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ABSTRACT

Typical surface preparation consists of exposureldaning chemical to remove
contaminants followed by rinsing with ultra-pure terawhich is followed by drying.
Large quantities of water, various chemicals, andrgy are used during rinsing and
drying processes. Currently there is no in-siturolegy available to determine the
cleanliness of micro- and nano-structures as tpeseesses are taking place. This is a
major technology gap and leads to over use of ressuand adversely affects the

throughput.

Surface preparation of patterned wafers by batdtgssing becomes a major
challenge as semiconductor fabrication moves degpsubmicron technology nodes.
Many fabs have already employed single wafer todli®e main roadblock for single-
wafer tools is their lower throughput. This ob#ais eased by introduction of multi
chamber tools. To reduce cycle time and resoutdeation during rinse and dry
processes without sacrificing surface cleanlinesd @roughput, in-situ metrology is
developed and used to compare typical single wsgdfgming tools with immersion tools
for rinsing of patterned wafers. This novel meigy technology includes both hardware
for an in-situ measurement and software for procdata analysis. Successful
incorporation of this metrology will eliminate demency on external analysis
techniques such as Inductively Coupled Mass Spsmipy (ICPMS), Scanning Electron
Microscope (SEM), and Transmission Electron Micogsx (TEM), and will lead to fast

response time.
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In this study the electro-chemical residue se(EQRS) was incorporated in a lab
scale single-wafer spinning and single- wafer insigar tool. A special contact pad was
designed, fabricated and mounted below the chueékettironically connect ECRS to the
LCR meter. This modified single-wafer spinningasi&inse/dry tool setup can provide
real-time data on the amount of contaminants orewédft inside micro- and nano-
structure during rinsing and drying. The ECRS wsead to monitor dynamics of rinsing
of various cleans such as ammonium peroxide mixafM), hydrochloric peroxide
mixture (HPM), and sulfuric peroxide mixture (SPMJt was observed that different
cleaning chemicals impact the subsequent rinse amby through adsorption and
desorption but also through surface charge. Tiseiltee are analyzed by using a
comprehensive process model which takes into at¢ceanous transport mechanisms
such as adsorption, desorption, diffusion, coneactand surface charge. This novel
metrology can be used at very low concentratiorh wigry high accuracy. It can also
provide useful information on the effect of the keywse process parameters such as flow

rate, spin rate, temperature, and chemical coretsoric
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CHAPTER 1

INTRODUCTION

1.1. BACKGROUND

Invention and evolution of transistor and integdatércuits in the twentieth century
has changed the life of mankind. In the twentgtfaentury, the standard of life has been
improved and brought the world closer by bettergatgt and virtual connectivity. This
is all possible due to the extension of the usateigrated Circuits to various applications
related to day to day life. But, this has increllseman dependence on technology and it

is an integral part of the modern world’s lifestyle

107

4 DRAM

105 B Cost /Bt (& 05)

B Microprocessor

Transistors [ Chip

?
CostiBit (§,95) === CostiFunction

9%

9

102
1570 1574 1578 15982 1986 1550 1554 19592 2002 2008

Figure 1.1.1: Moore’s law [1]
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In 1965, Gordan Moore predicted that the numbetransistors per chip would
double every 18 months, which is now referred tdasre’s Law [2, 3]. Over the last
few decades, the semiconductor industry has als@mgched its limits for higher speed,
which is dictated by Moore’s Law. This trend reedl in an increased number of
transistors, from few hundred in the 1970s, to e€ltiss a billion on recent chips; this is
shown in Figure 1.1.1. This required shrinkagéeature size down to a few nanometers
and is still heading south [4]. This has raisebbtaof concerns about reliability and,
ultimately, profitability, but the semiconductordustry has overcome these challenges
through a “Kaizen”, a continuous improvement, inrfpenance, reliability, and

profitability.

Achievement of high speed chips is comprised ahg&age of feature size along with
the increased complexity of the chip. This hasl athe fabrication of multilayer chips
to achieve the same level of performance from dlemezhip area. The first layer of the
chip is the heart of the microprocessor, a traosisthile other layers are mainly metallic
connection lines to connect transistors in diffe@mbinations. Recent microprocessors
contain metal layers somewhere in the range of §dr2chip. A cross section of a

microprocessor is shown in Figure 1.1.2.

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

of smaller trenches, vias, and high aspect raatufes of various materials which need to
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be processed without changing their propertieshis poses new challenges such as the

introduction of new materials, increased use obueses, etc.

B <«— Passivation

<— Dielectric

Etch stop
layer

< = Dielectic
— - diffusion
—— —=— barrier

: J: Copper

r — T conductor
: -~~~ with metal
barrier liner

Global

Intermediate
P
T
|
I

Local

- i =] Pre-metal
: «— dielectric
= ===  lungsten
contract plug

Figure 1.1.2: Typical cross-section of multilevatierconnect§]

It is very well known that the semiconductor inadysequires pristine cleanliness and
thus surface preparation on a regular basis isnammm practice. Surface preparation
consists of exposure to cleaning chemicals to tisscontaminants and then rinsing it
off with ultrapure water followed by drying. It i3ecessary to completely clean these
features in order to achieve higher yield, whichaisnust for profitability. Currently,

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

contribute to more than 50% of the total water esaga typical semiconductor plant.

The focus of this work is on the rinsing and dryofghe micro- and nano-structures.
Currently, the rinse and dry recipes are based ast pxperience and/-or use of a
resistivity meter. Thus, a common practice is verainse, which leads to wastage of
water and energy. The goal of this work is to gttie fundamentals of mechanisms of
rinsing and drying of micro- and nano-structureShis research provides a new
understanding of rinsing and drying to optimizereat industry procedures. Having said
that, it is also necessary to study the surfacpgregion of smaller feature sizes and new

materials which are new to the semiconductor ingu4{.

1.2. PREVIOUS WORK AND CHALLENGES

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

Since much water is used during rinsing, it hasnbedocus of attention for many

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

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

is focused on reduction of water use and recyadingsed water.
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One of the earliest works related to this problenby Rosato et. al. Their work
focused on the study of the various factors th&cafrinse. These factors include
convection, diffusion, flow rate, method of opeoati and ultrapure water temperature.
Rinse efficiency is dependent upon the amount ofyoser layer brought into the rinse
tank along with the wafers. It was shown thatyarer layer thickness depends on the

extraction rate, and the correlation between caeytayer thickness and extraction rate

is shown in Figure 1.2.1 [8].

Chemical Carryover as a Function
of Extraction Rate
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Figure 1.2.1: Effect of extraction rate on carrgoVayer thickness

From Figure 1.2.1 it can be seen that carryoveerldahickness increases as the

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

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

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

sulfuric acid exposure at 12, while rinsing was done with ultrapure water at’g.

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

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

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

the industry.

Wafer Loading Effect on Bulk Fluid Resistivity
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Figure 1.2.2: Effect of wafer load on resistivitgter reading.

Researchers at Advanced Custom Technology studisohg post several chemical

exposures [9].

The criteria used for this studys wine to reach a resistivity meter
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reading of 10 M -cm. This study addressed key effects such asfieet of dump
rinsing on removal of liquid phase chemicals, andpprties of chemicals; it was
concluded that a large amount of water saving ssibte if this approach is extended to
all fabs. The resistivity meter was used for arogtudy at Motorola in a different way
to study the effects of cassette material, wafadJ@and modified flow in the tank [10].
The problem with these studies is that the resigtmeter reading, which is in the outlet
of the tank, is used to monitor the rinse proce3$e resistivity meter is essentially
monitoring the conductivity of the water coming aitthe tank, which is not a correct
representation of the contamination on the surfaicéhe wafer or inside the micro-

structure.

To overcome this problem, O’Heret.al designed a conductivity cell which had
dimensions equivalent to the wafer gap and uséd itack the impurity concentration
near the wafer [11]. By this approach the effdcvarious process parameters on the
removal of impurity concentrations is studied, whis shown in table 1.2-1. This is by
far the most successful experimental approach udysthe transport of ions in the
vicinity of the surface of the interest, but thera@s not a comprehensive process model to

interpret the results obtained by use of this nendactivity cell.

The hygroscopic nature of the sulfate was usedutdyshe effect of various process
parameters by Haét. al.[12]. In this study, the effect of megasonic, &schperature of

DI water on the number of particles generated enwhfer surface was studied. It was
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shown that rinsing with hot DI water helps redube generation of particles, which
indicates that the surface concentration of suifate was lower. This was an innovative
approach but the problem here was that one hasatbaacertain time for particles to
grow, and patrticle count can vary based on the Hiynin storage. Also, particles can
get on the surface from other source and can gigteading information; the authors

should have done elemental analysis to verify ttlaim.

Table 1.2-1: Effect of various process parameterswapurity removal

Variable Strong Effect Medium Effect| Weak Effe¢tNo Effect
Flow Rate X

Tank Volume X

Overflow Geometry X

Side Jets X

Floor Injection X*

(Holes or Slots)

Floor Screen X

Agitation X

* Effect localized to certain wafer gaps

To take the analysis to next level, Romero usemb@arselective probe to measure the
concentration of protons near the surface. Théckkef the setup is shown in Figure
1.2.3 [13]. It was found that this approach wasfuisin concentrated solutions, but not

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

inside the tank.
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Figure 1.2.3: Sketch of rinse study using ion dateanicroprobe.

The most relevant theoretical study of rinse preessstarted in the 1990’s.
Researchers developed a model to study the rimmgingcrostructures and made progress

in this field by studying the fluid dynamics in tkenk while others, tried to couple data
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with surface cleanliness [14, 15, 16]. The mo#tvant work, which was a rinsing of
patterned wafers, was studied by Naleoal.[17]. Nakao et. alstudied the effect of
diffusion and flow during the rinsing of a 4 micraleep and 0.5 micron wide trench.
Key results of his study are shown in Figure 1&hd 1.2.5. This study showed that both
diffusion and flow play an important role in rembwvaf impurity ions from the
microstructure. Though this was a very good sttitlgre is no information about surface

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

the trench.
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Aoki et.al.took one further step and compared a the condantraf impurity ions at
different locations and concluded that the impugtncentration is higher in micro-
structures than on a flat surface [18]. A similart more detail oriented study, was done
by Hebda [19]. In this work for the first time etlsurface concentration is coupled with

liquid phase concentration to study the rinsingnadro-structures.
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Figure 1.2.5: Effect of flow on the relative contration at the bottom of the trench

(D=1x10° m?/sec)

Recently, Yan et al.[20] introduced a new method eeported results for the real-
time and in-situ measurement of residual impurigmoval from fine structures of
patterned wafers during a batch-type rinse probgsssing a novel sensor called the

Electro-Chemical Residual Sensor (ECRS). It wasndothat the residual impurity
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concentration was significantly different from whattypically provided by measuring
the bulk water resistivity, which is usually empdolyfor monitoring the rinse process in
fabs. Their results revealed the distinct changecleaning mechanisms as rinse

progresses.

1.2. 2. Non Conventional Type of Rinsing:

Apart from conventional and common overflow rinsirjong with quick dump
rinsing, some efforts were done to study the rimsalifferent setup. One of these
approaches was opposite of overflow rinse wherematadded to that tank from the top

[21]. This is the only reported study and neveereed a serious consideration.

During rinsing, the common practice is for all thater overflow to go either to the
recycling unit or to the drain. In an innovativygpeoach, Raccuet. al. modified a rinse
tank in a way where there would be very high flow the initial part of the rinse,
followed by rinsing with re-circulated water [21].Their results showed improved
performance over overflow rinsing when resistivityeter readings were compared.
Their results of relative surface concentrationvgt a constant slope which indicates

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

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

attractive. This was studied by Christenson in@@&s, but never got attention until few
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years ago [22, 23]. Their study showed that bypgispin rinsing it is possible to reduce
the surface concentration of the contaminants versé orders of magnitude lower than
overflow rinsing in a shorter duration. Moreovdristtime scale was not lucrative enough

to achieve the same throughput as using singleryabdeessing.
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Figurel.2.6: Relative concentration of KCI measubgdl XRF.

Thus, the merits of switching to single wafer pssieg were studied by several
researchers over the last few years [24, 25, 26rious chemistries were studied in
Front End of Line (FEOL) and Back End of Line (BEQdrocesses. All of these studies
point towards the conclusion that switching to Bngafer processing is useful, helps
reduce cross contamination, gives better critigalethsion (CD) control, and produces an

improvement in device yield [6, 27].



33

A major disadvantage of single-wafer cleaning socbmpared to batch tools is
lower throughput. In order to overcome this pramlenulti-chamber systems with 8 to
12 cleaning and rinsing chambers have been intel{8]. Maximizing the throughput
and minimizing the processing time and the resowmesumption in these systems
requires new technology for the end-point deteciiorcleaning, rinsing, and drying
processes. Towards this goal, it is important twleustand and to measure the
mechanism of the removal of residual impuritiesludsg convection, diffusion, and
adsorption/desorption on wafer surfaces and péatiguinside the micro and nano
structures. The fundamental bottlenecks of thesace preparation steps in patterned

wafers are poorly understood and need systematasiigation [29].

1.3. RESEARCH OBJECTIVE AND APPROACH

Previous research focused mainly on studying thiecefof various process
parameters such as carryover layer, wafer loadeti@smaterial, flow pattern inside the
tank, dumps, and many more. These studies werd god helped to understand the
effect of these parameters on rinsing and dryiAd.of the previous research depended
on liquid phase concentration measurement and/bedreon external analytical
techniques such as EDS, TXRF or VPD-ICPMS for s#rfaharacterization. These
analytical techniques have their own limitationsd acan not be extended to all
applications. When it comes to patterned wafesgraple preparation is required which

involves destructive methods, and most importathiéy preparations are time consuming
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and method of sample preparation can affect theltses Thus, there is a need for a
metrology which is in-situ, real time, and robustegh that it can be used in most

applications.

Thus, it is necessary to have a metrology methbidh can study the effect of all
process parameters that affect the rinsing by kngwsurface concentration of
contaminants inside of the trenches. This is aeleby introduction of a metrology
method at the University of Arizona which will méon the transport of contaminant
concentrations inside micro- and nano-structurgsis is the only metrology which will
be able to provide surface concentration of contamtis inside micro-structures while
the process is taking place. Thus, the goal sfrgésearch is to study the effect of various
process parameters on rinsing of patterned wafsisnaodify a metrology method for

end point detection.

The method of approach has been to develop ands apphetrology method for
rinsing and drying after various cleaning chemestrio study the fundamentals of ionic
transport and identify the bottlenecks. This infation can be used to develop novel

rinse and dry recipes to reduce water, energyresmlirce usage.

The metrology developed as a part of this workthasparts:
1. Hardware: electro-chemical residue sensor

2. Software: process model
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It was necessary to design and fabricate hardvibee Electro-Chemical Residue
Sensor (ECRS). Thus, with this uniqgue metrologg possible to study the transport of
ions inside micro-structures and not at a placéadisfrom the microstructure being
rinsed. Use of this hardware is extended to thdysof the rinse after various cleaning
chemicals. ECRS response is chemical specifichasdvery high sensitivity in the low

ppb range.

W

Side View of Trench

Figure 1.3.1: Cross section of electro-chemicaidas sensor

The principle of operation and the sensitivity tesare shown elsewhere, but a brief
overview of this metrology is given here [30]. Tdress section of the sensor is shown in
Figure 1.3.1. Here, the silver part is an elearsdch as chromium or poly-Si which is

sandwiched in between two dielectric layers ofceiti dioxide. The impedance of the
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trench is monitored across these electrodes byiuse inductance (L), capacitance (C)
and resistance (R) (LCR) meter. The impedancéefttench is very sensitive to the
presence of the impurity concentration inside ttem¢h. Thus, when there are more
impurities present, impedance is low and vice vers@herefore, by tracking the

impedance of the trench, it is possible to traek ¢cbncentration of contaminants inside

the trench.
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Figure 1.3.2: Comparison of conventional metrolagynovel metrology
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The ECRS measurement tracks the ionic contamirarentration inside the trench,
which depends on the transport inside the trenoth,sairface reaction. In order to study
the process of rinsing in detail, a second parthef metrology, a process model, is
developed. The process model takes into accourdugamodes of transport including
diffusion, surface reaction, convection, surfacargh, and transport of ions under the
influence of the field generated due to the chargithe surface. The process model is
used to interpret the ECRS measurements and tsiséicessary to be able to make this
metrology complete. Another use of the processeahixdto get the process parameters
which are dependent on surface interactions arsditformation can be used to perform

parametric studies, and recipe development andhggation.

Conventional technology, resistivity meter, does give information about the
concentration inside the trench and concentrationootaminant on the surface of the
trench. On the other hand using this novel megpl&@CRS in conjunction with process
model, it is possible to get the concentrationgaill phase inside of the trench and also
the surface concentration on the surface of theckre This is shown in Figure 1.3.2
where top plot shows what is currently used forseinprocess characterization
(conventional technology) and bottom plot shows twieeed to be measured and used for

process optimization which is enabled by new megyl
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CHAPTER 2

FABRICATION OF SENSOR

One of the most important parts of this projectswa fabricate the Electro-
Chemical Residue Sensor. It was necessary toctbrithese sensors in house for two
reasons:

1. To know all the treatments the sensor has goneaidgiowhich will be helpful in
understanding if abnormal behavior is due to fatian or not.

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

So, in order to achieve goals listed above, ongaingk was done to fabricate these
sensors. As a previous work on this project, tret §eneration of sensors, chip level
sensors, were fabricated on a 1°die and then packaged on a micro slide by using wir
bonder and silicone glue. These sensors werectbd by On-semiconductor. This
generation had many problems. One of the majdslenes was that the etching of metal
electrode was not done properly, so most of thes@snwere reading the constant
impedance equal to the resistance of the metairetkr and this is termed as a sensor is
short. This required additional processing to miidese sensors work, which was very
expensive. Also, due to the various glues usetethere many restrictions in using
these sensors for chemical exposure followed bsimghexperiments. So, one of the
approaches was to fabricate these sensors on acafids, which led to the genesis of
the sensor-on-wafer configuration. In order to ie@eh this, Dr. Yan worked on

fabricating these sensors on 4 inch wafers. Fe#iea substrate instead of silicon was
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chosen to reduce the influence of capacitors forr(atasitics), which affect the

sensitivity of the sensor. This became the seagmkration of ECRS. This second
generation sensor was used at Freescale Semicorsllitdl. in a wet bench which was
isolated from the production line. The purposehw#se experiments was to prove the
sensitivity and selectivity of ECRS towards differechemicals and increase industry
collaboration. These experiments were very sufigeasd Dr. Yan reported some of
these results elsewhere [30]. Some of the linoitestiof using 4” sensor wafer are:

1. Effective area of the sensor exposed to rinsingemiatsmall.

2. This required an additional sensor wafer holderawy out rinsing experiments in
over flow rinse tanks.

3. In atank which is holding 8” or larger wafers, dés not a true representation of
study of the effect of fluid dynamics in the tank mass transport inside micro-
structures.

