∂
OHHHOHOHHHHHH

H CCkkφ)FCμzC(D
t
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−++++++
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t
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At initial conditions, H+, OH-, and sulfate should be in equilibrium. Because 
0SO2

4
C − = C0, 

I.C., 0
2

00H
CKwCC ++=+ ;  

Same boundary conditions apply for BC#1-#3  

B.C. #1, 0
x

C
H =

∂

∂ +

; 

B.C. #2, bulk,HH CC ++ = ;   

B.C. #3, 0
x

C
H =

∂

∂ +

. 

At the side wall,  

+− +−⇔− HSiOSiOH  

The proton dissociation from the sidewall is assumed to be negligible in the mass 

balance. The validation of this assumption will be discussed later in this chapter. 

Therefore B.C. #4-10, Inwards flux 0N
y,H
=+  and 0N x,H =+ . 

The continuity equation for OH-  
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At initial condition, H+, OH-, and sulfate should be in equilibrium. Because 
02

4
−SO

C = C0, 

I.C., 0
2

00H
CKwCC −+=+ ;  

The same boundary conditions apply for BC#1-#3  

B.C. #1, 0
x

COH =
∂

∂ −

; 

B.C. #2, bulk,OHOH CC −− = ;   

B.C. #3, 0
x

COH =
∂

∂ −

; 

At the side wall,  

Because OH- does not enter nor come off from the boundaries,  

B.C. #4-10, flux=0, 0N x,OH =−  and 0N
y,OH
=−  

At this stage, the potential equation needs to be specified. In the bulk solution, 

ε
ρ

φ b2 −=∇ ,      [5.3-8] 

where )czczcF(zρ
OHOHSOSOHHb 2

4
2
4

−−−−++ ++=  

B.C. #1, 0
x
φ
=

∂
∂ , (symmetric) 

B.C. #2, set ϕ=0; 

B.C. #3, 0
x
φ
=

∂
∂ , (symmetric) 
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B.C. #4-10; Normal electric field is defined by Gauss’s law 
ε
qAφ =⋅∇−  or for the flat 

boundary 
ε
σn =•∇− ϕ , 

Where ]SiOe[σ −−=  

34.5
17
H mol/m10

]SiO[10
]SiO[C −
−

−

=
−−

−+

 

)10/(C10]SiO[ 5.4
H

12.5 −− +=− + . The unit is sites/m2 

5)3.16e7/(C5.056e)10e/(C10σ
H

4.5
H

12.5 −+−=+= ++
−    coul/ m2 

The last equation that needs to be setup is not a part of the rinse process. It is Ohm’s law 

for measuring the solution resistance in the trench: 

VσJ b ∇⋅= ,     [5.3-8] 

where iib czσ ⋅⋅= ∑ iλ , zi is the number of charge the ion has; iλ  is the ion’s molar 

conductivity; and ci is the ionic concentration that will be the input from the solution of 

the mass transfer equations. The boundary conditions are “insulation” except unit voltage 

difference on the two electrodes. (Appendix B) 

5.4 The simulation results and discuss for sulfuric acid rinsing 

 A finite element solver is needed in this research to solve the model equations. 

FEMLAB is chosen as the solver. Appendix B describes how to setup the model in the 

FEMLAB to do the simulation.  
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5.4.1 Simulation comparison to the experimental data 

 There are some simplifications and assumptions of the model. To justify the 

model and to determine the correct fit parameters, the simulation results need to be 

compared to the experimental data. Additionally, there are some parameters used in the 

model that were found in literature. To use the model to predict the rinse process, these 

parameters also need to be evaluated. 

Fit of the sulfuric acid data at 32 °C 

 The Model was fitted to the experimental data obtained at 32 °C. The fitting 

parameters are: Effective diffusivities ( eff,HD + , eff,OHD − ,
eff,SO -2

4
D ), the adsorption and 

desorption rate constant ( −2
4SOads,

k , −2
4SOdes,

k ), total active sites available ( −2
4SO0,

S ), and the 

boundary thickness (H). At the beginning of the rinse process, the initial aqueous phase 

condition is the cleaning chemical concentration (C0). The surface initial condition is the 

initial surface concentration ( −2
4SOS0,

C ) that is at equilibrium with C0. However, in the 2-D 

model, −2
4SOads,

k  is the surface reaction rate constant at the solid and liquid interface. It is 

not the k referring to the bulk concentration. So the procedure of the simulation is to first 

set the bulk condition (boundary condition #3) to C0 and run a simulation to reach the 

equilibrium. Second, use the −2
4SOS0,

C  from the first step as the initial condition at the 

simulation of the rinse process. During the fitting, each time when any one of the 

−2
4SOads,

k , −2
4SOdes,

k , or −2
4SO0,

S  needs to be changed, the first simulation must be re-run to 

find the initial condition. 
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 It is difficult to fit the data at the 32 °C. Figure 5.4.1-1 and Figure 5.4.1-2 show 

the difficulty. 
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Figure 5.4.1-1: Fit to the sulfuric acid rinsing data (at 32 °C, No.1) 
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Figure 5.4.1-2: Fit to the sulfuric acid rinsing data (at 32 °C, No.2) 

The first fit can fit the initial portion of the rinse process shown in Figure 5.4.1-

1(a). However, the simulation quickly levels off as the time increases, as shown in Figure 

5.4.1-1(b), and the experimental data shows that the impedance is still increasing. Figure 

5.4.1-2 shows another fit. This one fits the experimental data when the time is larger than 

120 sec. These two fits showed a dilemma. At the initial portion of the curve, large 

−2
4SOdes,

k  is needed to fit the rapid increase of impedance. Small −2
4SOdes,

k  is needed to fit 

the rest of the curve. In the rinse process, the initial portion is not quite important, since 

process engineers are always trying to find the end point of the rinse. Therefore, the fit in 

Figure 5.4.1-2 is preferred. The fitting parameters are shown in Table 5.4.1-1: 
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Table 5.4.1-1 Fitting parameters for the sulfuric acid rinsing data at 32 °C 

Fitting parameter Value (unit) 

eff,HD +  1.17x10-8 (m2 sec-1) 

eff,OHD −  6.85x10-9 (m2 sec-1) 

eff,SO -2
4

D  1.38x10-9 (m2 sec-1) 

−2
4SOads,

k  6.97x10-3 (m3 mol-1 sec-1) 

−2
4SOdes,

k  2.48 x10-3 (sec-1) 

−2
4SO0,

S  2.75x10-5 (mol m-2) 

H 2.5x10-5 (m) 

 

 

Fit of the sulfuric acid data at 49 °C 

The initial conditions of the sulfuric acid rinse at 49 °C should be the same as 

those at 32 °C. The reason for this is that these rinse processes share the same cleaning 

conditions (challenge concentration C0 and room temperature 10 min). However, using 

the same initial condition does not fit the data at 49 °C. This is because the initial surface 

concentration ( −2
4SOS0,

C ) from the simulation of 32 °C rinsing is too high (2.326x10-5 mol 

m-2) to fit. −2
4SOS0,

C  was then set to be a fitting parameter in the simulation of 49 °C 

rinsing. The model was able to fit to the data. The results are shown in Figure 5.4.1-3. 
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Figure 5.4.1-3: Fit to the sulfuric acid rinsing data (at 49 °C) 

The fit in Figure 5.4.1-3 is good. Because wafer insertion into the rinse tank with 

acid mixing with water at the initial stage of the rinse is not included in the model yet, no 

good fit can be done for the first 10 sec in Figure 5.4.1-3.The fitting parameters are 

shown in Table 5.4.1-2: 
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Table 5.4.1-2: Fitting parameters for the sulfuric acid rinsing data at 49 °C 

