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ABSTRACT 
 

Typical surface preparation consists of exposure to cleaning chemical to remove 

contaminants followed by rinsing with ultra-pure water which is followed by drying.  

Large quantities of water, various chemicals, and energy are used during rinsing and 

drying processes.  Currently there is no in-situ metrology available to determine the 

cleanliness of micro- and nano-structures as these processes are taking place.  This is a 

major technology gap and leads to over use of resources and adversely affects the 

throughput.   

 

Surface preparation of patterned wafers by batch processing becomes a major 

challenge as semiconductor fabrication moves deeper in submicron technology nodes.  

Many fabs have already employed single wafer tools.  The main roadblock for single-

wafer tools is their lower throughput.  This obstacle is eased by introduction of multi 

chamber tools.  To reduce cycle time and resource utilization during rinse and dry 

processes without sacrificing surface cleanliness and throughput, in-situ metrology is 

developed and used to compare typical single wafer spinning tools with immersion tools 

for rinsing of patterned wafers.  This novel metrology technology includes both hardware 

for an in-situ measurement and software for process data analysis.  Successful 

incorporation of this metrology will eliminate dependency on external analysis 

techniques such as Inductively Coupled Mass Spectroscopy (ICPMS), Scanning Electron 

Microscope (SEM), and Transmission Electron Microscope (TEM), and will lead to fast 

response time.   
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 In this study the electro-chemical residue sensor (ECRS) was incorporated in a lab 

scale single-wafer spinning and single- wafer immersion tool.  A special contact pad was 

designed, fabricated and mounted below the chuck to electronically connect ECRS to the 

LCR meter.  This modified single-wafer spinning clean/rinse/dry tool setup can provide 

real-time data on the amount of contaminants or water left inside micro- and nano-

structure during rinsing and drying.  The ECRS was used to monitor dynamics of rinsing 

of various cleans such as ammonium peroxide mixture (APM), hydrochloric peroxide 

mixture (HPM), and sulfuric peroxide mixture (SPM).  It was observed that different 

cleaning chemicals impact the subsequent rinse not only through adsorption and 

desorption but also through surface charge.  The results are analyzed by using a 

comprehensive process model which takes into account various transport mechanisms 

such as adsorption, desorption, diffusion, convection, and surface charge.  This novel 

metrology can be used at very low concentration with very high accuracy.  It can also 

provide useful information on the effect of the key rinse process parameters such as flow 

rate, spin rate, temperature, and chemical concentration.    
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CHAPTER 1 
 

INTRODUCTION 
 
 

1.1. BACKGROUND 

 

Invention and evolution of transistor and integrated circuits in the twentieth century 

has changed the life of mankind.  In the twenty-first century, the standard of life has been 

improved and brought the world closer by better physical and virtual connectivity.  This 

is all possible due to the extension of the use of Integrated Circuits to various applications 

related to day to day life.  But, this has increased human dependence on technology and it 

is an integral part of the modern world’s lifestyle.   

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1.1: Moore’s law [1] 
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In 1965, Gordan Moore predicted that the number of transistors per chip would 

double every 18 months, which is now referred to as Moore’s Law [2, 3].  Over the last 

few decades, the semiconductor industry has always stretched its limits for higher speed, 

which is dictated by Moore’s Law.  This trend resulted in an increased number of 

transistors, from few hundred in the 1970s, to close to a billion on recent chips; this is 

shown in Figure 1.1.1.  This required shrinkage of feature size down to a few nanometers 

and is still heading south [4].  This has raised a lot of concerns about reliability and, 

ultimately, profitability, but the semiconductor industry has overcome these challenges 

through a “Kaizen”, a continuous improvement, in performance, reliability, and 

profitability.   

 

Achievement of high speed chips is comprised of shrinkage of feature size along with 

the increased complexity of the chip.  This has lead to the fabrication of multilayer chips 

to achieve the same level of performance from a smaller chip area.  The first layer of the 

chip is the heart of the microprocessor, a transistor, while other layers are mainly metallic 

connection lines to connect transistors in different combinations.  Recent microprocessors 

contain metal layers somewhere in the range of 8-12 per chip.  A cross section of a 

microprocessor is shown in Figure 1.1.2.   

 

Thus, shrinkage of the feature size along with multilayer chips has lead to a formation 

of smaller trenches, vias, and high aspect ratio features of various materials which need to 
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be processed without changing their properties.   This poses new challenges such as the 

introduction of new materials, increased use of resources, etc.   

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.2: Typical cross-section of multilevel interconnects [5] 

 

It is very well known that the semiconductor industry requires pristine cleanliness and 

thus surface preparation on a regular basis is a common practice.  Surface preparation 

consists of exposure to cleaning chemicals to dissolve contaminants and then rinsing it 

off with ultrapure water followed by drying.  It is necessary to completely clean these 

features in order to achieve higher yield, which is a must for profitability.  Currently, 

surface preparation steps are a major part of the processing steps, comprising 40 to 60% 
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of the total steps, depending on the applications and technology node [6, 7].  These steps 

contribute to more than 50% of the total water usage in a typical semiconductor plant.   

 

The focus of this work is on the rinsing and drying of the micro- and nano-structures.  

Currently, the rinse and dry recipes are based on past experience and/-or use of a 

resistivity meter.  Thus, a common practice is to over rinse, which leads to wastage of 

water and energy.  The goal of this work is to study the fundamentals of mechanisms of 

rinsing and drying of micro- and nano-structures.  This research provides a new 

understanding of rinsing and drying to optimize current industry procedures.  Having said 

that, it is also necessary to study the surface preparation of smaller feature sizes and new 

materials which are new to the semiconductor industry [4].   

 

1.2. PREVIOUS WORK AND CHALLENGES 

 

1.2. 1. Conventional Rinsing-Overflow and Quick Dump Rinsing: 

 

Since much water is used during rinsing, it has been a focus of attention for many 

years and has led to some fundamental study related mainly to the rinsing and drying of 

micro-structures.  Much work has been done both experimentally and theoretically which 

is focused on reduction of water use and recycling of used water.   
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One of the earliest works related to this problem is by Rosato et. al..  Their work 

focused on the study of the various factors that affect rinse.  These factors include 

convection, diffusion, flow rate, method of operation, and ultrapure water temperature.  

Rinse efficiency is dependent upon the amount of carryover layer brought into the rinse 

tank along with the wafers.  It was shown that carryover layer thickness depends on the 

extraction rate, and the correlation between carryover layer thickness and extraction rate 

is shown in Figure 1.2.1 [8].   

 

 

Figure 1.2.1:  Effect of extraction rate on carryover layer thickness 

 

From Figure 1.2.1 it can be seen that carryover layer thickness increases as the 

extraction rate increases.  Having a higher carryover layer leads to longer rinse time and 
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also requires more ultrapure water.  Another important factor considered by Rosato is the 

effect of wafer load.  It is shown that having higher wafer load leads to more carryover, 

and hence, longer rinse time.  These experiments were performed for rinsing of post 

sulfuric acid exposure at 120 0C, while rinsing was done with ultrapure water at 20 0C.  

These results are shown in Figure 1.2.2.  It was proposed that rinse efficiency can be 

improved by having an optimized flow in the tank.  It is possible to do so, but not very 

practical when the application of optimized flow needs to be extended to all the users in 

the industry.    

 

 

Figure 1.2.2: Effect of wafer load on resistivity meter reading. 

 

Researchers at Advanced Custom Technology studied rinsing post several chemical 

exposures [9].  The criteria used for this study was time to reach a resistivity meter 
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reading of 10 MΩ-cm.  This study addressed key effects such as the effect of dump 

rinsing on removal of liquid phase chemicals, and properties of chemicals; it was 

concluded that a large amount of water saving is possible if this approach is extended to 

all fabs.  The resistivity meter was used for another study at Motorola in a different way 

to study the effects of cassette material, wafer load, and modified flow in the tank [10].  

The problem with these studies is that the resistivity meter reading, which is in the outlet 

of the tank, is used to monitor the rinse process.  The resistivity meter is essentially 

monitoring the conductivity of the water coming out of the tank, which is not a correct 

representation of the contamination on the surface of the wafer or inside the micro-

structure.   

 

To overcome this problem, O’Hern et.al designed a conductivity cell which had 

dimensions equivalent to the wafer gap and used it to track the impurity concentration 

near the wafer [11].  By this approach the effect of various process parameters on the 

removal of impurity concentrations is studied, which is shown in table 1.2-1.  This is by 

far the most successful experimental approach to study the transport of ions in the 

vicinity of the surface of the interest, but there was not a comprehensive process model to 

interpret the results obtained by use of this new conductivity cell.   

 

The hygroscopic nature of the sulfate was used to study the effect of various process 

parameters by Hall et. al. [12].  In this study, the effect of megasonic, and temperature of 

DI water on the number of particles generated on the wafer surface was studied.  It was 
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shown that rinsing with hot DI water helps reduce the generation of particles, which 

indicates that the surface concentration of sulfate ions was lower.  This was an innovative 

approach but the problem here was that one has to wait a certain time for particles to 

grow, and particle count can vary based on the humidity in storage.  Also, particles can 

get on the surface from other source and can give misleading information; the authors 

should have done elemental analysis to verify their claim. 

 

Table 1.2-1: Effect of various process parameters on impurity removal 

Variable Strong Effect Medium Effect Weak Effect No Effect 

Flow Rate X    

Tank Volume X    

Overflow Geometry    X 

Side Jets   X  

Floor Injection 

(Holes or Slots) 

 X*   

Floor Screen    X 

Agitation    X 

* Effect localized to certain wafer gaps 
 

To take the analysis to next level, Romero used an ion selective probe to measure the 

concentration of protons near the surface.  The sketch of the setup is shown in Figure 

1.2.3 [13].  It was found that this approach was useful in concentrated solutions, but not 

the best for rinsing applications where, at the end of the rinse, theth concentration is very 
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low.  Also, this is not a very practical approach when coupled with the fluid dynamics 

inside the tank.   

 

 

 

Figure 1.2.3: Sketch of rinse study using ion selective microprobe. 

 

The most relevant theoretical study of rinse processes started in the 1990’s.  

Researchers developed a model to study the rinsing of microstructures and made progress 

in this field by studying the fluid dynamics in the tank while others, tried to couple data 
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with surface cleanliness [14, 15, 16].  The most relevant work, which was a rinsing of 

patterned wafers, was studied by Nakao et. al. [17].  Nakao et. al. studied the effect of 

diffusion and flow during the rinsing of a 4 micron deep and 0.5 micron wide trench.  

Key results of his study are shown in Figure 1.2.4 and 1.2.5.  This study showed that both 

diffusion and flow play an important role in removal of impurity ions from the 

microstructure.  Though this was a very good study, there is no information about surface 

concentration.   

 

 

Figure 1.2.4: Effect of diffusion on relative concentration of impurity ion at the bottom of 

the trench. 
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Aoki et.al. took one further step and compared a the concentration of impurity ions at 

different locations and concluded that the impurity concentration is higher in micro-

structures than on a flat surface [18].  A similar, but more detail oriented study, was done 

by Hebda [19].  In this work for the first time, the surface concentration is coupled with 

liquid phase concentration to study the rinsing of micro-structures.   

 

 

Figure 1.2.5: Effect of flow on the relative concentration at the bottom of the trench 

(D=1x10-9 m2/sec) 

 

Recently, Yan et al.[20] introduced  a new method and reported results for the real-

time and in-situ measurement of residual impurity removal from fine structures of 

patterned wafers during a batch-type rinse process by using a novel sensor called the 

Electro-Chemical Residual Sensor (ECRS).  It was found that the residual impurity 
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concentration was significantly different from what is typically provided by measuring 

the bulk water resistivity, which is usually employed for monitoring the rinse process in 

fabs.  Their results revealed the distinct change in cleaning mechanisms as rinse 

progresses.   

 

1.2. 2. Non Conventional Type of Rinsing: 

 

Apart from conventional and common overflow rinsing, along with quick dump 

rinsing, some efforts were done to study the rinse in different setup.  One of these 

approaches was opposite of overflow rinse where water is added to that tank from the top 

[21].  This is the only reported study and never received a serious consideration.   

 

During rinsing, the common practice is for all the water overflow to go either to the 

recycling unit or to the drain.  In an innovative approach, Raccurt et. al. modified a rinse 

tank in a way where there would be very high flow for the initial part of the rinse, 

followed by rinsing with re-circulated water [21].  Their results showed improved 

performance over overflow rinsing when resistivity meter readings were compared.  

Their results of relative surface concentration showed a constant slope which indicates 

that process is surface reaction dominated.  These results are shown in Figure 1.2.6.  

 

Currently, with wafer size becoming larger, single wafer rinsing is becoming more 

attractive.  This was studied by Christenson in the 90’s, but never got attention until few 
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years ago [22, 23].  Their study showed that by using spin rinsing it is possible to reduce 

the surface concentration of the contaminants to several orders of magnitude lower than 

overflow rinsing in a shorter duration. Moreover, this time scale was not lucrative enough 

to achieve the same throughput as using single wafer processing.   

 

 

Figure1.2.6: Relative concentration of KCl measured by TXRF. 

 

Thus, the merits of switching to single wafer processing were studied by several 

researchers over the last few years [24, 25, 26].  Various chemistries were studied in 

Front End of Line (FEOL) and Back End of Line (BEOL) processes.  All of these studies 

point towards the conclusion that switching to single wafer processing is useful, helps 

reduce cross contamination, gives better critical dimension (CD) control, and produces an 

improvement in device yield [6, 27].   
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 A major disadvantage of single-wafer cleaning tools compared to batch tools is 

lower throughput.  In order to overcome this problem, multi-chamber systems with 8 to 

12 cleaning and rinsing chambers have been introduced [28].  Maximizing the throughput 

and minimizing the processing time and the resource consumption in these systems 

requires new technology for the end-point detection in cleaning, rinsing, and drying 

processes.  Towards this goal, it is important to understand and to measure the 

mechanism of the removal of residual impurities including convection, diffusion, and 

adsorption/desorption on wafer surfaces and particularly inside the micro and nano 

structures.  The fundamental bottlenecks of these surface preparation steps in patterned 

wafers are poorly understood and need systematic investigation [29]. 

 

1.3. RESEARCH OBJECTIVE AND APPROACH 

 

Previous research focused mainly on studying the effect of various process 

parameters such as carryover layer, wafer load, cassette material, flow pattern inside the 

tank, dumps, and many more.  These studies were good and helped to understand the 

effect of these parameters on rinsing and drying.  All of the previous research depended 

on liquid phase concentration measurement and/or relied on external analytical 

techniques such as EDS, TXRF or VPD-ICPMS for surface characterization.  These 

analytical techniques have their own limitations and can not be extended to all 

applications.  When it comes to patterned wafers, a sample preparation is required which 

involves destructive methods, and most importantly the preparations are time consuming 
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and method of sample preparation can affect the results.  Thus, there is a need for a 

metrology which is in-situ, real time, and robust enough that it can be used in most 

applications.   

 

  Thus, it is necessary to have a metrology method which can study the effect of all 

process parameters that affect the rinsing by knowing surface concentration of 

contaminants inside of the trenches.  This is achieved by introduction of a metrology 

method at the University of Arizona which will monitor the transport of contaminant 

concentrations inside micro- and nano-structures.  This is the only metrology which will 

be able to provide surface concentration of contaminants inside micro-structures while 

the process is taking place.  Thus, the goal of this research is to study the effect of various 

process parameters on rinsing of patterned wafers and modify a metrology method for 

end point detection.   

 

The method of approach has been to develop and apply a metrology method for 

rinsing and drying after various cleaning chemistries to study the fundamentals of ionic 

transport and identify the bottlenecks. This information can be used to develop novel 

rinse and dry recipes to reduce water, energy, and resource usage.   

 

The metrology developed as a part of this work has two parts: 

1. Hardware: electro-chemical residue sensor 

2. Software: process model 
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It was necessary to design and fabricate hardware, the Electro-Chemical Residue 

Sensor (ECRS).  Thus, with this unique metrology it is possible to study the transport of 

ions inside micro-structures and not at a place distant from the microstructure being 

rinsed.  Use of this hardware is extended to the study of the rinse after various cleaning 

chemicals.  ECRS response is chemical specific and has very high sensitivity in the low 

ppb range.  

 

Figure 1.3.1: Cross section of electro-chemical residue sensor 

 

The principle of operation and the sensitivity results are shown elsewhere, but a brief 

overview of this metrology is given here [30].  The cross section of the sensor is shown in 

Figure 1.3.1.  Here, the silver part is an electrode such as chromium or poly-Si which is 

sandwiched in between two dielectric layers of silicon dioxide.  The impedance of the 
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trench is monitored across these electrodes by use of the inductance (L), capacitance (C) 

and resistance (R) (LCR) meter.  The impedance of the trench is very sensitive to the 

presence of the impurity concentration inside the trench.  Thus, when there are more 

impurities present, impedance is low and vice versa.  Therefore, by tracking the 

impedance of the trench, it is possible to track the concentration of contaminants inside 

the trench.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3.2: Comparison of conventional metrology vs novel metrology 
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The ECRS measurement tracks the ionic contaminant concentration inside the trench, 

which depends on the transport inside the trench, and surface reaction.  In order to study 

the process of rinsing in detail, a second part of the metrology, a process model, is 

developed.  The process model takes into account various modes of transport including 

diffusion, surface reaction, convection, surface charge, and transport of ions under the 

influence of the field generated due to the charging of the surface.  The process model is 

used to interpret the ECRS measurements and thus it is necessary to be able to make this 

metrology complete.  Another use of the process model is to get the process parameters 

which are dependent on surface interactions and this information can be used to perform 

parametric studies, and recipe development and optimization.   

 

  Conventional technology, resistivity meter, does not give information about the 

concentration inside the trench and concentration of contaminant on the surface of the 

trench.  On the other hand using this novel metrology, ECRS in conjunction with process 

model, it is possible to get the concentration in liquid phase inside of the trench and also 

the surface concentration on the surface of the trench.  This is shown in Figure 1.3.2 

where top plot shows what is currently used for rinse process characterization 

(conventional technology) and bottom plot shows what need to be measured and used for 

process optimization which is enabled by new metrology. 
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CHAPTER 2 
 

FABRICATION OF SENSOR 
 

 
 One of the most important parts of this project was to fabricate the Electro-

Chemical Residue Sensor.  It was necessary to fabricate these sensors in house for two 

reasons: 

1. To know all the treatments the sensor has gone through, which will be helpful in 

understanding if abnormal behavior is due to fabrication or not.  

2. This was one of the ways to achieve cost effective fabrication of these sensors.  

 

So, in order to achieve goals listed above, ongoing work was done to fabricate these 

sensors.  As a previous work on this project, the first generation of sensors, chip level 

sensors, were fabricated on a 1 cm2
 die and then packaged on a micro slide by using wire 

bonder and silicone glue.  These sensors were fabricated by On-semiconductor.  This 

generation had many problems.  One of the major problems was that the etching of metal 

electrode was not done properly, so most of the sensors were reading the constant 

impedance equal to the resistance of the metal electrode and this is termed as a sensor is 

short.  This required additional processing to make these sensors work, which was very 

expensive.  Also, due to the various glues used there were many restrictions in using 

these sensors for chemical exposure followed by rinsing experiments.  So, one of the 

approaches was to fabricate these sensors on actual wafers, which led to the genesis of 

the sensor-on-wafer configuration.  In order to achieve this, Dr. Yan worked on 

fabricating these sensors on 4 inch wafers.  Fused silica substrate instead of silicon was 
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chosen to reduce the influence of capacitors formed (parasitics), which affect the 

sensitivity of the sensor.  This became the second generation of ECRS.  This second 

generation sensor was used at Freescale Semiconductors Ltd. in a wet bench which was 

isolated from the production line.  The purpose of these experiments was to prove the 

sensitivity and selectivity of ECRS towards different chemicals and increase industry 

collaboration.  These experiments were very successful and Dr. Yan reported some of 

these results elsewhere [30].  Some of the limitations of using 4” sensor wafer are: 

1. Effective area of the sensor exposed to rinsing water is small.  

2. This required an additional sensor wafer holder to carry out rinsing experiments in 

over flow rinse tanks.  

3. In a tank which is holding 8” or larger wafers, there is not a true representation of 

study of the effect of fluid dynamics in the tank on mass transport inside micro-

structures.  

4. Chromium metal as an electrode is raising contamination doubts at Freescale 

Semiconductor Ltd. 

 

From that point, it was necessary to fabricate a sensor-on-wafer configuration of 

ECRS on at least an 200 mm wafer.  Due to limited resources at the University of 

Arizona, it was not possible to fabricate ECRS on 200 mm or bigger wafer size.  So, this 

led to the development of the next generation of sensor, a sensor on a 150 mm fused 

silica wafer.   
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Thus, the purpose of this work is to fabricate sensors on 6” fused silica substrate.  

Moreover, it is necessary to fabricate sensors not only with chromium as an electrode but 

also with poly-Si as an electrode.  Hence, this section is divided into two parts as follows: 

2.1  Fabrication of ECRS with Chromium as an Electrode. 

2.2  Fabrication of ECRS with Poly-Si as an Electrode.  

 

2.1. FABRICATION OF ECRS WITH CHROMIUM AS AN ELECTRODE 

 

Fabrication of ECRS with chromium as an electrode is divided mainly into  

2.1.1 Thin Film Deposition 

2.1.2 Photolithography 

2.1.3 Etching of Thin Films 

2.1.4 Cleaning of Etched Wafer  

2.1.5 Opening of Contacts, and  

2.1.6 Packaging of Sensor.  

 

2.1.1 Thin Film Deposition:  

 

2.1.1.1 Surface Preparation 

 

The first step before depositing any thin film involves cleaning fused silica wafers 

with standard RCA clean.  Wafers are cleaned with an ammonium peroxide mixture 



 

41 

(APM), 1:1:5, NH4OH:H2O2:H2O, at 70 0C for 10 min.  This removes any organics and 

particles from the wafer surface.  Wafers are then rinsed in a Spin Rinse Dryer (SRD) 

with rinsing for 360 sec followed by 240 sec of drying.   