4. Chromium metal as an electrode is raising contamoinadoubts at Freescale

Semiconductor Ltd.

From that point, it was necessary to fabricate ms@eon-wafer configuration of
ECRS on at least an 200 mm wafer. Due to limitesburces at the University of
Arizona, it was not possible to fabricate ECRS 66 gam or bigger wafer size. So, this
led to the development of the next generation okseg a sensor on a 150 mm fused

silica wafer.
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Thus, the purpose of this work is to fabricate sen®n 6” fused silica substrate.
Moreover, it is necessary to fabricate sensoronbyt with chromium as an electrode but
also with poly-Si as an electrode. Hence, thisiseds 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 electraddivided mainly into
2.1.1 Thin Film Deposition
2.1.2 Photolithography
2.1.3 Etching of Thin Films
214 Cleaning of Etched Wafer
2.1.5 Opening of Contacts, and

2.1.6 Packaging of Sensor.

2.1.1 Thin Film Deposition:

21.1.1 Surface Preparation

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

with standard RCA clean. Wafers are cleaned withammmonium peroxide mixture
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(APM), 1:1:5, NHOH:H,0,:H,0, at 70°C for 10 min. This removes any organics and
particles from the wafer surface. Wafers are thesed in a Spin Rinse Dryer (SRD)

with rinsing for 360 sec followed by 240 sec ofidgy

21.1.2 Deposition of Chromium

In this work, chromium is deposited on a 6” fusdita wafer. This is achieved by
using a physical vapor deposition (PVD) techniqueurrently, the best known PVD
system is sputter deposition, which offers a vesgdyuniformity across the wafer. At
University of Arizona, there is no sputter tool gable to deposit chromium, so an E-
beam evaporator is used instead. Thus, aftercgeeparation, fused silica wafers are
mounted on a holder inside the E-beam evaporafor.actual picture of the E-Beam
evaporator is shown in Figure 2.1.1. As per degigghnecessary to deposit a chromium
film of 150 nm thickness. In order to control tilen thickness deposited on a wafer, a
calibration is done for the E-beam evaporatora Beries of experiments, films deposited
on a wafer are measured by using thickness measuateimstrument, alpha step, and
tooling factor for E-beam evaporator is determimede 0.5. Tooling factor links the
deposited film thickness on a wafer to the amowodited on a crystal which is sitting
halfway between source and target. The actualqgcdf an alpha step is shown in

Figure 2.1.2.
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During deposition, chromium metal is placed in apdmte crucible and wafers are
loaded inside the E-beam chamber. Before evapor#istarted, the chamber is pumped
down to 10 Torr by a combination of roughing and a turbo psmpThis ensures
removal of all the contaminants from the chambet giwes a higher mean free path for
the evaporated metal. A higher mean free pathsléadetter uniformity compared to
deposition at higher pressures. In addition ts,tthe wafer holder is rotating at a low

speed to increase uniformity across the wafer.

Figure 2.1.1: E-beam evaporator used for deposibbohromium.

When the desired pressure (5%)@s reached, power to the electron gun is turmed o

The crucible is allowed to soak energy for few n@sufrom the E-beam at low current
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(15 mA) to filament. This leads to uniform distition of heat inside the crucible.
Current to the filament is increased in small inceats to ensure uniform distribution of
heat to the crucible. Current is increased uhgl desired deposition rate (0.08 A/sec) is
achieved. At this point, the shutter is openedcWlsitarts the deposition of Cr on a fused
silica wafer. Once 150 nm of Cr is deposited, shatter closes automatically and it is
time to reduce current to the filament. Currenthi filament is decreased in small steps,
not more than 10 mA in a 30 second interval untieaches zero and enough time is
given for the crucible to cool down. Subsequertutaing off power to the filament, the
chamber is vented by adding nitrogen gas to thenblea until its pressure reaches

atmospheric pressure. After this, the wafermsaeed and stored until next step.

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

Previous work on this project involved use of PlasBnhanced Chemical Vapor
Deposition (PECVD) for deposition of silicon dioeid For this work Low Pressure
Chemical Vapor Deposition (LPCVD) is used for tveasons:

1. This tool is designed for 6” wafers and hence aftegtter uniformity.
2. The film will be denser compared to PECVD as ddpmsiis carried out at a

higher temperature.

For deposition of silicon dioxide a mixture of silaand oxygen is used. Deposition
is carried out at 418C and the chamber pressure is maintained at 14@omil To
increase the sensitivity of the sensor a silicaxidie film of at least 2 micron thickness
is needed. For the process conditions mentionesteah deposition rate of about 1800
A/hour is observed. This deposition is a long psscwhich requires a little over 11
hours to deposit 2 micron of oxide film. The attpacture of Tempress LPCVD is

shown in Figure 2.1.3.



45

Figure 2.1.3: Tempress LPCVD module used for silidmxide deposition

It is common practice to use oxygen in higher propo compared to silane for two
reasons:
I. Silane is toxic and pyrophoric. Hence, from a safperspective it is
necessary to make sure all the silane reacts ddepgsition.

il. Oxygen is very cheap compared to silane.

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

Silane flow rate (sccm) 40
Oxygen flow rate (sccm) 120
Chamber pressure (mTorr) 140

Temperature®C) 410

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

uniformity. Better quality of the film is requirddr two reasons:

a. During fabrication of sensors, these thin films chée be etched by using dry
etching. Thus, to realize the designed structiires essential to have a film
which etches uniformly across the wafer.

b. For the duration of experiments the sensor is eeghds various chemicals, such
as APM, which etches small amount of silicon diexid So, the life and

dimensions of the sensor depends on the qualsyliobn dioxide.

Thus, it is important to make sure that the depdsgilicon dioxide film is of good
quality. Typically this is achieved by knowing tke&ch rate of the film in HF solution.
Therefore the etch rate of deposited silicon diexiitin in 6:1 Buffered HF (BHF) is

measured and compared with the etch rate of theyridé in the same solution.
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The etch rate of deposited film is in between 10@Mhd 1100 A/min at room
temperature. This is compared with thermal oxideadrom literature which is about
900 and 1000 A/min. This shows that the depoditedis comparable to good quality

silicon dioxide grown by thermal oxidation.

SN

Figure 2.1.4: Cage used in silicon dioxide depositiube

Another important aspect is to make sure the fénuniformly deposited across the
wafer and there is not much variation from wafemafer. To achieve this, wafers are
loaded inside the cage and the pressure is loweretrease the mean free path of the
reactant gases. The actual picture of the cage iesghown in Figure 2.1.4. There are

several small holes which control the distributafireactant gases inside the cage. This
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leads to deposition of the silicon dioxide filmrigaction controlled regime rather than a
mass transfer controlled regime. To make certaan this is the case, Filmetrics (Shown
in Figure 2.1.5) is used to measure the silicoxid®film thickness. In addition, a test is

performed where deposition is carried out withdhwg tage being present. Results for
this test showed that oxide film uniformity is poaecross the wafer and from wafer to

wafer.

Figure 2.1.5: Filmetrics used for measurement bé@n dioxide film thickness.

The thickness of silicon dioxide is measured atotgs as shown in Figure 2.1.6.
During deposition of silicon dioxide or poly-Si, feas sit in a cassette. This cassette has

three notches to support the wafer and keep itcabrt After deposition, distinct marks of
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these notches are observed on all the wafers. , Tihese notches are used as a reference
point for all the wafers measured. Hence, measemérh corresponds to a measurement

close to the center of the notch mark. All theeedgeasurements are done ~1 cm away
from the edge of the wafer. The deposited filnckhess is measured on a dummy wafer

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

measured. This completes the deposition of thamsfi

Figure 2.1.6 Position of thickness measurement.

21.2 Photolithography

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

a feature of interest. In order to achieve thissinecessary to create a mask on the

deposited films to selectively etch these filmshisTis achieved by a process called
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photolithography. In photolithography a surfaceasted with a photosensitive material
and exposed to UV light. Depending on the typelubtoresist, the exposed area will
either become soluble or insoluble in developerositfze photoresist after exposure
becomes soluble in developer while negative pheistrdecomes insoluble in developer.
Smallest sensor dimension used in this researéhnscron. Lithography is done by

using positive photoresist (AZ3312) and contabiigraphy.

2.1.2.1 Coating of Sensor with Photoresist:

Prior to coating wafer with photoresist, a waferinsed and dried by using spin rinse
dryer with rinsing for 120 sec and drying for 24€cs Wafer is then inspected under
optical microscope and if particles are observedR&A clean 1 is performed. RCA
clean 1 is ammonium peroxide mixture (APM) in 1:1lpgoportion. 1:1:5 is
NH,OH:H,0,:H,O. So, wafer is treated with 1:1:5 APM at %@ for 10 min and rinsed

in spin rinse dryer with rinsing for 360 sec anglidg for 240 sec.

In this work positive photoresist is used becausdfers better line resolution. The
challenge here is to have a thick photoresist nsaskhat it can survive entire etching
sequence. Previously, it is shown that having whigk photoresist makes etching
difficult, so the goal of this work is to achieveqgioresist 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 prograahle and user friendly spin
coater. The actual picture of this is shown inufég2.1.7. Before wafer is coated with
photoresist, it is coated with HMDS. HMDS sticksry well to most of the thin films
used in semiconductor industry and increases aaihesfi photoresist to the surface.

Thus, as a first step, the wafer is coated withimlayer of HMDS.

Figure 2.1.7: Cee 200 spin coater

After this step, a fixed amount of photoresistdsled on the wafer surface and wafer
is rotated at low speed. This ensures unifornriigion of all the photoresist added on
the wafer surface. Photoresist is a viscous liguid requires higher force to form a thin
film on the wafer surface. This is achieved byatioig a wafer at a higher speed of

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

guantified by use of Alpha Step shown in Figure2.1

Since Alpha Step uses a needle to scan a surfecsutface needs to be hard enough
to get accurate results. Also, Alpha Step neeste@to measure a height difference, so
after the coating of photoresist, part of the temsremoved by use of a cotton swab
dipped in acetone. In order to get a harder plestst, the wafer is baked at 1%Dfor 6
minutes and photoresist thickness is measuredckiss is found to be around 1 micron.

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

2.1.2.2 Exposure to UV Light

Once more than 1 micron thick photoresist film istatned, the next step is to
selectively expose it to UV light. This is achieviey use of a mask as a barrier to UV
light. For the exposure of the 6” wafer a 7"x7”skas designed. A custom made mask
is fabricated from Photo Sciences, California. &btual picture of the mask is shown in

Figure 2.1.8.

In order to obtain better line resolution a pre@syre bake is added to the sequence.
This bake is done at KT for 1 min and the wafer is allowed to cool doven 2 min.
This step removes any unwanted solvent from theqgpésist film. It is necessary that

after exposure to UV, exposed photoresist is selibldeveloper. This is achieved by
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knowing the dose of UV required. For AZ3312, th& dose required to make

photoresist soluble in a developer is a functiorplbtoresist film thickness, which is

shown in Figure 2.1.9.

Figure 2.1.8:7"x7” Mask used to create pattern on wafer

As explained earlier, Alpha Step is used to deteentihe thickness of the photoresist
film. This photoresist is a hardened one; withbatdening it is little thicker than 1
micron. Thus, design of experiment is performeddé&termine the right amount of
dosage. The ABM aligner used for exposure of th&tqresist is shown in Figure 2.1.10.
In ABM, the dosage is decided by inputting the tiofeexposure, so it is necessary to
know the intensity of the UV lamp. As a first stepdetermine the dosage, the lamp’s

intensity is measured by using a NEW 150 Digitébhsity Meter. Intensity of UV lamp
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is measured at UV 365 nm channel. Depending ogeusfthe lamp, it is necessary to

measure the lamp’s intensity after a few weeksmnkits exact intensity.
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Figure 2.1.9: UV dose as a function of photoresigtkness. [31]

Intensity of UV lamp is measured and it is found&21.5mW/crh By referring to

Figure 2.1.9, a required dose for a photoresist fif 1 micron thickness is 90mJ/ém

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

necessary to have a higher dosage than what iesteggby Figure 2.1.9. Another

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

photoresist to dissolve in a developer. Develapesually a basic solution. In this work,

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

be too short, as it will damage the structure.

Figure 2.1.10: ABM mask aligner used for exposur#he sensor with UV

Thus, design of experiment is performed for différ@xposure times and a
development time of about 90-100 sec is observethe&99 mJ/crhexposure dose. This
dose is giving very reproducible and satisfactoeguits along with very good line
definition. An optical microscope with magnificati of 20x, as shown in Figure 2.1.11,
is used to inspect the pattern. This method isgivery reproducible results and hence

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

If the line resolution appears unacceptable undeicaoscope, it must be reworked.
This is done by mounting the sensor wafer on Ceée @uck and Acetone is sprayed
onto the wafer. This removes all the photoresist lAMDS. If this process is necessary
more than once, the sensor wafer is treated whH:O,: H,SO4, Sulphuric Peroxide
Mixture (SPM), at 126C for more than 5 minutes and rinsed in Spin RDser (SRD).

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

Once desired line definition is observed under ptical microscope, the wafer is

ready for the next step, which is to harden thetqiesist and make it ready for
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subsequent dry etching. Thus, a hard bake is dbri80°C for 6 minutes. All the

baking steps are performed on a Precision Hotpdatshown in Figure 2.1.12.

&)
SHADMAN GROUP

Figure 2.1.12: Precision hotplate used for bakingidg lithography.

The role of heat treatment is very critical in gejtthe desired line resolution. The
best way to transfer heat to the wafer is to ubetplate with a vacuum. The vacuum
ensures better contact between wafer and hotpldieh results in better transfer of heat
to the wafer. The precision hotplate used in teisearch is not capable of having a

vacuum, but this hotplate provides very good temfoee 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 thicktaf silicon dioxide and chromium
to fabricate trench and connection lines. Thiacdkieved by dry etching where hardened

photoresist acts as a mask.

The goal is to use photoresist as a mask and eliconsdioxide followed by
chromium. The silicon dioxide needed to be etclse@ micron thick. Hence, it is
necessary to etch this film in a non-isotropic n&anwith the intension of creating
vertical side walls. This is impossible to achidyeusing wet chemistries such as HF or

BHF because of their isotropic nature of etching.

On the other hand, dry etching is a method in whiatre is a chemical reaction
accompanied by physical damage to the film. Thsegas species present are ionized by
creation of plasma. This is followed by an acadien of ions towards the surface,
which damages the upper layer of the film by phaisltombardment. In addition to
physical bombardment by ions, a directional transpb etchants allows the etchant to
reach the surface so that reaction between etemahtiim proceeds. It is very important
to remove reaction products from microstructuré asay 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 thesdgonsh mostly halide chemistries
are used, because reaction products formed witidehale 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 dioxidenf. The key here is that it is very
important to achieve as vertical profile as possibut when it comes to etching 2 micron
thick film, it is difficult. Hence, to make certaietching is happening in a non-isotropic
way, it is necessary to create an etching barnethe side walls of the etched part. This
barrier is a complex polymer which mainly contaisidicon, fluorine, carbon and
hydrogen. The typical place where sidewall polymdormed is shown in Figure 2.1.13.
The exact composition of this polymer is not vemglivknown. Regardless of the exact
composition of this polymer, it is a very good lardayer for creating high aspect ratio

features in silicon dioxide. [32]

Thus, an etching chemistry is tweaked in a way #lang with etching of film, a
polymer is formed on the sidewalls of the featurelsat etching remains non-isotropic.
For this work, it is achieved by use of a GHRstead of Ckalong with Argon. CHE

creates a nice sidewall polymer which is removeekr aftching 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 researchd@ne by use of AGS Reactive lon
Etcher (AGS RIE), which is shown in Figure 2.1.1AGS RIE is equipped with Mass
Flow Controller (MFC) for CE; O,, Ar and Sk. On the other hand, for this research it is
necessary to use Cklfo create a side wall polymer during silicon daietching. This

is an obstacle in achieving desired results.

To overcome this obstacle, the following two opti@re selected:
l. Add another MFC for CH¥

Il. Calibrate Ck MFC in a way that CHfflow can be controlled.
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Figure 2.1.14: AGS reactive ion etcher

Option 1 is preferable as it will avoid any exigjinubing modification and cross-
contamination by mixing of CHFwith CF, in the initial part of the etching. The
problem with option | is that the cost of MFC anaftware modification need to be
provided from research proposal. Since this opisoexpensive and time consuming,
option Il is explored. It is well known that MFCemsures mass flow by measuring heat
transfer from one end of the capillary to the otf83]. Thus, an MFC calibrated for a
given gas can be recalibrated for another gas bhectiing mainly specific heat of the gas.
Therefore, a constant called gas correction fasttich is a ratio of heat capacity of

process gas to the calibration gas (mostyy, M accounted for [34]. Gas correction
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factor (GCF) for Ckis 0.48, and for CHfis 0.57 [35]. Thus, the actual flow of CKHF

through an MFC calibrated for @I calculated by equation 2.1-1.

GCI:CHF3
F =F S —— --(21-1
CHF3 CF4 GCFCF

Thus, MFC capable of flowing 40 sccm Lé&an flow 47.5 sccm of CHF Thus,
equation 1 is used to decide the actual flow of gthFough MFC installed on RIE and

calibrated for CE.

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

Film Silicon dioxide Photoresist (AZ3312)

Etch rate (A/min) 470 60

Since dry etching is a combination of physical dgenand chemical reaction, Argon
is used to bombard the silicon dioxide surfacee Ahgon bombardment is not selective:
it damages the entire surface exposed, includirggpéesist. Thus, the key here is to
optimize the power of the plasma in a way that prestist survives the complete etching
sequence. This leads to finding the selectivitgtoh recipe used for etching of silicon

dioxide to etching of photoresist.
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In order to know the selectivity, a silicon waferthvsilicon dioxide deposited by
LPCVD is used and it is coated with photoresist38F2. A photoresist is patterned as
explained in section 2.1.2 and a hard bake of 6 anih30°C is added. Thickness of
photoresist is measured by using alpha step acHnss of oxide is measured by using
filmetrics. CHRE and Ar plasma is created at 300 W and 50 mT champtsssure is
maintained. The etching is carried out for 5 masuand thickness change is measured by
a combination of Alpha Step and Filmetrics. Simixperiments are performed for
different films to determine selectivity. Experimally observed etch rate data is shown

in Table 2.1-2.

By referring to etch rate data shown in Table 24dn@ knowing the thickness of the
silicon dioxide film, etch time is determined. A% over-etch is added to make sure all
the silicon dioxide is etched. After etching thikcen dioxide, the wafer is inspected.
Since deposited chromium is usually shiny, visnapection is done to make sure all the
desired oxide is removed. Thus, final operatingdtitons for silicon dioxide etching are

summarized in Table 2.1-3.