Fitting parameter Value (unit) 

eff,HD +  1.80x10-8 (m2 sec-1) 

eff,OHD −  1.05x10-8 (m2 sec-1) 

eff,SO -2
4

D  2.13x10-9 (m2 sec-1) 

−2
4SOads,

k  1.16x10-2 (m3 mol-1 sec-1) 

−2
4SOdes,

k  1.24x10-2 (sec-1) 

−2
4SO0,

S  6.54x10-6 (mol m-2) 

−2
4SOS0,

C  6.54x10-6 (mol m-2) 

H 2.0x10-5 (m) 

 

Comparing the fit of the data at 49 °C with the fit of the data at 32 °C, there are 

several differences. The effective diffusivities and surface reaction rate constants 

increase. The boundary layer thickness decreases. The effective diffusivity increases 

about 50%. The validation of the temperature dependence of the effective diffusivity is 

difficult because there is no successful theory available for estimating the bulk diffusivity 

in the aqueous phase [42]. In this research, the effective diffusivity is more complicated 

because of the flow impact. Therefore, an empirical correlation (mentioned in Hebda’s 

thesis [22]) between sulfuric acid bulk diffusivity and temperature is used just for now to 

estimate the temperature dependence of the effective diffusivity. At low concentration, 
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sulfuric acid diffusivity increases from 1.85x10-5 cm2/sec at 25 °C to 2.25x10-5 cm2/sec at 

35 °C. The increase is 21.6% or 2.16%/°C. No data is available beyond 35 °C. Assuming 

that this increase is linear and can be extend to 49 °C; the bulk diffusivity increase could 

be as large as 36.7% in this research.  It is still difficult to explain the 50% increase of 

effective diffusivity only by using bulk diffusivity increasing.  The flow impact in the 

system may also have large impact on the effective diffusivity in this research. 

The fit of data at 49 °C is better than that at 32 °C. One of the reasons for this is 

that −2
4SOS0,

C  was changed to a fit parameter. The quality of the fit is found to depend on 

the estimation of the initial surface concentration ( −2
4SOS0,

C ). In Hebda’s thesis [22], the 

total number of sites on the silica surface ( −2
4SO0,

S ) was set to be 30 μg/cm2. This number 

is based on Lee’s work at the University of Arizona [27] and Seif’s work at Motorola 

[79]. However, when using this number, no fit to the data can be achieved.  

An explanation for this is proposed as follows. The initial load of sulfuric acid is 

large and it is multiplayer adsorption [22,27,79]. However, the outer layers have a very 

different attraction force than the inner layers. At the initial stage of rinsing, the water 

mixing and insertion motion of the wafer can easily remove some of the outer layers. At 

32 °C, there are still many adsorption layers on the surface, and they desorb at different 

rates. Therefore, the initial portion of the data is difficult to fit. At 49 °C, in a few 

seconds, the outer layers quickly leave the surface.  The fit of −2
4SOS0,

C  equals 6.54x10-6 

mol-m-2. This number indicates only less than two layers of ions. If the removal of the 
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outer layers takes place in a few seconds, it does not impact the fit very much. This is the 

reason why the fit is much better for the data of 49 °C.  

5.4.2 Checking the main assumptions 

The early part of this chapter states that the sulfuric acid rinse can be simulated by 

just simulating the rinse of the sulfate ion. Sulfuric acid is a strong acid and the acid used 

in this research is not very concentrated; therefore, the total ionization is a reasonable 

assumption. However, there are two ions ( −
4HSO and −2

4SO ) in the system and this 

research chose only simulating sulfate. After the fit, CH+ and −2
4SO

C was extracted to 

calculate −
4HSO

C  in the system and the results show that the assumption of neglecting 

−
4HSO  is proper after 1 sec. This is shown in Figure 5.4.2-1. 
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Figure 5.4.2-1: −
4HSO and −2

4SO  concentration at the center of the trench 
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Another assumption is that the silanol group dissociation can be neglected when 

the proton mass balance was setup. The -SiO  concentration is plotted in Figure 5.4.2-2.  
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Figure 5.4.2-2 Ionized silanol concentrations in fitting simulation 

 After 2 sec of rinse, the surface at the bottom of the trench is already ionized, and 

the change is less than 2x10-10 (mol m-2) in the next 998 sec. Again, this work does not 

try to fit the data of the initial stage of the rinse. 

5.4.3 Measurement accuracy and sensitivity of the sensor 

 During sensor application, an AC voltage is pumped into the sensor and the 

current is measured. How well the instrument (LCR meter) can control the input voltage 

and measure the output current determines the accuracy of the measurement. This 

accuracy has a large impact on the sensor’s sensitivity. Because the sensitivity refers to 

the lowest concentration that can be measured, it is not a constant. It depends on the 

system that is measured. Therefore, the fit of the sulfuric acid rinsing data at 32 °C is 

used as an example to demonstrate the sensitivity calculation.  
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In the simulation, the input is the unit voltage and the output is the current 

density. Current density multiplied by the electrode’s area is the current. Voltage divided 

by the current is the impedance that is used to fit to experimental data. The output can be 

plotted as in Figure 5.4.3-1. 
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Figure 5.4.3-1: Current density changes during the rinse (simulation) 

The current density decreases as time increases. It levels at a final value. The 

measurement accuracy determines how large of a current change can be regarded as a 

measured change and not just the instrument’s noise. In Figure 5.4.3-1, when t equals 

1800 sec, the current density is 0.5% higher than the final current density. Therefore, the 

sensitivity can be found as the surface concentration and bulk concentration when t 

equals 1800sec. In the simulation results, the surface concentration of sulfate is found to 

be 2.69x10-7 mol/m2 (1.62x1013 ion/cm2). The concentration in the aqueous phase is a 

concentration distribution that varies from 10-7 mol/ m3 to 10-6 mol/m3 (10 ppt to 

hundreds of ppt) in the trench. The same principle can apply to the measurement with 
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0.05 % accuracy. When t equals 2700 sec, the current density is 0.05% higher than the 

leveling current density and can be recognized. The sensitivity is 2.89x10-8 mol/m2 

(1.74x1012 ion/cm2). According to the old SRC roadmap, the clean requirement for −2
4SO  

is 1.0x1012 ion/cm2. Therefore, this sensor can provide detection at the same order of 

magnitude.  

The same method of estimating the sensitivity was also used for 49 °C. The 

sensitivity for 0.5 % of accuracy measurement is 1.0x10-7 mol/m2 (6.0x1012 ion/cm2). The 

sensitivity for 0.05 % of accuracy measurement is 1.0x10-8 mol/m2 (6.0x1011 ion/cm2).  

5.4.4 Charge effect and sensor calibration 

 Chapter 4 discussed the calibration of the sensor. It was found that the ionic 

concentration in the trench must be much higher than the concentration in the bulk at 

equilibrium. There is no diffusion barrier effect at equilibrium. Why are the 

concentrations different? This question is answered by the charge effect. During the rinse, 

the negative charges quickly build-up on the silicon dioxide surface. These surface 

charges form an electrical double layer in the solution. The protons are attracted to the 

surface. The diffusion rate out of the trench is balanced by the migration rate into the 

trench. This phenomenon causes a much higher proton concentration in the trench. The 

proton concentration and the potential distribution in the trench are shown in Figure 

5.4.4-1. 
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Figure 5.4.4-1: Proton concentration and potential distribution in the trench (t=1000 sec) 

 Figure 5.4.4-1 shows that the oxide surface is negatively charged, and the proton 

concentration close to the oxide surface is around two orders of magnitude higher than 

that in the bulk. This explains why the calibration curve is not linear.  