 

2.1.1.2 Deposition of Chromium   

 

In this work, chromium is deposited on a 6” fused silica wafer.  This is achieved by 

using a physical vapor deposition (PVD) technique.  Currently, the best known PVD 

system is sputter deposition, which offers a very good uniformity across the wafer.  At 

University of Arizona, there is no sputter tool available to deposit chromium, so an E-

beam evaporator is used instead.  Thus, after surface preparation, fused silica wafers are 

mounted on a holder inside the E-beam evaporator.  An actual picture of the E-Beam 

evaporator is shown in Figure 2.1.1.  As per design it is necessary to deposit a chromium 

film of 150 nm thickness.  In order to control the film thickness deposited on a wafer, a 

calibration is done for the E-beam evaporator.  In a series of experiments, films deposited 

on a wafer are measured by using thickness measurement instrument, alpha step, and 

tooling factor for E-beam evaporator is determined to be 0.5.  Tooling factor links the 

deposited film thickness on a wafer to the amount deposited on a crystal which is sitting 

halfway between source and target.  The actual picture of an alpha step is shown in 

Figure 2.1.2.  

 



 

42 

During deposition, chromium metal is placed in a graphite crucible and wafers are 

loaded inside the E-beam chamber.  Before evaporation is started, the chamber is pumped 

down to 10-6 Torr by a combination of roughing and a turbo pumps.  This ensures 

removal of all the contaminants from the chamber and gives a higher mean free path for 

the evaporated metal.  A higher mean free path leads to better uniformity compared to 

deposition at higher pressures.  In addition to this, the wafer holder is rotating at a low 

speed to increase uniformity across the wafer.   

 

 

Figure 2.1.1: E-beam evaporator used for deposition of chromium. 

 

When the desired pressure (5x10-6) is reached, power to the electron gun is turned on.  

The crucible is allowed to soak energy for few minutes from the E-beam at low current 
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(15 mA) to filament.  This leads to uniform distribution of heat inside the crucible.  

Current to the filament is increased in small increments to ensure uniform distribution of 

heat to the crucible.  Current is increased until the desired deposition rate (0.08 Å/sec) is 

achieved.  At this point, the shutter is opened which starts the deposition of Cr on a fused 

silica wafer.  Once 150 nm of Cr is deposited, the shutter closes automatically and it is 

time to reduce current to the filament.  Current to the filament is decreased in small steps, 

not more than 10 mA in a 30 second interval until it reaches zero and enough time is 

given for the crucible to cool down.  Subsequent to turning off power to the filament, the 

chamber is vented by adding nitrogen gas to the chamber until its pressure reaches 

atmospheric pressure.   After this, the wafer is removed and stored until next step. 

 

 

Figure 2.1.2: Alpha-step used for chromium film thickness measurement 
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2.1.1.3 Deposition of Silicon Dioxide  

 

Previous work on this project involved use of Plasma Enhanced Chemical Vapor 

Deposition (PECVD) for deposition of silicon dioxide.  For this work Low Pressure 

Chemical Vapor Deposition (LPCVD) is used for two reasons: 

1. This tool is designed for 6” wafers and hence offers better uniformity.  

2. The film will be denser compared to PECVD as deposition is carried out at a 

higher temperature.  

 

For deposition of silicon dioxide a mixture of silane and oxygen is used.  Deposition 

is carried out at 410 0C and the chamber pressure is maintained at 140 millitorr.  To 

increase the sensitivity of the sensor a silicon dioxide film of at least 2 micron thickness 

is needed.  For the process conditions mentioned above a deposition rate of about 1800 

Å/hour is observed.  This deposition is a long process which requires a little over 11 

hours to deposit 2 micron of oxide film.  The actual picture of Tempress LPCVD is 

shown in Figure 2.1.3.   
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Figure 2.1.3: Tempress LPCVD module used for silicon dioxide deposition 

 

It is common practice to use oxygen in higher proportion compared to silane for two 

reasons: 

i. Silane is toxic and pyrophoric.  Hence, from a safety perspective it is 

necessary to make sure all the silane reacts during deposition.   

ii.  Oxygen is very cheap compared to silane.  

 

Thus, the recipe used for deposition of silicon dioxide is summarized in Table 2.1-1.   
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Table 2.1-1: Operating conditions for deposition of silicon dioxide 

Silane flow rate (sccm) 40 

Oxygen flow rate (sccm) 120 

Chamber pressure (mTorr) 140 

Temperature (0C) 410 

 

 

Another important aspect is to get a silicon dioxide film with good quality and better 

uniformity.  Better quality of the film is required for two reasons: 

a. During fabrication of sensors, these thin films need to be etched by using dry 

etching.  Thus, to realize the designed structure, it is essential to have a film 

which etches uniformly across the wafer.  

b. For the duration of experiments the sensor is exposed to various chemicals, such 

as APM, which etches small amount of silicon dioxide.  So, the life and 

dimensions of the sensor depends on the quality of silicon dioxide.  

 

Thus, it is important to make sure that the deposited silicon dioxide film is of good 

quality.  Typically this is achieved by knowing the etch rate of the film in HF solution.  

Therefore the etch rate of deposited silicon dioxide film in 6:1 Buffered HF (BHF) is 

measured and compared with the etch rate of thermal oxide in the same solution. 
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The etch rate of deposited film is in between 1000  and 1100 Å/min at room 

temperature.  This is compared with thermal oxide data from literature which is about 

900 and 1000 Å/min.  This shows that the deposited film is comparable to good quality 

silicon dioxide grown by thermal oxidation.   

 

 

Figure 2.1.4: Cage used in silicon dioxide deposition tube 

 

Another important aspect is to make sure the film is uniformly deposited across the 

wafer and there is not much variation from wafer to wafer.  To achieve this, wafers are 

loaded inside the cage and the pressure is lowered to increase the mean free path of the 

reactant gases.  The actual picture of the cage used is shown in Figure 2.1.4.  There are 

several small holes which control the distribution of reactant gases inside the cage.  This 
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leads to deposition of the silicon dioxide film in reaction controlled regime rather than a 

mass transfer controlled regime.  To make certain that this is the case, Filmetrics (Shown 

in Figure 2.1.5) is used to measure the silicon dioxide film thickness.  In addition, a test is 

performed where deposition is carried out without the cage being present.  Results for 

this test showed that oxide film uniformity is poor across the wafer and from wafer to 

wafer.  

 

 

Figure 2.1.5: Filmetrics used for measurement of silicon dioxide film thickness.  

 

The thickness of silicon dioxide is measured at 5 points as shown in Figure 2.1.6.    

During deposition of silicon dioxide or poly-Si, wafers sit in a cassette.  This cassette has 

three notches to support the wafer and keep it vertical.  After deposition, distinct marks of 
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these notches are observed on all the wafers.  Thus, these notches are used as a reference 

point for all the wafers measured.  Hence, measurement 4 corresponds to a measurement 

close to the center of the notch mark.  All the edge measurements are done ~1 cm away 

from the edge of the wafer.  The deposited film thickness is measured on a dummy wafer 

and a real wafer and it is found that non-uniformity is less than 5% on all the wafers 

measured.  This completes the deposition of thin films. 

 

 

 

 

 

 

 

 

 

Figure 2.1.6: Position of thickness measurement. 

 

2.1.2 Photolithography 

 

The next step in making of the sensor is selective etching of deposited films to create 

a feature of interest.  In order to achieve this it is necessary to create a mask on the 

deposited films to selectively etch these films.  This is achieved by a process called 

2 

1 3 

4 
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photolithography.  In photolithography a surface is coated with a photosensitive material 

and exposed to UV light.  Depending on the type of photoresist, the exposed area will 

either become soluble or insoluble in developer.  Positive photoresist after exposure 

becomes soluble in developer while negative photoresist becomes insoluble in developer.  

Smallest sensor dimension used in this research is 3 micron.  Lithography is done by 

using positive photoresist (AZ3312) and contact lithography.   

 

2.1.2.1 Coating of Sensor with Photoresist: 

 

Prior to coating wafer with photoresist, a wafer is rinsed and dried by using spin rinse 

dryer with rinsing for 120 sec and drying for 240 sec.  Wafer is then inspected under 

optical microscope and if particles are observed an RCA clean 1 is performed.  RCA 

clean 1 is ammonium peroxide mixture (APM) in 1:1:5 proportion.  1:1:5 is 

NH4OH:H2O2:H2O.  So, wafer is treated with 1:1:5 APM at 70 0C for 10 min and rinsed 

in spin rinse dryer with rinsing for 360 sec and drying for 240 sec.   

 

In this work positive photoresist is used because it offers better line resolution.  The 

challenge here is to have a thick photoresist mask so that it can survive entire etching 

sequence.  Previously, it is shown that having very thick photoresist makes etching 

difficult, so the goal of this work is to achieve photoresist thickness of ~1-1.5 micron [30].  

In this work AZ3312 photoresist is used.  
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This is accomplished by using Cee 200 fully programmable and user friendly spin 

coater.  The actual picture of this is shown in Figure 2.1.7.  Before wafer is coated with 

photoresist, it is coated with HMDS.  HMDS sticks very well to most of the thin films 

used in semiconductor industry and increases adhesion of photoresist to the surface.  

Thus, as a first step, the wafer is coated with a thin layer of HMDS.   

 

 

Figure 2.1.7: Cee 200 spin coater 

 

After this step, a fixed amount of photoresist is added on the wafer surface and wafer 

is rotated at low speed.  This ensures uniform distribution of all the photoresist added on 

the wafer surface.  Photoresist is a viscous liquid and requires higher force to form a thin 

film on the wafer surface.  This is achieved by rotating a wafer at a higher speed of 

rotation, usually ~2000-2500 RPM.  The trick here is to tune the time for which the wafer 
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is rotated, along with higher speed of rotation, to achieve desired film thickness.  This is 

quantified by use of Alpha Step shown in Figure 2.1.2.   

 

Since Alpha Step uses a needle to scan a surface, the surface needs to be hard enough 

to get accurate results.  Also, Alpha Step needs a step to measure a height difference, so 

after the coating of photoresist, part of the resist is removed by use of a cotton swab 

dipped in acetone.  In order to get a harder photoresist, the wafer is baked at 130 0C for 6 

minutes and photoresist thickness is measured.  Thickness is found to be around 1 micron.  

In this way recipe to coat more than 1 micron thick photoresist, AZ3312, is determined.    

 

2.1.2.2 Exposure to UV Light 

 

Once more than 1 micron thick photoresist film is obtained, the next step is to 

selectively expose it to UV light.  This is achieved by use of a mask as a barrier to UV 

light.  For the exposure of the 6” wafer a 7”×7” mask is designed.  A custom made mask 

is fabricated from Photo Sciences, California.  The actual picture of the mask is shown in 

Figure 2.1.8. 

 

In order to obtain better line resolution a pre-exposure bake is added to the sequence.  

This bake is done at 90 0C for 1 min and the wafer is allowed to cool down for 2 min.  

This step removes any unwanted solvent from the photoresist film.  It is necessary that 

after exposure to UV, exposed photoresist is soluble in developer.  This is achieved by 
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knowing the dose of UV required.  For AZ3312, the UV dose required to make 

photoresist soluble in a developer is a function of photoresist film thickness, which is 

shown in Figure 2.1.9. 

 

 

Figure 2.1.8: 7”×7”  Mask used to create pattern on wafer 

 

As explained earlier, Alpha Step is used to determine the thickness of the photoresist 

film.  This photoresist is a hardened one; without hardening it is little thicker than 1 

micron.  Thus, design of experiment is performed to determine the right amount of 

dosage.  The ABM aligner used for exposure of the photoresist is shown in Figure 2.1.10.  

In ABM, the dosage is decided by inputting the time of exposure, so it is necessary to 

know the intensity of the UV lamp.  As a first step to determine the dosage, the lamp’s 

intensity is measured by using a NEW 150 Digital Intensity Meter.  Intensity of UV lamp 
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is measured at UV 365 nm channel.  Depending on usage of the lamp, it is necessary to 

measure the lamp’s intensity after a few weeks to know its exact intensity. 

   

 

Figure 2.1.9: UV dose as a function of photoresist thickness. [31] 

 

Intensity of UV lamp is measured and it is found to be 21.5mW/cm2.  By referring to 

Figure 2.1.9, a required dose for a photoresist film of 1 micron thickness is 90mJ/cm2.  

On the other hand, due to an error introduced during the thickness measurement, it is 

necessary to have a higher dosage than what is suggested by Figure 2.1.9.  Another 

important parameter is development time.  Development time is time taken by exposed 

photoresist to dissolve in a developer.  Developer is usually a basic solution.  In this work, 

an AZ300-MIF is used as a developer solution.  Development time should not be more 
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than 2 minutes to ensure that line resolution is good.  Also, development time should not 

be too short, as it will damage the structure. 

 

 

Figure 2.1.10: ABM mask aligner used for exposure of the sensor with UV 

 

Thus, design of experiment is performed for different exposure times and a 

development time of about 90-100 sec is observed for the 99 mJ/cm2 exposure dose.  This 

dose is giving very reproducible and satisfactory results along with very good line 

definition.  An optical microscope with magnification of 20x, as shown in Figure 2.1.11, 

is used to inspect the pattern.  This method is giving very reproducible results and hence 

it is finalized for photolithography of the sensors.   
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Figure 2.1.11:  Optical microscope used during fabrication of sensors. 

 

If the line resolution appears unacceptable under a microscope, it must be reworked.  

This is done by mounting the sensor wafer on Cee 200 chuck and Acetone is sprayed 

onto the wafer.  This removes all the photoresist and HMDS.  If this process is necessary 

more than once, the sensor wafer is treated with 1:2 H2O2: H2SO4, Sulphuric Peroxide 

Mixture (SPM), at 120 0C for more than 5 minutes and rinsed in Spin Rinse Dryer (SRD).  

In the SRD, rinsing is done for 360 sec and drying is done for 240 sec.  

 

Once desired line definition is observed under an optical microscope, the wafer is 

ready for the next step, which is to harden the photoresist and make it ready for 
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subsequent dry etching.  Thus, a hard bake is done at 130 0C for 6 minutes.  All the 

baking steps are performed on a Precision Hotplate, as shown in Figure 2.1.12.   

 

 

Figure 2.1.12: Precision hotplate used for baking during lithography. 

 

The role of heat treatment is very critical in getting the desired line resolution.  The 

best way to transfer heat to the wafer is to use a hotplate with a vacuum.  The vacuum 

ensures better contact between wafer and hotplate, which results in better transfer of heat 

to the wafer.  The precision hotplate used in this research is not capable of having a 

vacuum, but this hotplate provides very good temperature control and heats uniformly 

across the wafer.   
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2.1.3 Etching of Thin Films 

 

The next very important step is etching of this stack of silicon dioxide and chromium 

to fabricate trench and connection lines.  This is achieved by dry etching where hardened 

photoresist acts as a mask.   

 

The goal is to use photoresist as a mask and etch silicon dioxide followed by 

chromium.  The silicon dioxide needed to be etched is 2 micron thick.  Hence, it is 

necessary to etch this film in a non-isotropic manner with the intension of creating 

vertical side walls.  This is impossible to achieve by using wet chemistries such as HF or 

BHF because of their isotropic nature of etching.   

 

On the other hand, dry etching is a method in which there is a chemical reaction 

accompanied by physical damage to the film.  The gaseous species present are ionized by 

creation of plasma.  This is followed by an acceleration of ions towards the surface, 

which damages the upper layer of the film by physical bombardment.  In addition to 

physical bombardment by ions, a directional transport of etchants allows the etchant to 

reach the surface so that reaction between etchant and film proceeds.  It is very important 

to remove reaction products from microstructure as it may block part of the surface to be 

etched and can lead to: 

a. reduction in etch rate of film; and  

b. fabrication of pattern which is not designed. 
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To go around these problems or to reduce these problems, mostly halide chemistries 

are used, because reaction products formed with halide are volatile and can be easily 

removed from the microstructure and chamber.   

 

2.1.3.1 Dry Etching of Silicon Dioxide 

 

Thus, first step is to etch thick silicon dioxide film.  The key here is that it is very 

important to achieve as vertical profile as possible, but when it comes to etching 2 micron 

thick film, it is difficult.  Hence, to make certain etching is happening in a non-isotropic 

way, it is necessary to create an etching barrier on the side walls of the etched part.  This 

barrier is a complex polymer which mainly contains silicon, fluorine, carbon and 

hydrogen.  The typical place where sidewall polymer is formed is shown in Figure 2.1.13.  

The exact composition of this polymer is not very well known.  Regardless of the exact 

composition of this polymer, it is a very good barrier layer for creating high aspect ratio 

features in silicon dioxide. [32]  

 

Thus, an etching chemistry is tweaked in a way that along with etching of film, a 

polymer is formed on the sidewalls of the feature so that etching remains non-isotropic.  

For this work, it is achieved by use of a CHF3 instead of CF4 along with Argon.  CHF3 

creates a nice sidewall polymer which is removed after etching of all the films. 
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Figure 2.1.13: Formation of side wall polymer. 

 

Dry etching of thin films used in this research is done by use of AGS Reactive Ion 

Etcher (AGS RIE), which is shown in Figure 2.1.14.  AGS RIE is equipped with Mass 

Flow Controller (MFC) for CF4, O2, Ar and SF6.  On the other hand, for this research it is 

necessary to use CHF3 to create a side wall polymer during silicon dioxide etching.  This 

is an obstacle in achieving desired results.   

 

To overcome this obstacle, the following two options are selected: 

I. Add another MFC for CHF3. 

II.  Calibrate CF4 MFC in a way that CHF3 flow can be controlled.  

 

Polymer layers 

Photoresist 

Silicon dioxide 

Fused silica 
wafer 

Chromium 
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Figure 2.1.14: AGS reactive ion etcher 

 

Option I is preferable as it will avoid any existing tubing modification and cross-

contamination by mixing of CHF3 with CF4 in the initial part of the etching.  The 

problem with option I is that the cost of MFC and software modification need to be 

provided from research proposal.  Since this option is expensive and time consuming, 

option II is explored.  It is well known that MFC measures mass flow by measuring heat 

transfer from one end of the capillary to the other [33].  Thus, an MFC calibrated for a 

given gas can be recalibrated for another gas by correcting mainly specific heat of the gas.  

Therefore, a constant called gas correction factor, which is a ratio of heat capacity of 

process gas to the calibration gas (mostly N2), is accounted for [34].  Gas correction 
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factor (GCF) for CF4 is 0.48, and for CHF3 is 0.57 [35].  Thus, the actual flow of CHF3 

through an MFC calibrated for CF4 is calculated by equation 2.1-1.  

 

 

 

 

 

Thus, MFC capable of flowing 40 sccm CF4 can flow 47.5 sccm of CHF3.  Thus, 

equation 1 is used to decide the actual flow of CHF3 through MFC installed on RIE and 

calibrated for CF4. 

 

Table 2.1-2: Etch rate of different films during CHF3/Ar plasma at 300W and 50mT. 

Film Silicon dioxide Photoresist (AZ3312) 

Etch rate (Å/min) 470 60 

 

Since dry etching is a combination of physical damage and chemical reaction, Argon 

is used to bombard the silicon dioxide surface.  The Argon bombardment is not selective: 

it damages the entire surface exposed, including photoresist.  Thus, the key here is to 

optimize the power of the plasma in a way that photoresist survives the complete etching 

sequence.   This leads to finding the selectivity of etch recipe used for etching of silicon 

dioxide to etching of photoresist.   
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In order to know the selectivity, a silicon wafer with silicon dioxide deposited by 

LPCVD is used and it is coated with photoresist, AZ3312.  A photoresist is patterned as 

explained in section 2.1.2 and a hard bake of 6 min at 130 0C is added.   Thickness of 

photoresist is measured by using alpha step and thickness of oxide is measured by using 

filmetrics.  CHF3 and Ar plasma is created at 300 W and 50 mT chamber pressure is 

maintained.  The etching is carried out for 5 minutes and thickness change is measured by 

a combination of Alpha Step and Filmetrics.  Similar experiments are performed for 

different films to determine selectivity.  Experimentally observed etch rate data is shown 

in Table 2.1-2.   

 

By referring to etch rate data shown in Table 2.1-2 and knowing the thickness of the 

silicon dioxide film, etch time is determined.  A 10% over-etch is added to make sure all 

the silicon dioxide is etched.  After etching the silicon dioxide, the wafer is inspected.  

Since deposited chromium is usually shiny, visual inspection is done to make sure all the 

desired oxide is removed.  Thus, final operating conditions for silicon dioxide etching are 

summarized in Table 2.1-3. 

 

Table 2.1-3: Operating conditions for etching of silicon dioxide 

CHF3 (on CF4 MFC) (sccm) 34 

Ar (sccm) 4 

Chamber pressure (mTorr) 50 

RF power (W) 300 
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2.1.3.2 Dry Etching of Chromium 

  

In the second generation of sensors, 4” fused silica substrate was used.  In the third 

generation, 6” fused silica substrate is being used, but the method to deposit chromium is 

still by e-beam evaporation.  Thus, a chromium etchant, CR-7, from Cyantek Corporation, 

is used to etch chromium by wet processing.  This approach has worked very well with 

4” substrate, but it is creating problems with 6” substrate.   