Table 2.1-3: Operating conditions for etching dicsin dioxide

CHF; (on CKR 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” fusedastitbstrate was used. In the third
generation, 6” fused silica substrate is being pubatithe method to deposit chromium is
still by e-beam evaporation. Thus, a chromium &at¢hCR-7, from Cyantek Corporation,
is used to etch chromium by wet processing. Thm@ach has worked very well with

4" substrate, but it is creating problems with Gbstrate.

Wafer Holder

Clamp

\Fused silica wafer

—— Graphite crucible
with Cr

V\

Vacuum System

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

When analyzed, the following possible problemsadogerved:

l. Uniformity of deposited chromium is not good.



65

Il. Chromium film underneath the silicon dioxide is sbtny.

Regarding these problems, the E-beam is used twsdeghromium on a fused silica
substrate. There is a point source which is helayethe electron beam and evaporates
material, which deposits on the wafer’s surfacée $chematic of e-beam evaporation is
shown in Figure 2.1.15. Deposition is happeningnrarea enclosed by dotted lines. As
the wafer size is increasing, deposited film tetal®e more non-uniform. Thus, it is
observed that chromium film is thicker closer te ttenter of the wafer holder, compared
to closer to the clamp. This is verified by compgro Figure 2.1.16 [36]. Figure 2.1.16

shows the deposition rate as a function of vargarameters.

|
/
|Bk/
Ak ~ / \
Wafer holder v/ Wafer holder v/
- L

Point source Small planar
surface source

Figure 2.116: E-beam evaporation-dependence oftiposon deposition rate
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The Most common physical vapor deposition fallsem&mall planner surface source.
Thus, when this approach for E-beam is studiedotitevard flux is given by equation

2.1-2.

R
evap

por?

F= >cos! g, xcosq, --(21-2)

It can be seen from equation 2.1-2 that as r ise®dlux decreases. In addition, the
flux decreases as angle of incidence increasegseltwo effects coupled together leads
to a higher amount of evaporated material reacthegcenter of the wafer compared to
the edge of the wafer. Thus, deposition by E-bézads to a non-uniform chromium

film on 6” wafer.

Moreover, subsequent to deposition of chromiumg¢ail dioxide is deposited by
using LPCVD. In LPCVD, @is used for deposition of silicon dioxide at 430.
Presence of ©and higher temperature leads to oxidation of clmomand hence
chromium film after the oxide is etched looks brastm Similar feedback is obtained
from technical support from Cyantek Corporationg anshort HF treatment before using
CR-7 is suggested. Due to the presence of sildioride, it is risky to perform HF

treatment. Thus, an alternative route, which ysedching, is preferred.
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Few articles are published which discuss dry etglmhchromium. It is reported in
literature that chromium etching is done by chleroxygen-helium chemistry [37]. As
mentioned earlier, during dry etching a volatileguct needs to be formed after the
chemical reaction. It is very hard to form a vidaproduct of chromium. It is reported
that use of chlorine-oxygen chemistry results inmfation of CrQCl, [38]. This is the
only chromium containing compound which is foundangaseous phase at a lower
temperature [39]. Oxford Plasmalab System 100 BIEised for dry etching of

chromium. Actual picture of this tool is shownRigure 2.1.17.

Figure 2.1.17: Reactive ion etcher used for etcrohghromium

In this work chlorine-oxygen chemistry is usednc®i chlorine gas is very corrosive,

extra safety measures are necessary on Reactiitdbar. The reactive ion etcher used
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in this research is equipped with a load lock madm as shown in Figure 2.1.18. Due
to the load-lock mechanism, the chamber is nevposed to the atmosphere. This tool
is equipped with RF and Microwave energy sourcdiisTs used to increase energy
provided to create plasma. This increased enexggsl to higher ionization of ions,

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

listed in Table 2.1-4.

This etching recipe is finalized based on the exté of chromium.

Table 2.1-4: Operating conditions for etching ofammium

Cl, Flow Rate (sccm) 50
O, 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 etcher

The Reactive lon etcher used for chromium etchexgtivo power sources, one is RF
and another is microwave. Microwave power is tubgdising knobs shown in Figure
2.1.19 in such a way that minimum reflected poveepbtained. This is necessary to

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

Etching of 150 nm of chromium takes about 10 migut8ince a high power is used
for creation of plasma, a cooling time of 5 minuiegiven after 5 minutes of etching.
Moreover, this RIE is not equipped with end poiateattion system so it is necessary to
find the exact etch rates to determine when to €tmming. Due to non-uniform
deposition it is difficult to determine end poimisthe etching by knowing only etch rates.
It is observed that as chromium is removed, DC blesiges. During the etching process,
it goes through minima and reaches a constant \aige all the chromium is removed.

This technique is used to determine the end pdichkmmium etching.
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214 Cleaning of Etched Wafer

After chromium is etched, it is necessary to cldenmicro-structure for two reasons:
l. Remove any residual etching chemical present.

II. Make sensor hydrophilic for rinsing experiments.

For etching chromium, chlorine gas is used and widry corrosive. It is observed
that if the etched structure is not cleaned in & feours after etching is complete,
chlorine will corrode the chromium and all the dsiped chromium is etched away. Thus,

it is essential to clean etched wafers as sootchsg is finished.

Cleaning is performed by exposing sensor wafetaresl wafer to 1:2 D, H,SO,
Sulphuric Peroxide Mixture (SPM) at 182G for 10 min. This step removes the entire
side wall polymer along with any residual chloripesent. After cleaning, the sensor
wafer is rinsed and dried by using the spin ringed Rinsing is performed for 360 sec

and drying is performed for 240 sec.

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

2.1.11. If sensor area looks good then this sasseady for the next step.
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215 Contact Opening

In this research, a single mask process is usedhance opening of contact needs to
be done manually. This is done by selectively imsimg the sensor wafer contact lines
in 6:1 Buffered HF (BHF) solution. The schematictllis method is shown in Figure
2.1.20. Etch rate of silicon dioxide in 6:1 BHFaisout 1100 A/min, thus sensor wafer is

immersed in BHF for about 25 minutes.

Sensor Area

Fused silicawafer
- /

Connection line

—
/Plastic Container

| 6:1 Buffered HF

Figure 2.1.20: Schematic showing procedure to cond@ening.
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2.1.6 Packaging of Sensor

There is very small space available on wafer saerfac connection of external wires,
a micro-slide is attached to the fused silica walgusing silicone glue. Then, to form
an electrical contact, a 3 mil aluminum wire is ected to the opened contact by using
silver epoxy glue. Since this aluminum wire is nary hard, a 24 AWG wire is
connected to the 3 mil aluminum wire by using silepoxy glue. This connection with
24 AWG is done on the externally attached micrdesli At least 24 hours is required for
silver epoxy glue to cure. After glue is cured;amtact is covered with silicone glue to

protect the contact from attack of chemicals.

Use of silver epoxy and silicone glue is still motery optimum method, but there are
several challenges. First is that the coatingireduo protect an electrical contact from
chemicals. Secondly, the coating material sho@dlbposited at low temperature, as
above 200F properties of silver epoxy glue changes. Achiig\ioth at one time is very
hard and thus currently silicone glue is used attdreal 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 lectrede. The reason for
replacing chromium electrode with poly-Si is to aee a version of sensors which can
be used in some applications where sensors fabdagith all silicon material is required.
One of the potential applications of ECRS with pBlyas an electrode is in the

semiconductor industry, such as Freescale Semictordinc.

Thus, fabrication of ECRS with poly-Si as an eled# 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
224 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 followiihgs 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 EQ®RS poly-Si as an electrode, the
only option was to approach outside vendors sucklBsS exchange. Moreover, the
substrate used is fused silica wafer and hences thexr some limitations, such as the
impossibility of solid or liquid source doping. i8hs because fused silica cannot survive
at 1000°C and higher temperatures. Another option is rop@ ion-implantation after
deposition of undoped poly-Si film. Since availapi of LPCVD module and the
possibility of being able to convert one of the dslto doped poly-Si, this option is

explored in detail.

As a part of this work, a doped silicon dioxidedub LPCVD at the Micro and Nano
Fabrication Center (MFC) at University of Arizorsadonverted to deposit doped poly-Si.
This is a cost effective way of fabricating ECRShapoly-Si as an electrode. As a result
of this work it has also given a capability to dsipaoped poly-Si film to Micro and

Nano Fabrication Center.
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Deposition of in-situ doped poly-Si film is carriedit by using a mixture of silane
(SiH,) and phosphene with silane (#8iH;). Deposition is done at 59€ and at 200
mT chamber pressure. This is achieved by turnifigh® supply of oxygen to the
original phospho-silicate glass (PSG) tube and geduflow is compensated by

increasing N at the outlet of the tube.

Resistance of metal is given by equation 2.2-1.

R =rx- - (22-0)
c A

Where,
R is resistance

is resistivity of metal or deposited film.
| is length of metal

A is cross-section area of the metal line

In this research due to packaging limitationssihecessary to have long connection
lines and thus line resistance need to be as lopossible. In order to achieve this, the
tunable parameters are:

I. Thickness of poly-Si film

il. Resistivity of poly-Si.
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Thickness of the poly-Si is decided based on riggisof 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 thahey materials and can lead to

problems in analyzing data.

Thus, the first task is to increase the condugtiat lower the resistivity of the
deposited poly-Si. In order to get a lower reegistj lowered oxygen flow is
compensated by phosphene /silane mixture. Thisdsadted in very minimal deposition
of film. When looked into the kinetics of the ré&aq, it is observed that with higher
Phosphene concentration, the rate of depositidie¢seasing. This is due to the fact that
the deposition of poly-Si proceeds by adsorptiorsitdne on the surface followed by
dissociation of silane to deposit Si on the surfaéhosphene added to the reactor is
incorporated in a growing film. Figure 2.2.1 shaws kinetics of the doped poly-Si film
for different dopants. Referring to Figure 2.2flcan be seen that the deposition rate
decreases drastically if phosphene added to thetareis increased. Finally, in order to
achieve lower resistivity a phosphene to silanm rat 0.053 is used. This has lead to a
very slow deposition of poly-Si film, but as thisject 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 deposirate of poly-Si.[40]

Once in-situ doped poly-Si film is deposited, iesistivity is measured by using a
four point probe. The actual picture of the fowinp probe is shown in Figure 2.2.2,

while its principle of operation is shown in Figl2e.3.

Four point is a four terminal sensing device. Aswn in Figure 2.2.3, a current is
passed through electrodes 1 and 4 and voltage asurexd across two inner electrodes,
namely 2 and 3 [32]. Based on the current flowargl voltage measured, a sheet
resistance is calculated. Sheet resistance isess@d in terms of Ohm/square. Here
square represents a square area of the film beiegsmmed. Resistivity of film is

calculated by multiplying sheet resistance withttiiekness of the film.
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Figure 2.2.2: Resistivity probe used for measurdménresistivity of poly-Si.

In this work, it is observed that sheet resistavicas deposited doped poly-Si film is
~380 ohm/square. It is necessary to activate dtipawt, which is done by heat treatment
at a high temperature. The procedure for high tratpre anneal is explained in detail in
the next section. This heat treatment leads tecaedse in Resistivity of poly-Si film to
20-30 ohm/square. Here, as poly-Si is depositeddiyg LPCVD, there is limitation on
resistivity of poly-Si film. The aim here is toldaeve as close to maximum doping
concentration as possible. Thus, based on finaisikéty value, a film thickness of

about 4500 A is required.

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

deposition rate of poly-Si film is very slow—abett00-500 A/hour.
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Figure 2.2.3: Principle of operation of four poiptobe

2.2.1.3 Deposition of Silicon Dioxide:

Silicon dioxide deposition is done in the same near@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, ¥ inecessary to activate dopants

incorporated in deposited film. This step perfotins following two functions:

Distribute dopants (in this case phosphorous) gvaside film
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Anneals the film to reduce any defect, in this caserdens poly-Si and silicon

dioxide deposited on top of it.

In case of silicon substrate activation of dopastdone at very high temperatures,
typically in the range of 1108C. In this research, substrate is fused silica lzence
there are some limitations for going to a high temapure anneal. It is found that the
strain point of fused silica is ~98C€ and hence any elongated heat treatment at oeabov
950 °C result in generation of micro-cracks which pragtag and leads to breaking of
substrate. Thus, the goal is to stay below @@nd optimize a recipe for the activation
of dopants. Another limitation to achieve thisktds the availability of the anneal
furnace. For this work, a diffusion tube used $dicon nitride deposition in Tempress

LPCVD is used as an anneal furnace.

Thus the wafer deposited with poly-Si is anneate868°C for 60 minutes in an inert
atmosphere. It is very essential to modify rammh¢he temperature. This needs to be
done as the fused silica wafer can break due tdesuthermal shock. Therefore, anneal
furnace is heated to 40C and the wafer is loaded. Afterwards, the tubelased and

the temperature is slowly increased till it reac888°C.

After anneal is complete, the temperature is slodegreased till it reaches 460

and then the tube is opened and wafers are allévedol down for some time. Once
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the wafers are removed, the Resistivity of filmmeasured 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 looth the sides of the wafer. Due
to the possibility of leakage through parasitiasitiesirable to have deposited films only
on the front side of the wafer. Thus, a wet pretgsis used to remove films deposited

on the backside of the wafer.

It is necessary to coat the front side with phaistefor two reasons:
I. Wet processing is very isotropic and hence it ie8eary to prevent front side
oxide being etched.

il. Photoresist prevents any scratches on the oxiae fil

In the beginning, the wafer is rinsed for 360 sed dried for 240 sec by using spin
rinse dryer. After this, a pre-bake of 5 minutesdded to remove any unwanted water
from the wafer surface. This is followed by cogtimith HMDS, using the Cee 200 spin
coater. Subsequent to HMDS coating, the front efche wafer is coated with AZ3312
and a bake at 9C for 1 min is added to remove unwanted solverttus] a protective
mask is created on the front side of the wafer Wwhidll prevent attack of fluorinated

chemistry on front oxide.
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Hence, the wafer coated with photoresist is imnmemst 6:1 buffered HF for about
25 minutes. Wafer is rinsed for 120 sec and dieed240 sec in spin rinse dryer. This
completes the removal of backside silicon dioxidde next step is removal of poly-Si.
Before this, front side photoresist is removed Ising acetone. Due to very high
selectivity with silicon dioxide, tetramethylammam hydroxide (TMAH) is used to
remove backside poly-Si. A 1:1 TMAH:water solutisnheated to ~78C and wafer is
immersed into it. Poly-Si is removed very quickiB0 sec) in a heated TMAH. The
wafer is rinsed for 360 sec and dried for 240 sethé spin rinse dryer. Now, the wafer

is ready for photolithography.

224 Photolithography

Photolithography procedure is same as explain&kation 2.1.2.

225 Etching of Thin Films

For a sensor with poly-Si as an electrode, alleiohing 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

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

In this version of the sensor, after the depositbriilms, heat treatment is added
which leads to densification of silicon dioxide.hi3 leads to a reduced etch rate of
silicon dioxide in a same CHFRwith Argon plasma. Table 2.2-1 shows the etcle rat
comparison between annealed and non-annealednstdicaide for a process conditions

shown in Table 2.1-3.

Table 2.2-1: Effect of anneal on etch rate of sii@ioxide

As deposited Annealed at 8%0 for 60 min

Etch Rate (A/min) 470 450

Thus, having anneal leads to a decrease in therateh Even though it will take
longer to etch this annealed silicon dioxide, ib&tter for the life of the sensor. Hence,
etch time for silicon dioxide is calculated baseu an etch rate of 450 A/min and
thickness of deposited film. As mentioned earlerl0% overetch is added to make

certain that all the oxide is removed.

SEM cross section images of oxide etch are takémeatniversity of Arizona. This

SEM image is shown in Figure 2.2.4. It can be ghahthe sidewall is very straight.
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Figure 2.2.4: SEM image after silicon dioxide etahi

2.2.5.2 Dry Etching of Doped Poly-Si

Similar to silicon dioxide, poly-Si etching is aldone by using the AGS Reactive lon
Etcher. CHE/Ar plasma created a really nice sidewall polym®it hence it resulted in a

nice profile of the trench.

For etching of poly-Si, the options are to usg 8FCF, or CHF; chemistry. The
problem with SE chemistry is that it is very reactive and hencé¢his plasma it offers
very high etch rates. In addition to that, du¢hie aggressive chemistry it is difficult to
control undercut. Since CHFplasma offers formation of side wall polymer, & i

desirable to use such a recipe for etching polyI3ius, out of various recipes tested, two
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shortlisted recipes are compared in more detaabld 2.2-2 shows the recipes used while

Table 2.2-3 lists the etch rate information for GH¥ and CR/O; plasma.

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

CHFR/Ar CFJO;
CF, flow rate (sccm) 34 40
Ar flow rate (sccm) 4 0
O 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

Poly-Si etch rate Photoresist etch rate
Recipe
(A/min) (A/min)
CHRy/Ar 36 38
CF4J/0O; 400 93

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

slowly and its selectivity with photoresist is varipse to 1:1. On the other hand, ¥,
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plasma offers very high selectivity with respecptmtoresist and hence it is better choice

than CHE/Ar plasma.

For CR/O; plasma power is reduced to 50 W in order to in@essectivity with
respect to photoresist. Moreover, most of theailidioxide is protected from the top by
photoresist and by the sidewall polymer from tltkesi Thus, it is not necessary to worry
about the etching of silicon dioxide while etchppgly-Si. Even though this is the case, a
test is performed in which annealed silicon dioxgletched by using GFO, plasma and
the etch rate is found to be 48 A/min. This etate iis very small compared to the etch

rate of poly-Si.

Thus, CR/O; plasma is used for etching of poly-si film. Thougfich rate studies are
performed, it is necessary to determine the endtpidithe etch. This is critical as too
much over etch leads to undercutting and sometida@sages the pattern. Currently,
there is no end point detection system on the igamin etcher. Thus, the approach used
to determine the end point is to visually monitoe shrinkage of the poly-Si film on the
wafer surface. This requires very good visuallskahd patience. This is not a perfect
way to determine the end point but if this techeigginot used it results in undercutting
as shown in Figure 2.2.5. Itis a SEM cross sedtitage. Image is not a good looking
as silicon wafer was broken by hand and photorésistis spilled all over while breaking

of the wafer.
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Figure 2.2.5: SEM cross section of patterned polgrel oxide on Si wafer.

2.2.6 Cleaning of Etched Wafer

The Cleaning of etched wafer procedure is the samexplained in Section 2.1.4.

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

This is because chlorine is not used for etchingnyf film.

2.2.7 Contacts Opening

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

Packaging of sensor procedure is the same as e&gla Section 2.1.6. Initially it is
thought that contact resistance of doped poly-8i Z&mil aluminum wire is very high.
In order to tackle this problem an option of depogiTi and forming titanium silicate is
explored. On the other hand, it is found that gsitver epoxy glue provides a very good
contact in terms of strength and electrical resista Thus, silver epoxy glue is the most

suitable choice for making electrical contact.