5.5 The sulfuric acid rinse simulation 

 In an early part of this chapter, the model was validated by the fit to the 

experimental data and the correlation between the electric measurement and the chemical 

concentration was also demonstrated. The sensitivity and calibration were also discussed. 

However, the model’s usage is not limited to explaining the experimental data. It can be 

used to predict rinse results and develop a rinse recipe as well. The size of the 

semiconductor devices decreases steadily. The industry is looking forward to developing 
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45 nm (nanometer) or even 30 nm technologies. Using the model to simulate the rinse 

process for small structures is important for rinse recipe development. Therefore, a 

parametric study of the rinse process is performed with the results shown in this chapter. 

 The temperature and flow rate are two process parameters important to the rinse 

process. The temperatures in this study are chosen as 32 °C and 49 °C because the kinetic 

constants are available from the fitting of the experimental data.  The flow into the rinse 

tank can be controlled in a wide range in the industry rinse tank. The normal flow rate 

range varies from 0.33 GPM (gal per min) to 15 GPM. The lower value is important 

because if the flow is too low, then bacteria may grow in the UPW system. Another 

important value that needs to be calculated is the total carryover.  

The carryover thickness is assumed to be 35 μm. The sulfuric acid concentration 

in the carryover is set to be 97 % (weight %). Wafer loading is assumed to be 50 wafers 

per batch. The cassette is assumed carry equal amount of the carry over of 5 wafers’. One 

200 mm wafer carryover volume is 2.2 x 10-6 m3. Then the total carryover volume is 1.21 

x 10-4 m3. This equals to 215 gram or 2.2 moles pure sulfuric acid. The rinse tank for 50 

wafers is normally 8 gals. Because more than 90 % carryover will be in the bulk after 

wafer insertion, the initial concentration in the tank can be assumed to be 72.7 mol/m3. 

The flow in the tank is assumed to be perfect mixing in the bulk and a laminar flow in the 

boundary layer. The rinse parameters are shown in Table 5.5-1: 
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Table 5.5-1: Parameters used for the simulation of the sulfuric acid rinse 

Rinse parameter 32 °C 49 °C 

eff,HD + (m2 sec-1) 1.17x10-8 1.80x10-8 

eff,OHD − (m2 sec-1) 6.85x10-9 1.05x10-8 

eff,SO -2
4

D (m2 sec-1) 1.38x10-9 2.13x10-9 

−2
4SOads,

k (m3 mol-1 sec-1) 6.97x10-3 1.16x10-2 

−2
4SOdes,

k  (sec-1) 2.48x10-3 1.24x10-2 

−2
4SO0,

S  (mol m-2) 2.75x10-5 6.54x10-6 

−2
4SOS0,

C  (mol m-2) 2.75x10-5 6.54x10-6 

H (m) 2.5x10-5 2.0x10-5 

C0 (mol m-3) 72.7 72.7 

Flow rate 

(GPM) 

0.33, 15 0.33, 15 

Tank Volume (Gal) 8 8 

 

5.5.1 Simulation results and discussion 

 The simulation results are plotted separately in two figures for different 

temperatures. 

 

 



 171

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

0 500 1000 1500 2000 2500 3000 3500

0.33 GPM
15 GPM

Time (sec)

Su
rf

ac
e 

co
nc

en
tr

at
io

n 
of

 su
lfa

te
 io

n
(m

ol
/m

2 )

32 oC

 

Figure 5.5.1-1: Surface concentration of the sulfate ion during a 32 °C UPW rinse 

(simulation) 
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Figure 5.5.1-2: Surface concentration of the sulfate ion during a 49 °C UPW rinse 

(simulation) 
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 The surface concentration of sulfate is plotted in Figure 5.5.1-1 and 5.5.1-2 from 

when time equals zero to the end of the rinse. The end of the rinse is the time when the 

surface concentration of sulfate reaches 1.66x10-8 mol/m-2 (or 1.0x1012 ion/cm2). All the 

results show that there is no phenomenal impact of the flow rate on the rinse process. At 

32 °C, the rinse time is 3070 sec for 0.33 GPM of flow and 2990 sec for 15 GPM of flow. 

Using a high flow rate, only 2.6% of time is saved and the water usage is 45.5 times 

larger than the low flow rate recipe. At 49 °C, the rinse time is 565 sec for 0.33 GPM of 

flow and 480 sec for 15 GPM of flow. Using a high flow rate, only 14% of time is saved 

and the water usage and energy consumption are 45.5 times larger than the low flow rate 

recipe.  Therefore, there is no significant increase of rinse efficiency by increasing the 

flow rate.  

 Another phenomena noticed in the simulation is that the desorption of the sulfate 

has a significant impact on the rinse process. The rinse process consists of three 

consecutive processes: desorption from the oxide surface, travel through the boundary 

layer, and removal by the flow outside of the boundary layer. Increasing the flow rate 

enhances the last process efficiently, but the second process not so well. Therefore, when 

the desorption is slow at 32 °C, increasing the flow rate only decreases the rinse time by 

2.6 %.  When the desorption is enhanced at 49 °C, the increase of the flow rate can 

decrease the rinse time more (14%). 

 Because of the large impact of the desorption on the rinse process, a simple rinse 

limitation can be discussed. Assuming that the other processes in the rinse process are 

fast enough, the rinse time can be calculated by a pure desorption equation: 



 173
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4
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4

⋅−= −  
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C
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k
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2
4
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4

SOS0,

SOS,

des −

−=      [5.5.1-1] 

When -2
4SOS,

C  is assumed to be 1.66x10-8 mol/m-2 (or 1.0x1012 ion/cm2) and 

−2
4SOS0,

C  equals monolayer of sulfate (4.6x10-6 mol/m-2) [27], t is plotted as a function of 

the desk , as shown in Table 5.5.1-1: 

Table 5.5.1-1: Rinse time limitation of desorption 

desk  (sec-1) 0.0124 (at 49 °C) 0.0248 0.0496 0.0992 

t (sec) 454 227 113 57 

 

Table 5.5.1-1 shows that the desorption rate constant must be increased to 

decrease the sulfuric acid rinse time. Increasing temperature is already know as a good 

way to increase the desorption rate constant. However, when the desorption limitation is 

removed, other limitation such as diffusion and convection will take place. This means 

that the rinse time may be much longer than 57 sec even if the desorption rate constant 

increases to 0.0992 sec-1.   

5.5.2 Rinse recipes for sulfuric acid rinsing 

 The electrochemical residue sensor (ECRS) testing results and the rinse model 

discover some phenomena that are important for rinse recipe development. The first 

discovery is that the outer layers of absorbed sulfuric acid leave the surface much quicker 
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than the inner layers. The second discovery is that a high temperature enhances the 

removal of the outer layer adsorbed sulfate ion. But at even higher temperature (49 °C), 

the first and second layers of adsorbed sulfate ion still stay on the surface after the wafer 

insertion.  The third discovery is that the rinse process at low temperatures is limited by 

desorption of the sulfate ions adsorbed on the oxide. At 49 °C, increasing the flow rate 

from 0.33 GPM to 15 GPM only decreases the rinse time from 565 sec to 480 sec. 480 

sec is not far from the desorption limitation (454 sec).  