 

 

Figure 2.1.15: Schematic showing the deposition principle of E-beam evaporator 

 

When analyzed, the following possible problems are observed: 

I. Uniformity of deposited chromium is not good.  

Wafer Holder 

Clamp 

Fused silica wafer 

Graphite crucible 
with Cr 

Vacuum System 



 

65 

II.  Chromium film underneath the silicon dioxide is not shiny.  

 

Regarding these problems, the E-beam is used to deposit chromium on a fused silica 

substrate.  There is a point source which is heated by the electron beam and evaporates 

material, which deposits on the wafer’s surface.  The schematic of e-beam evaporation is 

shown in Figure 2.1.15.  Deposition is happening in an area enclosed by dotted lines.  As 

the wafer size is increasing, deposited film tends to be more non-uniform.  Thus, it is 

observed that chromium film is thicker closer to the center of the wafer holder, compared 

to closer to the clamp.  This is verified by comparing to Figure 2.1.16 [36].  Figure 2.1.16 

shows the deposition rate as a function of various parameters.   

 

            Figure 2.116: E-beam evaporation-dependence of position on deposition rate  
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The Most common physical vapor deposition falls under small planner surface source.  

Thus, when this approach for E-beam is studied, the outward flux is given by equation 

2.1-2.  

 

 

 

 

It can be seen from equation 2.1-2 that as r increases, flux decreases.  In addition, the 

flux decreases as angle of incidence increases.  These two effects coupled together leads 

to a higher amount of evaporated material reaching the center of the wafer compared to 

the edge of the wafer.  Thus, deposition by E-beam leads to a non-uniform chromium 

film on 6” wafer.   

 

Moreover, subsequent to deposition of chromium, silicon dioxide is deposited by 

using LPCVD.  In LPCVD, O2 is used for deposition of silicon dioxide at 410 0C.  

Presence of O2 and higher temperature leads to oxidation of chromium and hence 

chromium film after the oxide is etched looks brownish.  Similar feedback is obtained 

from technical support from Cyantek Corporation, and a short HF treatment before using 

CR-7 is suggested.  Due to the presence of silicon dioxide, it is risky to perform HF 

treatment.  Thus, an alternative route, which is dry etching, is preferred.   
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Few articles are published which discuss dry etching of chromium.  It is reported in 

literature that chromium etching is done by chlorine-oxygen-helium chemistry [37].  As 

mentioned earlier, during dry etching a volatile product needs to be formed after the 

chemical reaction.  It is very hard to form a volatile product of chromium.  It is reported 

that use of chlorine-oxygen chemistry results in formation of CrO2Cl2 [38].  This is the 

only chromium containing compound which is found in a gaseous phase at a lower 

temperature [39].  Oxford Plasmalab System 100 RIE is used for dry etching of 

chromium.  Actual picture of this tool is shown in Figure 2.1.17.   

 

 

Figure 2.1.17: Reactive ion etcher used for etching of chromium 

 

In this work chlorine-oxygen chemistry is used.  Since chlorine gas is very corrosive, 

extra safety measures are necessary on Reactive Ion Etcher.  The reactive ion etcher used 
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in this research is equipped with a load lock mechanism as shown in Figure 2.1.18.  Due 

to the load-lock mechanism, the chamber is never exposed to the atmosphere.  This tool 

is equipped with RF and Microwave energy source.  This is used to increase energy 

provided to create plasma.  This increased energy leads to higher ionization of ions, 

which helps the etching process.  Actual processing conditions used in this research are 

listed in Table 2.1-4.  

 

This etching recipe is finalized based on the etch rate of chromium.   

  

Table 2.1-4: Operating conditions for etching of chromium 

Cl2 Flow Rate (sccm) 50 

O2 Flow Rate (sccm) 5 

Chamber Pressure (mTorr) 30 

RF Power (W) 300 

Microwave Power (W) 500 
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Figure 2.1.18: Load lock mechanism of reactive ion etcher 

 

The Reactive Ion etcher used for chromium etching has two power sources, one is RF 

and another is microwave.  Microwave power is tuned by using knobs shown in Figure 

2.1.19 in such a way that minimum reflected power is obtained.  This is necessary to 

achieve the desired chromium etch rate.   
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Figure 2.1.19:  Microwave power source on left and tuning knobs on right. 

 

Etching of 150 nm of chromium takes about 10 minutes.  Since a high power is used 

for creation of plasma, a cooling time of 5 minutes is given after 5 minutes of etching.  

Moreover, this RIE is not equipped with end point detection system so it is necessary to 

find the exact etch rates to determine when to stop etching.  Due to non-uniform 

deposition it is difficult to determine end points of the etching by knowing only etch rates.  

It is observed that as chromium is removed, DC bias changes.  During the etching process, 

it goes through minima and reaches a constant value once all the chromium is removed.  

This technique is used to determine the end point of chromium etching.   
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2.1.4 Cleaning of Etched Wafer 

 

After chromium is etched, it is necessary to clean the micro-structure for two reasons: 

I. Remove any residual etching chemical present. 

II.  Make sensor hydrophilic for rinsing experiments. 

 

For etching chromium, chlorine gas is used and it is very corrosive.  It is observed 

that if the etched structure is not cleaned in a few hours after etching is complete, 

chlorine will corrode the chromium and all the deposited chromium is etched away.  Thus, 

it is essential to clean etched wafers as soon as etching is finished.   

 

Cleaning is performed by exposing sensor wafer or etched wafer to 1:2 H2O2: H2SO4, 

Sulphuric Peroxide Mixture (SPM) at 120 0C for 10 min.  This step removes the entire 

side wall polymer along with any residual chlorine present.  After cleaning, the sensor 

wafer is rinsed and dried by using the spin rinse dryer.  Rinsing is performed for 360 sec 

and drying is performed for 240 sec.    

 

After drying, sensor wafer is inspected under the optical microscope shown in Figure 

2.1.11.  If sensor area looks good then this sensor is ready for the next step.   
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2.1.5 Contact Opening 

 

In this research, a single mask process is used, and hence opening of contact needs to 

be done manually.  This is done by selectively immersing the sensor wafer contact lines 

in 6:1 Buffered HF (BHF) solution.  The schematic of this method is shown in Figure 

2.1.20.  Etch rate of silicon dioxide in 6:1 BHF is about 1100 Å/min, thus sensor wafer is 

immersed in BHF for about 25 minutes.   

 

 

 

 

Figure 2.1.20: Schematic showing procedure to contact opening. 
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2.1.6 Packaging of Sensor 

 

There is very small space available on wafer surface for connection of external wires, 

a micro-slide is attached to the fused silica wafer by using silicone glue.  Then, to form 

an electrical contact, a 3 mil aluminum wire is connected to the opened contact by using 

silver epoxy glue.  Since this aluminum wire is not very hard, a 24 AWG wire is 

connected to the 3 mil aluminum wire by using silver epoxy glue.  This connection with 

24 AWG is done on the externally attached micro-slide.  At least 24 hours is required for 

silver epoxy glue to cure.  After glue is cured, a contact is covered with silicone glue to 

protect the contact from attack of chemicals.   

 

Use of silver epoxy and silicone glue is still not a very optimum method, but there are 

several challenges.  First is that the coating required to protect an electrical contact from 

chemicals.  Secondly, the coating material should be deposited at low temperature, as 

above 200 0F properties of silver epoxy glue changes.  Achieving both at one time is very 

hard and thus currently silicone glue is used and external contacts with the sensor wafer 

are not completely immersed in process chemical.   
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2.2 FABRICATION OF ECRS WITH POLY-SI AS AN ELECTRODE 

 

In the past chromium, was used successfully as an electrode.  The reason for 

replacing chromium electrode with poly-Si is to prepare a version of sensors which can 

be used in some applications where sensors fabricated with all silicon material is required.  

One of the potential applications of ECRS with poly-Si as an electrode is in the 

semiconductor industry, such as Freescale Semiconductor Inc.   

 

Thus, fabrication of ECRS with poly-Si as an electrode is divided mainly into  

2.2.1 Thin Film Deposition 

2.2.2 Heat Treatment to Activate Dopants 

2.2.3 Back Side Film Removal 

2.2.4 Photolithography 

2.2.5 Etching of Thin Films 

2.2.6 Cleaning of Etched Wafer 

2.2.7 Opening of Contacts, and  

2.2.8 Packaging of Sensor. 

 

2.2.1 Thin Film Deposition 

 

For ECRS with poly-Si as an electrode the following films are deposited: 

1 In-situ doped poly-Si 
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2 Silicon dioxide 

 

2.2.1.1 Surface Preparation: 

Same as explained in section 2.1.1.1. 

 

2.2.1.2 Deposition of In-situ Doped Poly-Si: 

 

When it was decided to fabricate a version of ECRS with poly-Si as an electrode, the 

only option was to approach outside vendors such as MEMS exchange.  Moreover, the 

substrate used is fused silica wafer and hence there are some limitations, such as the 

impossibility of solid or liquid source doping.  This is because fused silica cannot survive 

at 1000 0C and higher temperatures.  Another option is to perform ion-implantation after 

deposition of undoped poly-Si film.  Since availability of LPCVD module and the 

possibility of being able to convert one of the tubes to doped poly-Si, this option is 

explored in detail.   

 

As a part of this work, a doped silicon dioxide tube in LPCVD at the Micro and Nano 

Fabrication Center (MFC) at University of Arizona is converted to deposit doped poly-Si.  

This is a cost effective way of fabricating ECRS with poly-Si as an electrode.  As a result 

of this work it has also given a capability to deposit doped poly-Si film to Micro and 

Nano Fabrication Center.  
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Deposition of in-situ doped poly-Si film is carried out by using a mixture of silane 

(SiH4) and phosphene with silane (PH3/SiH4).  Deposition is done at 590 0C and at 200 

mT chamber pressure.  This is achieved by turning off the supply of oxygen to the 

original phospho-silicate glass (PSG) tube and reduced flow is compensated by 

increasing N2 at the outlet of the tube.   

 

Resistance of metal is given by equation 2.2-1.   

 

 

Where,  

Rc is resistance 

ρ is resistivity of metal or deposited film. 

l is length of metal 

A is cross-section area of the metal line 

 

In this research due to packaging limitations, it is necessary to have long connection 

lines and thus line resistance need to be as low as possible.  In order to achieve this, the 

tunable parameters are: 

i. Thickness of poly-Si film 

ii.  Resistivity of poly-Si.  
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Thickness of the poly-Si is decided based on resistivity of film.  Poly-Si film cannot 

be too thick for two reasons: 

a. It will be difficult to etch. 

b. It will be a major part of the trench rather than other materials and can lead to 

problems in analyzing data.  

 

Thus, the first task is to increase the conductivity or lower the resistivity of the 

deposited poly-Si.  In order to get a lower resistivity, lowered oxygen flow is 

compensated by phosphene /silane mixture.  This has resulted in very minimal deposition 

of film.  When looked into the kinetics of the reaction, it is observed that with higher 

Phosphene concentration, the rate of deposition is decreasing.  This is due to the fact that 

the deposition of poly-Si proceeds by adsorption of silane on the surface followed by 

dissociation of silane to deposit Si on the surface.  Phosphene added to the reactor is 

incorporated in a growing film.  Figure 2.2.1 shows the kinetics of the doped poly-Si film 

for different dopants. Referring to Figure 2.2.1, it can be seen that the deposition rate 

decreases drastically if phosphene added to the reactor is increased.  Finally, in order to 

achieve lower resistivity a phosphene to silane ratio of 0.053 is used.  This has lead to a 

very slow deposition of poly-Si film, but as this project is still in the research phase, it is 

possible to tolerate these slow deposition rates.   
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Figure 2.2.1: Effect of different dopants on deposition rate of poly-Si.[40] 

 

Once in-situ doped poly-Si film is deposited, its resistivity is measured by using a 

four point probe.  The actual picture of the four point probe is shown in Figure 2.2.2, 

while its principle of operation is shown in Figure 2.2.3.   

 

Four point is a four terminal sensing device.  As shown in Figure 2.2.3, a current is 

passed through electrodes 1 and 4 and voltage is measured across two inner electrodes, 

namely 2 and 3 [32].  Based on the current flowing and voltage measured, a sheet 

resistance is calculated.  Sheet resistance is expressed in terms of Ohm/square.  Here 

square represents a square area of the film being measured.  Resistivity of film is 

calculated by multiplying sheet resistance with the thickness of the film.   
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Figure 2.2.2: Resistivity probe used for measurement of resistivity of poly-Si.  

 

In this work, it is observed that sheet resistance of as deposited doped poly-Si film is 

~380 ohm/square.  It is necessary to activate the dopant, which is done by heat treatment 

at a high temperature.  The procedure for high temperature anneal is explained in detail in 

the next section.  This heat treatment leads to a decrease in Resistivity of poly-Si film to 

20-30 ohm/square.  Here, as poly-Si is deposited by using LPCVD, there is limitation on 

resistivity of poly-Si film.  The aim here is to achieve as close to maximum doping 

concentration as possible.  Thus, based on final Resistivity value, a film thickness of 

about 4500 Å is required.   

 

This required thickness of poly-Si is achieved by using LPCVD.  As explained earlier, 

deposition rate of poly-Si film is very slow—about ~400-500 Å/hour.   
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Figure 2.2.3: Principle of operation of four point probe 

 

2.2.1.3 Deposition of Silicon Dioxide: 

 

Silicon dioxide deposition is done in the same manner as explained in section 2.1.1.3. 

 

2.2.2 Heat Treatment to Activate Dopants 

 

After in-situ doped poly-Si film is deposited, it is necessary to activate dopants 

incorporated in deposited film.  This step performs the following two functions: 

• Distribute dopants (in this case phosphorous) evenly inside film 
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• Anneals the film to reduce any defect, in this case it hardens poly-Si and silicon 

dioxide deposited on top of it.   

 

In case of silicon substrate activation of dopants is done at very high temperatures, 

typically in the range of 1100 0C.  In this research, substrate is fused silica and hence 

there are some limitations for going to a high temperature anneal.  It is found that the 

strain point of fused silica is ~950 0C and hence any elongated heat treatment at or above 

950 0C result in generation of micro-cracks which propagates and leads to breaking of 

substrate.  Thus, the goal is to stay below 950 0C and optimize a recipe for the activation 

of dopants.  Another limitation to achieve this task is the availability of the anneal 

furnace.  For this work, a diffusion tube used for silicon nitride deposition in Tempress 

LPCVD is used as an anneal furnace.   

 

Thus the wafer deposited with poly-Si is annealed at 850 0C for 60 minutes in an inert 

atmosphere.  It is very essential to modify ramping of the temperature.  This needs to be 

done as the fused silica wafer can break due to sudden thermal shock.  Therefore, anneal 

furnace is heated to 400 0C and the wafer is loaded.  Afterwards, the tube is closed and 

the temperature is slowly increased till it reaches 850 0C.   

 

After anneal is complete, the temperature is slowly decreased till it reaches 400 0C 

and then the tube is opened and wafers are allowed to cool down for some time.  Once 
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the wafers are removed, the Resistivity of film is measured and it is found to be ~20-30 

ohm/square.   

 

2.2.3 Back Side Film Removal: 

 

Deposition of poly-Si and silicon dioxide occurs on both the sides of the wafer.  Due 

to the possibility of leakage through parasitic, it is desirable to have deposited films only 

on the front side of the wafer.  Thus, a wet processing is used to remove films deposited 

on the backside of the wafer.   

 

It is necessary to coat the front side with photoresist for two reasons: 

i. Wet processing is very isotropic and hence it is necessary to prevent front side 

oxide being etched.  

ii.  Photoresist prevents any scratches on the oxide film. 

 

In the beginning, the wafer is rinsed for 360 sec and dried for 240 sec by using spin 

rinse dryer.  After this, a pre-bake of 5 minutes is added to remove any unwanted water 

from the wafer surface.  This is followed by coating with HMDS, using the Cee 200 spin 

coater.  Subsequent to HMDS coating, the front side of the wafer is coated with AZ3312 

and a bake at 90 0C for 1 min is added to remove unwanted solvent.  Thus, a protective 

mask is created on the front side of the wafer which will prevent attack of fluorinated 

chemistry on front oxide.   
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Hence, the wafer coated with photoresist is immersed into 6:1 buffered HF for about 

25 minutes.  Wafer is rinsed for 120 sec and dried for 240 sec in spin rinse dryer.  This 

completes the removal of backside silicon dioxide.  The next step is removal of poly-Si.  

Before this, front side photoresist is removed by using acetone.  Due to very high 

selectivity with silicon dioxide, tetramethylammonium hydroxide (TMAH) is used to 

remove backside poly-Si.  A 1:1 TMAH:water solution is heated to ~75 0C and wafer is 

immersed into it.  Poly-Si is removed very quickly (~30 sec) in a heated TMAH.  The 

wafer is rinsed for 360 sec and dried for 240 sec in the spin rinse dryer.  Now, the wafer 

is ready for photolithography.   

 

2.2.4  Photolithography 

 

Photolithography procedure is same as explained in Section 2.1.2.        

 

2.2.5 Etching of Thin Films 

 

For a sensor with poly-Si as an electrode, all the etching to create a pattern is done by 

dry etching.  AGS RIE etcher is used.   

 

Films to be etched to fabricate the sensor are: 

i. Silicon dioxide 

ii.  Doped poly-Si 
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2.2.5.1 Dry Etching of Silicon Dioxide 

 

In this version of the sensor, after the deposition of films, heat treatment is added 

which leads to densification of silicon dioxide.  This leads to a reduced etch rate of 

silicon dioxide in a same CHF3 with Argon plasma.  Table 2.2-1 shows the etch rate 

comparison between annealed and non-annealed silicon dioxide for a process conditions 

shown in Table 2.1-3.   

 

Table 2.2-1: Effect of anneal on etch rate of silicon dioxide 

 As deposited Annealed at 850 0C for 60 min 

Etch Rate (Å/min) 470 450 

 

Thus, having anneal leads to a decrease in the etch rate.  Even though it will take 

longer to etch this annealed silicon dioxide, it is better for the life of the sensor.  Hence, 

etch time for silicon dioxide is calculated based on an etch rate of 450 Å/min and 

thickness of deposited film.  As mentioned earlier, a 10% overetch is added to make 

certain that all the oxide is removed. 

 

SEM cross section images of oxide etch are taken at the University of Arizona.  This 

SEM image is shown in Figure 2.2.4.  It can be seen that the sidewall is very straight.   
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Figure 2.2.4: SEM image after silicon dioxide etching. 

 

2.2.5.2 Dry Etching of Doped Poly-Si 

 

Similar to silicon dioxide, poly-Si etching is also done by using the AGS Reactive Ion 

Etcher.  CHF3/Ar plasma created a really nice sidewall polymer and hence it resulted in a 

nice profile of the trench.   

 

For etching of poly-Si, the options are to use SF6 or CF4 or CHF3 chemistry.  The 

problem with SF6 chemistry is that it is very reactive and hence in this plasma it offers 

very high etch rates.  In addition to that, due to this aggressive chemistry it is difficult to 

control undercut.  Since CHF3 plasma offers formation of side wall polymer, it is 

desirable to use such a recipe for etching poly-Si.  Thus, out of various recipes tested, two 
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shortlisted recipes are compared in more detail.  Table 2.2-2 shows the recipes used while 

Table 2.2-3 lists the etch rate information for CHF3/Ar and CF4/O2 plasma.   

 

Table 2.2-2: Recipes tested for etching of poly-Si 

 CHF3/Ar CF4/O2 

CF4 flow rate (sccm) 34 40 

Ar flow rate (sccm) 4 0 

O2 flow rate (sccm) 0 4 

Pressure (mTorr) 50 100 

RF power (W) 300 50 

 

 

Table 2.2-3: Etch rate of poly-Si and photoresist 

Recipe 
Poly-Si etch rate 

(Å/min) 

Photoresist etch rate 

(Å/min) 

CHF3/Ar 36 38 

CF4/O2 400 93 

 

 

From Table 2.2-3 it can be seen that CHF3 with Argon plasma etches poly-Si very 

slowly and its selectivity with photoresist is very close to 1:1.  On the other hand, CF4/O2 



 

87 

plasma offers very high selectivity with respect to photoresist and hence it is better choice 

than CHF3/Ar plasma.   

 

For CF4/O2 plasma power is reduced to 50 W in order to increase selectivity with 

respect to photoresist.  Moreover, most of the silicon dioxide is protected from the top by 

photoresist and by the sidewall polymer from the sides.  Thus, it is not necessary to worry 

about the etching of silicon dioxide while etching poly-Si.  Even though this is the case, a 

test is performed in which annealed silicon dioxide is etched by using CF4/O2 plasma and 

the etch rate is found to be 48 Å/min.  This etch rate is very small compared to the etch 

rate of poly-Si.   

 

Thus, CF4/O2 plasma is used for etching of poly-si film.  Though etch rate studies are 

performed, it is necessary to determine the end point of the etch.  This is critical as too 

much over etch leads to undercutting and sometimes damages the pattern.  Currently, 

there is no end point detection system on the reactive ion etcher.  Thus, the approach used 

to determine the end point is to visually monitor the shrinkage of the poly-Si film on the 

wafer surface.  This requires very good visual skills and patience.  This is not a perfect 

way to determine the end point but if this technique is not used it results in undercutting 

as shown in Figure 2.2.5.  It is a SEM cross section image.  Image is not a good looking 

as silicon wafer was broken by hand and photoresist debris spilled all over while breaking 

of the wafer.  
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Figure 2.2.5: SEM cross section of patterned poly-Si and oxide on Si wafer. 

 

2.2.6 Cleaning of Etched Wafer 

 

The Cleaning of etched wafer procedure is the same as explained in Section 2.1.4.  

The only difference here is that there is no time window for cleaning the etched wafer.  

This is because chlorine is not used for etching of any film.          

 

2.2.7 Contacts Opening 

 

Opening of contacts procedure is the same as explained in Section 2.1.5. 
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2.2.8 Packaging of Sensor 

 

Packaging of sensor procedure is the same as explained in Section 2.1.6.  Initially it is 

thought that contact resistance of doped poly-Si and 3 mil aluminum wire is very high.  

In order to tackle this problem an option of depositing Ti and forming titanium silicate is 

explored.  On the other hand, it is found that using silver epoxy glue provides a very good 

contact in terms of strength and electrical resistance.  Thus, silver epoxy glue is the most 

suitable choice for making electrical contact.   