2.3. SUMMARY

Various thin films including poly-Si, chromiumna silicon dioxide are successfully
deposited. Deposition recipes are optimized taeaeha thickness uniformity, lower
resistivity, and better quality. A process forsitd deposition of doped poly-Si is
developed and optimized. A process for activatmindopants is developed and
optimized to reduce and/or avoid damage to the drssieca substrate. Issues with
chromium etching, arising due to non-uniform deposi and oxidation of Cr are
resolved by developing a dry etching process. E@RIS poly-Si and chromium as an

electrode is successfully fabricated on 6” Fuskdassubstrate.

Currently, packaging is a concern, but with thetaansmade ECRS wafer holder it is

possible to carry out experiments without worryiagout any contamination from
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packaging material. To reduce this impact, the BCteveloped in this work is
fabricated on 6” substrate with long connectioresinwhich keeps contacts away from

liquid level and keeps the sensor area deep itse&lbquid level.
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CHAPTER 3

EXPERIMENTAL SETUP AND PROCEDURE

Previous work on this project involved the use dbtdd chemicals to evaluate
sensitivity and selectivity of the ECRS to differehemicals. Those laboratory scale and
Fab scale results are very promising and preseetsewhere [30]. Though the
Semiconductor industry is moving towards diluteroimls, concentrated chemicals are
still widely used. Thus, a purpose of this workdsextend the use of this sensor to high
concentrations of different chemicals and studydyxeamics of rinsing of post Standard

Clean 1.

3.1 EXPERIMENTAL SETUP-BATCH OR IMMERSION RINSING

These experiments are performed in a Wet Benchbtapat carrying 25 wafer
cassette of 6 inch wafer or in a modified rinse&ktdesigned as a part of this work. All of
the experiments are carried out at the Micro andd\lgabrication Lab at the University

of Arizona. Actual picture of wet bench is showrFigure 3.1.1.
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Figure 3.1.1: Wet bench used for rinsing experiraent

As seen in Figure 3.1.1, the front tank is usediftging experiments. Here, a single
wafer holder is used to hold the sensor wafer. giSinvafer holder is made of
Semiconductor grade plastic (TEFLON). For eleatraonnection, wires are glued to the
sensor and the other end of the wire is connectédet HP 4284A LCR meter as shown
in Figure 3.1.2. It is necessary to keep thistaled contact out of liquid. This ensures
that there is no short circuit and that the meakumgedance is an impedance of the
trench. This purpose is accomplished by use aigleswafer holder, which controls the
immersion of sensor wafer into liquid. For all #xgeriments, half of the sensor wafer is

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

Wet bench shown in Figure 3.1.1 is similar to irtdusetup and is used for carrying
out various rinse experiments. On the other haoahe of the rinses require hot ultrapure
water. At the highest allowable flow rate (6 GPid)the tank, the residence time of
ultrapure water in the rinse tank is 30 secondsie Tighest allowable flow rate is
decided by the line pressure and ultrapure wateergg¢ion facility at the University of
Arizona. Even though the ultrapure water genemaftant capacity is 7 GPM, a
maximum of 6 GPM is observed at the rinse tankvedy powerful and ultrapure heater
is required to generate a constant flow of (6 GRivhpure water) high temperature and
high purity ultrapure water. This requires a opstéat-exchanger. To go around this
problem a rinse tank is designed and fabricateal @t of this work. The actual picture

of this rinse tank is shown in Figure 3.1.3. Ttea here is to reduce the volume of the
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tank so that the heat-exchanger designed at theetsity 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 Wapure. To ensure this,
electroplated stainless steel tubing is used in Heat-exchanger to avoid any
contamination coming into the incoming ultrapureteveérom the heating element. To
increase the temperature of ultrapure water, @pleted stainless steel tubing is packed
in such a way that residence time of ultrapure matéhe heat exchanger is increased. A
picture of this heat exchanger is shown in Figule43 Here electroplated stainless steel

tubing is kept in a heater covered with ceramicemail
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Figure 3.1.4: Electroplated stainless steel tubimdneat-exchanger.

Moreover, this rinse tank is designed in such a thay after putting a sensor wafer a
distance between a sensor wafer and wall of thie iasimilar to the distance between
two wafers sitting in a cassette. This is taken account to study the effect of the wafer

spacing in between the wafers.

The rinse tank shown in Figure 3.1.3 is fabricatgdusing a semiconductor grade
plastic (TEFLON). This rinse tank is fabricated ®moving inner material from the
TEFLON block. During this removal, much of the hisagenerated and it has led to the
deformation of the side walls. This can be seebdt walls in Figure 3.1.3. In order to
overcome this problem, a thickness of the sidevwgaihcreased keeping the inside tank

dimensions same. Thus, another rinse tank isdaiea at the University Research
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Instrumentation Center at the University of Arizonactual 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 afes in two regimes, namely
[20]:
I. Purge regime

il. Surface desorption regime.

This information is critical when it comes to opization of the rinse recipe. Thus, it
IS necessary to have a capability where it is pess$o switch between high and low flow

of ultrapure water along with hot and cold ultragwater. This is achieved by adding
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required connections. For that reason two ultr@apmater inlets are connected to the
modified rinse tank. One ultrapure water inletpassed through a heat exchanger to
generate hot ultrapure water, while the second mhéy provides cold ultrapure water.

Figure 3.1.6 shows a schematic of the actual setup.

Modified
Rinse Tank
Valve
< KX -
< £ Source 1- Ultrapure Water
Valve
Heat Exchanger |« Source 2- Ultrapure Water
Valve

Bypass

Figure 3.1.6: Schematic of the rinse setup.

A bypass is added for the hot ultrapure water beead safety reasons. If the water
supply to the heat exchanger is shut off immedatdier the experiment, it will keep
heating the water filled in the electroplated d&ss steel tubing. This will lead to the
evaporation of water and can lead to increasedspresand the possibility an accident.
The bypass eliminates this possibility of evaporatf water. In addition, depending on

the experiment, it is necessary to have hot ultepuater after a certain interval. Since



98

this heat exchanger does not provide instantankeousvater, it is necessary to have the
bypass on when hot water is not in use. Thushbypass 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 comation for known
duration.

3. Record the rinse dynamics to study the effect obwus process parameters.

To make certain that a starting point is the safoe each experiment, a
preconditioning is a must. Thus, preconditionisgperformed after each experiment.

Procedure of preconditioning is explained in datagection 3.3.

3.2 EXPERIMENTAL PROCEDURE-SINGLE WAFER RINSING

As a part of following Moore’s law, the semicontlucindustry is moving towards
smaller feature size. Moreover, to increase thinpugyand yield industry is transitioning
towards bigger wafer size. Both of these attrisuteeate a lot of problems, such as
particle generation due to incomplete rinsing wigitecessing using recipes developed
based on past experience in immersion rinsing. sTte industry is moving towards

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

different chemicals in single wafer rinse setup.

In order to achieve this goal, a single wafell tealesigned and developed as a part
of this work. The actual picture of this setugsiwn in Figure 3.2.1. A spin coater is
modified in such a way that it can be used as gleswafer surface preparation tool. As
mentioned earlier, the sensor wafer is connecteded.CR meter by using wires, so it is
necessary to come up with a design to acquire soseesponse while the sensor wafer is
spinning. In order to achieve this, a custom maback is designed by using a
semiconductor grade plastic (TEFLON), which allalws 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 bBbs&rhich is mounted on the
motor shaft and rotates along with the wafer. @ahtal picture of this custom made
assembly is shown in Figure 3.2.2. In order toehissulation between two electrodes,
this assembly is fabricated by using TEFLON. Thims assembly looks like two
concentric TEFLON rings with Cu metal rings gluedit This is still half of the job
done. It is necessary to connect the LCR metéhitocustom made assembly. This is
achieved by designing a stationary assembly wilstatal contacts which push against
this rotating part. The key here is to have th&ienary assembly sturdy enough to
withstand vibrations created because of the ratafind still provide good electrical

contact.

Figure 3.2.2: Custom made assembly for electricainection.
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Initially, in this research a thick Cu piece sed to connect the moving part to the
LCR meter. The actual picture of this idea carséen in Figure 3.2.2 while a schematic
of this setup is shown in Figure 3.2.3. The Cwgis bent and placed in such a way that
it is in contact with a metal ring in the customdaassembly but there is nothing which
is holding Cu piece in contact with the metal rinbhis design works fine for low speed
of rotation. But as the speed of rotation goes/al&®0 RPM due to vibrations generated,
this metal to metal contact creates either an ageshort circuit. This leads to very

unreliable data above 500 RPM.

Connection lines coming
from Sensor wafer

Custom /

made —

. To LCR meter

Motor )

chaft ‘ Support

Electric Motor and

Figure 3.2.3: Schematic of electrical connectioterface between sensor and LCR meter.
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In order to overcome this problem, a modifiedtisteary assembly is needed
which will make sure the rotating assembly is alsvaly contact with the stationary
assembly. This is achieved by fabricating a cdnéssembly using carbon brushes.
Thus, carbon brushes replace a thick Cu piecerasmdrushes can form a nice interface
between the Cu ring and carbon brush and proviadel gdectrical contact. Therefore,
carbon brushes are pushed against the metal ringsing a spring to ensure electrical
contact even at a higher speed of rotation. Tdtigpsis tested by using a known resistor
instead of a sensor wafer for speed of rotationsoup000 RPM. These test results are

very repeatable and hence this design is finalized.

Figure 3.2.4: Single wafer setup with cage and dbehand UPW delivery lines.
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Each test in single wafer rinsing consisted offtl®wing sequence of steps:

1.

2.

Pre-conditioning.

Mount the ECRS on the custom made Teflon chuck.

Exposure to cleaning chemical at 100 to 500 RPM.

Rinse at various RPM with ultrapure water (UPWir82°C to 60°C

Dry at 1000 RPM for 50 sec.

30

N
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i

Dilute NH40OH
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Figure 3.2.5: Dynamics of rinsing post dilute (4pNIH,OH exposure.

These tests involve the use of chemicals and wetde wafers are spinning, thus it

IS necessary to design a cage around this sethp. Cage is fabricated from plexiglass

material. This cage is fabricated in such a wat #my chemical and/or water thrown
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away by centrifugal force is collected in a traytta¢ bottom of the cage. Also, being
transparent, it is possible to monitor the entirecpss. Moreover, a modified assembly
is fabricated which sits at the top of the cagehisTassembly is fixed to ensure the
position of chemical and UPW delivery lines. Thtual picture of this modified setup is
shown in Figure 3.2.4. It is thought that this eskcare of all the problems so
experiments are performed with diluted ammoniumrbydie. The experimental data is

shown in Figure 3.2.5.

Figure 3.2.5 shows that the sensor is exposetdmical for 30 seconds and is then
rinsed with UPW. So, as soon as rinsing starts,rihsing curve shoots up and then
drops to sub 10W and then slowly increases to 3k When a similar experiment is
performed using a diluted (40:1) sulfuric acid,osally different response is obtained.
Sensor response for rinsing of post dilute 40:fusigl acid rinsing is shown in Figure
3.2.6. From Figure 3.2.6, it is found that durmgsing the rinsing curve increases to
high impedance and then slowly decreases toWO0 Khis totally contradicts the results
obtained for dilute ammonium hydroxide rinsing. tAts point it is thought that this is
because of two factors:

1. Ammonium and sulfate change the oxide surface reiffidy, and

2. These experiments are carried out in a setup vétie resent and high vapor

pressure of ammonium cause pile up of ammoniumaage and leads to sudden

drop in impedance.
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Figure 3.2.6: Dynamics of rinsing post dilute (4pH,SO, exposure.

The first factor is more of a surface property affdcts later part of curve rather than
initial part. To investigate the second effect,experiment is performed in which the
cage is removed. This ensures that there is nonadation of ammonium near the
sensor wafer. The dynamics of rinsing post diludetmonium hydroxide exposure is
recorded. This experiment showed a similar treqdir@sing post diluted sulfuric acid.
This proved that higher vapor pressure of ammonhyaroxide is responsible for a
sudden drop in impedance. Thus, it is necessahave an effective purging inside the
cage. On the other hand, it is required that tirgipg should not disturb the flow pattern
on the spinning wafer. Therefore, a purging liseadded at each corner of the cage.
Figure 3.2.7 shows final setup of the single wafarface preparation tool used for

experiments.
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Figure 3.2.7: Final setup of single wafer surfacegmaration tool.

3.3 PRECONDITIONING

The ECRS is very sensitive to contamination ondéesor wafer. This is a good
property of the sensor design. However, sometihesll be “too” sensitive. For
example, if not stored properly, the air borne aamnhants in the clean room air can fall
on the sensor and cause some irregular behavithreirsensor. Figure 3.3.1 shows an

example.
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The designed reading of the poly-Si sensor in Dewe 40 KV, which could slightly
change along with the water temperature. The uppse curve in Figure 3.3.1, which
shows the reading of this sensor in the DI wataticates that the sensor reading could

be much higher if contaminated.
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Figure 3.3.1: Sensor response for before pre-coomiitg.

Thus, during experiment with the diluted chemicaatment such as diluted SC-1 and
SC-2 can not remove such deposited airborne congants, it will show up in the sensor
reading. However, if the semiconductor wafers Wwhilce sensor monitors stay in the
controlled environments, such as in microenvirontwemd FOUPSs, the wafers may not
have such airborne contaminants. But in this ctieesensor falsely indicates that the
wafers have contaminants that diluted chemicalsdcoat remove. To ensure accurate

and repeatable end point detection, it is necessapre-treat the sensor. This makes
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sure the same sensor surface condition so thaterlde point readings of the rinse

processes are predictable.

It is known that cleaning chemicals or contaminards interact with the sensor
surface and hence the surface of the sensor wdifterent at the beginning of the rinse.
In order to get repeatable results, it is necesgathe same starting surface each time.
The ideal case is to rinse enough so that all dgsbions are removed. The task of this
work is to develop a rinse and thus it is necesgaadd some pre-conditioning after each

experiment to make sure the sensor surface isathe sfter each experiment.

The change in impedance is due to the incompleterand adsorption of airborne
contaminants onto the surface of the sensor wafberefore, it is thought that exposure
to hot DI water will increase desorption of adsarle®ntaminants from sensor surface.
Thus, sensor wafer is exposed to the stagnant hetar for about 40 minutes and then

the sensor response is recorded in cold DI wakérs is shown in Figure 3.3.2.
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Figure 3.3.2: Sensor response to the different sxatpre hot DI water.

From Figure 3.3.2 it is observed that the sensspaese, magnitude of impedance
(2) is different for each temperature exposure wlssmnsor impedance increases first and
then comes to a constant value. It is thoughtetalle to a change in the temperature of
the sensor wafer after transferring from the hotaater tank to the cold DI water tank.
After each experiment of long exposure to hot Dtewaend point is different which
indicates that surface is still not clean. Thist e repeated one more time and similar
results are obtained. Thus, this pre-conditiomir@cedure is rejected due to two reasons:

1. Data is not repeatable

2. Even after a long time, about 40 min, sensor rgadimot stable.
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Once the hot DI water approach is eliminated, te&t rapproach investigated is
exposure to diluted HF (1:100) for a very shortiguérof time. The idea here is to
remove a thin oxide layer which contains most ef ¢bntaminants. Most of the sensor
area is made of silicon dioxide, so there is aipdigg of changing the dimentions of the

sensor and can lead to different results.
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Figure 3.3.3: Sensor response for before and &M (SC-1).

Thus, exposure to an ammonium peroxide mixture (ARMested. This is chosen
due to the fact that APM removes most of the orggmmind particles. Therefore, the
easiest and fastest way to achieve this task mdyreating sensor with 1:1:5 APM (SC-
1) at 70°C. After exposure to APM at AT, the sensor returns to its designed value (40

kW) even if the surface of the sensor was dramajicdlbnged. This is shown in Figure
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3.3.3. Therefore, the standard procedure of usimgg sensor includes 1:1:5 APM
treatment at 70C for 10 minutes followed by UPW rinsing to conditi the sensor

surface.

3.4 SUMMARY

An experimental setup for immersion rinsing is ®ssfully modified. A New
immersion rinse tank is fabricated from semicondugtade plastic (TEFLON) to mimic
a 25 wafer cassette setup where there is aboutrd.®afer gap. Connection lines are
modified in such a way that it is possible to casnt an experiment with hot and cold
water one after another. The single wafer setupadified and tested to resolve many
practical and technical problems. Modified asdgnb fabricated and added to spin
coater to be able to acquire ECRS data by using h@ker while the wafer is spinning.
This modified assembly is tested for up to a cowl¢housand RPM and a very good

signal is obtained.

It is essential to have the same starting poirgttmly the effect of various process
parameters. After testing various pre-treatmendammns, an exposure to 1:1:5 APM at
70 °C for 10 minutes, followed by cold ultrapure watérse is finalized. This pre-

conditioning gives very repeatable results.
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CHAPTER 4

RINSING OF MICRO- AND NANO-STRUCTURES IN IMMERSIOISETUP

This work is comprised of the use of an Electrorsival Residue Sensor towards
surface preparation of micro- and nano-structuréBhe goal here is to study the
fundamentals of transport of ions inside the miand nano-structures along with the
effect of fluid dynamics while rinsing and drying different configurations. During this
research, rinsing and drying during the immersiod single wafer way of operation is
studied. This allows the fundamental understandinipe effects of various key process

parameters which can be optimized further to redvater and energy usage.

Typical surface preparation is carried out in tbhlofving three steps and shown in
Figure 4.1:

1. Exposure to cleaning chemical for pre-specifiecetim

2. Rinsing of the chemical with ultrapure DI water.

3. Drying to remove any residual water.

~ Chemical Exposure , Rinsing , Drying
\ .

uPw

Figure 4.1: Typical surface preparation procedure.
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As shown in Figure 4.1.1, surface preparation rsi@# out in batch configuration in
which wafers are transferred from one vessel tdreman sequence. This is a common
practice and is referred to as batch operationger @he years, industry has evolved and
has changed the way the above three processesraiedout. As bigger wafer size is
becoming more common, the semiconductor industmnesing away from traditional
immersion rinsing and moving towards single wafasing and drying. Currently, the
semiconductor industry is using 300 mm wafers dadrpng to move towards 450 mm
wafer size in a few years. Though the transitorsingle wafer rinsing is in progress,

still immersion rinsing is a very common practice.

In this work, rinsing and drying of post SC-1 expsis studied. SC-1 is commonly
known as Ammonium Peroxide Mixture (APM) [41]. [ewling on the process, the
proportions of the APM vary anywhere from 1:1:5v@rious combinations and from
room temperature to AT [42, 43]. Also, APM exposure time varies fronplgation to
application. Here, 1:1:5 APM is used at two difer temperatures: room temperature
and 70°C. The procedure used to carry out the chemigabsxre affects the rinsing of
the micro-structures and wafers. Variations imgfar of wafers from the chemical to the
rinsing bath also lead to different amounts of cioais through carryover layer. Thus,
when it comes to optimization of rinse recipes,sitimportant to know the exact

procedure in which surface preparation is carrigid o
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4.1 PROCESS MODEL

This work involves carrying out experiments to stutie effect of various rinse
process parameters, and then using the procestasimio study the mechanism. Thus,
along with the sensitive and robust sensors, mdesessary to have a comprehensive
process model which takes into account various am@sms occurring during the

removal of contaminants from micro- and nano-stmes.