 According to the discoveries of sulfuric acid rinsing, some guidelines of the rinse 

recipe development are proposed. First of all, the sulfuric acid should be inserted in the 

hot water. The hot water reacts with sulfuric acid vigorously and generates heat. The 

density difference generated close to the wafer surface may help the outer layer of 

absorbed sulfate ions to leave the surface. As for nano structure, the megasonic energy 

may be used to generate a disturbance inside the nano structures so that the adsorbed 

sulfate ion can leave the structure. Second, some form of energy is needed to enhance 

desorption of the sulfate directly attached to the oxide. Thermal energy is proved to be an 

effective method. Other energies may also do the job. Third, the higher flow rate will 

reach the limitation of desorption and waste a lot of water and energy. However, if the 

flow rate is too low, it might also cause another issue: carbon dioxide invasion.  

5.6 The effect of charge on cation rinsing 

 In Section 5.4, the simulation results show that negative charges form on the 

oxide surface. A sulfate ion has negative charges; therefore, they are pushed away from 
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surface. However, a negatively charged surface will attracted cations, such as +
4NH . +

4NH  

ions can be found in the post RCA-1 rinsing. Therefore, a simulation of the rinse process 

of +
4NH  is performed to compare to sulfate ion rinsing. The transport phenomena of both 

rinse processes are the same, but they have different reactions, so the different mass 

balance as well.  

At this stage of the research, to perform a qualitative analysis of OHNH4  rinsing 

without getting all the accurate kinetic parameters, some simplifications have been made.  

The first assumption is that the OHNH4 , 3NH  concentration in the rinse water is 

negligible so that only +
4NH  will be simulated. +

4NH  reacts with the oxide surface. At 

least, two reactions are possible: 

+− +−⇔− 44 NHSiOSiONH     [5.6-1] 

++ +−⇔+− HSiONHNHSiOH 44     [5.6-2] 

The second assumption is that Equation 5.6-2 is negligible. Equation 5.6-1 has same rate 

constants as the ones that the sulfate ion has. This assumption removes complicated 

reactions and makes it possible to focus on the difference caused by the different charges 

on the ions, so that the simulation results between cation ( +
4NH ) and anion ( −2

4SO ) 

rinsing can be compared based on the charge effect. To do so, it is also necessary to 

assume that −2
4SO  adsorption can only take place on same amount of active sites which 

+
4NH  can react with. Some of the key parameters for both simulations are listed in Table 

5.6-1 
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Table 5.6-1: Key parameters for comparing simulations between cation and anion 

Parameters Anion rinse Cation rinse 

eff,HD + (m2 sec-1) 1.17x10-8 1.17x10-8 

eff,OHD − (m2 sec-1) 6.85x10-9 6.85x10-9 

eff,SO -2
4

D (m2 sec-1) 1.38x10-9  

eff,NH4
D + (m2 sec-1)  2.544x10-9 

−2
4SOads,

k (m3 mol-1 sec-1) 
0.00696, 0.0696, 

0.696, 6.96 
 

−2
4SOdes,

k  (sec-1) 0.00248  

+
4NHads,

k (m3 mol-1 sec-1)  
0.00696, 0.0696, 

0.696, 6.96 

+
4NHdes,

k  (sec-1)  0.00248 

S0,i (mol m-2) 1.66x10-7 1.66x10-7 

CS0,i (mol m-2) 1.66x10-7 1.66x10-7 

H (m) 2.5x10-5 2.0x10-5 

C0 (mol m-3) 72.7 72.7 

Flow rate 

(GPM) 

0.33 0.33 

Tank Volume (Gal) 8 8 
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5.6.1 Results and discussion 

 The simulation results of the rinse processes are plotted in Figure 5.6.1-1 and 

Figure 5.6.1-2 as surface concentration versus time.  
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Figure 5.6.1-1: Surface concentration of the anion at different ka (simulation) 

The unit of ka is m3/(mol⋅sec)
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Figure 5.6.1-2: Surface concentration of the cation at different ka (simulation) 
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 The simulation results verify the concern about the charge effect on the rinse 

process. When the surface is negatively charged, the anions are pushed away and have 

very little possibility to re-adsorb on the surface. However, the cations travel towards the 

negative sites on the surface and re-adsorb on the surface. This phenomenon indicates 

that the adsorption rate constant has a large impact on the rinse process. This impact is 

shown in the Figure 5.6.1-3.  
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Figure 5.6.1-3; Rinse time needed to reach 1012 ion/cm2 for different ka  

 Figure 5.6.1-3 shows that the cation ion only needs about 15 % more time to rinse 

when the adsorption rate constant is small. However, the rinse time increases 

dramatically as the adsorption rate constant increases.  

 Another concern about the cation rinsing is the source of the residue after rinse. In 

other words, will the cation attracted to the surface (but still in the aqueous phase) add a 

large amount of contamination on the surface? At the end of the rinse (1012 ion/cm2), the 
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ratio of the ions in the aqueous phase versus ions on the surface is plotted in the Figure 

5.6.1-4. In the calculation of the Figure, carryover layer thickness is assumed to be 25 

μm. The results show that the amount of cation in the carryover layer is less than 0.1 % 

of the cation on the surface at the end of the rinse. The adsorbed surface contamination 

still dominates. 
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Figure 5.6.1-4: Cation in the carryover layer vs. cation on the surface (mol/mol) 

5.6.2 Rinse recipe considerations for cation rinsing 

 According to the simulation results, cation rinsing is not significantly more 

difficult for weak adsorption cases. However, when the adsorption is strong, something 

needs to be done to decrease the surface charge density. One method proposed in this 

research is to add protons to the system. Adding hydrochloric acid or just pumping 

carbon dioxide into the rinse water can achieve this. However, anything added to the 

system must be easy to remove or must not contaminate the wafer surface. 
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5.7 Summary  

 In this chapter, the transport theory, surface reaction, and electric theory were 

introduced and used to setup a comprehensive rinse model. This model was fit to the 

experimental data so that the simulated concentrations can be correlated to experimental 

data which is trench impedance that closes to the resistance when the phase angle is 

small. 

The experimental data and the model also confirmed that sulfuric acid adsorption 

is a multilayer adsorption. The outer layer of adsorbed film is loose and will leave the 

film quickly when disturbed or reacted with high temperature water.  

The sensitivity was calculated based on the rinse model. It shows that the sensor 

has a very high sensitivity and can “detect” very low surface concentration.  

The model was used to simulate the sulfuric acid rinsing as well. It was found that 

sulfuric acid can only be removed in hot water because of its small desorption rate in cold 

water. Increasing the flow rate without increasing the temperature to an adequate point 

will cause a large amount of wasted water and energy.  

The charging of the oxide surface was also taken into account in the model. The 

phenomenal impact on sulfate rinsing has not been found. However, the impact is large 

for the cation rinse when the cation can re-adsorb on the surface.  
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CHAPTER 6. SUMMARY AND FUTURE WORK 

An electrochemical residue sensor (ECRS) was developed for in situ and real-

time monitoring the rinse process. A simplified equivalent circuit model was developed 

to assist the design of the sensor. After the first prototype (sensor-on-chip configuration) 

was designed and fabricated, the experimental tests were performed. The results show 

that the ECRS has excellent sensitivity. Furthermore, the test results show that using the 

equivalent circuit model to design the sensor was very successful. The estimations of the 

parasitics are close to the measured values. As simulated in the equivalent circuit model, 

the sensor has good sensitivity in a wide range of operational frequencies. 

 To use the sensor in a practical rinse tank setup, the second prototype (sensor-on-

wafer configuration) was designed. A long-connection-line design was used to stretch the 

wire to sensor contacts out of the chemical solution and UPW. In this design, 

unintentional contamination from contacts was avoided. The long-connection-line design 

has technical difficulties because it tends to introduce large parallel parasitics, which 

damages the sensor’s sensitivity. A fused silica wafer replaced the silicon wafer in the 

design to decrease the parasitic capacitance. But even when using a fused silica wafer, 

designing the sensor to ensure the trench impedance dominating the signal still was a 

challenge. Some preliminary test structures were fabricated to investigate the connection 

line’s electrical behavior in the water. The results combined with the equivalent circuit 

model accomplished the design for the second prototype.  