 

2.3. SUMMARY 

 

  Various thin films including poly-Si, chromium, and silicon dioxide are successfully 

deposited.  Deposition recipes are optimized to achieve a thickness uniformity, lower 

resistivity, and better quality.  A process for in-situ deposition of doped poly-Si is 

developed and optimized.  A process for activation of dopants is developed and 

optimized to reduce and/or avoid damage to the Fused silica substrate.  Issues with 

chromium etching, arising due to non-uniform deposition and oxidation of Cr are 

resolved by developing a dry etching process.  ECRS with poly-Si and chromium as an 

electrode is successfully fabricated on 6” Fused silica substrate. 

 

Currently, packaging is a concern, but with the custom made ECRS wafer holder it is 

possible to carry out experiments without worrying about any contamination from 
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packaging material.  To reduce this impact, the ECRS developed in this work is 

fabricated on 6” substrate with long connection lines, which keeps contacts away from 

liquid level and keeps the sensor area deep inside the liquid level.   
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CHAPTER 3 
 

EXPERIMENTAL SETUP AND PROCEDURE 
 
 

Previous work on this project involved the use of diluted chemicals to evaluate 

sensitivity and selectivity of the ECRS to different chemicals.  Those laboratory scale and 

Fab scale results are very promising and presented elsewhere [30].  Though the 

Semiconductor industry is moving towards dilute chemicals, concentrated chemicals are 

still widely used.  Thus, a purpose of this work is to extend the use of this sensor to high 

concentrations of different chemicals and study the dynamics of rinsing of post Standard 

Clean 1.   

 

3.1 EXPERIMENTAL SETUP-BATCH OR IMMERSION RINSING 

 

These experiments are performed in a Wet Bench capable of carrying 25 wafer 

cassette of 6 inch wafer or in a modified rinse tank designed as a part of this work.  All of 

the experiments are carried out at the Micro and Nano Fabrication Lab at the University 

of Arizona.  Actual picture of wet bench is shown in Figure 3.1.1. 
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Figure 3.1.1: Wet bench used for rinsing experiments. 

 

As seen in Figure 3.1.1, the front tank is used for rinsing experiments.  Here, a single 

wafer holder is used to hold the sensor wafer.  Single wafer holder is made of 

Semiconductor grade plastic (TEFLON).  For electrical connection, wires are glued to the 

sensor and the other end of the wire is connected to the HP 4284A LCR meter as shown 

in Figure 3.1.2.  It is necessary to keep this electrical contact out of liquid.  This ensures 

that there is no short circuit and that the measured impedance is an impedance of the 

trench.  This purpose is accomplished by use of a single wafer holder, which controls the 

immersion of sensor wafer into liquid.  For all the experiments, half of the sensor wafer is 

immersed in ultrapure water.  
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Figure 3.1.2: HP4284A LCR meter used for data acquisition.  

 

Wet bench shown in Figure 3.1.1 is similar to industry setup and is used for carrying 

out various rinse experiments.  On the other hand, some of the rinses require hot ultrapure 

water.  At the highest allowable flow rate (6 GPM) to the tank, the residence time of 

ultrapure water in the rinse tank is 30 seconds.  The highest allowable flow rate is 

decided by the line pressure and ultrapure water generation facility at the University of 

Arizona.  Even though the ultrapure water generation plant capacity is 7 GPM, a 

maximum of 6 GPM is observed at the rinse tank.  A very powerful and ultrapure heater 

is required to generate a constant flow of (6 GPM ultrapure water) high temperature and 

high purity ultrapure water.  This requires a costly heat-exchanger.  To go around this 

problem a rinse tank is designed and fabricated as a part of this work.  The actual picture 

of this rinse tank is shown in Figure 3.1.3.  The idea here is to reduce the volume of the 
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tank so that the heat-exchanger designed at the University of Arizona can heat water to 

the required temperature.   

 

 

Figure 3.1.3: New rinse tank. 

 

In addition, it is necessary that the hot water be ultrapure.  To ensure this, 

electroplated stainless steel tubing is used in the heat-exchanger to avoid any 

contamination coming into the incoming ultrapure water from the heating element.  To 

increase the temperature of ultrapure water, electroplated stainless steel tubing is packed 

in such a way that residence time of ultrapure water in the heat exchanger is increased.  A 

picture of this heat exchanger is shown in Figure 3.1.4.  Here electroplated stainless steel 

tubing is kept in a heater covered with ceramic material.   

 



 

95 

  

Figure 3.1.4: Electroplated stainless steel tubing in heat-exchanger. 

 

Moreover, this rinse tank is designed in such a way that after putting a sensor wafer a 

distance between a sensor wafer and wall of the tank is similar to the distance between 

two wafers sitting in a cassette.  This is taken into account to study the effect of the wafer 

spacing in between the wafers. 

 

The rinse tank shown in Figure 3.1.3 is fabricated by using a semiconductor grade 

plastic (TEFLON).  This rinse tank is fabricated by removing inner material from the 

TEFLON block.  During this removal, much of the heat is generated and it has led to the 

deformation of the side walls.  This can be seen by bent walls in Figure 3.1.3.  In order to 

overcome this problem, a thickness of the sidewall is increased keeping the inside tank 

dimensions same.  Thus, another rinse tank is fabricated at the University Research 
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Instrumentation Center at the University of Arizona.  Actual picture of this rinse tank is 

shown in Figure 3.1.5.   

 

 

Figure 3.1.5:  Modified rinse tank 

 

 In previous work Dr. Yan has shown that rinse operates in two regimes, namely 

[20]: 

i. Purge regime 

ii.  Surface desorption regime.   

 

 This information is critical when it comes to optimization of the rinse recipe.  Thus, it 

is necessary to have a capability where it is possible to switch between high and low flow 

of ultrapure water along with hot and cold ultrapure water.  This is achieved by adding 
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required connections.  For that reason two ultrapure water inlets are connected to the 

modified rinse tank.  One ultrapure water inlet is passed through a heat exchanger to 

generate hot ultrapure water, while the second inlet only provides cold ultrapure water.  

Figure 3.1.6 shows a schematic of the actual setup. 

   

  

  

 

 

 

 

 

 

Figure 3.1.6: Schematic of the rinse setup. 

 

A bypass is added for the hot ultrapure water because of safety reasons.  If the water 

supply to the heat exchanger is shut off immediately after the experiment, it will keep 

heating the water filled in the electroplated stainless steel tubing.  This will lead to the 

evaporation of water and can lead to increased pressure and the possibility an accident.  

The bypass eliminates this possibility of evaporation of water.  In addition, depending on 

the experiment, it is necessary to have hot ultrapure water after a certain interval.  Since 
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this heat exchanger does not provide instantaneous hot water, it is necessary to have the 

bypass on when hot water is not in use.  Thus, the bypass allows continuous generation of 

hot ultrapure water.   

 

A typical experimental sequence is as follows: 

1. Preconditioning of the sensor wafer.  

2. Expose sensor wafer to known concentration of contamination for known 

duration.  

3. Record the rinse dynamics to study the effect of various process parameters.   

 

 To make certain that a starting point is the same for each experiment, a 

preconditioning is a must.  Thus, preconditioning is performed after each experiment.  

Procedure of preconditioning is explained in detail in section 3.3. 

 

3.2 EXPERIMENTAL PROCEDURE-SINGLE WAFER RINSING 

 

 As a part of following Moore’s law, the semiconductor industry is moving towards 

smaller feature size.  Moreover, to increase throughput and yield industry is transitioning 

towards bigger wafer size.  Both of these attributes create a lot of problems, such as 

particle generation due to incomplete rinsing while processing using recipes developed 

based on past experience in immersion rinsing.  Thus, the industry is moving towards 

single wafer tools to increase cleanliness.  On the other hand, the disadvantage of single 
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wafer rinsing is low throughput.  Therefore, a purpose of this work is to study rinsing of 

different chemicals in single wafer rinse setup.   

 

  In order to achieve this goal, a single wafer tool is designed and developed as a part 

of this work.  The actual picture of this setup is shown in Figure 3.2.1.  A spin coater is 

modified in such a way that it can be used as a single wafer surface preparation tool.  As 

mentioned earlier, the sensor wafer is connected to the LCR meter by using wires, so it is 

necessary to come up with a design to acquire a sensor response while the sensor wafer is 

spinning.  In order to achieve this, a custom made chuck is designed by using a 

semiconductor grade plastic (TEFLON), which allows the wires connected to the sensor 

to go below the chuck.   

 

 

Figure 3.2.1: Single wafer surface preparation tool. 
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 These wires are connected to the custom made assembly which is mounted on the 

motor shaft and rotates along with the wafer.  The actual picture of this custom made 

assembly is shown in Figure 3.2.2.  In order to have insulation between two electrodes, 

this assembly is fabricated by using TEFLON.  Thus, this assembly looks like two 

concentric TEFLON rings with Cu metal rings glued to it.  This is still half of the job 

done.  It is necessary to connect the LCR meter to this custom made assembly.  This is 

achieved by designing a stationary assembly with electrical contacts which push against 

this rotating part.  The key here is to have this stationary assembly sturdy enough to 

withstand vibrations created because of the rotation and still provide good electrical 

contact.  

 

 

Figure 3.2.2: Custom made assembly for electrical connection. 

 



 

101 

To LCR meter 

Connection lines coming 
from Sensor wafer 

Electric Motor and 

Motor 
shaft 

Custom 
made 
assembly 

Support 

  Initially, in this research a thick Cu piece is used to connect the moving part to the 

LCR meter.  The actual picture of this idea can be seen in Figure 3.2.2 while a schematic 

of this setup is shown in Figure 3.2.3.  The Cu piece is bent and placed in such a way that 

it is in contact with a metal ring in the custom made assembly but there is nothing which 

is holding Cu piece in contact with the metal ring.  This design works fine for low speed 

of rotation.  But as the speed of rotation goes above 500 RPM due to vibrations generated, 

this metal to metal contact creates either an open or short circuit.  This leads to very 

unreliable data above 500 RPM. 

   

 

 

 

 

 

 

 

 

 

 

Figure 3.2.3: Schematic of electrical connection interface between sensor and LCR meter. 
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  In order to overcome this problem, a modified stationary assembly is needed 

which will make sure the rotating assembly is always in contact with the stationary 

assembly.  This is achieved by fabricating a contact assembly using carbon brushes.  

Thus, carbon brushes replace a thick Cu piece as carbon brushes can form a nice interface 

between the Cu ring and carbon brush and provide good electrical contact.  Therefore, 

carbon brushes are pushed against the metal ring by using a spring to ensure electrical 

contact even at a higher speed of rotation.  This setup is tested by using a known resistor 

instead of a sensor wafer for speed of rotations up to 2000 RPM.  These test results are 

very repeatable and hence this design is finalized.   

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.4: Single wafer setup with cage and chemical and UPW delivery lines. 
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Each test in single wafer rinsing consisted of the following sequence of steps:  

1. Pre-conditioning. 

2. Mount the ECRS on the custom made Teflon chuck. 

3. Exposure to cleaning chemical at 100 to 500 RPM. 

4. Rinse at various RPM with ultrapure water (UPW) from 32 0C to 60 0C 

5. Dry at 1000 RPM for 50 sec. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.5: Dynamics of rinsing post dilute (40:1) NH4OH exposure. 

 

These tests involve the use of chemicals and water while wafers are spinning, thus it 

is necessary to design a cage around this setup.  The Cage is fabricated from plexiglass 

material.  This cage is fabricated in such a way that any chemical and/or water thrown 
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away by centrifugal force is collected in a tray at the bottom of the cage.   Also, being 

transparent, it is possible to monitor the entire process.  Moreover, a modified assembly 

is fabricated which sits at the top of the cage.  This assembly is fixed to ensure the 

position of chemical and UPW delivery lines.  The actual picture of this modified setup is 

shown in Figure 3.2.4.  It is thought that this takes care of all the problems so 

experiments are performed with diluted ammonium hydroxide.  The experimental data is 

shown in Figure 3.2.5.  

 

 Figure 3.2.5 shows that the sensor is exposed to chemical for 30 seconds and is then 

rinsed with UPW.  So, as soon as rinsing starts, the rinsing curve shoots up and then 

drops to sub 10 kΩ and then slowly increases to 30 kΩ.  When a similar experiment is 

performed using a diluted (40:1) sulfuric acid, a totally different response is obtained.  

Sensor response for rinsing of post dilute 40:1 sulfuric acid rinsing is shown in Figure 

3.2.6.  From Figure 3.2.6, it is found that during rinsing the rinsing curve increases to 

high impedance and then slowly decreases to 70 kΩ.  This totally contradicts the results 

obtained for dilute ammonium hydroxide rinsing.  At this point it is thought that this is 

because of two factors:  

1. Ammonium and sulfate change the oxide surface differently, and 

2. These experiments are carried out in a setup with cage present and high vapor 

pressure of ammonium cause pile up of ammonium in a cage and leads to sudden 

drop in impedance.   
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Figure 3.2.6: Dynamics of rinsing post dilute (40:1) H2SO4 exposure. 

 

 The first factor is more of a surface property and affects later part of curve rather than 

initial part.  To investigate the second effect, an experiment is performed in which the 

cage is removed.  This ensures that there is no accumulation of ammonium near the 

sensor wafer.  The dynamics of rinsing post diluted ammonium hydroxide exposure is 

recorded.  This experiment showed a similar trend as rinsing post diluted sulfuric acid.  

This proved that higher vapor pressure of ammonium hydroxide is responsible for a 

sudden drop in impedance.  Thus, it is necessary to have an effective purging inside the 

cage.  On the other hand, it is required that the purging should not disturb the flow pattern 

on the spinning wafer.  Therefore, a purging line is added at each corner of the cage.  

Figure 3.2.7 shows final setup of the single wafer surface preparation tool used for 

experiments.  
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Figure 3.2.7: Final setup of single wafer surface preparation tool. 

 

3.3 PRECONDITIONING 

 

The ECRS is very sensitive to contamination on the sensor wafer.  This is a good 

property of the sensor design.  However, sometimes it will be “too” sensitive.  For 

example, if not stored properly, the air borne contaminants in the clean room air can fall 

on the sensor and cause some irregular behavior in the sensor.  Figure 3.3.1 shows an 

example.  
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The designed reading of the poly-Si sensor in DI water is 40 kΩ, which could slightly 

change along with the water temperature.  The upper rinse curve in Figure 3.3.1, which 

shows the reading of this sensor in the DI water, indicates that the sensor reading could 

be much higher if contaminated.   
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Figure 3.3.1: Sensor response for before pre-conditioning. 

 

Thus, during experiment with the diluted chemical treatment such as diluted SC-1 and 

SC-2 can not remove such deposited airborne contaminants, it will show up in the sensor 

reading.  However, if the semiconductor wafers which the sensor monitors stay in the 

controlled environments, such as in microenvironments and FOUPs, the wafers may not 

have such airborne contaminants.  But in this case, the sensor falsely indicates that the 

wafers have contaminants that diluted chemicals could not remove.   To ensure accurate 

and repeatable end point detection, it is necessary to pre-treat the sensor.  This makes 
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sure the same sensor surface condition so that the end point readings of the rinse 

processes are predictable.   

 

It is known that cleaning chemicals or contaminants can interact with the sensor 

surface and hence the surface of the sensor will be different at the beginning of the rinse.  

In order to get repeatable results, it is necessary to the same starting surface each time.  

The ideal case is to rinse enough so that all adsorbed ions are removed.  The task of this 

work is to develop a rinse and thus it is necessary to add some pre-conditioning after each 

experiment to make sure the sensor surface is the same after each experiment.   

 

The change in impedance is due to the incomplete rinse and adsorption of airborne 

contaminants onto the surface of the sensor wafer.  Therefore, it is thought that exposure 

to hot DI water will increase desorption of adsorbed contaminants from sensor surface.  

Thus, sensor wafer is exposed to the stagnant hot DI water for about 40 minutes and then 

the sensor response is recorded in cold DI water.  This is shown in Figure 3.3.2.   
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Figure 3.3.2: Sensor response to the different temperature hot DI water. 

 

From Figure 3.3.2 it is observed that the sensor response, magnitude of impedance 

(Z) is different for each temperature exposure where sensor impedance increases first and 

then comes to a constant value.  It is thought to be due to a change in the temperature of 

the sensor wafer after transferring from the hot DI water tank to the cold DI water tank.  

After each experiment of long exposure to hot DI water end point is different which 

indicates that surface is still not clean.  This test is repeated one more time and similar 

results are obtained.  Thus, this pre-conditioning procedure is rejected due to two reasons: 

1. Data is not repeatable 

2. Even after a long time, about 40 min, sensor reading is not stable.   
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Once the hot DI water approach is eliminated, the next approach investigated is 

exposure to diluted HF (1:100) for a very short period of time.  The idea here is to 

remove a thin oxide layer which contains most of the contaminants.   Most of the sensor 

area is made of silicon dioxide, so there is a possibility of changing the dimentions of the 

sensor and can lead to different results.   

 

                   

Figure 3.3.3: Sensor response for before and after APM (SC-1). 

 

Thus, exposure to an ammonium peroxide mixture (APM) is tested.  This is chosen 

due to the fact that APM removes most of the organics and particles.  Therefore, the 

easiest and fastest way to achieve this task is by pre-treating sensor with 1:1:5 APM (SC-

1) at 70 0C.  After exposure to APM at 70 0C, the sensor returns to its designed value (40 

kΩ) even if the surface of the sensor was dramatically changed.  This is shown in Figure 
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3.3.3.  Therefore, the standard procedure of using the sensor includes 1:1:5 APM 

treatment at 70 0C for 10 minutes followed by UPW rinsing to condition the sensor 

surface. 

 

3.4 SUMMARY 

 

An experimental setup for immersion rinsing is successfully modified.  A New 

immersion rinse tank is fabricated from semiconductor grade plastic (TEFLON) to mimic 

a 25 wafer cassette setup where there is about 0.5 cm wafer gap.  Connection lines are 

modified in such a way that it is possible to carry out an experiment with hot and cold 

water one after another.  The single wafer setup is modified and tested to resolve many 

practical and technical problems.   Modified assembly is fabricated and added to spin 

coater to be able to acquire ECRS data by using LCR meter while the wafer is spinning.  

This modified assembly is tested for up to a couple of thousand RPM and a very good 

signal is obtained.   

 

It is essential to have the same starting point to study the effect of various process 

parameters.  After testing various pre-treatment conditions, an exposure to 1:1:5 APM at 

70 0C for 10 minutes, followed by cold ultrapure water rinse is finalized.  This pre-

conditioning gives very repeatable results.  
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CHAPTER 4 

RINSING OF MICRO- AND NANO-STRUCTURES IN IMMERSION SETUP 

 

This work is comprised of the use of an Electro-chemical Residue Sensor towards 

surface preparation of micro- and nano-structures.  The goal here is to study the 

fundamentals of transport of ions inside the micro- and nano-structures along with the 

effect of fluid dynamics while rinsing and drying in different configurations.  During this 

research, rinsing and drying during the immersion and single wafer way of operation is 

studied.  This allows the fundamental understanding of the effects of various key process 

parameters which can be optimized further to reduce water and energy usage.   

 

Typical surface preparation is carried out in the following three steps and shown in 

Figure 4.1: 

1. Exposure to cleaning chemical for pre-specified time.  

2. Rinsing of the chemical with ultrapure DI water. 

3. Drying to remove any residual water.   

 

Figure 4.1: Typical surface preparation procedure. 
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As shown in Figure 4.1.1, surface preparation is carried out in batch configuration in 

which wafers are transferred from one vessel to another in sequence.  This is a common 

practice and is referred to as batch operations.  Over the years, industry has evolved and 

has changed the way the above three processes are carried out.  As bigger wafer size is 

becoming more common, the semiconductor industry is moving away from traditional 

immersion rinsing and moving towards single wafer rinsing and drying.  Currently, the 

semiconductor industry is using 300 mm wafers and planning to move towards 450 mm 

wafer size in a few years.  Though the transition to single wafer rinsing is in progress, 

still immersion rinsing is a very common practice.   

 

In this work, rinsing and drying of post SC-1 exposure is studied.  SC-1 is commonly 

known as Ammonium Peroxide Mixture (APM) [41].  Depending on the process, the 

proportions of the APM vary anywhere from 1:1:5 to various combinations and from 

room temperature to 70 0C [42, 43].  Also, APM exposure time varies from application to 

application.  Here, 1:1:5 APM is used at two different temperatures: room temperature 

and 70 0C.  The procedure used to carry out the chemical exposure affects the rinsing of 

the micro-structures and wafers.  Variations in transfer of wafers from the chemical to the 

rinsing bath also lead to different amounts of chemicals through carryover layer.  Thus, 

when it comes to optimization of rinse recipes, it is important to know the exact 

procedure in which surface preparation is carried out.   
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4.1  PROCESS MODEL 

 

This work involves carrying out experiments to study the effect of various rinse 

process parameters, and then using the process simulator to study the mechanism.  Thus, 

along with the sensitive and robust sensors, it is necessary to have a comprehensive 

process model which takes into account various mechanisms occurring during the 

removal of contaminants from micro- and nano-structures.   

 

4.1.1 Different Mechanisms: 

 

Therefore, the process model developed as a part of this work takes into account 

various modes of mechanisms as listed below: 

 

4.1.1.5 Electrochemistry 

4.1.1.6 Diffusion 

4.1.1.7  Electrostatic Field 

4.1.1.8  Surface Reaction  

4.1.1.9  Fluid Dynamics 

4.1.1.1 Electrochemistry: 

 

At the beginning of the rinse, the wafer is covered with chemicals.  When the wafers 

are immersed in liquid, chemicals dissolve in clean water, which leads to dilution.  Some 
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of the chemicals are on the surface of the micro-structure, while the rest are in liquid 

phase.  Chemicals in liquid phase are in the form of ionic species due to dissociation.  