4.1.1Different Mechanisms:

Therefore, the process model developed as a pati®fwork takes into account

various modes of mechanisms as listed below:

4.1.1.5 Electrochemistry
41.1.6 Diffusion

41.1.7 Electrostatic Field
41.1.8 Surface Reaction
4.1.1.9 Fluid Dynamics

41.1.1 Electrochemistry:

At the beginning of the rinse, the wafer is covewath chemicals. When the wafers

are immersed in liquid, chemicals dissolve in cleater, which leads to dilution. Some
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of the chemicals are on the surface of the mianectiire, while the rest are in liquid
phase. Chemicals in liquid phase are in the fofriolwic species due to dissociation.

These reactions are represented by equationst#.%-1-3.

Dissociation of NHOH is represented by equation 4.1-1. It is assuthatiall the

NH4OH present initially dissociates as representedduation 4.1-1

NH,OH® NH," + OH' 41-1

At the same time, there is dissociation and assoniaf water molecules taking

place in the liquid phase. These reactions anesepted by equations 4.1-2 and 4.1-3.

H,0® H* +OH" 41- 2

H*+OH ® H,0 41- 3

The Rate constant for the reaction represented dyaton 4.1-2 varies from
4.4x10%M*sec to 1.5x10«Msec'[44]. Here, concentration is in molé'L The rate
constant for reaction 4.1-3, represented by K ei®mnined by dividing the dissociation
constant of water () by the rate constant for reaction 4.1-2. Durthigs research,
rinsing is performed at an elevated temperaturdctwichanges the rate constant for
reaction 4.1-2 and 4.1-3 [45, 46, 47]. Thus, ieactates 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 tfakransport of ions inside micro-
and nano-structures. The ECRS reading is impedaht®e solution inside the micro-
structure, which depends on the conductivity ofgbleition. Thus, it is necessary to keep

track of the proton and hydroxide ions along wité tonic impurity of the interest.

Table 4.1-1: Effect of temperature on propertiesvater
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41.1.2 Diffusion:

In this research, the dynamics of impurity transpsrstudied. One of the most
important mechanisms is the transport of imputysi by diffusion. Lot of research has
been done which relates diffusivities as a funcbébroncentration and temperature [49,
50], but in this research diffusivities of impurigns at a process temperature are treated
as a constant and equal to the values correspontdingulk diffusivities. These
diffusivities are obtained from the CRC handbook][5 Therefore, the diffusion flux

given by Fick’s law is represented by equation4t.1-

N. =- D.NC. 41- 4

Here, D is diffusivity of ion of interest and ;Gs concentration corresponding to the

ion of interest.

41.1.3 Electrostatic Field:

ECRS is made of silicon dioxide and a metal sucltclasmium or poly-Si as an
electrode. During rinsing, the sensor wafer is gmsed in ultrapure DI water and leads
to the reaction on the surface of the micro-stectult is well known that when silicon
dioxide is immersed in ultrapure water, it leadsttie formation of a negative surface

charge through dissociation of the Silanol grotips represented by equation 4.1-5 [52].
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SiOH- ¥® SiO" +H"* 41-5

Thus, a negatively charged surface gives rise@éddrmation of an electrostatic field
close to the surface of the micro-structure. Tdpgilgorium constant (K1) in reaction 4.1-
5 is 10*° mol/m®. Equation 4.1-5 is used to determine the suréheege formed on the
surface of the micro-structure, assuming eachhgigea unit negative charge. Thus, the

total surface charge is given by equation 4.1-6.

s =dSiO] 41- 6

Where e is electronic charge and [$i@ number of active sites available. This

determines total surface charge

Total surface charge is also dependent upon maxirsilanol groups present for
dissociation, represented by equation 4.1-5. dthiserved that maximum silanol groups
observed on the surface are different based ochbmical treatment before rinse. This
leads to a different end value of the ECRS andttisbated to the availability of a
different number of surface sites for forming aface charge. This can be verified by
Figure 4.1.1, where the ECRS readings show difteegrd points during rinsing after
exposure to different chemicals. Thus, the maxinuit@s available for adsorption are

treated as a fitting parameter.
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Figure 4.1.1: Effect of different chemical exposaneend point of ECRS.

Charging of the surface leads to the formationroélectrostatic field near the surface
of the micro-structure. This electrostatic fielifieats the distribution of the ions inside
the trench. As the trench size becomes smallerD#bye layer formed near the surface
of the trench becomes increasingly important afelctd the transport of ions inside the
trench [53]. This Debye layer thickness is invrggoportional to the concentration of
ionic species, and thus becomes increasingly impbrtowards the end of the rinse,
where the liquid phase concentration is lower.oflder to predict the transport of ions
inside the trench, it is necessary to incorporagestffect of field on the transport of ions
inside the trench. This effect is referred to asigration, and migration flux is given by

equation 4.1-7.
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N, =-z mFC,NF 41-7

Where zis the valence of ion,;is ionic mobility of ion, F is faraday’s constaand

Is the potential generated due to the surfacegeharlt is possible to find an
approximate value for ionic mobility by equatindgfdsion and migration flux [53]. This
leads to a well-known relation, “Einstein’s Relatipwhich describes mobility in terms

of diffusivity of that ion. This relation is remented by equation 4.1-8.

m=— 41- 8

Where D is the diffusivity of the ion, R is gas constaafjd T is the process

temperature.

41.1.4 Surface Reaction:

During surface preparation, chemicals are presefijuid phase and on the surface
of the trench. The various reactions occurringhi@ liquid phase are described earlier
and it is necessary to consider the surface rgaftioa comprehensive understanding of
the rinsing process. It is assumed that ammoniursutfate ions can adsorb on the
charged surface site, so there is no prefererdisdr@tion and all sites are assumed to be

the same. The rate of adsorption and desorptiperdkon interaction forces between
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ionic species and the charged surface. Thesesfao® considered through different
values of adsorption and desorption. This detegmithe net flux coming out of the

surface, which is given by equation 4.1-9.

Flux=k, >C, - k, *C (S, - C.) 41-9

Where lg is desorption rate constants I§ surface concentration, Is adsorption rate
constant, and (Cis liquid phase concentration near the surfacehef trench; & is

maximum number of sites available for adsorption.

It is assumed that adsorption and desorption abprand hydroxide ions occur very
quickly. Therefore, proton and hydroxide ions alwgays in equilibrium with the surface
of the trench. Thus, equation 4.1-9 is only agplie 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 inraktaull of ultrapure water, and fresh
water comes from the bottom of the tank and ovesdlfrom the top. During this process,
chemicals near the wafer are transported out ofitis® tank by convection. This is a
very complex process which is affected by varioasameters such as tank design, flow

pattern, and water temperature.
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This problem is similar to the flow of liquid over flat plate or flow through two
parallel plates. In both cases, there is a nocdigdition at the surface of the wafer, and
there is a region near the surface where flow iie.z&his region of zero flow is called a
Boundary Layer. Flow over the flat plate has beardied for many years, and it is
possible to determine the thickness of this boundmyer based on the velocity of the
liquid. On the other hand, though the flow ratehe rinse tank is known, the actual flow
in between the two wafers is not known. Thushia work, the boundary layer thickness

is treated as a fitting parameter.

Outside this boundary layer, it is assumed thatetit@e chemical is well mixed and
its behavior is described as the Continuously &lirfank Reactor (CSTR). Thus, the
concentration of this CSTR depends on the amourdoataminants coming from the

surface of the wafer.

4.1.2Comprehensive Process Model:

Thus, development of the process simulator takés atcount the mechanisms
described above and gives a very comprehensivegsonodel. The details of the actual
equations, along with boundary conditions, are dlesd 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 rinsedamentals

Based on the electrochemistry, it is necessaryobeesfor ammonium, proton, and

hydroxide ion transport. Thus, the total flux fsaach of these ions due to diffusion and

migration is given by equation 4.1.10.

N, =-D,NC, - z mFC,NF

41- 10

Therefore, the mass balance equation for the difteions is represented by

equations 4.1-11 and 4.1-12. This equation i®ddhe Nernst Plank equation.
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'"_Ci+|<|x(- D,NC, - z mFC,NF)=R- ux\C, 41-11

It

In equation 4.1-11, i is for ammonium ions. Heeenvection is neglected. For
ammonium ions, it is assumed that there is no i@ataking place on the surface of the
trench other than adsorption and desorption. Bapndonditions for equation 4.1-11 are
as follows:

For ammonium
1. Boundary condition 4 to 10 is net flux coming offtbe surface- given by
equation 4.1-9
2. Boundary condition 1 and 3 is used as an axial sgtnnbecause part of

the actual geometry is simulated.- gradient of eotration is zero

3. Boundary condition 2 is determined by the solutionthe CSTR mass

balance - concentration as a function of time.

4. While initial condition is a constant concentration

€, < - - -
¢ T DRC, - zmFC R =K - K,C,,.C,, - uiC, 41-12

Here, j represents proton and hydroxide ions. I&mid ammonium ions, convection

is neglected.

Boundary conditions for equation 4.1-12 are aloves:

For Proton and Hydroxide
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1. Boundary condition 4 to 10 is flux coming off ofetlsurface, which is
equal to zero
2. Boundary condition 1 and 3 is used as an axial sgtnnbecause part of

the actual geometry is simulated.- gradient of eotration is zero

3. Boundary condition 2 is determined by the solutionthe CSTR mass

balance and charge balance of the ions. - condimiras a function of

time similar to 4.1-13 and 4.1-14.

4. Initial concentration is decided based on chargante® and given by

equation 4.1-13 and 4.1-14.

2 - 3 _
CH+=x/CO +421o Co 1. 13

\VC0? +47 10° +CO

Cyy = 2 41- 14

Equations 4.1.11 and 4.1.12 have potential terniéctwinfluence the transport of
ions. Potential distribution inside and outsidetd trench is given by equation 4.1-15.

This equation is called a Poisson Equation.

Nzr=L 41- 15
e
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Here, is spatial charge density which is given by ecuat#.1-16, while is a

dielectric constant of the liquid.

r=F (zC) 41- 16

Where z is valence of the ion and F is faraday’s constantlere, i represents
ammonium, proton, and hydroxide ions. Boundarydd@wmns for equation 4.1-15 are as
follows:

1. Boundary condition 4 to 10 is defined as a surfadw@ge decided based on
the dissociation of silanol group (equation 4.1n8 4.1-6).
2. Boundary condition 1 and 3 is used as an axial sgtnnbecause part of the

actual geometry is simulated.- gradient of potémdiaero

3. Boundary condition 2’s potential is equal to zero.

The change in surface concentration is tracked dyirgg equation 4.1-17 on the

boundaries 4 to 10.

fC,
it

=k, *C, - k,°C, (S, - C.) 41-17

As described in fluid dynamics, mass balance fof R given by equation 4.1-18.
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G, _

Vb =
It

Q(C,, - C,)+ A, xFlux 41-18

Where V is volume of the tank, Q is flow rate te tank, A, is area of the wafer, and
Flux is the contribution from the wafer by desooptiof adsorbed contaminants. Flux
here comes from the solution to equation 4.1-11iamdtegrated over boundary 2. This

gives an average flux rather than space depenllent f

All the above formulations give a liquid and sudaconcentration distribution.
When it comes to the experiment, measurementsngpedance as a function of time.
Thus, it is necessary to relate concentration & ithpedance in order to validate the
process model developed as a part of this workis iBhachieved by solving an Ohms

Law, which is described by equation 4.1-19.

J=s, Ny 41-19

Where J is current density and is conductivity of solution. . is calculated by

equation 4.1-20.

s.= (z/.C) 41- 20
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Here, i represents ammonium, proton, and hydroxids. For solving equation 4.1-
20, a potential of 1 V is applied on one electradd on the other electrode, the potential
is set to O V. All the other boundaries are trdats an insulator. Values of are
independent of concentration but depend stronglieoperature. Values of for proton
and hydroxide ions are corrected for temperaturesuiding table 4.1-1 [48]. ; for
ammonium is corrected by using a thumb rule of 3fange in ionic mobility per degree
Celsius change in temperature [51]. A finite elat®ased software package, Comsol is
used to solve these equations. Appendix A explams to setup these equations in

Comsol.

4.2 EXPERIMENTAL RESULTS

The metrology developed as a part of this work mae®f two parts. The first part is
use of ECRS to experimentally study the effect afiaus process parameters on the
dynamics of rinsing. The second part is the usa pfocess model to understand the
fundamentals of the mechanisms of the dynamicsingdfer Both of these parts go

together and that is what makes this metrologyrg pewerful tool.

4.2.1Hydrophilic Structures:

This is the most common type of structure in semdletor industry. During the

study of immersion rinsing following process paréene are studied in detail:
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4.2.1.1Effect of Rinse water Flow Rate
4.2.1.2Effect of Rinse Water Temperature
4.2.1.3Effect of Number of Dumps
4.2.1.4Effect of Overflow Rinse Time

4.2.1.5Effect of Carryover Layer

42.1.1 Effect of Rinse Water Flow Rate:

It is common practice in the semiconductor indudtsyuse a high flow rate of
ultrapure DI water during entire rinsing. The idszhind this practice is to remove the
contaminants as quickly as possible. This is algibut in reality, after chemical
exposure, chemicals are present in two locations:

1. In aliquid inside the micro- and nano-structure an

2. Adsorbed on the surface of the micro- and nanaztira.

When it comes to the removal of chemicals or comants by rinsing it is advisable
to use a high flow rate to remove chemicals initiqophase. This is referred to in this
work as a purging of the micro-structure. The putighe depends on many factors, such
as temperature of ultrapure DI water, concentratochemical, and fluid dynamics near
the wafer, and physical properties of the chen{al viscosity, density). Thus, purging
is helpful during the initial part of the rinse whéquid concentration is high. As the

rinse proceeds, liquid phase concentration decsess# below a certain point the process
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is dominated by the surface reaction. Thus, useigif flow ultrapure DI water during

surface desorption region leads to wastage of wafBhough this is the case, it is

necessary to determine the point at which a higlv f water is not very helpful. Thus,

as reported before, during this study it is alssepbed that rinse operates in two regimes:
1. Purge regime

2. Surface desorption regime.

0.42% HSO,, time of chemical exposure: 4min

350 Rinse flow=19.2 gpm
300 8/

N

250

Magnitude of Impedance (K

200 Rinse flow= 13.8 gpm
150 —— > Surface desorption regime
100
S0 Purge regime
0 1 # #
400 600 800 1000
Time (sec)

Figure 4.2.1: Effect of flow rate of rinsing of paklute sulfuric acid exposure

Figure 4.2.1 shows the effect of flow rate on mgsof diluted sulfuric acid. It can be
seen that flow rate has an impact only in the ahigiart of the rinse, where the liquid

phase concentration is higher. Thus, having higi fn the initial part of the rinse leads
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to lower concentration (higher impedance), and Jdteth curves meet at the same point,
which corresponds to same level of cleanliness.usTlit is possible to speed up the
removal of contaminants by having high rate ofagdtrre water flow in the initial part.

This is validated by experimental data shown inuFeg4.2.2. This is the experimental

data showing the dynamics of rinsing post 1: 6564:H.0) sulfuric acid exposure.
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Figure 4.2.2: Effect of flow rate of rinsing posifsiric acid exposure.

4.2.1.2Effect of Rinse Water Temperature:

In order to study the effect of rinse water tenap@re on rinsing of different
chemicals, a few experiments are carried out. Aplagmed in Chapter 3, a

preconditioning is added before each experiment.
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The first experiment is rinsing post Standard €l2aabbreviated as SC-2. SC-2is a

mixture of hydrochloric acid (HCI), hydrogen perdei (HO.), and water (kD).

For

this study, 1:1:10 (bD2: HCI: H,0) SC-2 at 7PC is used. ECRS is exposed to this

cleaning solution for 10 minutes and

then rinsedhwailtrapure water at different

temperatures. Experimental data obtained from ESRS8own in Figure 4.2.3.
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Figure 4.2.3: ECRS response during rinsing of [BSt2 exposure.

In Figure 4.2.3, the upper curve is for rinsinghwilltrapure water at 3%. This is

referred to as cold DI. The lower curve in the edfigure is for rinsing with ultrapure

water at 60°C. This is referred to as hot DI. As explainedchapter 3, hot water is

generated by use of the heat exchanger built dt/tteersity of Arizona. Since it cannot

supply a high power, the flow rate of

water is reghll to achieve a high temperature.
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Therefore, for the cold water experiments, the fiate is 18 Gallons per Hour (GPH);
while for hot water experiments, the flow rate I&GBH. The initial flat portion in Figure

4.2.3 is because the ECRS is still in process atedmiFluctuations in hot water rinse
data may be due to fluctuations in rinse water &napre and /or the nucleation of the

bubbles inside the micro-structure.

It can be seen from Figure 4.2.3 that the cold laotdultrapure water rinses show a
change in slope even after 500 sec of rinsing. 0 AlBgure 4.2.3 shows that both the
curves end at a different impedance value. Thbselate end values most of the times
can not be considered to determine the end poinhsing. The reason for that is that
the impedance is a reciprocal of conductivity o golution, and the conductivity of
solution is a strong function of temperature. Thusemperature correction needs to be
applied before these two curves are compared.eS@:2 is a mixture of chemicals, it is
difficult to do so. Thus, the best approach isi$e the process model described above,
which takes into account these temperature coomsgtiand get the surface interaction
parameters. By this it is possible to determireegtrface concentration of contaminant

(in this case chloride ions), which no other metgyl can provide.
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Figure 4.2.4: ECRS response during rinsing of @St1 exposure.

A Similar experiment is carried out for post SCQhising. SC-1 is also referred as
Ammonium Peroxide Mixture (APM). Here 1:1:5 APM72°C is used. Process time is
10 min. The two experiments in Figure 4.2.4 cquoesl to rinsing at 32C and 59°C.
The flow rate for rinsing at 32C (cold) is 18 GPH; the flow rate for rinsing at %9
(hot) is 5 GPH. As explained earlier, it is nosgdo compare these two curves, but
instead a process model is used to get the suctateentration of a contaminant (in this

case ammonium) to compare these two experimensemied in Figure 4.2.4. This is

explained in detail in section 4.4.1.
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4.2.1.3Effect of Number of Dumps:

Dump rinsing is also a very common practice durgwgface preparation. The
common procedure to carry out dump rinsing consfsutting the wafers in the rinse
tank, rinsing it for a set time, and then dumpihg whole tank to get rid of chemicals.
This is a very effective way of reaching lower ceniration levels in the liquid phase.
But again, this practice helps in the purge regame not in the surface desorption regime.

Moreover, depending on application, numbers of dzsiogn be optimized.