 First, a three-mask fabricating process was developed based on the experience on 

the sensor-on-chip configuration design. Using L-edit performed the layout, and GDS-II 
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files were sent out to a mask making company for printing the masks. Second, after 

receiving the masks, a significant amount of research was done to fabricate the sensor. 

Although a couple of sensors were fabricated successfully, it was found that continuing 

fabricating this three-mask design is financially unrealistic.  

 A single-mask design was proposed to replace the three-mask design. Again, 

some simplified structures were fabricated to test the feasibility of the design. The sensor 

was then designed based on the test results and the equivalent circuit model. AutoCAD 

software was used to perform the layout at this time. The DXF file was sent out to the 

company for printing the mask. The sensor was fabricated soon after the mask was 

received. The cost and time spent on the fabrication were reduced significantly for this 

design. 

 The sensor-on-wafer configuration was tested at a Freescale Semiconductor 

fabrication site in Arizona. The results indicate many successes. The sensor is the first 

and the only technology available that provides in situ and real-time cleanliness 

information in the trench (microstructures on the wafer). The sensor results distinguished 

four different types of the rinse process on the practical tool at the industrial site and 

showed high sensitivity to the ionic concentration change in the trench. The sensor also 

provided, for the first time in the history, the local concentration inside the wafer gap and 

proved the impact of transport on the rinse process.  

 Because the sulfuric acid rinse is a challenge in the semiconductor fab, the 

impacts of cleaning and rinsing parameters such as flow rate, temperature, cleaning 

solution concentrations, and process time on the sulfuric acid rinsing efficiency were 
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investigated by using the sensor. It was found that sulfuric acid rinsing is a two-stage 

process: a flow control stage and a desorption control stage. During the desorption 

control stage, the high flow rate is just wasting water. 

 A comprehensive rinse model was developed to describe the sensor’s behavior in 

the rinse process. In this way, the concentration profile can be correlated to the trench 

impedance that is the sensor’s signal. This model included transport (diffusion and 

convection), reactions in the bulk, reactions on the surface, electrical charge, and 

potential distribution in the system.  

 The model combined with the experimental data discovered that increasing the 

flow rate in the overflow rinse has a low efficiency. The rinse of chemicals, such as 

sulfuric acid, is controlled by the surface reactions. 

 The model is the first and the only attempt to show the dynamics of the charging 

of the silicon dioxide surface and the dynamics of the potential build-up in the solution. It 

Indicates that cation rinsing is a challenge if the cation adsorbs on or reacts with the 

surface. 

 The development of this electrochemical reside sensor gave valuable results and 

showed the capability of monitoring the practical rinse process. However, the application 

of this technology is not limited in the rinse process; it can be used in drying as well. 

Furthermore, its use is not limited to trenches or vias, which are regular structures; it can 

also be used for porous media (irregular structures).  

One direction of future work is to improve the sensor technology itself. This 

consists of developing the packaging technology for the sensor-on-chip configuration. 
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Because this configuration can be fabricated in a CMOS fab, it can tremendously reduce 

the cost for the sensor fabrication. If a suitable packaging technology is available, this is a 

promising way to commercialize the sensor technology. The recommendation is to make 

the electrical contact from the back of the sensor and to use a no-glue technology (seal 

the contacts by mechanical means only). Additionally, building the sensor in smaller 

structures will be another research direction. When the RIE cannot perform the 

patterning, other technologies should be tried, such as a Focused Ion Beam. 

Another direction of future work is to try to use this sensor technology in other 

applications. The application can cover the front-end process to the back-end processes, 

from trench and via to porous low k. For example, it is found in this research, the 

efficiency of the rinse of sulfuric acid is limited by desorption. In this case, using the 

single wafer rinse to create higher rinse efficiency than overflow rinse is difficult. So a 

novel sensor with wireless data transfer capability can help studying what kind of energy 

added to single wafer chamber could increase desorption and rinse efficiency.   

Applications of the sensor outside semiconductor industry are possible as well. 
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APPENDIX A.  SENSITIVITY 

In this research, the sensitivity refers to the minimum change in the measurant 

that can cause a detectable change of output of the signal. It has another name 

“resolution” in Sze’s book [25]. The signal is always changing, when it is caused by the 

change of measurant instead of measurement errors. The concept of accuracy is the 

answer. “Accuracy is the ratio of the maximum error of the output signal to the full-scale 

output signal expressed in a percentage”[35]. Therefore, in this research, the sensitivity 

(or resolution) is defined as the change of the measurant, which will cause a change of 

output signal to the full-scale output ratio that equals to the accuracy. 

The signal of the sensor is impedance. |Z| (magnitude of impedance) is the most 

important part of this signal. Therefore, the accuracy of measuring |Z| must be evaluated. 

According to the Agilent 4284a precision LCR meter data sheet [69], this accuracy is the 

sum of the relative accuracy and the calibration accuracy.  

Ae + Acal [%] 

where: 

Ae is the relative accuracy 

Acal is the calibration accuracy 

Ae is given as 

Ae = ± [A + (Ka + Kaa + Kb x Kbb + Kc) x 100 + Kd] x Ke [%] 

A =Basic accuracy (refer to Figure A-1 and A-2) 

Ka = Impedance proportional factor (refer to Table A-2) 

Kaa =Cable length factor (refer to Table 1-2 in the data sheet [69]) 
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Kb =Impedance proportional factor (refer to Table A-2) 

Kbb =Cable length factor (refer to Table A-3) 

Kc =Calibration interpolation factor (refer to Table A-4) 

Kd =Cable length factor (refer to Table A-6) 

Ke =Temperature factor (refer to Table A-7) 

To avoid the input electrical signal influencing the removal mechanism, input 

electrical signal voltage is normally set to be less than 1 volt. In this case, the accuracy of 

a measurement at 100 mv is calculated  

 

Figure A-1: Basic accuracy A (1 of 2) [69] 

In the Figure A-1, the two horizontal lines were drawn from left chart to the right 

chart. In the left chart, the lower horizontal line crosses the minimum IZI value that must 
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be measured; the higher line crosses the maximum possible IZI value. In the right chart, 

the range of the operational frequency (from 500 Hz to 20 kHz) needs to be found. A1, A2 

and A4 in the right chart can be found in the rectangle defined by the two horizontal lines 

drawn and two vertical frequency lines (500 Hz line and 20 kHz line). Therefore, the 

values of A1, A2 and A4 need to be determined. At 100 mv (millivolts), all the A1, A2 and 

A4 are equal to the At1 as shown in Table A-1. Then At1 can be found in Figure A-2. 

Table A-1: A1, A2, A3 and A4 [69] 

 

 

Figure A-2: Basic accuracy A (2 of 2) [69] 

This figure indicates that At1 = 0.1 (assuming that integration time is set as medium). So 

A1 = A2 = A4 = 0.1, which means A = 0.1. 
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The second step is to find Ka, Impedance proportional factor in Table A-2 [69]. 

Table A-2: Impedance proportional factors Ka and Kb [69] 

 

)
V
200(1

Z
101K

s

3

a +×
×

=
−

 It is very important to point out the unit [mVrms] means 

millivolts. Kaa is negligible when the impedances are above 500 Ω [69]. Therefore, the 

third step is to find Kb which is in the Table A-2, )
V
70(110K

s

9
b +××= −Z  

The forth step is to find Kbb, Cable length factor in Table A-3 [69].  