These reactions are represented by equations 4.1-1 to 4.1-3. 

 

Dissociation of NH4OH is represented by equation 4.1-1.  It is assumed that all the 

NH4OH present initially dissociates as represented by equation 4.1-1 

 

11.4OHNHOHNH 44 −+→ −+
 

 

At the same time, there is dissociation and association of water molecules taking 

place in the liquid phase.  These reactions are represented by equations 4.1-2 and 4.1-3. 

  

21.4OHHOH 2 −+→ −+  

31.4OHOHH 2 −→+ −+  

 

The Rate constant for the reaction represented by equation 4.1-2 varies from 

4.4x1010xM-1sec-1 to 1.5x1011
xM-1sec-1 [44].  Here, concentration is in mole L-1.  The rate 

constant for reaction 4.1-3, represented by K, is determined by dividing the dissociation 

constant of water (Kw) by the rate constant for reaction 4.1-2.  During this research, 

rinsing is performed at an elevated temperature, which changes the rate constant for 

reaction 4.1-2 and 4.1-3 [45, 46, 47].  Thus, reaction rates along with physical properties 

of water are corrected by using table 4.1-1 [48]. 
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In this research, ECRS readings are used to track the transport of ions inside micro- 

and nano-structures.  The ECRS reading is impedance of the solution inside the micro-

structure, which depends on the conductivity of the solution.  Thus, it is necessary to keep 

track of the proton and hydroxide ions along with the ionic impurity of the interest.   

 

Table 4.1-1: Effect of temperature on properties of water 
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4.1.1.2 Diffusion:  

 

In this research, the dynamics of impurity transport is studied.  One of the most 

important mechanisms is the transport of impurity ions by diffusion.  Lot of research has 

been done which relates diffusivities as a function of concentration and temperature [49, 

50], but in this research diffusivities of impurity ions at a process temperature are treated 

as a constant and equal to the values corresponding to bulk diffusivities.  These 

diffusivities are obtained from the CRC handbook [51].  Therefore, the diffusion flux 

given by Fick’s law is represented by equation 4.1-4. 

 

41.4 −∇−= iii CDN
r

 

 

Here, Di is diffusivity of ion of interest and Ci is concentration corresponding to the 

ion of interest.   

 

4.1.1.3 Electrostatic Field: 

 

ECRS is made of silicon dioxide and a metal such as chromium or poly-Si as an 

electrode.  During rinsing, the sensor wafer is immersed in ultrapure DI water and leads 

to the reaction on the surface of the micro-structure.  It is well known that when silicon 

dioxide is immersed in ultrapure water, it leads to the formation of a negative surface 

charge through dissociation of the Silanol group.  It is represented by equation 4.1-5 [52].  
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51.4HSiOSiOH K1 −+→← +−  

 

 Thus, a negatively charged surface gives rise to the formation of an electrostatic field 

close to the surface of the micro-structure.  The equilibrium constant (K1) in reaction 4.1-

5 is 10-4.5 mol/m3.  Equation 4.1-5 is used to determine the surface charge formed on the 

surface of the micro-structure, assuming each site has a unit negative charge.  Thus, the 

total surface charge is given by equation 4.1-6.   

 

61.4][ −= −SiOeσ  

 

Where e is electronic charge and [SiO-] is number of active sites available.  This 

determines total surface charge σ.  

 

Total surface charge is also dependent upon maximum silanol groups present for 

dissociation, represented by equation 4.1-5.  It is observed that maximum silanol groups 

observed on the surface are different based on the chemical treatment before rinse.  This 

leads to a different end value of the ECRS and is attributed to the availability of a 

different number of surface sites for forming a surface charge.  This can be verified by 

Figure 4.1.1, where the ECRS readings show different end points during rinsing after 

exposure to different chemicals.  Thus, the maximum sites available for adsorption are 

treated as a fitting parameter.   
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Figure 4.1.1: Effect of different chemical exposure on end point of ECRS. 

 

Charging of the surface leads to the formation of an electrostatic field near the surface 

of the micro-structure.  This electrostatic field affects the distribution of the ions inside 

the trench.  As the trench size becomes smaller, the Debye layer formed near the surface 

of the trench becomes increasingly important and affects the transport of ions inside the 

trench [53].  This Debye layer thickness is inversely proportional to the concentration of 

ionic species, and thus becomes increasingly important towards the end of the rinse, 

where the liquid phase concentration is lower.  In order to predict the transport of ions 

inside the trench, it is necessary to incorporate the effect of field on the transport of ions 

inside the trench.  This effect is referred to as a migration, and migration flux is given by 

equation 4.1-7.  
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71.4 −Φ∇−= iiii FCzN µ
r

 

 

Where zi is the valence of ion, µi is ionic mobility of ion, F is faraday’s constant, and 

Φ is the potential generated due to the surface charge.  It is possible to find an 

approximate value for ionic mobility by equating diffusion and migration flux [53].  This 

leads to a well-known relation, “Einstein’s Relation”, which describes mobility in terms 

of diffusivity of that ion.  This relation is represented by equation 4.1-8.   

 

81.4 −=
RT

Di
iµ  

 

Where Di is the diffusivity of the ion, R is gas constant, and T is the process 

temperature.   

 

4.1.1.4 Surface Reaction: 

 

During surface preparation, chemicals are present in liquid phase and on the surface 

of the trench.  The various reactions occurring in the liquid phase are described earlier 

and it is necessary to consider the surface reaction for a comprehensive understanding of 

the rinsing process.  It is assumed that ammonium or sulfate ions can adsorb on the 

charged surface site, so there is no preferential adsorption and all sites are assumed to be 

the same.  The rate of adsorption and desorption depend on interaction forces between 
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ionic species and the charged surface.  These forces are considered through different 

values of adsorption and desorption.  This determines the net flux coming out of the 

surface, which is given by equation 4.1-9.   

 

91.4)( 0 −−⋅−⋅= siasd CSCkCkFlux  

 

Where kd is desorption rate constant, Cs is surface concentration, ka is adsorption rate 

constant, and Ci is liquid phase concentration near the surface of the trench; S0 is 

maximum number of sites available for adsorption.   

 

It is assumed that adsorption and desorption of proton and hydroxide ions occur very 

quickly.  Therefore, proton and hydroxide ions are always in equilibrium with the surface 

of the trench.  Thus, equation 4.1-9 is only applied to the ionic species of the interest, 

which is ammonium ion in this case.   

 

4.1.1.5 Fluid Dynamics: 

 

During immersion rinsing, wafers are placed in a tank full of ultrapure water, and fresh 

water comes from the bottom of the tank and overflows from the top.  During this process, 

chemicals near the wafer are transported out of the rinse tank by convection.  This is a 

very complex process which is affected by various parameters such as tank design, flow 

pattern, and water temperature.   
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This problem is similar to the flow of liquid over a flat plate or flow through two 

parallel plates.  In both cases, there is a no slip condition at the surface of the wafer, and 

there is a region near the surface where flow is zero.  This region of zero flow is called a 

Boundary Layer.  Flow over the flat plate has been studied for many years, and it is 

possible to determine the thickness of this boundary layer based on the velocity of the 

liquid.  On the other hand, though the flow rate to the rinse tank is known, the actual flow 

in between the two wafers is not known.  Thus, in this work, the boundary layer thickness 

is treated as a fitting parameter.   

 

Outside this boundary layer, it is assumed that the entire chemical is well mixed and 

its behavior is described as the Continuously Stirred Tank Reactor (CSTR).  Thus, the 

concentration of this CSTR depends on the amount of contaminants coming from the 

surface of the wafer.   

 

4.1.2 Comprehensive Process Model: 

 

Thus, development of the process simulator takes into account the mechanisms 

described above and gives a very comprehensive process model.  The details of the actual 

equations, along with boundary conditions, are described below.  The geometry 

considered for this study is shown in Figure 4.1.2.  
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Figure 4.1.2:  Geometry used for study of rinse fundamentals  

 

Based on the electrochemistry, it is necessary to solve for ammonium, proton, and 

hydroxide ion transport.  Thus, the total flux for each of these ions due to diffusion and 

migration is given by equation 4.1.10.   

 

101.4 −Φ∇−∇−= iiiiii FCzCDN µ
r

 

 

Therefore, the mass balance equation for the different ions is represented by 

equations 4.1-11 and 4.1-12.  This equation is called the Nernst Plank equation.   
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111.4)( −∇⋅−=Φ∇−∇−⋅∇+
∂

∂
iiiiii

i CuRFCzCD
t

C µ  

 

In equation 4.1-11, i is for ammonium ions.  Here, convection is neglected.  For 

ammonium ions, it is assumed that there is no reaction taking place on the surface of the 

trench other than adsorption and desorption.  Boundary conditions for equation 4.1-11 are 

as follows: 

� For ammonium 

1. Boundary condition 4 to 10 is net flux coming off of the surface- given by 

equation 4.1-9 

2. Boundary condition 1 and 3 is used as an axial symmetry because part of 

the actual geometry is simulated.- gradient of concentration is zero 

3. Boundary condition 2 is determined by the solution to the CSTR mass 

balance - concentration as a function of time.  

4. While initial condition is a constant concentration. 

  

121.4)( −∇⋅−−=Φ∇−∇−⋅∇+
∂

∂
−+ jOHHwjjjjj

j CuCCKKFCzCD
t

C
µ

 

Here, j represents proton and hydroxide ions.  Similar to ammonium ions, convection 

is neglected.  

 

 Boundary conditions for equation 4.1-12 are as follows: 

� For Proton and Hydroxide 
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1. Boundary condition 4 to 10 is flux coming off of the surface, which is 

equal to zero 

2. Boundary condition 1 and 3 is used as an axial symmetry because part of 

the actual geometry is simulated.- gradient of concentration is zero 

3. Boundary condition 2 is determined by the solution to the CSTR mass 

balance and charge balance of the ions. - concentration as a function of 

time similar to 4.1-13 and 4.1-14.  

4. Initial concentration is decided based on charge balance and given by 

equation 4.1-13 and 4.1-14. 

  

131.4
2

01040 82

−−×+=+

CC
C

H
 

141.4
2

01040 82

−+×+=−

CC
C

OH
 

 

Equations 4.1.11 and 4.1.12 have potential terms, which influence the transport of 

ions.  Potential distribution inside and outside of the trench is given by equation 4.1-15.  

This equation is called a Poisson Equation.   

 

151.42 −=∇
ε
ρφ  
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Here, ρ is spatial charge density which is given by equation 4.1-16, while ε is a 

dielectric constant of the liquid.   

 

161.4)( −= ∑ ii CzFρ  

 

Where zi is valence of the ion and F is faraday’s constant.   Here, i represents 

ammonium, proton, and hydroxide ions.  Boundary conditions for equation 4.1-15 are as 

follows: 

1. Boundary condition 4 to 10 is defined as a surface charge decided based on 

the dissociation of silanol group (equation 4.1-5 and 4.1-6).  

2. Boundary condition 1 and 3 is used as an axial symmetry because part of the 

actual geometry is simulated.- gradient of potential is zero 

3. Boundary condition 2’s potential is equal to zero.   

 

The change in surface concentration is tracked by solving equation 4.1-17 on the 

boundaries 4 to 10.   

 

171.4)( 0 −−⋅−⋅=
∂

∂
siasd

s CSCkCk
t

C
 

 

As described in fluid dynamics, mass balance for CSTR is given by equation 4.1-18.   
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181.4)( −⋅+−=
∂

∂
FluxACCQ

t

C
V wbin

b  

 

Where V is volume of the tank, Q is flow rate to the tank, Aw is area of the wafer, and 

Flux is the contribution from the wafer by desorption of adsorbed contaminants.  Flux 

here comes from the solution to equation 4.1-11 and is integrated over boundary 2.  This 

gives an average flux rather than space dependent flux.   

 

All the above formulations give a liquid and surface concentration distribution.  

When it comes to the experiment, measurements are impedance as a function of time.  

Thus, it is necessary to relate concentration to the impedance in order to validate the 

process model developed as a part of this work.  This is achieved by solving an Ohms 

Law, which is described by equation 4.1-19.  

 

191.4 −∇⋅= ψσ cJ  

 

Where J is current density and σc is conductivity of solution.  σc is calculated by 

equation 4.1-20.   

 

201.4)( −=∑ iiic Cz λσ  
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Here, i represents ammonium, proton, and hydroxide ions.  For solving equation 4.1-

20, a potential of 1 V is applied on one electrode and on the other electrode, the potential 

is set to 0 V.  All the other boundaries are treated as an insulator.  Values of λi are 

independent of concentration but depend strongly on temperature.  Values of λi for proton 

and hydroxide ions are corrected for temperatures by using table 4.1-1 [48].  λi for 

ammonium is corrected by using a thumb rule of 3% change in ionic mobility per degree 

Celsius change in temperature [51].  A finite element based software package, Comsol is 

used to solve these equations.  Appendix A explains how to setup these equations in 

Comsol.  

 

4.2  EXPERIMENTAL RESULTS 

 

The metrology developed as a part of this work consists of two parts.  The first part is 

use of ECRS to experimentally study the effect of various process parameters on the 

dynamics of rinsing.  The second part is the use of a process model to understand the 

fundamentals of the mechanisms of the dynamics of rinse.  Both of these parts go 

together and that is what makes this metrology a very powerful tool. 

   

4.2.1 Hydrophilic Structures: 

 

This is the most common type of structure in semiconductor industry.  During the 

study of immersion rinsing following process parameters are studied in detail: 



 

129 

4.2.1.1 Effect of Rinse water Flow Rate 

4.2.1.2 Effect of Rinse Water Temperature 

4.2.1.3 Effect of Number of Dumps 

4.2.1.4 Effect of Overflow Rinse Time 

4.2.1.5 Effect of Carryover Layer 

 

4.2.1.1 Effect of Rinse Water Flow Rate: 

 

It is common practice in the semiconductor industry to use a high flow rate of 

ultrapure DI water during entire rinsing.  The idea behind this practice is to remove the 

contaminants as quickly as possible.  This is logical, but in reality, after chemical 

exposure, chemicals are present in two locations: 

1. In a liquid inside the micro- and nano-structure and  

2. Adsorbed on the surface of the micro- and nano-structure.   

 

When it comes to the removal of chemicals or contaminants by rinsing it is advisable 

to use a high flow rate to remove chemicals in liquid phase.  This is referred to in this 

work as a purging of the micro-structure.  The purge time depends on many factors, such 

as temperature of ultrapure DI water, concentration of chemical, and fluid dynamics near 

the wafer, and physical properties of the chemical (viz. viscosity, density).  Thus, purging 

is helpful during the initial part of the rinse when liquid concentration is high.  As the 

rinse proceeds, liquid phase concentration decreases and below a certain point the process 
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is dominated by the surface reaction.  Thus, use of high flow ultrapure DI water during 

surface desorption region leads to wastage of water.  Though this is the case, it is 

necessary to determine the point at which a high flow of water is not very helpful.  Thus, 

as reported before, during this study it is also observed that rinse operates in two regimes:  

1. Purge regime 

2. Surface desorption regime.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.1: Effect of flow rate of rinsing of post dilute sulfuric acid exposure 

 

Figure 4.2.1 shows the effect of flow rate on rinsing of diluted sulfuric acid.  It can be 

seen that flow rate has an impact only in the initial part of the rinse, where the liquid 

phase concentration is higher.  Thus, having high flow in the initial part of the rinse leads 
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to lower concentration (higher impedance), and later, both curves meet at the same point, 

which corresponds to same level of cleanliness.  Thus, it is possible to speed up the 

removal of contaminants by having high rate of ultrapure water flow in the initial part.  

This is validated by experimental data shown in Figure 4.2.2.  This is the experimental 

data showing the dynamics of rinsing post 1: 6 (H2SO4:H20) sulfuric acid exposure.  

          

Figure 4.2.2: Effect of flow rate of rinsing post sulfuric acid exposure. 

 

4.2.1.2 Effect of Rinse Water Temperature: 

 

 In order to study the effect of rinse water temperature on rinsing of different 

chemicals, a few experiments are carried out.  As explained in Chapter 3, a 

preconditioning is added before each experiment.   
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 The first experiment is rinsing post Standard Clean 2, abbreviated as SC-2.  SC-2 is a 

mixture of hydrochloric acid (HCl), hydrogen peroxide (H2O2), and water (H2O).  For 

this study, 1:1:10 (H2O2: HCl: H2O) SC-2 at 70 0C is used.  ECRS is exposed to this 

cleaning solution for 10 minutes and then rinsed with ultrapure water at different 

temperatures.  Experimental data obtained from ECRS is shown in Figure 4.2.3.   

 

 

 

 

 

 

 

 

 

 

Figure 4.2.3: ECRS response during rinsing of post SC-2 exposure. 

 

 In Figure 4.2.3, the upper curve is for rinsing with ultrapure water at 32 0C.  This is 

referred to as cold DI.  The lower curve in the same Figure is for rinsing with ultrapure 

water at 60 0C.  This is referred to as hot DI.  As explained in chapter 3, hot water is 

generated by use of the heat exchanger built at the University of Arizona.  Since it cannot 

supply a high power, the flow rate of water is reduced to achieve a high temperature.  
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Therefore, for the cold water experiments, the flow rate is 18 Gallons per Hour (GPH); 

while for hot water experiments, the flow rate is 5 GPH.  The initial flat portion in Figure 

4.2.3 is because the ECRS is still in process chemical.  Fluctuations in hot water rinse 

data may be due to fluctuations in rinse water temperature and /or the nucleation of the 

bubbles inside the micro-structure.   

 

 It can be seen from Figure 4.2.3 that the cold and hot ultrapure water rinses show a 

change in slope even after 500 sec of rinsing.  Also, Figure 4.2.3 shows that both the 

curves end at a different impedance value.  These absolute end values most of the times 

can not be considered to determine the end point of rinsing.  The reason for that is that 

the impedance is a reciprocal of conductivity of the solution, and the conductivity of 

solution is a strong function of temperature.  Thus, a temperature correction needs to be 

applied before these two curves are compared.  Since SC-2 is a mixture of chemicals, it is 

difficult to do so.  Thus, the best approach is to use the process model described above, 

which takes into account these temperature corrections, and get the surface interaction 

parameters.  By this it is possible to determine the surface concentration of contaminant 

(in this case chloride ions), which no other metrology can provide.   
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Figure 4.2.4: ECRS response during rinsing of post SC-1 exposure. 

 

 A Similar experiment is carried out for post SC-1 rinsing.  SC-1 is also referred as 

Ammonium Peroxide Mixture (APM).  Here 1:1:5 APM at 70 0C is used.  Process time is 

10 min.  The two experiments in Figure 4.2.4 correspond to rinsing at 32 0C and 59 0C.  

The flow rate for rinsing at 32 0C (cold) is 18 GPH; the flow rate for rinsing at 59 0C 

(hot) is 5 GPH.  As explained earlier, it is not easy to compare these two curves, but 

instead a process model is used to get the surface concentration of a contaminant (in this 

case ammonium) to compare these two experiments presented in Figure 4.2.4.  This is 

explained in detail in section 4.4.1.   
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4.2.1.3 Effect of Number of Dumps: 

 

 Dump rinsing is also a very common practice during surface preparation.  The 

common procedure to carry out dump rinsing consists of putting the wafers in the rinse 

tank, rinsing it for a set time, and then dumping the whole tank to get rid of chemicals.  

This is a very effective way of reaching lower concentration levels in the liquid phase.  

But again, this practice helps in the purge regime and not in the surface desorption regime.  

Moreover, depending on application, numbers of dumps can be optimized.   

 

 In this research, the rinsing post SC-1 exposure is used to study the effect of the 

number of dumps.  During these experiments, the ECRS is exposed to 1:1:5 APM (or SC-

1) at room temperature for 10 minutes.  This experiment is carried out in a wet bench 

shown in Figure 3.1.1.  Here the backside tank is used to store chemicals and the front 

tank is used for rinsing.  A Teflon cassette capable of carrying 25 six inch wafers is used 

in this experiment.  The ECRS is positioned at the center of the cassette while the 

remaining slots are filled by silicon dummy wafers.  Residence time in the tank is 50 sec, 

which means that every time tank is dumped, it takes 50 sec to refill.  Thus, OFR time is 

the time wafers are rinsed in an overflow configuration before 1st dump is added and time 

for which wafers are rinsed after tank is filled completely in between dumps.   
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Figure 4.2.5: Effect of number of dumps on dynamics of rinsing post APM exposure for 

OFR time of 5 sec. 

 

 Figures 4.2.5 and 4.2.6 show the dynamics of rinsing post APM exposure at room 

temperature.  This rinse is done with cold (32 0C) ultrapure DI water.  Here, OFR refers 

to the Overflow Rinse Time.  This is the time for which wafers are rinsed before the tank 

water is dumped.  Figure 4.2.5 shows that rinse curve shifts to the left with an increase in 

number of dumps from 1 to 3.  Thus, it is possible to achieve a higher level of cleanliness 

(higher impedance) by having more dumps in the initial part of the rinse.   
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Figure 4.2.6: Effect of number of dumps on dynamics of rinsing post APM exposure for 

OFR time of 60 sec. 

 

 This trend is found to be true to some extent when Figure 4.2.6 is examined.  Figure 

4.2.6 shows that improvement in rinse time is observed as the number of dumps is 

increased from 1 to 3, but it can be seen that the curve for 2 and 3 dumps overlap on each 

other in the earlier part, indicating that there is not much gain by adding one more dump.  

Therefore, it can be seen from Figure 4.2.5 and Figure 4.2.6 that with at least 2 dumps it 

is possible to achieve higher cleanliness faster.  The difference in end value is thought to 

be due to any airborne contaminant which leads to lower impedance.  A point to be noted 

is that optimization of the dumping process is to reach low concentration levels or surface 
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reaction dominated region quickly, and therefore more emphasis should be on the part of 

the curve before it turns flat.   