In this research, the rinsing post SC-1 expossirased to study the effect of the
number of dumps. During these experiments, the ESRxposed to 1:1:5 APM (or SC-
1) at room temperature for 10 minutes. This expent is carried out in a wet bench
shown in Figure 3.1.1. Here the backside tankseduo store chemicals and the front
tank is used for rinsing. A Teflon cassette capalblcarrying 25 six inch wafers is used
in this experiment. The ECRS is positioned at tkater of the cassette while the
remaining slots are filled by silicon dummy wafeiResidence time in the tank is 50 sec,
which means that every time tank is dumped, itg¢ad@ sec to refill. Thus, OFR time is
the time wafers are rinsed in an overflow configiorabefore ' dump is added and time

for which wafers are rinsed after tank is fillechgaetely in between dumps.
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Figure 4.2.5: Effect of number of dumps on dynamfaising post APM exposure for

OFR time of 5 sec.

Figures 4.2.5 and 4.2.6 show the dynamics of nqngiost APM exposure at room
temperature. This rinse is done with cold {82 ultrapure DI water. Here, OFR refers
to the Overflow Rinse Time. This is the time faniah wafers are rinsed before the tank
water is dumped. Figure 4.2.5 shows that rinseecshifts to the left with an increase in
number of dumps from 1 to 3. Thus, it is posstblachieve a higher level of cleanliness

(higher impedance) by having more dumps in théainitart of the rinse.
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Figure 4.2.6: Effect of number of dumps on dynamfainsing post APM exposure for

OFR time of 60 sec.

This trend is found to be true to some extent wiigire 4.2.6 is examined. Figure
4.2.6 shows that improvement in rinse time is olegras the number of dumps is
increased from 1 to 3, but it can be seen thattinee for 2 and 3 dumps overlap on each
other in the earlier part, indicating that ther@aé much gain by adding one more dump.
Therefore, it can be seen from Figure 4.2.5 andrEig.2.6 that with at least 2 dumps it
is possible to achieve higher cleanliness fastdre difference in end value is thought to
be due to any airborne contaminant which leadew@t impedance. A point to be noted

is that optimization of the dumping process is¢aah low concentration levels or surface
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reaction dominated region quickly, and thereforeear@mphasis should be on the part of

the curve before it turns flat.

4.2.1.4Effect of Over Flow Rinse Time:

To study the effect of overflow rinse time, expeents are performed for three OFR

times: 5 sec, 30 sec, and 60 sec. Experimentalfda 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 ofimg post APM exposure for 2 dumps
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Figure 4.2.7 shows that as OFR time is increas®d b sec to 30 sec or higher, it is
possible to achieve a higher level of cleanliness ishorter time. This is because the
longer OFR time allows part of the ammonium bonttethe surface to desorb, and when
the tank is dumped this desorbed ammonium is retchaugckly. This decreases the
concentration in the tank to a very low level, amow the rinse is in the surface
desorption region as indicated by the flatter cur@n the other hand, the curve for 5 sec
OFR time shows a gradual increase in impedancecatdg that there is still lot of

ammonium left in the liquid phase which is gettreghoved slowly.

When experimental data shown in Figure 4.2.8 ianmered, a different trend is
observed. It suggests that for the experiment ®ittumps, a shorter OFR time is the
most effective. Therefore, as observed in Figu2er4 a higher ammonium concentration
in liquid phase for OFR time of 5 sec is removedkly by addition of one more dump.
Thus, for post APM at room temperature, a rinsépeegvith 2 dumps should have an
OFR time of 30 sec or higher, but having a shddER time (5 sec) and more dumps (3)
helps in achieving surface desorption regime quickle to faster removal of liquid

phase chemicals.
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Figure 4.2.8: Effect of OFR time on dynamics ofimg post APM exposure for 3 dumps

4.2.1.5Effect of Carryover Layer:

The sequence used in surface preparation is showhigure 4.1. Wafers are
transferred from the cleaning chemical to the riwsger after the chemical process time
is complete. The way wafers are removed from tkaning chemical determines the
thickness of the chemical film formed on the wadarface and ultimately decides the
amount of chemicals transferred to the rinse tarikhis chemical film is called a
carryover layer. To give an idea about the careydayer: the faster the pull rate, the

more chemicals are transferred along with the wafed vice versa [8]. This depends
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strongly on the physical properties of the chematdahe process temperature. In order to

reduce rinse time, it is advisable to reduce chalmicoming with the wafer.
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Figure 4.2.9: Effect of carryover layer on dynamidsinsing post APM exposure for 3

dumps and OFR time of 5 sec and 60 sec.

A different carryover layer brings a different amowf chemicals and will affect the
time required for transition to the surface dedorptegime from the purge regime. But
the rinse practice here is dump rinsing, so dumpihthe tank should remove most of
these extra chemicals coming with the wafers. difiom this, an experiment is carried
out where the cassette carrying the wafers is imetde chemical tank for 10 sec before

transferring wafers into the rinse tank, whereaspiavious experiments the wafer
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cassette is immediately transferred to the rins&.taThus, a longer hold time should
bring fewer chemicals into the rinse tank and dwstl not affect the overall process. The
experimental data for this comparison is shown igufe 4.2.9. Here, dotted curves
represent a longer hold time or less carryoverrlayagure 4.2.9 shows that for 3 dumps
and for both OFR times (5 sec and 60 sec), the riosves are same, even though the
carryover layer is different. Thus, having a seofDFR time and more dumps is the best

option for all the possible scenarios in casemding post APM at room temperature.

4.2.2Hydrophobic Structures:

During semiconductor manufacturing, various dnhitg steps are used. These steps
fabricate structures of interest by selective etghof different films, but this process
leads to the generation of hydrophobic surfacesaddition, use of new materials, such
as modified low-k materials, leads to the creatafnhydrophobic structures. The
surfaces that create these structures are notwehjknown and thus pose challenges in
surface preparation of these structures. Thusd#eehere is to study the rinsing of these

hydrophobic structures by use of the ECRS.

Thus, for this study, different structures are cdeed. It is not possible to fabricate
exactly the same structures created during thection of chips. The goal is to study

different surfaces which resemble the actual atnest realized in the semiconductor
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industry. For this experiment, two types of stmes are studied, which are shown in

Figure 4.2.10.

(A)

Reference
All Hydrophili ¢ Trench: SiC;

Cr/Poly Electrode

(B)
Target: Contact/Trench of Low-k

All Hydrophobic Trench:
HMDS Coating

Cr Electrode

Figure 4.2.10: Different structures studied as atpH this work (A) all hydrophilic

structure, (B) all hydrophobic structure

Structure (A), which is all hydrophilic, is the samas the one used for experiments
reported in section 4.2.1. Structure (B) is a rfiediversion of Structure (A), in which

the microstructure is coated with a thin layer ek&methyldisilazane (HMDS). HMDS
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is commonly used in the semiconductor industryribamce the adhesion of photoresist

to the semiconductor surfaces.

By using structures (A) and (B), the effect of flonate and ultrapure water
temperature is studied. Figure 4.2.11 shows tfeetedf flow rate on the rinse dynamics
of hydrophilic and hydrophobic structures. These surfaces have different available
sites for adsorption and thus give different enihiso Thus, the normalized ECRS
response for these two structures is shown in Eigu2.11. During this experiment two
flow rates are studied, which are 5 GPH and 15 GRIing the rinsing of post diluted
sulfuric acid exposure. During these experimes@snL of 98% sulfuric acid is added to
the modified rinse tank (volume 85 mL) containing ECRS wafer, and then rinsed with

ultrapure water.
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Figure 4.2.11: Effect of flow rate on rinse dynasnaf hydrophilic and hydrophobic

structures.

In Figure 4.2.11, the curve on the left is for mgswith a 15 GPH flow rate, and the
curve on the right is for rinsing with a 5 GPH fleate. It is found that curves for both
the surfaces are overlapping on each other, indgdbat flow rate does not affect the
rinse dynamics for different surfaces. This is tu¢he fact that flow rate has an impact
on the liquid phase concentration, and thus foistirae chemical exposure resulted in the

same rinse dynamics for two different surfaces.
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Figure 4.2.12: Effect of ultrapure water temperaum rinse dynamics of hydrophilic

and hydrophobic structures.

Figure 4.2.12 shows the effect of rinse water teatpee on the dynamics of rinsing
hydrophilic and hydrophobic structures post dilusedfuric acid exposure. When the
slope of the rinse curves is compared, it is fodhat the slope is higher for the
hydrophobic surface, while it is lower for the hgghilic surface. This trend is the same
for the two temperatures studied (&and 6°C). This slope is a measure of the rate of
the removal of contaminants from the surface. Blope, being higher for hydrophobic
surfaces, indicates that contaminants are comihgfahe surface at a higher rate than
that of hydrophilic surfaces. This means that bptiobic surfaces get cleaned faster

than hydrophilic surfaces. The slope for the’@2data is 1.96, and for 6T it is 6.7.
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This indicates that the removal of sulphate ionsnflhydrophobic surfaces is much faster
at a higher temperature than that at a lower teatpey. Therefore, the removal of

contaminants from hydrophobic surfaces is a higlalyvated process.

4.3 COMPARISON OF MODEL WITH EXPERIMENTAL DATA

The process model developed in this study is usetuidy the mechanisms of rinsing

and extract surface interaction parameters. Tperaxental data used here is the rinsing

post 1:1:5 APM exposure at 0. Rinsing is carried out at 32 and 6JC.

45
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Figure 4.3.1: Comparison of experimental data aratiei prediction for rinsing at 32C
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APM is a mixture of ammonium hydroxide, hydrogerrgxéde, and water. It is
assumed that hydrogen peroxide dissociates andgiatilar to water and hence the only
contaminant of interest is ammonium ions. Comparisf experimental data with model
prediction for 32°C is shown in Figure 4.3.1, and for 8D is shown in Figure 4.3.2. The
model prediction is in good agreement with the expental data. Predictions of the
model in the initial part of the curve are not vagcurate as that region is dominated by
fluid dynamics in the tank. A CSTR model is usedjét the concentration outside of the
boundary layer. This assumption is not very adeuaad needs to be addressed for better
model predictions in the initial part of the curvd?arameters obtained by the model
prediction are shown in Table 4.3-1 and 4.3-2.inktd element based software package,

Comsol, is used to solve the partial differentli@ions used in this formulation.
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Figure 4.3.2: Comparison of experimental data aratied prediction for rinsing at 68C



Table 4.3-1: Model prediction parameters for thesing at 32C.

Parameter @ 3T

ka, (M°/mole/sec) 0.01

kg, (1/sec) 0.012

Surface Sites (§ (mole/nf) 1.66x10’
Boundary Layer thickness (H) (m) 10x10
Dnna s (MF/sec) 1.957x10

Dy, (m/sec) 9x10
Dow, (mf/sec) 5.273x108

Table 4.3-2: Model prediction parameters for thesing at 60°C.

Parameter @ 6tC

ka, (M°/mole/sec) 0.2

kq, (1/sec) 0.08

Surface Sites (§ (mole/nf) 6.64x10°
Boundary Layer thickness (H) (m) 8x10
Dnna s (MF/sec) 2.15x10

Dy, (m/sec) 9.9x10
Dow, (mf/sec) 5.803x108

149
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4.4 MODEL PREDICTIONS

The process model developed as a part of this $tagywo important applications:
44.1 Interpretation of Experimental Data

442 Prediction Tool

4.4.1 Interpretation of Experimental Data

The ECRS metrology has two parts. The first is BCRardware; and second is the
process model. It is necessary to use both theepsomodel and the ECRS measurement
to study the dynamics of rinsing for various pracesnditions. During the study of any
process parameter on rinsing, the ECRS is usedquire the dynamics of rinsing. It is
possible to do a trend analysis by using only tkgegmentally obtained ECRS output
but for more accurate results and for better comparof the two processes, it is
necessary to use the process model developed ast afpthis work. By using the
process model, process parameters can be extraxctget a surface concentration of
contaminants instead of impedance. This is ilatstt by performing experiments to
study the effect of process parameters such affoiverate and temperature of ultrapure

DI water. The experimental data is shown in Figurel.

Figure 4.4.1 shows the case study where the sffe#ctiow rate and temperature on

rinsing post 1:1:5 APM (SC-1) at 7C is studied. Three experiments are carried tut.
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each experiment, the sensor is exposed to the ARNS at 70°C for 10 minutes and then
rinsed with ultrapure water at different conditions the first experiment, the sensor is
rinsed with high flow (18 GPH) and cold (3Z) ultrapure DI water; In the second
experiment, the sensor is rinsed with low flow (BH), hot (60°C) ultrapure DI water;
and in the third experiment the sensor is rinseth wigh flow, cold DI water for 1

minute and then the flow is switched to low flowat DI water.

Volume of Tank= 85 mL

50
= 18 GPH Cold UPW (1 min) + 5
Q oS GPH Hot UPW (9 min)
8 Pl w - v
@ ZA . /
=3 :
g 30 A : Al R4 ooy
ks ' . N
q) Ay
o Ay
2 204
[
= L 18 GPH Cold
©
— 0 UPW 5 GPH Hot UPW

0 200 400 600

Time (sec)

Figure 4.4.1: Experimental data for rinsing postMRxposure.

Since there is a change in temperature, it i€y to use the process model to
compare the three experiments explained here. ,Thegprocess model is used and the
model prediction is compared to the experiment&h.das explained in section 4.3, the

model prediction is in good agreement with the expental data. Thus, the parameters
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obtained from the model prediction are used tatlgeidynamics of surface concentration
for each of the experiments presented in Figurel4.4The comparison of surface

concentration for the three experiments presemtétdgure 4.4.1 is shown in Figure 4.4.2.

- 18 GPH Cold UPW

1.E10 /

18 GPH Cold UPW
1E9| +5GPH Hot UPW

Surface Concentration (ions/m

5 GPH Hot UPW

0 100 200 300
Time (sec)
Figure 4.4.2: Surface concentration correspondinghe experiments presented in

Figure 4.4.1.

The results are used to compare these three recipkkscold, all hot, and a new
proposed staged rinse. This shows that in a divea (5 min), one can achieve better
cleanliness by having high flow initially (purgiige tank) and then low flow hot UPW

to increase surface reaction.
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Table 4.4-1: Comparison of cleanliness for the pesipresented in Figure 4.4.2

Recipe Cold UPW Hot UPW Staged Flow

Surface
1 <0.01 < 0.0001
Contamination

When these three rinse experiments are comparésl,faund that an all hot rinse
gives 2 orders of magnitude higher cleanliness @atgpto an all cold rinse, while the
staged rinse increases the level of cleanlines4 bxders of magnitude compared to an
all cold rinse. This comparison is shown in Tabk-1. This is a significant gain. Thus,
one can optimize a desired recipe based on watergg 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 megtrology method is the effect of

certain rinse parameters on the fundamentals sérin
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Figure 4.4.3: Effect of dump on the dynamics ofaxe concentration

In Figure 4.4.3, the various curves show the dyganaf surface concentration for

different times at which a dump is added. For egxamthe 5 sec curve represents a

scenario where the tank is dumped after the sassorsed for 5 sec in overflow rinsing,

and 960 sec represents a scenario where the tahknped after the sensor is rinsed for

960 sec in overflow rinsing. It can be seen thataddition of a dump in the early part of

the rinse is the most effective, while adding a gumthe later part of the rinse has little

impact on the surface concentration inside the emstructure.

This is a similar

conclusion as explained in section 4.2.1. Thus,diocess model can also be used to

predict and study the dynamics of different rineaditions.
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Figure 4.4.4: Effect of feature size on cleanupetiior different surface interactions

Another process parameter is the effect of feasize on the rinse. For this case
study, various surface interactions are considefdte results are shown in Figure 4.4.4.
Figure 4.4.4 compares the time required to reaclf idhs/cnf, or 1/13" of the
monolayer concentration, for different trench sizewl different surface interactions
(mild, strong and very strong). Here, the deptkheftrench is kept constant at 2 microns.
It is found that the clean up time is increaseaificantly as the trench width decreases.
That is why cleaning nano-scale structures is goingge a challenge and will have a
major ESH impact because of the increase in thelsesources. 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 si4e effect of feature size is
shown here. The results shown in Figure 4.4.9ar&ench depth of 2 microns and for
mild adsorption K;=0.7 n¥/mol/isec) Here a fraction of residual impurity on the sigd of
the trench is plotted as a function of time. Feydr4.5 shows that the curve for a 15 nm
feature size levels off faster than that for a @0 feature size. This leveling off is the
indication of change in regime. So after it levef§ the flow rate does not have much
effect and can be used as a point to switch the fite and increase the temperature,

which will increase desorption.
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Figure 4.4.5: Rinse mechanism and effect on dyramic
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45 SUMMARY

The ECRS is used to study the effect of flow ratkapure water temperature,
number of dumps, overflow rinse time, and carryolagrer for the structures with
hydrophilic surfaces. It is found that having ghiflow rate in the initial part of the
rinsing is very helpful, and having a high temperatin the later part of the rinsing helps
the most. It is also found that having more durapd a shorter OFR time is the most
effective way of achieving lower concentration lsven dump rinsing. Hydrophobic
surfaces are studied by using the ECRS, and auisd that flow rate has a similar impact
on the structures with hydrophilic surfaces. Maeo it is observed that removal of

sulphate from hydrophobic surfaces is a highlyatéd process.

A comprehensive process model is developed to stiugytransport of ammonium
ions inside the micro- and nano-structures. Atdirelement based software package,
Comesol, is used to solve these partial differerd@aiations. The transport of ammonium,
proton, and hydroxide is studied in detail to iptet experimental data and extract the
surface interaction parameters. The model predias found to be in good agreement
with experimental data for rinsing of post APM egpe. This process simulator, along
with the surface interaction parameters, is usecbtapare the different recipes for post
APM rinsing. It is found that an all hot rinse ifge gives 2 orders of magnitude higher
cleanliness compared to an all cold, and a nowaest rinse recipe gives 4 orders of

magnitude higher cleanliness compared to an all coke.
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The process simulator is used to study the effettree when a dump is added, and
the effect of feature size. The process simuligtarcomprehensive tool and can be used

by itself to study the effect of various processditons on the dynamics of rinsing.

Thus, the combination of ECRS measurements an@rtieess simulator provides a
powerful metrology tool to study the fundamentalsrinse and is the only metrology
which allows one to obtain the surface concentratibcontaminants during the rinsing

of patterned wafers.
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CHAPTER 5

RINSING OF MICRO- AND NANO-STRUCTURES IN SINGLE WAERR SETUP

Currently, most of the semiconductor industry ings300 mm wafers. The most
important reason for moving to single wafer progegss to reduce cross contamination
and etch non-uniformity issues [26]. Another intpat reason for moving to the single
wafer processing is to reduce wait time. It iswghdhat with a smaller move lot it is
possible to reduce wait time which ultimately leadsa shorter cycle time [54]. The
biggest problem of single wafer processing is lotieoughput. Thus, it is necessary to
study the effect of various process parametersetigd an optimized rinse recipe for
shorter processing time, and lower resource usagédis can be achieved by a

combination of ECRS measurements along with procestel.