Table A-3: Cable length factor Kbb [69] 

 

1K bb =  (No cable has been used in this research) 

The fifth step is to find Kc, Calibration interpolation factor in Table A-4 [69] 
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Table A-4: Calibration interpolation factor Kc [69] 

 

Direct calibration frequencies are the following forty-eight frequencies in Table A-5 [69]. 

Table A-5: Preset calibration frequencies [69] 

 

Kc is zero because the experiments in this research were always performed at the preset 

calibration frequencies. 

The sixth step is to find Kd, Cable length factor in Table A-6 [69] 

Table A-6: Cable length factor Kd 

 

Kd is zero because no cable has been used.  

The seventh step is to find Ke, Temperature factor in Table A-7 [69]. 

Table A-7: Temperature factor Ke [69] 
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In the calculation, the experiment is assumed to be performed at room temperature. 

Therefore, to be on the safe side, Ke can be estimated to be 2.  

Ae can be calculated as the following equation 

2100})]
V
70(110Z)

V
200(1

Z
101[  {0.1   Ae

s

9

s

3

××+××++×
×

+±= −
−

 

 

Z (Ω) Ae (Vs=100mv) Ae (Vs=50mv) 

5000 0.20182 0.2026 

50000 0.217012 0.22402 

500000 0.370001 0.440002 

 

At the end of rinse, Ae could be close to the 0.37 % depending on the actual cell constant. 

Towards the end, Acal needs to be calculated from Figure A-3 [69]. 
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Figure A-3: Calibration accuracy [69] 

According to the range of the IZI at the end of the rinse process and the range of 

the operation frequency, Acal can be found by using Acal = 0.03+1 x 10-3 fm  at the upper-

left corner in Figure A-3. Therefore, Acal = 0.03+1 x 10-3 x 1=0.031% at the operational 

frequency (1kHz). Then finally the absolute accuracy is Ae (0.37%) and Acal (0.031%); 

and that would be 0.401%. Therefore, if the measurant can cause 0.4% of the full-scale 

change, it is regards as the sensitivity (or resolution). 
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APPENDIX B.  FEMLAB SET UP 

FEMLAB program was used to simulate the rinse process and trench resistance. It 

is a partial-differential-equation solver based on the Finite Element Method. FEMLAB is 

easy to use because it has a graphical user interface (GUI), which enables users to do 

computational simulation without knowing the computer programming. All that users 

need to know is the mathematical formulation (including equations, initial conditions and 

boundary conditions) of the physical model and how to put this mathematical formulation 

into the solver by using the GUI. The set up of the mathematical formulation will be 

illustrated in this content step by step [80-82]. 

Open the FEMLAB software. 

In the Draw menu, two squares were drawn to represent two domains.  

Domain 1 (the trench): 

Width 4.0x10-6 
Height  2.0x10-6 
Position (corner) X: -2.0x10-6 

Y: 0 

(In this FEMLAB setup, the units are in SI system) 

Domain 2 (the boundary layer) 

Width 3.0x10-5 
Height  2.5x10-5 
Position (corner) X: -1.5x10-5 

Y: 2.0x10-6 
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In the Multiphysics menu, model navigator has the partial differential equations. Six 

equations were set up. 

1. Electrokinetic Flow (dependent variable: “c1” represents the proton 

concentration). 

2. Electrokinetic Flow (dependent variable: “c2” represents the sulfate ion 

concentration). 

3. Electrokinetic Flow (dependent variable: “c3” represents the hydroxide ion 

concentration). 

4. Weak Form, Boundary (dependent variable: “cs” represents the sulfate on oxide 

surface) 

5. Electrostatics (dependent variable: “phi” represents the potential of the solution) 

6. Conductive Media DC (dependent variable: “V” represents the voltage of the 

solution). 

All these equations can be setup in the Physics menu, Subdomain settings.  

1. Electrokinetic Flow (c1): 

Equation: c1RV)Fc1zuc1D(
t

c1δ mts ∇⋅−=∇−∇−⋅∇+
∂
∂ u  

Domain 1 (trench): 

Coefficients  Value/Expression  Description  
tsδ   1 Time-scale coefficient  

D D11 Diffusivity  
R kh2o-khoh*c1*c3 Net proton generation rate  
um D11/R/T Mobility 
z z1 Charge number 
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Coefficients  Value/Expression  Description  
v 0 x-velocity 
u 0 y-velocity 
V phi potential 

 
Initial Value  

Variable Initial value Description 
c1(t0) a0 Initial concentration 

 
Element (Predefine elements: Lagrange-Quadratic) 

Coefficient  Value  Description  
Shape  shlag(2,'c1')  Shape functions  
gporder  4  Integration order  
cporder  2  Constraint order  

 
Domain 2 (boundary layer): 

Coefficients  Value/Expression  Description  
tsδ   1 Time-scale coefficient  

D D12 Effective diffusivity  
R kh2o-khoh*c1*c3 Net proton generation rate  
um D11/R/T Mobility 
z z1 Charge number 
v 0 x-velocity 
u 0 y-velocity 
V phi potential 

 
Initial Value  

Variable Initial value Description 
c1(t0) a0 Initial concentration 

 
Element (Predefine elements: Lagrange-Quadratic) 

Coefficient  Value  Description  
Shape  shlag(2,'c1')  Shape functions  
gporder  4  Integration order  
cporder  2  Constraint order  
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2. Electrokinetic Flow (c2): 

Equation: c2RV)Fc2zuc2D(
t

c2δ mts ∇⋅−=∇−∇−⋅∇+
∂
∂ u  

Domain 1 (trench): 

Coefficients  Value/Expression  Description  
tsδ   1 Time-scale coefficient  

D D21 Diffusivity  
R 0 Reaction rate 
um D21/R/T Mobility 
z z2 Charge number 
v 0 x-velocity 
u 0 y-velocity 
V phi potential 

 
Initial Value  

Variable Initial value Description 
c2(t0) c0 Initial concentration 

 
 

Element (Predefine elements: Lagrange-Quadratic) 

Coefficient  Value  Description  
Shape  shlag(2,'c2')  Shape functions  
gporder  4  Integration order  
cporder  2  Constraint order  

 
Domain 2 (boundary layer): 

Coefficients  Value/Expression  Description  
tsδ   1 Time-scale coefficient  

D D22 Effective diffusivity  
R 0 Reaction rate 
um D21/R/T Mobility 
z z2 Charge number 
v 0 x-velocity 
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Coefficients  Value/Expression  Description  
u 0 y-velocity 
V phi potential 

 
 

Initial Value  

Variable Initial value Description 
c2(t0) c0 Initial concentration 

 
Element (Predefine elements: Lagrange-Quadratic) 

Coefficient  Value  Description  
Shape  shlag(2,'c2')  Shape functions  
gporder  4  Integration order  
cporder  2  Constraint order  
 

3. Electrokinetic Flow (c3): 

Equation: c3RV)Fc3zuc3D(
t

c3δ mts ∇⋅−=∇−∇−⋅∇+
∂
∂ u  

Domain 1 (trench): 

Coefficients  Value/Expression  Description  
tsδ   1 Time-scale coefficient  

D D31 Diffusivity  
R kh2o-khoh*c1*c3 Net proton generation rate  
um D31/R/T Mobility 
z z3 Charge number 
v 0 x-velocity 
u 0 y-velocity 
V phi potential 

 
Initial Value  

Variable Initial value Description 
c3(t0) b0 Initial concentration 
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Element (Predefine elements: Lagrange-Quadratic) 

Coefficient  Value  Description  
Shape  shlag(2,'c3')  Shape functions  
gporder  4  Integration order  
cporder  2  Constraint order  