 

4.2.1.4 Effect of Over Flow Rinse Time: 

 

 To study the effect of overflow rinse time, experiments are performed for three OFR 

times: 5 sec, 30 sec, and 60 sec.  Experimental data for 2 dumps and 3 dumps is shown in 

Figure 4.2.7 and 4.2.8 respectively.   
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Figure 4.2.7: Effect of OFR time on dynamics of rinsing post APM exposure for 2 dumps 
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 Figure 4.2.7 shows that as OFR time is increased from 5 sec to 30 sec or higher, it is 

possible to achieve a higher level of cleanliness in a shorter time.  This is because the 

longer OFR time allows part of the ammonium bonded to the surface to desorb, and when 

the tank is dumped this desorbed ammonium is removed quickly.  This decreases the 

concentration in the tank to a very low level, and now the rinse is in the surface 

desorption region as indicated by the flatter curve.  On the other hand, the curve for 5 sec 

OFR time shows a gradual increase in impedance, indicating that there is still lot of 

ammonium left in the liquid phase which is getting removed slowly. 

 

 When experimental data shown in Figure 4.2.8 is examined, a different trend is 

observed.  It suggests that for the experiment with 3 dumps, a shorter OFR time is the 

most effective.  Therefore, as observed in Figure 4.2.7, a higher ammonium concentration 

in liquid phase for OFR time of 5 sec is removed quickly by addition of one more dump.  

Thus, for post APM at room temperature, a rinse recipe with 2 dumps should have an 

OFR time of 30 sec or higher, but having a shorter OFR time (5 sec) and more dumps (3) 

helps in achieving surface desorption regime quickly due to faster removal of liquid 

phase chemicals.      
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Figure 4.2.8: Effect of OFR time on dynamics of rinsing post APM exposure for 3 dumps 

 

4.2.1.5 Effect of Carryover Layer: 

 

The sequence used in surface preparation is shown in Figure 4.1.  Wafers are 

transferred from the cleaning chemical to the rinse water after the chemical process time 

is complete.  The way wafers are removed from the cleaning chemical determines the 

thickness of the chemical film formed on the wafer surface and ultimately decides the 

amount of chemicals transferred to the rinse tank.  This chemical film is called a 

carryover layer.  To give an idea about the carryover layer: the faster the pull rate, the 

more chemicals are transferred along with the wafer, and vice versa [8].  This depends 



 

141 

strongly on the physical properties of the chemical at the process temperature.  In order to 

reduce rinse time, it is advisable to reduce chemicals coming with the wafer. 
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Figure 4.2.9: Effect of carryover layer on dynamics of rinsing post APM exposure for 3 

dumps and OFR time of 5 sec and 60 sec. 

 

A different carryover layer brings a different amount of chemicals and will affect the 

time required for transition to the surface desorption regime from the purge regime.  But 

the rinse practice here is dump rinsing, so dumping of the tank should remove most of 

these extra chemicals coming with the wafers.  To confirm this, an experiment is carried 

out where the cassette carrying the wafers is held in the chemical tank for 10 sec before 

transferring wafers into the rinse tank, whereas in previous experiments the wafer 
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cassette is immediately transferred to the rinse tank.  Thus, a longer hold time should 

bring fewer chemicals into the rinse tank and it should not affect the overall process.  The 

experimental data for this comparison is shown in Figure 4.2.9.  Here, dotted curves 

represent a longer hold time or less carryover layer.  Figure 4.2.9 shows that for 3 dumps 

and for both OFR times (5 sec and 60 sec), the rinse curves are same, even though the 

carryover layer is different.  Thus, having a shorter OFR time and more dumps is the best 

option for all the possible scenarios in case of rinsing post APM at room temperature. 

 

4.2.2 Hydrophobic Structures: 

 

During semiconductor manufacturing, various dry etching steps are used.  These steps 

fabricate structures of interest by selective etching of different films, but this process 

leads to the generation of hydrophobic surfaces.  In addition, use of new materials, such 

as modified low-k materials, leads to the creation of hydrophobic structures.  The 

surfaces that create these structures are not very well known and thus pose challenges in 

surface preparation of these structures.  Thus, the idea here is to study the rinsing of these 

hydrophobic structures by use of the ECRS.  

 

Thus, for this study, different structures are considered.  It is not possible to fabricate 

exactly the same structures created during the fabrication of chips.  The goal is to study 

different surfaces which resemble the actual structures realized in the semiconductor 
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industry.  For this experiment, two types of structures are studied, which are shown in 

Figure 4.2.10.   

 

 

Figure 4.2.10: Different structures studied as a part of this work (A) all hydrophilic 

structure, (B) all hydrophobic structure  

 

Structure (A), which is all hydrophilic, is the same as the one used for experiments 

reported in section 4.2.1.  Structure (B) is a modified version of Structure (A), in which 

the microstructure is coated with a thin layer of hexamethyldisilazane (HMDS).  HMDS 

 Cr/Poly Electrode 

All Hydrophilic Trench: SiO2  
Reference 

(A) 

Cr Electrode 

All Hydrophobic Trench: 
HMDS Coating  

Target: Contact/Trench of Low-k 

(B) 
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is commonly used in the semiconductor industry to enhance the adhesion of photoresist 

to the semiconductor surfaces.   

 

By using structures (A) and (B), the effect of flow rate and ultrapure water 

temperature is studied.  Figure 4.2.11 shows the effect of flow rate on the rinse dynamics 

of hydrophilic and hydrophobic structures.  These two surfaces have different available 

sites for adsorption and thus give different end points.  Thus, the normalized ECRS 

response for these two structures is shown in Figure 4.2.11.  During this experiment two 

flow rates are studied, which are 5 GPH and 15 GPH, during the rinsing of post diluted 

sulfuric acid exposure.  During these experiments, 50 mL of 98% sulfuric acid is added to 

the modified rinse tank (volume 85 mL) containing the ECRS wafer, and then rinsed with 

ultrapure water.   
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Figure 4.2.11: Effect of flow rate on rinse dynamics of hydrophilic and hydrophobic 

structures.  

 

In Figure 4.2.11, the curve on the left is for rinsing with a 15 GPH flow rate, and the 

curve on the right is for rinsing with a 5 GPH flow rate.  It is found that curves for both 

the surfaces are overlapping on each other, indicating that flow rate does not affect the 

rinse dynamics for different surfaces.  This is due to the fact that flow rate has an impact 

on the liquid phase concentration, and thus for the same chemical exposure resulted in the 

same rinse dynamics for two different surfaces.   
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Figure 4.2.12: Effect of ultrapure water temperature on rinse dynamics of hydrophilic 

and hydrophobic structures.  

 

Figure 4.2.12 shows the effect of rinse water temperature on the dynamics of rinsing 

hydrophilic and hydrophobic structures post diluted sulfuric acid exposure.  When the 

slope of the rinse curves is compared, it is found that the slope is higher for the 

hydrophobic surface, while it is lower for the hydrophilic surface.  This trend is the same 

for the two temperatures studied (32 0C and 60 0C).  This slope is a measure of the rate of 

the removal of contaminants from the surface.  This slope, being higher for hydrophobic 

surfaces, indicates that contaminants are coming off of the surface at a higher rate than 

that of hydrophilic surfaces.  This means that hydrophobic surfaces get cleaned faster 

than hydrophilic surfaces.  The slope for the 32 0C data is 1.96, and for 60 0C it is 6.7.  
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This indicates that the removal of sulphate ions from hydrophobic surfaces is much faster 

at a higher temperature than that at a lower temperature.  Therefore, the removal of 

contaminants from hydrophobic surfaces is a highly activated process.   

 

4.3 COMPARISON OF MODEL WITH EXPERIMENTAL DATA 

 

The process model developed in this study is used to study the mechanisms of rinsing 

and extract surface interaction parameters.  The experimental data used here is the rinsing 

post 1:1:5 APM exposure at 70 0C.  Rinsing is carried out at 32 0C and 60 0C.   
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Figure 4.3.1: Comparison of experimental data and model prediction for rinsing at 32 0C 
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APM is a mixture of ammonium hydroxide, hydrogen peroxide, and water.  It is 

assumed that hydrogen peroxide dissociates and acts similar to water and hence the only 

contaminant of interest is ammonium ions.  Comparison of experimental data with model 

prediction for 32 0C is shown in Figure 4.3.1, and for 60 0C is shown in Figure 4.3.2.  The 

model prediction is in good agreement with the experimental data.  Predictions of the 

model in the initial part of the curve are not very accurate as that region is dominated by 

fluid dynamics in the tank.  A CSTR model is used to get the concentration outside of the 

boundary layer.  This assumption is not very accurate and needs to be addressed for better 

model predictions in the initial part of the curve.  Parameters obtained by the model 

prediction are shown in Table 4.3-1 and 4.3-2.  A finite element based software package, 

Comsol, is used to solve the partial differential equations used in this formulation.   
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Figure 4.3.2: Comparison of experimental data and model prediction for rinsing at 60 0C 
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Table 4.3-1: Model prediction parameters for the rinsing at 32 0C. 

Parameter @ 32 0C 

ka, (m
3/mole/sec) 0.01 

kd, (1/sec) 0.012 

Surface Sites (S0) (mole/m2) 1.66x10-7 

Boundary Layer thickness (H) (m) 10x10-6 

DNH4
+1, (m2/sec) 1.957x10-9 

DH
+, (m2/sec) 9x10-9 

DOH
-, (m2/sec) 5.273x10-9 

 

 

Table 4.3-2: Model prediction parameters for the rinsing at 60 0C. 

Parameter @ 60 0C 

ka, (m
3/mole/sec) 0.2 

kd, (1/sec) 0.08 

Surface Sites (S0) (mole/m2) 6.64x10-6 

Boundary Layer thickness (H) (m) 8x10-6 

DNH4
+1, (m2/sec) 2.15x10-9 

DH
+, (m2/sec) 9.9x10-9 

DOH
-, (m2/sec) 5.803x10-9 
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4.4 MODEL PREDICTIONS 

 

The process model developed as a part of this study has two important applications: 

4.4.1 Interpretation of Experimental Data  

4.4.2 Prediction Tool 

 

4.4.1 Interpretation of Experimental Data  

 

The ECRS metrology has two parts.  The first is ECRS, hardware; and second is the 

process model.  It is necessary to use both the process model and the ECRS measurement 

to study the dynamics of rinsing for various process conditions.  During the study of any 

process parameter on rinsing, the ECRS is used to acquire the dynamics of rinsing.  It is 

possible to do a trend analysis by using only the experimentally obtained ECRS output 

but for more accurate results and for better comparison of the two processes, it is 

necessary to use the process model developed as a part of this work.  By using the 

process model, process parameters can be extracted to get a surface concentration of 

contaminants instead of impedance.  This is illustrated by performing experiments to 

study the effect of process parameters such as the flow rate and temperature of ultrapure 

DI water.  The experimental data is shown in Figure 4.4.1.   

 

 Figure 4.4.1 shows the case study where the effects of flow rate and temperature on 

rinsing post 1:1:5 APM (SC-1) at 70 0C is studied.  Three experiments are carried out.  In 
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each experiment, the sensor is exposed to the 1:1:5 APM at 70 0C for 10 minutes and then 

rinsed with ultrapure water at different conditions.  In the first experiment, the sensor is 

rinsed with high flow (18 GPH) and cold (32 0C) ultrapure DI water; In the second 

experiment, the sensor is rinsed with low flow (5 GPH), hot (60 0C) ultrapure DI water; 

and in the third experiment the sensor is rinsed with high flow, cold DI water for 1 

minute and then the flow is switched to low flow, hot DI water.   

 

 

 

 

 

 

 

 

 

 

Figure 4.4.1: Experimental data for rinsing post APM exposure. 

 

  Since there is a change in temperature, it is necessary to use the process model to 

compare the three experiments explained here.  Thus, the process model is used and the 

model prediction is compared to the experimental data.  As explained in section 4.3, the 

model prediction is in good agreement with the experimental data.  Thus, the parameters 
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5 GPH Hot UPW 

obtained from the model prediction are used to get the dynamics of surface concentration 

for each of the experiments presented in Figure 4.4.1.  The comparison of surface 

concentration for the three experiments presented in Figure 4.4.1 is shown in Figure 4.4.2.   

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.2: Surface concentration corresponding to the experiments presented in 

Figure 4.4.1. 

  

The results are used to compare these three recipes:  all cold, all hot, and a new 

proposed staged rinse.  This shows that in a given time (5 min), one can achieve better 

cleanliness by having high flow initially (purging the tank) and then low flow hot UPW 

to increase surface reaction.  
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Table 4.4-1: Comparison of cleanliness for the recipes presented in Figure 4.4.2 

Recipe Cold UPW Hot UPW Staged Flow 

Surface 

Contamination 
1 < 0.01 < 0.0001 

 

 

When these three rinse experiments are compared, it is found that an all hot rinse 

gives 2 orders of magnitude higher cleanliness compared to an all cold rinse, while the 

staged rinse increases the level of cleanliness by 4 orders of magnitude compared to an 

all cold rinse.  This comparison is shown in Table 4.4-1.  This is a significant gain.  Thus, 

one can optimize a desired recipe based on water, energy savings for given throughput, or 

one can work on improving throughput.  

 

4.4.2 Prediction Tool 

 

A key finding made possible by the use of this new metrology method is the effect of 

certain rinse parameters on the fundamentals of rinse.   
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Figure 4.4.3: Effect of dump on the dynamics of surface concentration 

 

In Figure 4.4.3, the various curves show the dynamics of surface concentration for 

different times at which a dump is added.  For example, the 5 sec curve represents a 

scenario where the tank is dumped after the sensor is rinsed for 5 sec in overflow rinsing, 

and 960 sec represents a scenario where the tank is dumped after the sensor is rinsed for 

960 sec in overflow rinsing.  It can be seen that the addition of a dump in the early part of 

the rinse is the most effective, while adding a dump in the later part of the rinse has little 

impact on the surface concentration inside the micro-structure.  This is a similar 

conclusion as explained in section 4.2.1.  Thus, the process model can also be used to 

predict and study the dynamics of different rinse conditions.   
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Figure 4.4.4: Effect of feature size on cleanup time for different surface interactions 

 

Another process parameter is the effect of feature size on the rinse.  For this case 

study, various surface interactions are considered.  The results are shown in Figure 4.4.4.  

Figure 4.4.4 compares the time required to reach 1012 ions/cm2, or 1/10th of the 

monolayer concentration, for different trench sizes and different surface interactions 

(mild, strong and very strong).  Here, the depth of the trench is kept constant at 2 microns.  

It is found that the clean up time is increased significantly as the trench width decreases.  

That is why cleaning nano-scale structures is going to be a challenge and will have a 

major ESH impact because of the increase in the use of resources.  This trend is the same 

for all three cases shown in Figure 4.4.4.  
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The effect becomes even more dominant in nano size.  The effect of feature size is 

shown here.  The results shown in Figure 4.4.5 are for trench depth of 2 microns and for 

mild adsorption (ka=0.7 m3/mol/sec).  Here a fraction of residual impurity on the surface of 

the trench is plotted as a function of time.  Figure 4.4.5 shows that the curve for a 15 nm 

feature size levels off faster than that for a 500 nm feature size.  This leveling off is the 

indication of change in regime.  So after it levels off, the flow rate does not have much 

effect and can be used as a point to switch the flow rate and increase the temperature, 

which will increase desorption.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.5: Rinse mechanism and effect on dynamics 
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4.5 SUMMARY 

 

The ECRS is used to study the effect of flow rate, ultrapure water temperature, 

number of dumps, overflow rinse time, and carryover layer for the structures with 

hydrophilic surfaces.  It is found that having a high flow rate in the initial part of the 

rinsing is very helpful, and having a high temperature in the later part of the rinsing helps 

the most.  It is also found that having more dumps and a shorter OFR time is the most 

effective way of achieving lower concentration levels in dump rinsing.  Hydrophobic 

surfaces are studied by using the ECRS, and it is found that flow rate has a similar impact 

on the structures with hydrophilic surfaces.  Moreover, it is observed that removal of 

sulphate from hydrophobic surfaces is a highly activated process.   

 

A comprehensive process model is developed to study the transport of ammonium 

ions inside the micro- and nano-structures.  A finite element based software package, 

Comsol, is used to solve these partial differential equations.  The transport of ammonium, 

proton, and hydroxide is studied in detail to interpret experimental data and extract the 

surface interaction parameters.  The model prediction is found to be in good agreement 

with experimental data for rinsing of post APM exposure.  This process simulator, along 

with the surface interaction parameters, is used to compare the different recipes for post 

APM rinsing.  It is found that an all hot rinse recipe gives 2 orders of magnitude higher 

cleanliness compared to an all cold, and a novel staged rinse recipe gives 4 orders of 

magnitude higher cleanliness compared to an all cold rinse.   
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The process simulator is used to study the effect of time when a dump is added, and 

the effect of feature size.  The process simulator is a comprehensive tool and can be used 

by itself to study the effect of various process conditions on the dynamics of rinsing.   

 

Thus, the combination of ECRS measurements and the process simulator provides a 

powerful metrology tool to study the fundamentals of rinse and is the only metrology 

which allows one to obtain the surface concentration of contaminants during the rinsing 

of patterned wafers.   
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CHAPTER 5 

RINSING OF MICRO- AND NANO-STRUCTURES IN SINGLE WAFER SETUP 

 

Currently, most of the semiconductor industry is using 300 mm wafers.  The most 

important reason for moving to single wafer processing is to reduce cross contamination 

and etch non-uniformity issues [26].  Another important reason for moving to the single 

wafer processing is to reduce wait time.  It is shown that with a smaller move lot it is 

possible to reduce wait time which ultimately leads to a shorter cycle time [54].  The 

biggest problem of single wafer processing is lower throughput.  Thus, it is necessary to 

study the effect of various process parameters to design an optimized rinse recipe for 

shorter processing time, and lower resource usage.  This can be achieved by a 

combination of ECRS measurements along with process model.  

 

5.1.   PROCESS MODEL 

 

Rinsing is a complex process that involves various process steps as shown in Figure 

5.1.1.  The individual steps in the overall impurity removal process are generally affected 

by the surface charge on the walls of the patterned structure and the bulk and boundary 

layer concentrations near the wafer.  The key configuration and operating parameters 

involved in the development of the process model for single-wafer spin rinsing tools are 

the speed of rotation (RPM), the water flow rate (GPM), the water temperature (T), and 

the initial concentration (C0).  In this work, removal of known concentrations of sulfuric 
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acid is studied.  This chemical exposure is sometimes referred to as a contaminant in this 

paper.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.1:  Various simultaneous mechanisms contributing to the removal of 

contaminants. 

 

The rinse water on the wafer will be present in two zones: some will be inside the 

features to be cleaned and some in the fluid film that is formed on the spinning wafer.  

Since the mixing and transport in the fluid film are fast compared to other processes, the 

film on the surface is assumed to be a well mixed region with the impurity-to-mass 

balance given by equation 5.1-1: 
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Where Cb is the concentration of contaminants in the tank or in the liquid phase on the 

wafer surface.  This Cb is a well mixed region which is away from the surface of the 

wafer by a distance equal to the boundary layer formed on the wafer surface.  Since the 

incoming water is ultra pure, Cin is set to be zero.  Q is the flow rate of the incoming 

water.  F is the flux of contaminants coming out of the trench per unit area of trench 

opening.  Flux is calculated by using the solution to the mass balance equation solved in 

the micro- and nano-structure.  Aw is the area covered by the trench on the wafer surface.  

V is the volume of the ultrapure water film formed on the wafer surface, which depends 

on the rotation speed, the flow rate of water, and the temperature of water along with the 

physical properties of water.   

 

 

Figure 5.1.2: Schematic of rinse water flow in single wafer configuration. 
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During single wafer processing, the ultrapure water flow pattern looks like what is 

shown in Figure 5.1.2.  The volume of the water film is calculated by estimating the 

mean value of liquid film thickness.  Lesgev et. al., Espig et. al., and others have studied 

the film thickness as a function of radius of the circular disk and various other parameters 

[55, 56].  The mean film thickness, h, on the wafer surface is given by equation 5.1-2, 
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⋅
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where Re is Reynolds number; υ is kinetic viscosity; ω is angular velocity; and D is 

diameter of the sensor wafer.  

 

As mentioned, the earlier flux term in equation 1 depends on the chemical to be 

cleaned from micro- and nano-structures.  Therefore, the micro- and nano-structures act 

as a source of contamination in Equation 1.  The exact value of boundary layer thickness 

is not known and is treated as a fitting parameter.  The detailed description of the 

equations is given elsewhere [30].  The key equations used in this study are listed below.  

 

Generally, previous studies of rinsing micro and nano-structures have focused on the 

transport and fluid mechanics of the process only.  However, surface charge and surface 

interactions are increasingly more important in the cleaning of patterned wafers.  For 
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example, the silicon dioxide surface is negatively charged in water, which is attributed to 

the dissociation of silanol group as shown by Equation 5.1-3 [44, 52, 57].   
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Figure 5.1.3:  Geometry used for study of rinse fundamentals 

 

31.5HSiOSiOH SiOHK −+ →← +−  

 

This negative charge formation leads to the generation of a strong electric field near 

the surface.  Distribution of this field is given by equation 5.1-4.  In this Poisson 

Boltzmann Equation ρ is an ionic charge density.  The Electrostatic field influences the 

transport of ions inside and outside of micro- and nano-structures.  This effect is taken 

into account by solving the Nernst Plank Equation for sulfate, proton, and hydroxide as 
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shown by equation 5.1-5.  Equations 5.1-4 and 5.1-5 are solved in sub domain 1 and 2 in 

Figure 5.1.3, where domain 1 is trench and domain 2 is laminar boundary layer.  
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Under the influence of an electrostatic field, the surface interaction is also affected, 

and for getting accurate surface interaction parameters it is necessary to take into account 

surface reaction.  The Surface reaction is described by Equation 5.1-6, which is solved 

only on boundaries 4 to 10.  