5.1. PROCESS MODEL

Rinsing is a complex process that involves varipugeess steps as shown in Figure
5.1.1. The individual steps in the overall impurémoval process are generally affected
by the surface charge on the walls of the pattestecture and the bulk and boundary
layer concentrations near the wafefhe key configuration and operating parameters
involved in the development of the process modekingle-wafer spin rinsing tools are
the speed of rotation (RPM), the water flow raté{Q, the water temperature (T), and

the initial concentration (§. In this work, removal of known concentratiorfssalfuric
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acid is studied. This chemical exposure is sonegineferred to as a contaminant in this

paper.

Cnn\/em‘iml
—_—

Water
Diffusion
Desorption Adsorption

Chemical

Figure 5.1.1: Various simultaneous mechanismsrdmuting to the removal of

contaminants.

The rinse water on the wafer will be present in wemes: some will be inside the
features to be cleaned and some in the fluid fiat is formed on the spinning wafer.
Since the mixing and transport in the fluid filmedast compared to other processes, the
film on the surface is assumed to be a well mixegion with the impurity-to-mass

balance given by equation 5.1-1:
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V‘"‘"—C;'D=Q(Cin - C,) + A, xFlux 51-1

Where Gis the concentration of contaminants in the tanindhe liquid phase on the
wafer surface. This Cis a well mixed region which is away from the sud of the
wafer by a distance equal to the boundary layanéar on the wafer surface. Since the
incoming water is ultra pure,;Cis set to be zero. Q is the flow rate of the mow
water. F is the flux of contaminants coming outtloé trench per unit area of trench
opening. Flux is calculated by using the solutiorthe mass balance equation solved in
the micro- and nano-structure.,, #s the area covered by the trench on the waféacselr
V is the volume of the ultrapure water film formed the wafer surface, which depends
on the rotation speed, the flow rate of water, tredtemperature of water along with the

physical properties of water.

UPW
RPM
UPW
«— ——>
< 300 mm wafer >

Figure 5.1.2: Schematic of rinse water flow in $énggafer configuration.
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During single wafer processing, the ultrapure wdlanv pattern looks like what is
shown in Figure 5.1.2. The volume of the watemfis calculated by estimating the
mean value of liquid film thickness. Lesgetw al, Espiget. al, and others have studied
the film thickness as a function of radius of tivewar disk and various other parameters

[55, 56]. The mean film thickness, h, on the wafarface is given by equation 5.1-2,

033

2xRen?

h=0.909%
D >w?

51- 2

where Re is Reynolds numberjs kinetic viscosity; is angular velocity; and D is

diameter of the sensor wafer.

As mentioned, the earlier flux term in equation dpends on the chemical to be
cleaned from micro- and nano-structures. Therefilwe@ micro- and nano-structures act
as a source of contamination in Equation 1. Treeexalue of boundary layer thickness
is not known and is treated as a fitting paramet@he detailed description of the

equations is given elsewhere [30]. The key equnatitsed in this study are listed below.

Generally, previous studies of rinsing micro andaoyatructures have focused on the
transport and fluid mechanics of the process omlpwever, surface charge and surface

interactions are increasingly more important in theaning of patterned wafers. For
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example, the silicon dioxide surface is negativaigrged in water, which is attributed to

the dissociation of silanol group as shown by Eiguab.1-3 [44, 52, 57].

Boudary#2
Flow
Boundary Boundary|layer > Boundary H
#1 #3
Boundary #10 Boundary| #4
Trench 1
Boundary #Bgundary
#9
D Electrode
Boundary Boundary ‘"Boundary
#8 #7 #6
Sio,

Figure 5.1.3: Geometry used for study of rinsedamentals

SiOH- ¥#4® SiO" +H"* 51- 3

This negative charge formation leads to the geiwgratf a strong electric field near
the surface. Distribution of this field is givery equation 5.1-4. In this Poisson
Boltzmann Equation is an ionic charge density. The Electrostatitdfiafluences the
transport of ions inside and outside of micro- @asho-structures. This effect is taken

into account by solving the Nernst Plank Equationdulfate, proton, and hydroxide as
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shown by equation 5.1-5. Equations 5.1-4 and Sate5solved in sub domain 1 and 2 in

Figure 5.1.3, where domain 1 is trench and domasn@minar boundary layer.
N? =-— 51- 4

ﬂﬂ—?ﬂ’(Di,NCi +z FCN )+R 51-5

Under the influence of an electrostatic field, thaface interaction is also affected,
and for getting accurate surface interaction patarset is necessary to take into account
surface reaction. The Surface reaction is destripeEquation 5.1-6, which is solved

only on boundaries 4 to 10.

dCq
dt

=Kk,C\(S, - Cs)- kyCs 51- 6

In order to compare experimental results with mqateldictions, it is necessary to
convert the concentration inside the trench to ithpedance of the trench. This is

achieved by solving Equation 5.1-7.

J= Ny 51- 7
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Where . is the conductivity of the solution, calculated the summation of the
product of the molar ionic conductivities and camcation of ions obtained from

solution of the Equations 5.1-4, 5.1-5, and 5.1-6.

All the differential equations are solved simultansly by using the finite element
method based software package, Comsol. The maeneters D k,, and kg are

determined by comparing model predictions to theeexnental data.

5.2. EXPERIMENTAL DATA

Use of the ECRS is extended to single wafer pracgdsy design and development
of the single wafer tool as explained in ChapterRgure 5.2.1 shows the monitoring
capability of the ECRS metrology. ECRS can be useall 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 chemicaspecified time. This depends on
the application. Then the remaining chemical neéssdare removed by rinsing. Similar
to batch processing, ECRS also shows two regim&ghioh rinse operates. Stage-2 is
the purge regime, where parameters affecting ftiyjidamics are important; and Stage-3
is the surface reaction dominated regime of theimgn process, where temperature plays
a very important role. Stages 2 and 3 are affediéerently by the process parameters.
Both experimental data and theoretical analysisvsthat the process parameters such as
the speed of rotation, the flow rate of water, ahd rinse water temperature have
significant impact on rinse dynamics. After rinse&omplete, the wafers are dried, which

is represented by Stage-4 and Stage-5. Thisdsisised in detail in Chapter 6.
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Figure 5.2.2: Effect of speed of rotation (RPM)dymamics of rinsing post sulfuric acid

exposure.

ECRS is used to study the effect of speed of mtatin the dynamics of rinsing.
Figure 5.2.2 shows the effect of speed of rotabondynamics of rinsing post 40:1
diluted sulfuric acid. For all the experiments whoin 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 ofrihge profile is shortened as the
spin rate increases from 400 RPM to 800 RPM, wichcates an increase in purge
efficiency. Increasing the spin rate beyond 80MRtas no further impact on purge

efficiency. This behavior can be explained bydldynamics. A non-slip boundary
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condition at the wafer surface guarantees thatetlera thin layer of liquid in close

proximity to the wafer surface which is spinningtlwthe wafer. This is referred as a
Boundary layer. The chemical above this layerugk]y cleaned from the wafer. The
thickness of the boundary layer is reduced as pleed of rotation is increased, but it is
not reduced further beyond 800 RPM. The speedhetbbundary layer relative to the
wafer is close to zero. Therefore, the purging maecsm in this boundary layer is
mainly by diffusion, which is not impacted by thairsrate of the wafer in higher RPM

range.

Figure 5.2.3 shows the effect of flow rate on dyre@nof rinsing post diluted sulfuric
acid exposure. Here, water flow rate is variednfi® gallons per hour (GPH) to 20 GPH,
while the speed of rotation is kept constant at BBRM. Figure 5.2.3 shows that the
duration of the purge regime decreases as therfitavincreases from 6 GPH to 16 GPH.
As the flow rate of the water is increased beyo@dPH, no further reduction in time is
observed. At lower flow rates, due to less mixitige non-slip boundary is thick
compared to higher mixing during a high flow rafghus, a high flow rate leads to faster

removal of contaminants from the liquid layer neea surface of the wafer.



169

800 RPM, N Purging 40:1 Dilute Sulfuric Acid
180

150+

120+

90 +

60 +

Magnitude of Impedance ' )

30 +

0 50 100 150 200 250 300 350
Time (sec)

Figure 5.2.3: Effect of flow rate on dynamics afsing post sulfuric acid exposure.

Therefore, it is found that higher flow rate andher speed of rotation during rinse
will help in achieving the desired level of clear@ss, but no benefit of increasing beyond
certain levels. Thus, the reduction in rinse tidiminishes as the optimum speed of
rotation and flow rate is reached. This limitatisncaused by the speed of rotation and
the flow rate not having much of an impact on tamoval of contaminants from the
surface of the micro-structure and on the diffustmminated boundary layer near the
wafer surface. Thus, increasing the speed ofiontand flow rate beyond certain range

leads to wastage of large amounts of energy anerwat
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Figure 5.2.4: Effect of rinse water temperaturedymamics of rinsing post sulfuric acid

exposure.

Figure 5.2.4 shows the effect of rinse water temjpee on dynamics of rinsing post
diluted sulfuric acid exposure. The purge regimé the desorption regime of the rinse
profile is shortened as the rinse water temperasunecreased from 32 to 52C. This

indicates increase in rinse efficiency both in pliege regime and desorption regime.

As discussed earlier, the slow motion of watehmm boundary layer leads to chemical
removal mainly by diffusion. Higher speed of raiat and water flow outside this

boundary layer has very little to no impact on thi#fusion in the boundary layer.
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Therefore, purge efficiency reaches its limit. Hoer, increasing temperature
significantly accelerates diffusion in the bounddayer, and increases the rate of
desorption. Thus, speed of rotation and flow &dtect the purge of the micro- and nano-
structures while temperature effect applies to puagd the surface desorption. The
optimal flow rate and spin rate depends on thenohgpchemical, 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 contammbaemoval from a micro-
structure, as obtained by the ECRS, is shown inrEi$.3.1. This impedance profile is
measured inside a micro-channel which is 4 micreide and 2 microns deep. ECRS is
currently the only method for obtaining the tempam@ncentration profile of chemical
residues inside micro-structures during the rinszcgss. The profile depends on the
water film flowing on the wafer surface, transportthe trench, and the interactions
between the impurities and trench surface. Adddily, ECRS also selectively shows
the characteristic behavior for different ions lsasen their transport and surface

interactions.
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In the case of single wafer tools, the residenoe f rinse water on wafer surface is
very short; therefore, the rate of purging or realaf bulk chemicals in the water film
layer is fast. The initial removal of bulk contarants on the wafer is relatively fast
(represented by the section before peak in Figu8elh and therefore, the chemical
concentration in the water film on the wafer suefdoutside of the boundary layer) is
very small. After this fast removal of bulk contaamnts, the rinse process is dominated

by the surface reaction (represented by the seaftenthe peak in Figure 5.3.1).
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Figure 5.3.1: Typical experimental data for postsing of 40:1 HSQ, in single wafer

tool.

In this paper, diluted sulfuric acid is used aataminant. In the initial part of

the rinse, the initial sulfate load on the oxideface is high and this leads to multilayer
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adsorption. In order to prove this assumptionjnaukation is done where maximum
surface concentration is equal to what correspaads monolayer concentration. The
result is shown in Figure 5.3.2. A comparison gpeximental data (shown in Figure
5.3.1) with that obtained from simulations (shown Rigure 5.3.2) shows a distinct
difference in the first 20 seconds of rinse dynamicin both of these figures, the
impedance is a function of time. The simulatioadicts a sharp increase in impedance
followed immediately by a switch to the surfacectesn dominated region. On the other
hand, experimental data shows a slow transitidh@csurface reaction dominated region.
To explain this experimental data, there needs d@oabhigher concentration (lower
impedance) inside the micro-structure in the 2@tseconds of the rinse. This is possible
only in the following two scenarios:

1. Transport of sulfate ions out of the trench is @othan predicted by the

model; or,

2. Sulfate ions are desorbing from the surface otrdngch at a higher rate.

The trenches are very small and the transport buit is mainly due to diffusion.
Therefore, for scenario one to be true, diffusias b be very small, which defies mass
transport fundamentals. Thus, the only possibiitghat of a higher desorption rate or
the second scenario. If a very high desorptioa imtused for the entire rinse, the rinse
will be completed in a much shorter time than wisabbserved experimentally. As a
result, there should be a multilayer adsorption rehleosely bound sulfate ions are

desorbing at a higher rate during the initial prthe rinse, followed by slow desorption
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from the monolayer on the surface of the trenclinis Tmplies the need for more than
single desorption coefficients. Dr. K.T. Lee cam#s that sulfate adsorption on oxide
surface is a multilayer adsorption based on themx@ntal data obtained by the use of
the Quartz Crystal Microbalance [58]. Though iagsumed that adsorption is multilayer,
how many layers are formed is not known and hesed as a fitting parameter. During
these experiments, chemical exposure is 30 secewagu in that short period of time

sulfate adsorbs on the surface and forms a mudtilayhus, adsorption of sulfate on the

surface of silicon dioxide is thermodynamically daed.
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Figure 5.3.2: Model prediction for monolayer adstop.

As the rinse proceeds, more sulfate ions leaveottide surface, leading to an

increase in the surface charge. Since the sildioride surface is negatively charged,
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more hydrogen ions are attracted towards the sarfacis leads to an increase in the
hydrogen ion concentration inside the trench. FEdu3.1 is the impedance which is the
reciprocal of the conductivity of the solution idsithe trench. The conductivity of the

trench depends on the concentrations of protoriaxydie, and sulfate ions. Effectively,

the final sensor reading is dominated by the hyemnogpns, due to their increased
concentration and higher conductivity values coragdo those of the sulfate ions. This
explains why the sensor reading drops as the gngseeeds. Increase in the surface
charge is due to desorption of sulfate ions, soctireentration of hydrogen ions inside
the trench will not increase if sulfate ions ard desorbing from the trench surface.
Quantification of the extent of surface chargingedo desorption of sulfate ions is

possible only by using the process simulation alomigh ECRS measurements.

Comparison of concentrations of proton, hydroxmled sulfate ions inside and near the
surface at the bottom of the trench is shown inuféd.3.3. Results shown in 5.3.3 are
obtained from a simulation. Here, c1 is protonasoniration, c2 is sulfate concentration,

and c3 is hydroxide concentration.
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Figure 5.3.3: Concentration of proton, hydroxidedasulfate inside the trench

The comprehensive process model is used to integgerimental results and get

process parameters which will be used for the pamacn study. Comparison of

experimental data with the model prediction forsig of post 40:1 (b0:H,SO;) diluted

sulfuric acid solution is shown in Figure 5.3.4heTsimulation results agree well with the
experimental data.

For the process simulation, the volume of watethenwafer surface is calculated by
multiplying the area of the wafer by average filmckness. The film thickness on a
rotating wafer varies radically; the thickness ealised in this formulation represents the

average over the wafer, given by equation 5.1-2océss parameters for sulfate are
shown in Table 5.3-1.
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Figure 5.3.4: Comparison of experimental data aratel prediction for rinsing of post

40:1 H,SQ, solution

Here, k is an adsorption coefficient, whilg ks a desorption coefficient. Desorption
rate of layers above the monolayer is represengddib Since k; is much higher thangk
re-adsorption of sulfate ions to form a multilayeconsidered to be very small and hence
neglected. The Monolayer’s initial concentratian assumed to be equal to what
corresponds to maximum sites available for the igdiem of sulfate ions. Concentration
of multilayer is obtained from a fit. Diffusivitseof the sulfate, proton, and hydroxide are

equal to the bulk diffusivities obtained from thRC handbook.
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Table 5.3-1: Fitting parameters for the rinsingsafifuric acid

Parametef @ 32°C

ka, (M°/mole/sec) 0.007

kg, (1/sec) 0.0025

ka1, (1/sec) 0.3

Monolayer concentration (molefyn 9.13x10’
Concentration of multi-layer (molefin 9x10’
Dsos”, (mf/sec)|  1.065x10°

Dy, (mf/sec) 9x10°

Dow, (Mm/sec)|  5.273x10°

5.3.2. Experimental Measurements:

In order to validate the process model some exmarisnare performed to elucidate
the mechanism proposed in this paper. The follovexyeriments are performed:

1. Exposure to 40 :1 (}0:H,SOy) for 60 sec at 400 RPM.

2. Rinse for 5 sec with UPW at 32C and 800 RPM

3. Dry for 50 sec and 1000 RPM.

4. Exposure to 40 :1 (3@:H,SOy) for 60 sec at 400 RPM.

5. Rinse for 10 sec with UPW at 33C and 800 RPM
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9.

10.Exposure to 40 :1 (}0:H,SOy) for 60 sec at 400 RPM.

Dry for 50 sec and 1000 RPM.

Exposure to 40 :1 (#:H.SQ,) for 60 sec at 400 RPM.

Rinse for 15 sec with UPW at 33C and 800 RPM.

Dry for 50 sec and 1000 RPM.

11.Rinse for 30 sec with UPW at 33C and 800 RPM.

12.Dry for 50 sec and 1000 RPM.

13.Exposure to 40 :1 (}0:H,SOy) for 60 sec at 400 RPM.

14.Rinse for 60 sec with UPW at 33C and 800 RPM.

15.Dry for 50 sec and 1000 RPM.

16.Exposure to 40 :1 (}0:H,SOy) for 60 sec at 400 RPM.

17.Rinse for 120 sec with UPW at 33C and 800 RPM.

18.Dry for 50 sec and 1000 RPM.

19.Exposure to 40 :1 (}0:H,SOy) for 60 sec at 400 RPM.

20.Rinse for 300 sec with UPW at 33C and 800 RPM.

21.Dry for 50 sec and 1000 RPM.

179
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Figure 5.3.5: Sensor response during drying of¢@mesor.

The results in Figure 5.3.5 show the experimentdh dor exposure to cleaning
chemical for 60 seconds, followed by rinsing foffetient durations, and finally drying
the microstructure at a higher speed of rotatiovihen drying of the trench is initiated,
the trench is filled with water and can be représgiby a batch reactor. Here it can be
seen that the ECRS reading is changing constamttyre circled area in Figure 5.3.5.
The decrease in impedance (circled area) is camge@sorption of sulfate ions from the
trench surface, which then accumulates in thedigoside the trench. At the same time,
water inside the trench is evaporating. The acdamom of sulfate ions due to
desorption from the trench surface along with evapon of water is captured by the

ECRS reading. The Drop in the initial part of therve (shown by circled area)
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corresponds to desorption of sulfate ions whileidden increase in impedance is due to
the complete removal of bulk water inside the trendChange in shape of the curve
(circled area) relates to the different surfacecentration inside the trench at the end of
the rinse. Until all of the water from the trenshevaporated, the sensor only detects the
change in liquid concentration inside the trench ttudesorption of sulfate ions from the

trench surface.