 
Domain 2 (boundary layer): 

Coefficients  Value/Expression  Description  
tsδ   1 Time-scale coefficient  

D D32 Effective diffusivity  
R kh2o-khoh*c1*c3 Net proton generation rate  
um D31/R/T Mobility 
z z3 Charge number 
v 0 x-velocity 
u 0 y-velocity 
V phi potential 

 
Initial Value  

Variable Initial value Description 
c3(t0) b0 Initial concentration 

 
 

Element (Predefine elements: Lagrange-Quadratic) 

Coefficient  Value  Description  
Shape  shlag(2,'c3')  Shape functions  
gporder  4  Integration order  
cporder  2  Constraint order  
 

4. Weak Form, Boundary (cs): 

No subdomian settings  
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5. Electrostatics (phi): 

Equation: ρphiεε r0 =∇⋅∇−  
Domain 1 (trench) + Domain 2 (Boundary layer) 
Constitutive relation: D=ε0εrE 
 
Coefficients  Value/Expression  Description  
εr 80 Relative permittivity 
ρ F*(z1*c1+z2*c2+z3*c3)  Space charge density  

 
Initial Value  

Variable Initial value Description 
phi(t0) 0 Initial electric potential 

 
Element (Predefine elements: Lagrange-Quadratic) 

Coefficient  Value  Description  
Shape  shlag(2,'phi')  Shape functions  
gporder  4  Integration order  
cporder  2  Constraint order  

 
6. Conductive Media DC (V): 

Equation: jQ)-V( =∇⋅∇− eJσ  
Domain 1 (trench) + Domain 2 (Boundary layer) 
Constitutive relation: D=ε0εrE 
 
Coefficients  Value/Expression  Description  
d 1 Electrode thickness 

Je (0,0) External current 
density 

Qj 0 Current source 
σ temp*(num1*c1+num2*c2+num3*c3) Electrical conductivity 

 (temp is a fitting parameter for the temperature effect on mobility) 
 
Initial Value  

Variable Initial value Description 
V(t0) 0 Initial electric potential 
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Element (Predefine elements: Lagrange-Quadratic) 

Coefficient  Value  Description  
Shape  shlag(2,'V')  Shape functions  
gporder  4  Integration order  
cporder  2  Constraint order  

 
After the equations and initial conditions were setup, the boundary conditions need to be 

setup in the Physics menu, Boundary Settings.  

A boundary map is shown as Figure C-1 

1

2

3

4
5

6

8

9

10

11

7

 

1. Electrokinetic Flow (c1) 

Boundary group (1, 2, 4, 5, 6, 8, 9, 10, 11) 

Boundary condition: Insulation/Symmetry 
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Boundary group (3) 

Boundary condition: Concentration 

Quantity Value/Expression Description 
c10 a Concentration 

 

2. Electrokinetic Flow (c2) 

 Boundary group (1, 11) 

  Boundary condition: Insulation/Symmetry 

Boundary group (2, 4, 5, 6, 8, 9, 10) 

Boundary condition: Flux 

Equation: uNNn c2VFc2zuc2D;N m0 +∇−∇−==⋅−  

Quantity Value/Expression Description 
N0 -surf Inward flux 

 

Boundary group (3) 

Boundary condition: Concentration 

Quantity Value/Expression Description 
c20 ss Concentration 

 

3. Electrokinetic Flow (c3) 

Boundary group (1, 2, 4, 5, 6, 8, 9, 10, 11) 

Boundary condition: Insulation/Symmetry 
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Boundary group (3) 

Boundary condition: Concentration 

Quantity Value/Expression Description 
c30 b Concentration 
 
4. Weak Form, Boundary (cs): 

Weak form  

Term  Value/Expression  Description  
weak cs_test*surf Weak term  
dweak  cs_test*cs_time Time dependant weak term  
constr  0  Constraint  

 
Initial Value  

Variable Initial value Description 
cs(t0) cs0 Initial surface concentration 

 
Element (Predefine elements: Lagrange-Quadratic) 

Coefficient  Value  Description  
Shape  shlag(2,'cs')  Shape functions  
gporder  4  Integration order  
cporder  2  Constraint order  

 
5. Electrostatics (phi): 
 

Boundary group (1, 11) 

Boundary condition: Zero charge/Symmetry 

Boundary group (3) 

Boundary condition: potential 

Quantity Value/Expression Description 
V0 0 Electric potential  
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Boundary group (2, 4, 5, 6, 8, 9, 10) 

Boundary condition: Surface charge 

Quantity Value/Expression Description 
ρS cha Surface charge density  
 

 
6. Conductive Media DC (V): 

Boundary group (1, 2, 3, 5, 6, 9, 10, 11) 

Boundary condition: Electric insulation. 

Boundary group (4) 

Boundary condition: Electric potential 

Quantity Value/Expression Description 
V0 1 Electric potential  

 
Boundary group (8) 

Boundary condition: Electric potential 

Quantity Value/Expression Description 
V0 0 Electrical potential 
 
 
Towards the end, it is necessary to collect all the constants and variables in the 

equations, the initial conditions, and the boundary conditions and input them in Options 

Menu (in constants and expressions separately). There is one thing one needs to be very 

careful of, the units are in SI system. Furthermore, the constants and expressions change 

as the chemical system changes. 
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1. Sulfuric Acid rinse (32 °C) 

Constants: 

num1 The molar conductivity of proton [m2 S mol–1] 3.49x10--2 

num2 The molar conductivity of sulfate ion [m2 S 
mol–1] 1.60x10--2 

num3 The molar conductivity of hydroxide ion [m2 S 
mol–1] 1.98x10--2 

R Ideal gas constant [J mol-1 K-1] 8.314 
F Faraday constant 96485 
D1 Proton diffusivity in water (25 °C) [m2sec-1]  9.0x10-9  

D2 Sulfate ion diffusivity in water (25 °C)  
[m2sec-1] 1.0x10-9  

D3 Hydroxide ion diffusivity in water (25 °C) 
[m2sec-1] 5.3x10-9  

z1 Charge number of proton  1  
z2  Charge number of sulfate ion  -2  
z3 Charge number of hydroxide ion -1 
khoh H++OH- H2O Rate constant [m3 mol-1 sec-1] 108 
kh2o H2O  H++OH- Rate constant [mol m-3 sec-1] 1 

ka  Adsorption rate constant for sulfate ion 
[m3/mol-1sec-1]  0.00696 

kd  Desorption rate constant for sulfate ion [sec-1]  0.00248 
Theta0 Total surface sites for sulfate ion [mol m-2 ] 2.75x10-5  
cs0  Initial surface loading of sulfate [mol m-2 ] 2.326x10-5  

c0 Initial sulfate concentration within the 
carryover layer [mol m-3 ] 1.95  

a0  Initial proton concentration within the 
carryover layer [mol m-3 ] (c0*c0+10-8)^0.5+c0 

b0  Initial hydroxide ion concentration within the 
carryover layer [mol m-3 ] (c0*c0+10-8)^0.5-c0 

T Temperature [K] 305.15 
temp Temperature coefficient of diffusivity 1.05 
ef Coefficient of effective diffusivity 1.35 
D11 Proton diffusivity in the trench [m2sec-1]  D1*temp 
D21 Sulfate ion diffusivity in the trench [m2sec-1] D2*temp 

D31 Hydroxide ion diffusivity in the trench 
 [m2sec-1] D3*temp 

D12 Proton diffusivity in the boundary layer 
[m2sec-1]  D1*ef 

D22 Sulfate ion diffusivity in the boundary layer D1*ef 
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[m2sec-1]  