 

61.50 −−−= SdjSia
S Ck)C(SCk

dt

dC
 

 

In order to compare experimental results with model predictions, it is necessary to 

convert the concentration inside the trench to the impedance of the trench.  This is 

achieved by solving Equation 5.1-7. 

 

71.5σJ c −∇⋅= ψ  
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Where σc is the conductivity of the solution, calculated by the summation of the 

product of the molar ionic conductivities and concentration of ions obtained from 

solution of the Equations 5.1-4, 5.1-5, and 5.1-6.   

 

All the differential equations are solved simultaneously by using the finite element 

method based software package, Comsol.  The model parameters Di, ka, and kd are 

determined by comparing model predictions to the experimental data.  

 

5.2.  EXPERIMENTAL DATA 

 

Use of the ECRS is extended to single wafer processing by design and development 

of the single wafer tool as explained in Chapter 3.  Figure 5.2.1 shows the monitoring 

capability of the ECRS metrology.  ECRS can be used for all the 5 stages mentioned in 

Figure 5.2.1.   
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Figure 5.2.1: Monitoring capabilities of ECRS 

 

Here, Stage-1 is exposure to cleaning chemical for specified time.  This depends on 

the application.  Then the remaining chemical residues are removed by rinsing.  Similar 

to batch processing, ECRS also shows two regimes in which rinse operates.  Stage-2 is 

the purge regime, where parameters affecting fluid dynamics are important; and Stage-3 

is the surface reaction dominated regime of the rinsing process, where temperature plays 

a very important role.  Stages 2 and 3 are affected differently by the process parameters.  

Both experimental data and theoretical analysis show that the process parameters such as 

the speed of rotation, the flow rate of water, and the rinse water temperature have 

significant impact on rinse dynamics.  After rinse is complete, the wafers are dried, which 

is represented by Stage-4 and Stage-5.   This is discussed in detail in Chapter 6.   
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Figure 5.2.2: Effect of speed of rotation (RPM) on dynamics of rinsing post sulfuric acid 

exposure. 

 

ECRS is used to study the effect of speed of rotation on the dynamics of rinsing.  

Figure 5.2.2 shows the effect of speed of rotation on dynamics of rinsing post 40:1 

diluted sulfuric acid.  For all the experiments shown in Figure 5.2.2, exposure time to 

diluted sulfuric acid is 30 sec at 400 RPM. 

 

As seen from Figure 5.2.2, the purge regime of the rinse profile is shortened as the 

spin rate increases from 400 RPM to 800 RPM, which indicates an increase in purge 

efficiency.  Increasing the spin rate beyond 800 RPM has no further impact on purge 

efficiency.  This behavior can be explained by fluid dynamics.  A non-slip boundary 
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condition at the wafer surface guarantees that there is a thin layer of liquid in close 

proximity to the wafer surface which is spinning with the wafer.  This is referred as a 

Boundary layer.  The chemical above this layer is quickly cleaned from the wafer.  The 

thickness of the boundary layer is reduced as the speed of rotation is increased, but it is 

not reduced further beyond 800 RPM.  The speed of the boundary layer relative to the 

wafer is close to zero.  Therefore, the purging mechanism in this boundary layer is 

mainly by diffusion, which is not impacted by the spin rate of the wafer in higher RPM 

range. 

  

Figure 5.2.3 shows the effect of flow rate on dynamics of rinsing post diluted sulfuric 

acid exposure.  Here, water flow rate is varied from 6 gallons per hour (GPH) to 20 GPH, 

while the speed of rotation is kept constant at 800 RPM.  Figure 5.2.3 shows that the 

duration of the purge regime decreases as the flow rate increases from 6 GPH to 16 GPH.  

As the flow rate of the water is increased beyond 16 GPH, no further reduction in time is 

observed.  At lower flow rates, due to less mixing, the non-slip boundary is thick 

compared to higher mixing during a high flow rate.  Thus, a high flow rate leads to faster 

removal of contaminants from the liquid layer near the surface of the wafer.  
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Figure 5.2.3: Effect of flow rate on dynamics of rinsing post sulfuric acid exposure. 

 

Therefore, it is found that higher flow rate and higher speed of rotation during rinse 

will help in achieving the desired level of cleanliness, but no benefit of increasing beyond 

certain levels.  Thus, the reduction in rinse time diminishes as the optimum speed of 

rotation and flow rate is reached.  This limitation is caused by the speed of rotation and 

the flow rate not having much of an impact on the removal of contaminants from the 

surface of the micro-structure and on the diffusion dominated boundary layer near the 

wafer surface.  Thus, increasing the speed of rotation and flow rate beyond certain range 

leads to wastage of large amounts of energy and water.   
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Figure 5.2.4: Effect of rinse water temperature on dynamics of rinsing post sulfuric acid 

exposure. 

 

Figure 5.2.4 shows the effect of rinse water temperature on dynamics of rinsing post 

diluted sulfuric acid exposure.  The purge regime and the desorption regime of the rinse 

profile is shortened as the rinse water temperature is increased from 32°C to 52°C.  This 

indicates increase in rinse efficiency both in the purge regime and desorption regime.  

 

As discussed earlier, the slow motion of water in the boundary layer leads to chemical 

removal mainly by diffusion.  Higher speed of rotation and water flow outside this 

boundary layer has very little to no impact on the diffusion in the boundary layer.  
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Therefore, purge efficiency reaches its limit.  However, increasing temperature 

significantly accelerates diffusion in the boundary layer, and increases the rate of 

desorption.  Thus, speed of rotation and flow rate affect the purge of the micro- and nano-

structures while temperature effect applies to purge and the surface desorption.  The 

optimal flow rate and spin rate depends on the cleaning chemical, feature size, rinse water 

temperature, and the surface of the interest.     

 

5.3. PROCESS MODEL VALIDATION 

 

5.3.1. Comparison with Experimental Data: 

 

A typical profile showing the dynamics of contaminant removal from a micro-

structure, as obtained by the ECRS, is shown in Figure 5.3.1.  This impedance profile is 

measured inside a micro-channel which is 4 microns wide and 2 microns deep.  ECRS is 

currently the only method for obtaining the temporal concentration profile of chemical 

residues inside micro-structures during the rinse process.  The profile depends on the 

water film flowing on the wafer surface, transport in the trench, and the interactions 

between the impurities and trench surface.  Additionally, ECRS also selectively shows 

the characteristic behavior for different ions based on their transport and surface 

interactions. 
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In the case of single wafer tools, the residence time of rinse water on wafer surface is 

very short; therefore, the rate of purging or removal of bulk chemicals in the water film 

layer is fast.  The initial removal of bulk contaminants on the wafer is relatively fast 

(represented by the section before peak in Figure 5.3.1), and therefore, the chemical 

concentration in the water film on the wafer surface (outside of the boundary layer) is 

very small.  After this fast removal of bulk contaminants, the rinse process is dominated 

by the surface reaction (represented by the section after the peak in Figure 5.3.1).  
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Figure 5.3.1: Typical experimental data for post rinsing of 40:1 H2SO4 in single wafer 

tool. 

 

In this paper, diluted sulfuric acid is used as a contaminant.  In the initial part of 

the rinse, the initial sulfate load on the oxide surface is high and this leads to multilayer 
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adsorption.  In order to prove this assumption, a simulation is done where maximum 

surface concentration is equal to what corresponds to a monolayer concentration.  The 

result is shown in Figure 5.3.2.  A comparison of experimental data (shown in Figure 

5.3.1) with that obtained from simulations (shown in Figure 5.3.2) shows a distinct 

difference in the first 20 seconds of rinse dynamics.  In both of these figures, the 

impedance is a function of time.  The simulation predicts a sharp increase in impedance 

followed immediately by a switch to the surface reaction dominated region.  On the other 

hand, experimental data shows a slow transition to the surface reaction dominated region.  

To explain this experimental data, there needs to be a higher concentration (lower 

impedance) inside the micro-structure in the first 20 seconds of the rinse.  This is possible 

only in the following two scenarios: 

1. Transport of sulfate ions out of the trench is slower than predicted by the 

model; or, 

2. Sulfate ions are desorbing from the surface of the trench at a higher rate.  

 

The trenches are very small and the transport out of it is mainly due to diffusion.  

Therefore, for scenario one to be true, diffusion has to be very small, which defies mass 

transport fundamentals.  Thus, the only possibility is that of a higher desorption rate or 

the second scenario.  If a very high desorption rate is used for the entire rinse, the rinse 

will be completed in a much shorter time than what is observed experimentally.  As a 

result, there should be a multilayer adsorption where loosely bound sulfate ions are 

desorbing at a higher rate during the initial part of the rinse, followed by slow desorption 
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from the monolayer on the surface of the trench.  This implies the need for more than 

single desorption coefficients.  Dr. K.T. Lee concludes that sulfate adsorption on oxide 

surface is a multilayer adsorption based on the experimental data obtained by the use of 

the Quartz Crystal Microbalance [58].  Though it is assumed that adsorption is multilayer, 

how many layers are formed is not known and hence used as a fitting parameter.  During 

these experiments, chemical exposure is 30 sec, and even in that short period of time 

sulfate adsorbs on the surface and forms a multilayer.  Thus, adsorption of sulfate on the 

surface of silicon dioxide is thermodynamically favored.   
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Figure 5.3.2: Model prediction for monolayer adsorption. 

 

As the rinse proceeds, more sulfate ions leave the oxide surface, leading to an 

increase in the surface charge.  Since the silicon dioxide surface is negatively charged, 
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more hydrogen ions are attracted towards the surface.  This leads to an increase in the 

hydrogen ion concentration inside the trench.  Figure 5.3.1 is the impedance which is the 

reciprocal of the conductivity of the solution inside the trench.  The conductivity of the 

trench depends on the concentrations of proton, hydroxide, and sulfate ions.  Effectively, 

the final sensor reading is dominated by the hydrogen ions, due to their increased 

concentration and higher conductivity values compared to those of the sulfate ions.  This 

explains why the sensor reading drops as the rinse proceeds.  Increase in the surface 

charge is due to desorption of sulfate ions, so the concentration of hydrogen ions inside 

the trench will not increase if sulfate ions are not desorbing from the trench surface.  

Quantification of the extent of surface charging due to desorption of sulfate ions is 

possible only by using the process simulation along with ECRS measurements.  

Comparison of concentrations of proton, hydroxide, and sulfate ions inside and near the 

surface at the bottom of the trench is shown in Figure 5.3.3.  Results shown in 5.3.3 are 

obtained from a simulation.  Here, c1 is proton concentration, c2 is sulfate concentration, 

and c3 is hydroxide concentration.   
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Figure 5.3.3: Concentration of proton, hydroxide and sulfate inside the trench 

. 

The comprehensive process model is used to interpret experimental results and get 

process parameters which will be used for the parametric study.  Comparison of 

experimental data with the model prediction for rinsing of post 40:1 (H20:H2SO4) diluted 

sulfuric acid solution is shown in Figure 5.3.4.  The simulation results agree well with the 

experimental data.   

 

For the process simulation, the volume of water on the wafer surface is calculated by 

multiplying the area of the wafer by average film thickness.  The film thickness on a 

rotating wafer varies radically; the thickness value used in this formulation represents the 

average over the wafer, given by equation 5.1-2.  Process parameters for sulfate are 

shown in Table 5.3-1.   
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Figure 5.3.4: Comparison of experimental data and model prediction for rinsing of post 

40:1 H2SO4 solution 

 

Here, ka is an adsorption coefficient, while kd is a desorption coefficient.  Desorption 

rate of layers above the monolayer is represented by kd1.  Since kd1 is much higher than kd, 

re-adsorption of sulfate ions to form a multilayer is considered to be very small and hence 

neglected.  The Monolayer’s initial concentration is assumed to be equal to what 

corresponds to maximum sites available for the adsorption of sulfate ions.  Concentration 

of multilayer is obtained from a fit.  Diffusivities of the sulfate, proton, and hydroxide are 

equal to the bulk diffusivities obtained from the CRC handbook.   
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Table 5.3-1: Fitting parameters for the rinsing of sulfuric acid. 

Parameter @ 32 0C 

ka, (m
3/mole/sec) 0.007 

kd, (1/sec) 0.0025 

kd1, (1/sec) 0.3 

Monolayer concentration (mole/m2) 9.13x10-7 

Concentration of multi-layer (mole/m2) 9x10-7 

DSO4
-2, (m2/sec) 1.065x10-9 

DH
+, (m2/sec) 9x10-9 

DOH
-, (m2/sec) 5.273x10-9 

 

 

5.3.2. Experimental Measurements: 

 

In order to validate the process model some experiments are performed to elucidate 

the mechanism proposed in this paper. The following experiments are performed: 

1. Exposure to 40 :1 (H20:H2SO4) for 60 sec at 400 RPM. 

2. Rinse for 5 sec with UPW at 32 0C and 800 RPM. 

3. Dry for 50 sec and 1000 RPM.  

4. Exposure to 40 :1 (H20:H2SO4) for 60 sec at 400 RPM.                                                                              

5. Rinse for 10 sec with UPW at 32 0C and 800 RPM. 
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6. Dry for 50 sec and 1000 RPM.  

7. Exposure to 40 :1 (H20:H2SO4) for 60 sec at 400 RPM. 

8. Rinse for 15 sec with UPW at 32 0C and 800 RPM. 

9. Dry for 50 sec and 1000 RPM.  

10. Exposure to 40 :1 (H20:H2SO4) for 60 sec at 400 RPM. 

11. Rinse for 30 sec with UPW at 32 0C and 800 RPM. 

12. Dry for 50 sec and 1000 RPM.  

13. Exposure to 40 :1 (H20:H2SO4) for 60 sec at 400 RPM. 

14. Rinse for 60 sec with UPW at 32 0C and 800 RPM. 

15. Dry for 50 sec and 1000 RPM.  

16. Exposure to 40 :1 (H20:H2SO4) for 60 sec at 400 RPM. 

17. Rinse for 120 sec with UPW at 32 0C and 800 RPM. 

18. Dry for 50 sec and 1000 RPM.  

19. Exposure to 40 :1 (H20:H2SO4) for 60 sec at 400 RPM. 

20. Rinse for 300 sec with UPW at 32 0C and 800 RPM. 

21. Dry for 50 sec and 1000 RPM.  
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Figure 5.3.5: Sensor response during drying of the sensor. 

 

The results in Figure 5.3.5 show the experimental data for exposure to cleaning 

chemical for 60 seconds, followed by rinsing for different durations, and finally drying 

the microstructure at a higher speed of rotation.  When drying of the trench is initiated, 

the trench is filled with water and can be represented by a batch reactor.  Here it can be 

seen that the ECRS reading is changing constantly in the circled area in Figure 5.3.5.  

The decrease in impedance (circled area) is caused by desorption of sulfate ions from the 

trench surface, which then accumulates in the liquid inside the trench.  At the same time, 

water inside the trench is evaporating.  The accumulation of sulfate ions due to 

desorption from the trench surface along with evaporation of water is captured by the 

ECRS reading.  The Drop in the initial part of the curve (shown by circled area) 
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corresponds to desorption of sulfate ions while a sudden increase in impedance is due to 

the complete removal of bulk water inside the trench.  Change in shape of the curve 

(circled area) relates to the different surface concentration inside the trench at the end of 

the rinse.  Until all of the water from the trench is evaporated, the sensor only detects the 

change in liquid concentration inside the trench due to desorption of sulfate ions from the 

trench surface. 

 

When the slope of the initial part of the circled area is plotted as a function of 

different rinse times (extent of rinsing), it provides valuable information about the 

cleanliness of the surface.  This is shown in Figure 5.3.6.  If all the ions from the surface 

of the trench are removed, the drying curve will not show a sharp decrease in impedance.  

Therefore, as the rinse is carried out for a longer time, viz 300 sec., the rate at which the 

impedance changes indicates that there are fewer sulfate ions left on the surface of the 

trench.  Figure 5.3.6 shows that even after a 120 second rinse, the slope of the drying 

curve is higher than after 300 seconds of rinsing.  This indicates that there are still sulfate 

ions left on the surface of the trench which need to be cleaned.  This validates the 

hypothesis that surface reactions are still occurring even after 120 sec and it plays an 

important role in the later part of the rinse.   
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Figure 5.3.6: Rate of drying as a function of different rinse times 

 

5.4.  MODEL PREDICTIONS 

 

Section 5.3 shows that the model prediction is in good agreement with the 

experimental data.  This increases the confidence in the process model and hence can be 

used as a prediction tool for different process conditions.  Here the process simulator is 

used to compare the three recipes.  These three recipes are decided based on past 

experience.  By using model parameters obtained for APM rinsing, a surface 

concentration is compared for these three recipes.  These process parameters are 

mentioned in Table 4.3-1 and Table 4.3-2.   
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It is shown in Figure 5.2.4 that temperature helps both the purge and surface 

desorption regimes.  Thus, the recipes compared here are based on the staged temperature.  

For all three recipes the flow rate is 2.5 lit/min and the speed of rotation is 250 RPM.  

These three recipes are as follows:  

1. In the first recipe, ultrapure water temperature is kept constant at 32 0C  

2. In the second recipe, rinsing is done with cold (32 0C) ultrapure water for 60 

sec and then flow is switched to the hot (50 0C) ultrapure water.   

3. In the third rinse, rinsing is done with hot (50 0C) ultrapure water for 30 sec 

followed by cold (32 0C) ultrapure water.  The model predictions are shown in 

Figure 5.4.1.   

 

Thus, recipes 2 and 3 are staged temperature recipes and their performance is 

compared with recipe 1, which is a single temperature rinse.   

 

 

 

 

 

 

 

 

Figure 5.4.1:  Comparison of staged temperature rinsing post APM exposure.  
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Figure 5.4.1 shows the advantages of a staged temperature rinse approach over a 

single temperature rinse.  It can be seen that staged rinsing increases surface cleanliness.  

So, in order to achieve 1x1012 ions/cm2 surface concentration, rinse recipe 2 takes 120 sec, 

while rinse recipe 3 takes only 100 sec.  On the other hand, rinse recipe 1 (rinse at 32 0C) 

requires 200 sec.  Thus, rinse recipe 2 leads to water savings of 40%, while rinse recipe 3 

leads to water savings of 50%, when compared with rinse recipe 1.  Therefore, one can 

optimize desired recipe based on water and energy savings for a given throughput or one 

can work on increasing throughput.  

 

Currently, due to limited access to fabrication tools, it is not possible to fabricate a 

sensor with smaller feature sizes and thus a process model is used to predict the 

performance of the rinsing of smaller structures.  Here, trench depth is kept constant at 2 

microns and the dynamics of rinsing of negative ions are studied.  These results are 

shown in Figure 5.4.2.   

 

Figure 5.4.2 shows the effect of trench width on the time needed to achieve 1x1012 

ions/cm2 surface concentration.  The clean up time is increased significantly as the trench 

width decreases.  That is why cleaning nano-scale structures is going to be a challenge 

and will have a major ESH impact because of the increase in the use of resources.  
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Figure 5.4.2:  Effect of feature size on rinse time for a negative ion. 

 

5.5. SUMMARY 

 

The single wafer processing tool is designed and modified to be able to study the 

effect of various process parameters.  ECRS is successfully integrated in this new 

modified tool.  A process model is modified to study the rinse mechanism during surface 

preparation in the single wafer setup.  By use of ECRS, it is found that there is an 

optimum flow rate and speed of rotation above which the reduction in rinse time 

diminishes.  This optimum flow rate and speed of rotation depends on the chemical used, 

and temperature of the ultrapure water.  The ECRS can be used to determine this 

optimum speed of rotation and flow rate for the specific application.  Temperature of 
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ultrapure water helps both purge and surface desorption regimes and hence leads to 

shorter rinse times.   

 

The process model is in good agreement with experimental data and is used as a 

prediction tool for the different process conditions.  It is shown that by having a staged 

temperature rinse, it is possible to reduce the use of ultrapure water by up to 50% when 

compared to an all cold temperature rinse.  The recipe comparison shown here is an 

illustration of the procedure and cannot be taken as a guideline.  It is shown that as trench 

width decreases, rinse time increases, and thus leads to an increased use of resources.  

Environmental and cost optimal recipes can only be realized by understanding the rinse 

regimes and fine-tuning of the process parameters, which is made possible by this 

metrology.  Therefore, a desired process can be optimized by using ECRS in combination 

with process simulator.   
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CHAPTER 6 

FUNDAMENTALS OF DRYING OF MICRO AND NANO-STRUCTURES 

 

The typical surface preparation sequence is shown in Figure 4.1.  The last step of the 

surface preparation is drying.  Drying is a very important step as any anomalies in drying 

can cause problems in the performance of the device.  Thus, the goal of this work is to 

study the fundamentals of drying micro and nano-structures by use of the ECRS.   

 

6.1.  DRYING OF MICRO AND NANO- STRUCTURES 

 

 

 

 

 

 

 

 

 

Figure 6.1.1: Monitoring capabilities of ECRS 
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 Cr/Poly Electrode 

All Hydrophilic Trench: SiO2  

Reference 

(A) 

Cr Electrode 

All Hydrophobic Trench: 
HMDS Coating  

Target: Contact/Trench of Low-k 

(B) 

Figure 6.1.1 shows the capabilities of the sensor.  The important stages related to 

drying are stage-4 and stage-5.  Here, Stage-4 is drying of bulk water while Stage-5 

represents the removal of residual water from the surface of the micro-structure.   

 

 

 

 

 

 

 

 

 

 

Figure 6.1.2: Different structures studied as a part of this work (A) all hydrophilic 

structure, (B) all hydrophobic structure 

 

During Stage-4, water is present in liquid phase in the micro-structure and it is getting 

evaporated.  Thus, the level of the liquid water inside the micro-structure is continuously 

dropping.  The ECRS measures the impedance of the solution inside the trench, which is 

achieved by having electrodes at the bottom of the trench.  Thus, till there is a liquid in 

the trench, the ECRS response measures impedance of the water.  After all the water is 

evaporated from the trench, the contact between the electrodes is broken and now the 
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trench acts as a perfect capacitor.  This is the reason why the response of the sensor 

jumps to very high values (in MΩ range) as represented by Stage-5.   