D32 Hydroxide ion diffusivity in the boundary 
layer [m2sec-1]  D1*ef 

cb0 Initial tank concentration of sulfate ion [mol 
m-3] 2.437x10-7 

vol Rinse tank volume (m3) 0.8x10-3 
q Flow rate of the rinse tank (m3 sec-1) 0.23x10-4 

 (“temp” is the coefficient for correcting the diffusivities that is not at 25 ºC) 
 (“ef” is the coefficient for adding the flow effect into diffusivity) 
 
 
Expressions: 

 
Scale expressions: 

ss=cb0*exp(-t/(vol/q)) Bulk concentration in the 
rinse tank mol/m3 

a=(ss*ss+10-8)^0.5+ss Bulk proton concentration mol/m3 
b=(ss*ss+10-8)^0.5-ss Bulk hydroxide concentration mol/m3 

cha = -5.056e-7/(c1+3.16e-5) Charge density at silicon 
dioxide surface Coul/m2 

 
Boundary expressions: 

At boundary (2, 4, 5, 6, 8, 9, 10) 

surf=ka*c2*(theta0-cs)-kd*cs Adsorption rate of sulfate mol m-2 
sec-1 

 
Then the user could use mesh tool to adjust mesh size. 

In Mesh Menu,  

Mesh parameters (Boundary): 

Choose boundary 2, 4, 5, 6, 8, 9, 10 

Put 5e-7 as maximum element size 
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The last step is set solver 

In the Solve Menu 

Choose solver parameters 

 

The linear system solver: Direct (UMFPACK) is fast. However, when the 

simulation has some converging issues; the Direct (SPOOLES) could be used instead.  

The default setting is 0.01 for relative tolerance, 0.001 for absolute tolerance. But for 

most cases in this research, they are found to be too big. Therefore, they are changed to 

present setting. The method of setting these values is gradually decreasing the tolerance 
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values till the simulation results remain the same even after smaller tolerance values were 

chosen. 

 

The “time steps taken by solver” is set to be free, so the solver can adjust the 

steps to achieve fastest simulation speed. However, when the time of the simulation is not 

a concern, the setting can be changed to strict and the time step can be changed manually. 
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In this tab, all the settings are set to be the default values. 

 

The above set-up is a complete set-up for the simulation of the sulfuric acid rinse. 

For the simulations at different initial concentrations, rinsing temperatures, and in 

different tanks, the only changes that are needed are going to be in the Options menu and 

then choosing Constants menu to change temperature, boundary thickness, rate constants 

etc. However, when the set-up was used to simulate the cation rinse such as the one 

described in the section 5.6, more changes are needed. 
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The changes for the cation simulation in the section 5.6 

In the Constants menu: 

Change 

a0  Initial proton concentration within the 
carryover layer [mol m-3 ] (c0*c0+10-8)^0.5+c0 

b0  Initial hydroxide ion concentration within the 
carryover layer [mol m-3 ] (c0*c0+10-8)^0.5-c0 

To  

a0  Initial proton concentration within 
the carryover layer [mol m-3 ] ((c0*c0+4x10-8)^0.5-c0)/2 

b0  Initial hydroxide ion concentration 
within the carryover layer [mol m-3 ] ((c0*c0+4x10-8)^0.5+c0)/2 

 

In the expressions menu: 

In scale expressions: 

Change  

a=(ss*ss+10-8)^0.5+ss Bulk proton concentration mol/m3 
b=(ss*ss+10-8)^0.5-ss Bulk hydroxide concentration mol/m3 

cha = -5.056e-7/(c1+3.16e-5) Charge density at silicon 
dioxide surface coul/m2 

 To 
 

a=((ss*ss+4x10-8)^0.5-ss)/2 Bulk proton concentration mol/m3 
b=((ss*ss+4x10-8)^0.5+ss)/2 Bulk hydroxide concentration mol/m3 

sss=(theta0-cs)*6.022x1023 Silanol groups not occupied 
by cations sites/m2 

cha =  
-3.16e-5*sss*1.6x1019/(c1+3.16e-5) 

Charge density at silicon 
dioxide surface coul/m2 

 

Finally, if necessary, the constants can be changed in the Constants menu. 
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APPENDIX C. NOMENCLATURE 

C    Capacitance [F or farad] 

Ci    Concentration of ions [mol/m3] 

Ci, bulk Concentration of ions in the bulk (out of the trench and the 

boundary) [mol/m3] 

Clower Parasitic capacitance below connection conductive layer 

Cover Parasitic capacitance above connection conductive layer 

total 

Ctrench Capacitance in the trench between electrodes 

Cupper Parasitic capacitance above connection conductive layer 

with in the device 

CS, i Surface concentration of ions [mol/m2] 

CS0, i Initial surface concentration of ions [mol/m2] 

Di Diffusivity of ions [m2/sec] 

Di, eff Effective diffusivity of ions [m2/sec] 

e Electric charge of an electron [C or coulomb] 

F Faraday constant [C/mol] 

Ka1 The first dissociation constant of an acid 

Ka2 The second dissociation constant of an acid 

kads, i Adsorption rate constant 

kdes, i Desorption rate constant 
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kHOH Reaction rate constant of proton and hydroxide 

neutralization 

kH2O Water dissociation rate constant 

KSiOH Silanol dissociation constant 

Kw Water dissociation constant  

iN  Flux of materials 

R Gas constant 

Rpoly Polysilicon resistance [Ω] 

Rtrench Trench resistance [Ω] 

S0, i Total surface sites available for adsorption of ions [mol/m2] 

T Temperature [K] 

tTr The time between wafers leaving the chemical bath and 

reaching the rinse tank 

vE Wafer extraction rate (extract out of chemical bath) 

vI Wafer immersion rate (immerse into rinse tank) 

zi Number of charges of ions 

Greek Letters: 

ε Permittivity of materials [C2⋅N-1⋅m-2] 

λi Molar conductivity of ions [m2⋅S mol–1] 

ρ Density [kg/m3] 

ρb Bulk charge density [C/m3] 

ρsolution Solution resistivity [Ω⋅m] 
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ϕ Electric potential [V] 

μ Mobility of ions [mol⋅sec/kg] 

μf Viscosity [Pa⋅sec] 

σ Surface charge density [C/m2] 

σb Solution conductivity [S or Siemens/m] 

Abbreviations: 

AES Auger electron spectroscopy 

BOE    Buffered oxide etch 

CFD    Computational fluid dynamics 

CMOS    Complementary metal-oxide-semiconductor  

CSSER   Center for solid state electronic research  

CSTR    Continuous stirred tank reactor 

CVD     Chemical vapor deposition 

Ebeam    Electron beam 

ECRS    Electrochemical residue sensor 

ESCA    Electron spectroscopy for chemical analysis 

FIB    Focused ion beam 

He-RBS   Rutherford Backscattering with Helium 

HREELS   High resolution electron energy loss spectroscopy 

IR    Infrared (electromagnetic radiation) 

LCR    Inductance, capacitance, resistance 

LPM    Liter per minute 
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MEMS    Micro-electro-mechanical systems 

N-RBS    Rutherford Backscattering with Nitrogen 

PVD    Physical vapor deposition 

QDR     Quick dump rinse 

RCA    Radio Corporation of America 

RF    Radio frequency 

RIE    Reactive ion etch 

RTA    Rapid thermal anneal 

SEM    Scanning electron microscopy 

SIMS    Secondary ion mass spectroscopy 

TXRF     Total reflection X-ray fluorescence 

UPW    Ultra pure water 

VPD/AAS Vapor phase decomposition atomic absorption 

spectroscopy 
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