 

Stage-4 shows the decrease in the impedance, which is due to the very high 

sensitivity of the ECRS.  What is meant by that is during Stage-4, water present in the 

trench is evaporating; and at the same time the contaminants left on the surface of the 

trench or from the air are dissolving in the water.  This causes an increase in the 

conductivity of the solution and hence leads to a decrease in the impedance of the trench.   

 

As a part of this work, drying of the different surfaces is studied.  Surfaces considered 

during this work are shown in Figure 6.1.2.  Structures (A) and (B) are explained in 

Chapter 4.  Figure 6.1.3 shows the comparison of structure (A) with structure (B).  The 

black curve on the left is for structure (A).  During this experiment, a drop of water is 

added on the sensor area and the sensor wafer is kept horizontal to let it dry.  There is no 

purging of the sensor.  Thus, drying is only due to evaporation of the water from trench.   
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Figure 6.1.3: Comparison of trench with hydrophilic and hydrophobic surfaces by ECRS 

 

 Figure 6.1.3 shows that trench with hydrophilic structure dries quickly compared 

to the hydrophobic structure.  This can be seen by comparison of Stage-4 mentioned in 

6.1.1.  The Different mechanism, which dictates the drying these two different surfaces is 

described in Figure 6.1.4.  As shown in Figure 6.1.4, the hydrophilic surface forms a 

water film on the surface and thus offers more area for evaporation.  On the other hand, 

when the hydrophilic surface is compared, it forms a liquid droplet and hence smaller 

surface area for evaporation.  Thus, in the case of hydrophobic surfaces, the trench sees 

the water for a longer time and hence takes a longer time to dry.   

 



 

191 

Hydrophilic Surface 

Hydrophobic Surface 

 

 

 

 

 

 

 

 

 

 

Figure 6.1.4: Mechanism of drying of hydrophilic and hydrophobic surfaces.   

 

When the region corresponding to Stage-5 is compared with data from Figure 6.1.3, it 

can be seen that after jumping to high impedance values, the hydrophobic structure shows 

a gradual change in impedance.  The hydrophobic structure is formed by coating the 

surface of the ECRS by HMDS.  HMDS coating is done by evaporation of HMDS at 100 

0C for different times.  If this hydrophobic film is not solid, it can trap moisture in the 

pores and act as a low resistance path in between two electrodes.  It seems like this is 

what is happening in this experiment.  Thus, it is possible to monitor the dynamics of the 

drying of the trench for different surfaces, and this is the only metrology available to do 

so.      
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6.2. EFFECT OF  PROCESS PARAMETERS 

 

Drying of micro- and nano-structures depends on various process parameters.  In 

order to study and quantify the effect of these various process parameters, several 

experiments are carried out.  Thus, the process parameters considered as a part of this 

study are as follows: 

6.2.5. Effect of Speed of Rotation 

6.2.6. Effect of Feature Size 

6.2.7. Effect of Temperature  

6.2.8. Effect of Purge Gas 

 

6.2.1. Effect of Speed of Rotation 

 

To study an effect of speed of rotation, an experiment is carried out in which drop of 

water is added on the sensor wafer and the wafer is rotated at different speeds to study the 

effect of the speed of rotation.  The response of ECRS is shown in Figure 6.2.1.  Here it 

can be seen that as speed of rotation increases from 100 RPM to 500 RPM, the time 

required for bulk water drying reduces.  This is because the centrifugal force acting on 

the water film reduces the thickness of the water film on the wafer surface.  This removes 

the water from the wafer surface quickly and the process does not depend on the rate of 

evaporation of the water.  It can be seen that the effect of spin rate on drying is more 

pronounced in low RPM range. 
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Figure 6.2.1: Effect of speed of rotation on dynamics of the drying 

 

6.2.2. Effect of Feature Size 

 

Another important parameter is the feature size.  In order to study the effect of 

different trench widths, structures with different trench widths are fabricated by 

deposition of HMDS.  This is achieved by adjusting the exposure time of ECRS to the 

evaporating HMDS.  Here, the wide trench is a structure formed by a 5 min exposure to 

evaporating HMDS, and the narrow trench is realized by a 15 min exposure time.  The 

exact thickness of the HMDS coating is not known, thus these two structures are referred 

to as wide and narrow structures.   
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During the experiment, a drop of water is added on the sensor area and it is allowed to 

dry in air.  Thus there is no purging to increase the rate of drying.  During ECRS 

measurement, impedance and phase angle is measured.  Thus, having low phase angle 

(close to zero) is an indication of a resistive circuit (most common during rinsing); and 

having a more negative phase angle (close to -90 0) is an indication of a capacitive circuit.  

The results obtained are shown in Figure 6.2.2, which is a phase angle as a function of 

time.  As explained earlier, a mechanism of drying as a film drying, followed by trench 

drying, can be seen here clearly in Figure 6.2.2.  Therefore, it can be seen that the curve 

for a narrow trench shows a gradual drop in phase angle towards the phase angle of -90 0.  

On the other hand, the wider trench reaches the phase angle of -90 0 fairly quickly.  Thus, 

a narrow trench takes a longer time to dry compared to the wider trench.  In order to 

explain the mechanism of drying, the data shown in Figure 6.2.2 is truncated data and the 

actual time scale is different for the drying of these structures.   
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Figure 6.2.2: Effect of feature size on dynamics of the drying 

 

6.2.3. Effect of Temperature 

 

One more important parameter studied is the effect of temperature on the drying.  

During these experiments, the effect of the rinse water temperature used during rinsing on 

subsequent drying is studied.  This data is shown in Figure 6.2.3.  During these 

experiments, drying is carried out at 1000 RPM and hence water film removal from 

surface of the wafer is rapid.  It can be seen that by using a high temperature ultrapure 

water during rinsing helps in reducing the time required for drying.  This is due to the fact 

that hot rinse water increases the temperature of the wafer and hence leads to increased 

rate of evaporation.  Thus, having hot rinse water not only helps rinsing but also helps 

drying.   
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Figure 6.2.3: Effect of rinse water temperature on dynamics of the drying 

 

6.2.4. Effect of Purge Gas 

 

Drying time can be reduced by reducing the moisture concentration in the atmosphere 

surrounding the sensor wafer.  This is achieved by purging the surrounding with high 

flow and high purity inert gas.  Nitrogen is the most commonly used gas for purging.  An 

experiment is carried out in which the effect of purging of the cage on the dynamics of 

drying is studied.  In the first part, drying is done without purge gas, and in another set of 

experiments, drying is performed in the presence of ultrapure nitrogen gas at 30 scfh.  

ECRS measurements for these two experiments are shown in Figure 6.2.4.  It can be seen 
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that drying is accelerated when the chamber is purged with ultrapure nitrogen.  The 

drying time depends on the environment, gas purity, and temperature of the purge gas.  

Thus, for a specific drying application, the purge can be optimized by using ECRS. 

 

 

 

 

 

 

 

 

 

 

Figure 6.2.4: Effect of purging of the cage on dynamics of the drying 

 

6.3. SUMMARY 

 

Use of ECRS is extended to study the mechanisms of drying.  It is observed that 

drying occurs in two regimes.  First is drying of the water film formed on the wafer 

surface, followed by the drying of the water from the trench.  It is observed that drying 

hydrophobic structures takes a longer time compared to hydrophilic structures.   

 



 

198 

The effect of speed of rotation, feature size, temperature, and purge gas on drying is 

studied by using the ECRS.  It is observed that speed of rotation has a pronounced effect 

in lower RPM range.  It is also observed that as the trench becomes narrow, the time 

required from the drying process increases.  A hot water rinse is found to decrease the 

drying time significantly.  Thus, rinsing with hot water not only helps the rinsing but also 

helps drying of micro- and nano-structures.  Purging of the cage with high purity nitrogen 

also leads to shortening of the dry time. 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 



 

199 

CHAPTER 7 
 

FUTURE WORK 

 

In this work, a version of the ECRS on 6” fused silica wafer is designed and 

fabricated.  Semiconductor industry is currently migrating its manufacturing to larger 

wafer sizes, using 300 mm and planning to move to 450 mm wafers in a few years.  This 

poses some restrictions in the use of 6” sensor wafer for studying surface preparation of 

bigger wafers.  Therefore, it is necessary to move to the bigger size wafer, and the current 

plan is to move to the 200 mm wafer size.  This can be done at the University of Arizona 

by using a newly setup Plasma Enhanced Chemical Vapor Deposition (PECVD) tool 

which can handle 200 mm wafers.  This will require some additional processing, such as 

ion implantation, which can be outsourced to the MEMS exchange.  Another alternative 

is to find a Foundry which can fabricate the ECRS on 300 mm wafers; this is a costly 

alternative, but it needs to be explored at some point in time.   

 

Apart from moving to the bigger wafer size, it is necessary to make the ECRS more 

user-friendly.  In the current design, due to physical connections of wire it is not possible 

to extend the use of ECRS to chemistries such as SPM, which attack the silicone glue.  

Thus, the packaging still needs further work.  Over the last couple of years, this problem 

is addressed by a group at Arizona State University under the supervision of Dr. Bert 

Vermeire.  The approach taken is to develop a wireless circuitry to acquire the ECRS 

signal while the process is taking place.  The prototype of this idea is designed and tested 
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and is shown in Figure 7.1.  It is shown that the wireless version of the ECRS has similar 

sensitivity as with the use of wires.  Therefore, there will be no loss of data while using 

the wireless version of the ECRS.  Therefore, the next step is to fabricate the ECRS with 

wireless circuitry on the sensor wafer itself.  This will be more user-friendly and can be 

extended to applications such as single wafer rinsing without any limitations.  

 

There is an ongoing project on the development of low water and low energy rinse 

recipes; the project is conducted jointly with Freescale Semiconductor Inc.  Currently, 

rinsing post APM exposure is being investigated by studying the effects of various 

process parameters.  In addition, the plan is to study the rinsing post SPM (Piranha) 

exposure.  Since this rinse requires hot water, a 108 kW heater was purchased and is 

being installed at the University of Arizona.  This will give a high flow of hot ultrapure 

water which will be used to optimize rinsing post SPM.  Thus goal is to implement the 

fundamental understanding of the rinsing and drying obtained over the last few years, 

which will lead to environmentally friendly rinse and dry recipes.   
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Figure 7.1: Remote measurement of ECRS impedance- system overview and 

prototype 

 

Dynamics of rinsing and drying in single wafer configuration is studied by using a 

single wafer setup developed at the University of Arizona.  In order to use the ECRS in 

any other single wafer setup, it is necessary to modify the existing setup to be able to 

acquire the ECRS response.  This requires a tool modification, so work is in progress on 
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the development of a wireless version of the ECRS.   In the mean time, the ECRS can be 

used to study any process parameter, and after that, the sensor response can be monitored 

externally to study the cleanliness of the microstructure.  This is an ex-situ measurement 

but gives valuable information about the impurity concentration inside the micro- and 

nano-structure.  This is explained in Section 5.3.2.  This approach can be studied in detail 

for different chemistries.  In the near future, this will overcome shortcomings in the use 

of ECRS metrology.    

 

In this work for studying the single wafer rinsing, a model developed uses a CSTR 

approach which assumes that there is a boundary layer near the surface of the wafer, and 

outside this boundary layer, the liquid is well mixed.  This approximation may not be 

valid for some cases and improved boundary conditions need to be implemented.  Some 

work has been initiated to couple the fluid dynamics on the wafer surface with the 

transport of ions.  The velocity profile given by Lesgev et.al. is assumed on the surface of 

the wafer.  Based on this velocity profile, the liquid film thickness on the wafer surface is 

calculated which decides a sub-domain for the study of the rinsing.  The actual geometry 

will look like what is shown in Figure 7.2.  The solution of the liquid film will determine 

the concentration at the mouth of the trench.  This is a much more sophisticated approach 

than assuming the CSTR model.  For accurate results, it is necessary to have a mesh 

which is very small near the wafer surface in the liquid film, and for that, a high 

computing capability is required.  To tackle this problem a few approaches such as 
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modified mesh are taken but need to be studied further to be able to get more accurate 

results.   

 

 

 

Figure 7.2: Modified sub-domain for single wafer rinsing simulations. 
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APPENDIX A 

COMSOL SETUP- NUMERICAL SOLUTION TO STUDY THE DYNAMICS OF 

RINSING 
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Finite element based software package, Comsol, is used for studying the dynamics of 

impurity transport inside micro- and nano-structures.  The details of the equations solved 

are given in Chapter 4 and Chapter 5.  This section describes in detail how Comsol is 

used to solve those equations.   
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Step 1: Decide the space dimension and co-ordinate system. 

 

For studying the dynamics of rinsing in immersion setup and single wafer setup a 

Cartesian co-ordinate system is used.  All the equations are solved in 2D space dimension.  

Thus, a 2D setting from space dimension gives a Cartesian co-ordinate system and 2D 

space dimension which is shown below.   
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Step 2: Identify the dependent variables 

 

In this case the dependent variables are ammonium (c2), proton (c1) and hydroxide 

(c), surface concentration (Cs), tank concentration (Cb), electrostatic potential (Φ), and 

voltage (V).   

 

To solve for c1, c2 and c use following equation: 

Application Models� Chemical Engineering Module� Mass Transport � 

Electrokinetic Flow � Transient Analysis 
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To solve for Cs use following equation: 

Application Models� Comsol Multiphysics � PDE Modes � Weak Form 

Boundary� Time-dependent analysis 
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To solve for Cb use following equation: 

Application Models� Comsol Multiphysics � PDE Modes � Weak Form 

Boundary� Time-dependent analysis 
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To solve for Φ use following equation: 

Application Models� Comsol Multiphysics � Electromagnetics � Electrostatics 
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To solve for V use following equation: 

Application Models� Comsol Multiphysics � Electromagnetics � Conductive 

Media DC 

 

 

 

This completes all the equations.  Thus, after this hit OK.   
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Step 3: Drawing a Geometry 

 

The next step is to draw geometry.  For interpreting the ECRS measurements a geometry 

consists of a micro-structure which is 4 micron wide and 2 micron deep, while for when 

using as a prediction tool this geometry changes depending upon the interest.  In addition 

there is a boundary layer which has a thickness varying from about 3.5-10 micron.  

Boundary layer and micro-structure is represented by a rectangle.  The width of the 

boundary layer is twice the width of the micro-structure.   

 

Select Draw� Specify Objects� Rectangle 

This will open a pop up window which will look like as follows. 

 

Here, micro-structure is centered around (0, 0), thus under position, left corner is defined 

by x co-ordinate of -2e-6.  Here all the distances are in meter as SI unit system is 

followed.  Same procedure is used to draw a boundary layer.   
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Electrode is 150 nm thick in case of Cr and 4000 Å in case of poly-si.  It is necessary to 

distinguish electrode area and it is achieved by dividing the two vertical walls of micro-

structure in two boundaries.    This is achieved by defining a point on these lines.  This is 

achieved as follows. 

 

Select Draw� Specify Objects� Point 

This will open a pop up window which will look like as follows. 
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Thus, at the end geometry will look like as follows 

 

 

 

After geometry is drawn it is necessary to coerce lines, rectangles and curves.  To do so 

select both of the rectangles and do as follows: 

 

Draw� Coerce to� Solid 
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Step 3: Setting up equations 

 

Once geometry is defined, the next step is to define equation in sub-domain.   

 

Setting up an equation for proton (c1) 

Under Multiphysics, select the equation ekf, which corresponds to proton.   

Then, Physics � Subdomain Settings 

This will open a pop up window where subdomain 2 is a micro-structure and subdomain 

1 is a boundary layer.  The equation in subdomain 2 will look like as follows.  
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Init tab is used to define an initial condition.  

The equation in subdomain 1 will look like as follows.  

 

 

Init tab is used to define an initial condition.  
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Boundary conditions for conductive media equation are as follows.  
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Setting up an equation for proton (c2) 

Under Multiphysics, select the equation ekf2, which corresponds to ammonium.   

Then, Physics � Subdomain Settings 

This will open a pop up window where subdomain 2 is a micro-structure and 1 is a 

boundary layer.  The equation in subdomain 2 will look like as follows.  

 

Init tab is used to define an initial condition.  
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The equation in subdomain 1 will look like as follows.  

 

 

Init tab is used to define an initial condition.  
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Boundary conditions for conductive media equation are as follows. 
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Here surf is defined a boundary expression which can be done as follows. 

Options� Expressions � Boundary Expressions.  
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Boundary conditions for conductive media equation are as follows.Setting up an equation 

for hydroxide (c) 

Under Multiphysics, select the equation ekf3, which corresponds to hydroxide. 

Then, Physics � Subdomain Settings 

This will open a pop up window where subdomain 2 is a micro-structure and 1 is a 

boundary layer.  The equation in subdomain 2 will look like as follows.  

 

 

Init tab is used to define an initial condition.  
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The equation in subdomain 1 will look like as follows.  

 

 

Init tab is used to define an initial condition.  
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Boundary conditions for conductive media equation are as follows. 
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Setting up an equation for surface concentration (Cs) 

Under Multiphysics, select the equation “wb”. 

Then, Physics � Boundary Settings 

This will open a pop up window will look like as follows.  

 

 

Init tab is used to define an initial condition.  This equation is defined on the surface only.  

These surfaces are shown by dotted lines.   
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Setting up an equation for tank concentration (Cb) 

Under Multiphysics, select the equation “wb2”. 

Then, Physics � Boundary Settings 

This will open a pop up window will look like as follows.  

 

 

 

Init tab is used to define an initial condition.  This equation is defined on the top 

boundary (red line) only.   
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Here flux is a average flux calculated by integrating a flux on the top boundary.  This is 

defined by using integration coupling variables, which can be done as follows. 

Options� Integration Coupling Variables � Boundary Variables  

 

 

 

 

 

 

 

 

 

 

 



 

229 

Setting up an equation for Electrostatic potential (Φ) 

Under Multiphysics, select the equation “es”. 

Then, Physics � Subdomain Settings 

This will open a pop up window and the equations in subdomain 1 and 2 will look like as 

follows.  

 

 

 

Init tab is used to define an initial condition.   
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Boundary conditions for conductive media equation are as follows.  
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Setting up an equation for Voltage (V) 

Under Multiphysics, select the equation “dc”. 

Then, Physics � Subdomain Settings 

This will open a pop up window and the equations in subdomain 1 and 2 will look like as 

follows.  

 

 

 

Init tab is used to define an initial condition.   
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Boundary conditions for conductive media equation are as follows. Electrical insulation 

is on all the boundaries except the electrode area.   
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All the constants are in SI units and can be defined as follows. 

Options� Constants 

 

 

Some scalar expressions such as “a” and “b” as a boundary condition to proton and 

hydroxide ions.  They are defined as a scalar expressions as follows 

Options� Expressions � Scalar expressions 
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Step 4: Mesh and solver 

Mesh elements are triangular elements and are defined as follows. 

Mesh � Free Mesh Parameters � Boundary 
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Here 2e-8 m is a size of triangular element.   
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While a direct solver is used to solve these equations and time step is chosen to be free 

with automatic tuning.   
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APPENDIX B 

NOMENCLATURE 
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Symbol Description 

A Cross section area of the conductor 

Aw Wafer Area 

APM Ammonium Peroxide Mixture 

AWG American Wire Guage 

BHF Buffered Hydrofluoric Acid 

C0 Initial Liquid Phase Concentration 

Ci Liquid phase concentration of an ion 

Cb Tank Concentration 

Cs Surface Concentration 

CSTR Continuously Stirred Tank Reactor 

D Diameter of the Wafer 

Di Diffusivity 

DI De-ionized 

e Electronic Charge 

E-beam Electron Beam 

ECRS Electro-chemical Residue Sensor 

F Faraday’s Constant 

FOUP Front Opening Unified Pod 

GPH Gallons per Hour 

GPM Gallons per Minute 
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Symbol Description 

h 
Ultrapure Water Film Thickness 

H 
Boundary Layer Thickness 

HMDS 
Hexamethyldisilazane 

HP Hewlett-Packard 

Ka Adsorption Constant 

Kd Desorption Constant 

Kd1 Desorption Constant of Layers Above Monolayer 

Kw Dissociation Constant of Water 

l Length of the conductor 

LCR Inductance Capacitance Resistance 

LPCVD Low-pressure Chemical Vapor deposition 

MEMS Micro-electro-mechanical-systems 

MFC Mass Flow Controller 

iN
r

 Normal Flux 

OFR Overflow Rinse 

PECVD Plasma Enhanced Chemical Vapor Deposition 

PSG Phospho-sillicate Glass 

PVD Physical Vapor Deposition 

Q Flow Rate 

R Gas Constant 
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Symbol Description 

Rc Resistance of Conductor 

RCA Radio Corporation of America 

Re Reynolds Number 

RF Radio Frequency 

RIE Reactive Ion Etcher 

RPM Revolutions per Minute 

S0 Maximum Allowable Surface Concentration 

SC-1 Standard Clean -1 

SC-2 Standar Clean-2 

SEM Scanning Electron Microscopy 

SPM Sulfuric Peroxide Mixture 

SRD Spin Rinse Dryer 

T Temperature 

TMAH Tetramethylammonium Hydroxide 

u Velocity 

UPW Ultrapure Water 

UV Ultraviolet 

V Volume of the tank/Liquid Film 

Zi Valence of an ion 

ρ Resistivity 
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Symbol Description 

σ Surface Charge 

µ Ionic Mobility 

Φ Electrostatic Potential 

ρ  Spatial Charge Density 

ε  Dielectric Constant 

σc Conductivity of Solution 

λ Ionic Conductivities 

ψ Applied Potential 

ω Angular Velocity 

ν Kinematic Viscosity 
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