When the slope of the initial part of the circlecka is plotted as a function of
different rinse times (extent of rinsing), it prdes valuable information about the
cleanliness of the surface. This is shown in FeguB.6. If all the ions from the surface
of the trench are removed, the drying curve will slsow a sharp decrease in impedance.
Therefore, as the rinse is carried out for a lorigee, viz 300 sec., the rate at which the
impedance changes indicates that there are fevfatesions left on the surface of the
trench. Figure 5.3.6 shows that even after a E20rdd rinse, the slope of the drying
curve is higher than after 300 seconds of rinsifgis indicates that there are still sulfate
ions left on the surface of the trench which needeé cleaned. This validates the
hypothesis that surface reactions are still ocogreven 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 diat rinse times

5.4. MODEL PREDICTIONS

Section 5.3 shows that the model prediction is oody agreement with the
experimental data. This increases the confidemdbea process model and hence can be
used as a prediction tool for different processddtons. Here the process simulator is
used to compare the three recipes. These threpeseare decided based on past
experience. By using model parameters obtained ABM rinsing, a surface
concentration is compared for these three recipd$iese 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 hefggh the purge and surface
desorption regimes. Thus, the recipes comparezldrerbased on the staged temperature.
For all three recipes the flow rate is 2.5 lit/naéind the speed of rotation is 250 RPM.
These three recipes are as follows:

1. In the first recipe, ultrapure water temperaturkeipt constant at 3

2. In the second recipe, rinsing is done with cold {32 ultrapure water for 60
sec and then flow is switched to the hot {60 ultrapure water.

3. In the third rinse, rinsing is done with hot (80) ultrapure water for 30 sec
followed by cold (32C) ultrapure water. The model predictions are shaw

Figure 5.4.1.

Thus, recipes 2 and 3 are staged temperature se@pd their performance is

compared with recipe 1, which is a single tempeeatunse.

Hydrophilic Surface

1E1:C .
(\5 50°C
2
S ~
< 1E1Z
<
IS
(0]
% 1.E11 | RPM = 250
o Flow Rate = 2.5 lit/min
s 1.E1C
Z 0 60 12C 18C 24C
Time (sec)

Figure 5.4.1: Comparison of staged temperatursirig post APM exposure.
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Figure 5.4.1 shows the advantages of a staged tatupe rinse approach over a
single temperature rinse. It can be seen thaedtagsing increases surface cleanliness.
So, in order to achieve 1x*dons/cnf surface concentration, rinse recipe 2 takes 120 se
while rinse recipe 3 takes only 100 sec. On themhand, rinse recipe 1 (rinse at’83
requires 200 sec. Thus, rinse recipe 2 leads tervgavings of 40%, while rinse recipe 3
leads to water savings of 50%, when compared witserrecipe 1. Therefore, one can
optimize desired recipe based on water and energngs for a given throughput or one

can work on increasing throughput.

Currently, due to limited access to fabricationl$pd is not possible to fabricate a
sensor with smaller feature sizes and thus a psoocesdel is used to predict the
performance of the rinsing of smaller structuréetere, trench depth is kept constant at 2
microns and the dynamics of rinsing of negativesi@ne studied. These results are

shown in Figure 5.4.2.

Figure 5.4.2 shows the effect of trench width oa time needed to achieve 1%10
ions/cnf surface concentration. The clean up time is mmed significantly as the trench
width decreases. That is why cleaning nano-sdaletsres is going to be a challenge

and will have a major ESH impact because of theemge in the use of resources.
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Figure 5.4.2: Effect of feature size on rinse tiimea negative ion.

5.5. SUMMARY

The single wafer processing tool is designed andified to be able to study the
effect of various process parameters. ECRS isesstually integrated in this new
modified tool. A process model is modified to stude rinse mechanism during surface
preparation in the single wafer setup. By use GRBE, it is found that there is an
optimum flow rate and speed of rotation above whibk reduction in rinse time
diminishes. This optimum flow rate and speed ¢&tion depends on the chemical used,
and temperature of the ultrapure water. The ECR® lme used to determine this

optimum speed of rotation and flow rate for thecsjpe application. Temperature of
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ultrapure water helps both purge and surface déearpegimes and hence leads to

shorter rinse times.

The process model is in good agreement with exmariah data and is used as a
prediction tool for the different process condisonlt is shown that by having a staged
temperature rinse, it is possible to reduce theaofisdtrapure water by up to 50% when
compared to an all cold temperature rinse. Th@eecomparison shown here is an
illustration of the procedure and cannot be takea guideline. It is shown that as trench
width decreases, rinse time increases, and thas lEaan increased use of resources.
Environmental and cost optimal recipes can onlydatized by understanding the rinse
regimes and fine-tuning of the process parametghsch is made possible by this
metrology. Therefore, a desired process can begetd 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 showsgure 4.1. The last step of the
surface preparation is drying. Drying is a veryaortant step as any anomalies in drying
can cause problems in the performance of the devidrus, the goal of this work is to

study the fundamentals of drying micro and nanoestires by use of the ECRS.

6.1. DRYING OF MICRO AND NANO- STRUCTURES
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Figure 6.1.1: Monitoring capabilities of ECRS
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Figure 6.1.1 shows the capabilities of the sensbhe important stages related to
drying are stage-4 and stage-5. Here, Stage-4yisgdof bulk water while Stage-5
represents the removal of residual water from thigase of the micro-structure.

Q)

Reference
All Hydrophilic Trench: SiO ,

Cr/Poly Electrode

(B)
Target: Contact/Trench of Low-k

All Hydrophobic Trench:
HMDS Coating

Cr Electrode

Figure 6.1.2: Different structures studied as atpafrthis work (A) all hydrophilic

structure, (B) all hydrophobic structure

During Stage-4, water is present in liquid phasthémicro-structure and it is getting
evaporated. Thus, the level of the liquid watside the micro-structure is continuously
dropping. The ECRS measures the impedance ofothéa inside the trench, which is
achieved by having electrodes at the bottom ofttliech. Thus, till there is a liquid in
the trench, the ECRS response measures impedarbke ofater. After all the water is

evaporated from the trench, the contact betweerekbetrodes is broken and now the
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trench acts as a perfect capacitor. This is tlesom why the response of the sensor

jumps to very high values (in Mrange) as represented by Stage-5.

Stage-4 shows the decrease in the impedance, whiafue to the very high
sensitivity of the ECRS. What is meant by thadising Stage-4, water present in the
trench is evaporating; and at the same time théaounants left on the surface of the
trench or from the air are dissolving in the watefhis causes an increase in the

conductivity of the solution and hence leads t@erélase in the impedance of the trench.

As a part of this work, drying of the different fages is studied. Surfaces considered
during this work are shown in Figure 6.1.2. Stuoes (A) and (B) are explained in
Chapter 4. Figure 6.1.3 shows the comparisonratwtre (A) with structure (B). The
black curve on the left is for structure (A). Dngithis experiment, a drop of water is
added on the sensor area and the sensor wafeptiidezontal to let it dry. There is no

purging of the sensor. Thus, drying is only duevaporation of the water from trench.
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Figure 6.1.3: Comparison of trench with hydroph#éiod hydrophobic surfaces by ECRS

Figure 6.1.3 shows that trench with hydrophilizisture dries quickly compared
to the hydrophobic structure. This can be seerdmparison of Stage-4 mentioned in
6.1.1. The Different mechanism, which dictatesdhgng these two different surfaces is
described in Figure 6.1.4. As shown in Figure 4.1he hydrophilic surface forms a
water film on the surface and thus offers more &oeavaporation. On the other hand,
when the hydrophilic surface is compared, it foranBquid droplet and hence smaller
surface area for evaporation. Thus, in the cadeydfophobic surfaces, the trench sees

the water for a longer time and hence takes a loimge to dry.
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Figure 6.1.4: Mechanism of drying of hydrophilicdanydrophobic surfaces.

When the region corresponding to Stage-5 is condpart data from Figure 6.1.3, it
can be seen that after jumping to high impedantieesathe hydrophobic structure shows
a gradual change in impedance. The hydrophobictsite is formed by coating the
surface of the ECRS by HMDS. HMDS coating is dbgesvaporation of HMDS at 100
°C for different times. If this hydrophobic film isot solid, it can trap moisture in the
pores and act as a low resistance path in betweerelectrodes. It seems like this is
what is happening in this experiment. Thus, fiassible to monitor the dynamics of the
drying of the trench for different surfaces, ani tis the only metrology available to do

SO.
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6.2. EFFECT OF PROCESS PARAMETERS

Drying of micro- and nano-structures depends onouar process parameters. In
order to study and quantify the effect of theseiowmr process parameters, several
experiments are carried out. Thus, the processnpeters 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 expenims carried out in which drop of
water is added on the sensor wafer and the wafetased at different speeds to study the
effect of the speed of rotation. The response@RE is shown in Figure 6.2.1. Here it
can be seen that as speed of rotation increases i RPM to 500 RPM, the time
required for bulk water drying reduces. This isduese the centrifugal force acting on
the water film reduces the thickness of the water én the wafer surface. This removes
the water from the wafer surface quickly and thecpss does not depend on the rate of
evaporation of the water. It can be seen thateffect 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 dynzsof the drying

6.2.2. Effect of Feature Size

Another important parameter is the feature size. older to study the effect of
different trench widths, structures with differettench widths are fabricated by
deposition of HMDS. This is achieved by adjustthg exposure time of ECRS to the
evaporating HMDS. Here, the wide trench is a stmecformed by a 5 min exposure to
evaporating HMDS, and the narrow trench is realizgdh 15 min exposure time. The
exact thickness of the HMDS coating is not knownuistthese two structures are referred

to as wide and narrow structures.
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During the experiment, a drop of water is addedhensensor area and it is allowed to
dry in air. Thus there is no purging to increake tate of drying. During ECRS
measurement, impedance and phase angle is measthes, having low phase angle
(close to zero) is an indication of a resistivecgir (most common during rinsing); and
having a more negative phase angle (close t8)-80an indication of a capacitive circuit.
The results obtained are shown in Figure 6.2.2¢ckvie a phase angle as a function of
time. As explained earlier, a mechanism of dryasga film drying, followed by trench
drying, can be seen here clearly in Figure 6.Z Berefore, it can be seen that the curve
for a narrow trench shows a gradual drop in phasgeaowards the phase angle of 290
On the other hand, the wider trench reaches thsepaiagle of -96fairly quickly. Thus,

a narrow trench takes a longer time to dry compaoethe wider trench. In order to
explain the mechanism of drying, the data showRigure 6.2.2 is truncated data and the

actual time scale is different for the drying oésle structures.
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Figure 6.2.2: Effect of feature size on dynamicthefdrying

6.2.3. Effect of Temperature

One more important parameter studied is the efbédemperature on the drying.
During these experiments, the effect of the rinagewtemperature used during rinsing on
subsequent drying is studied. This data is showrFigure 6.2.3. During these
experiments, drying is carried out at 1000 RPM &edce water film removal from
surface of the wafer is rapid. It can be seen blyatising a high temperature ultrapure
water during rinsing helps in reducing the timeuiegd for drying. This is due to the fact
that hot rinse water increases the temperaturbeofMafer and hence leads to increased
rate of evaporation. Thus, having hot rinse wataronly helps rinsing but also helps

drying.
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Figure 6.2.3: Effect of rinse water temperaturedymamics of the drying
6.2.4. Effect of Purge Gas

Drying time can be reduced by reducing the moistorgcentration in the atmosphere
surrounding the sensor wafer. This is achievegimging the surrounding with high
flow and high purity inert gas. Nitrogen is theshoommonly used gas for purging. An
experiment is carried out in which the effect ofging of the cage on the dynamics of
drying is studied. In the first part, drying isrdowithout purge gas, and in another set of
experiments, drying is performed in the presencelwfpure nitrogen gas at 3@fh

ECRS measurements for these two experiments avensinoFigure 6.2.4. It can be seen



197

that drying is accelerated when the chamber is gqoungith ultrapure nitrogen. The
drying time depends on the environment, gas puaityl temperature of the purge gas.

Thus, for a specific drying application, the puoge be optimized by using ECRS.
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Figure 6.2.4: Effect of purging of the cage on dyines of the drying

6.3. SUMMARY

Use of ECRS is extended to study the mechanisndryofig. It is observed that
drying occurs in two regimes. First is drying betwater film formed on the wafer
surface, followed by the drying of the water frohe trench. It is observed that drying

hydrophobic structures takes a longer time compgréydrophilic structures.
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The effect of speed of rotation, feature size, teragre, and purge gas on drying is
studied by using the ECRS. It is observed thatdpd rotation has a pronounced effect
in lower RPM range. It is also observed that asttench becomes narrow, the time
required from the drying process increases. Awviter rinse is found to decrease the
drying time significantly. Thus, rinsing with hafater not only helps the rinsing but also
helps drying of micro- and nano-structures. Puggifithe cage with high purity nitrogen

also leads to shortening of the dry time.
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CHAPTER 7

FUTURE WORK

In this work, a version of the ECRS on 6” fusedcailwafer is designed and
fabricated. Semiconductor industry is currentlygrating its manufacturing to larger
wafer sizes, using 300 mm and planning to movesto m wafers in a few years. This
poses some restrictions in the use of 6” sensoemfaf studying surface preparation of
bigger wafers. Therefore, it is necessary to ntoube bigger size wafer, and the current
plan is to move to the 200 mm wafer size. Thisleamone at the University of Arizona
by using a newly setup Plasma Enhanced ChemicabVBegposition (PECVD) tool
which can handle 200 mm wafers. This will requoene additional processing, such as
ion implantation, which can be outsourced to theMEexchange. Another alternative
is to find a Foundry which can fabricate the ECRS300 mm wafers; this is a costly

alternative, but it needs to be explored at sonet po time.

Apart from moving to the bigger wafer size, it iscessary to make the ECRS more
user-friendly. In the current design, due to pbgksconnections of wire it is not possible
to extend the use of ECRS to chemistries such &4, 8Mich attack the silicone glue.
Thus, the packaging still needs further work. Otherlast couple of years, this problem
is addressed by a group at Arizona State Universiiyer the supervision of Dr. Bert
Vermeire. The approach taken is to develop a esmelcircuitry to acquire the ECRS

signal while the process is taking place. Theqiypte of this idea is designed and tested
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and is shown in Figure 7.1. It is shown that theel@ss version of the ECRS has similar
sensitivity as with the use of wires. Therefotegré will be no loss of data while using
the wireless version of the ECRS. Therefore, v step is to fabricate the ECRS with
wireless circuitry on the sensor wafer itself. s'hiill be more user-friendly and can be

extended to applications such as single wafermgaiithout any limitations.

There is an ongoing project on the developmenbwf Water and low energy rinse
recipes; the project is conducted jointly with Fsese Semiconductor Inc. Currently,
rinsing post APM exposure is being investigated sydying the effects of various
process parameters. In addition, the plan is wdysthe rinsing post SPM (Piranha)
exposure. Since this rinse requires hot waterQ& KW heater was purchased and is
being installed at the University of Arizona. Thvil give a high flow of hot ultrapure
water which will be used to optimize rinsing po&tM Thus goal is to implement the
fundamental understanding of the rinsing and dryobtpined over the last few years,

which will lead to environmentally friendly rins@édry recipes.
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Inductor

Figure 7.1: Remote measurement of ECRS impedaystens overview and

prototype

Dynamics of rinsing and drying in single wafer dgaofation is studied by using a
single wafer setup developed at the University akéna. In order to use the ECRS in
any other single wafer setup, it is necessary talifpdhe existing setup to be able to

acquire the ECRS response. This requires a todifroation, so work is in progress on
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the development of a wireless version of the ECR&the mean time, the ECRS can be
used to study any process parameter, and aftertfieasensor response can be monitored
externally to study the cleanliness of the micrasttire. This is an ex-situ measurement
but gives valuable information about the impuritpncentration inside the micro- and
nano-structure. This is explained in Section 5.3 Bis approach can be studied in detail
for different chemistries. In the near future sthiill overcome shortcomings in the use

of ECRS metrology.

In this work for studying the single wafer rinsirg,model developed uses a CSTR
approach which assumes that there is a boundagy tear the surface of the wafer, and
outside this boundary layer, the liquid is well eulx This approximation may not be
valid for some cases and improved boundary condititeed to be implemented. Some
work has been initiated to couple the fluid dynanan the wafer surface with the
transport of ions. The velocity profile given bgdgewet.al.is assumed on the surface of
the wafer. Based on this velocity profile, theuld) film thickness on the wafer surface is
calculated which decides a sub-domain for the safdie rinsing. The actual geometry
will look like what is shown in Figure 7.2. Thelgtoon of the liquid film will determine
the concentration at the mouth of the trench. Th&smuch more sophisticated approach
than assuming the CSTR model. For accurate resulis necessary to have a mesh
which is very small near the wafer surface in tlgid film, and for that, a high

computing capability is required. To tackle thiolem a few approaches such as
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modified mesh are taken but need to be studiethdurio be able to get more accurate

results.
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Figure 7.2: Modified sub-domain for single wafemsing simulations.
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APPENDIX A

COMSOL SETUP- NUMERICAL SOLUTION TO STUDY THE DYNAMS OF

RINSING
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Finite element based software package, Comsolsesl for studying the dynamics of
impurity transport inside micro- and nano-strucsurd he details of the equations solved
are given in Chapter 4 and Chapter 5. This sedwsctribes in detail how Comsol is

used to solve those equations.
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Step 1: Decide the space dimension and co-ordgystem.

For studying the dynamics of rinsing in immersicgtup and single wafer setup a
Cartesian co-ordinate system is used. All the g#gpmare solved in 2D space dimension.
Thus, a 2D setting from space dimension gives de€ian 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 ammoni@y roton (cl) and hydroxide
(c), surface concentration {Ctank concentration (), electrostatic potentiaF(), 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 G use following equation:
Application Models Comsol Multiphysics PDE Modes Weak Form

Boundary Time-dependent analysis
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To solve for G use following equation:
Application Models Comsol Multiphysics PDE Modes Weak Form

Boundary Time-dependent analysis
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To solve forF use following equation:

Application Models Comsol Multiphysics Electromagnetics Electrostatics



212

To solve for V use following equation:
Application Models Comsol Multiphysics  Electromagnetics Conductive

Media DC

This completes all the equations. Thus, afterhiti©K.



213

Step 3: Drawing a Geometry

The next step is to draw geometry. For interpgetile ECRS measurements a geometry
consists of a micro-structure which is 4 micron evathd 2 micron deep, while for when
using as a prediction tool this geometry chang@&d@ing upon the interest. In addition
there is a boundary layer which has a thicknesyinvgrfrom about 3.5-10 micron.
Boundary layer and micro-structure is representgdalrectangle. The width of the

boundary layer is twice the width of the micro-sture.

Select Draw Specify Objects Rectangle

This will open a pop up window which will look likes follows.

Here, micro-structure is centered around (0, @)s tlnder position, left corner is defined
by x co-ordinate of -2e-6. Here all the distanees in meter as Sl unit system is

followed. Same procedure is used to draw a boyrldger.
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Electrode is 150 nm thick in case of Cr and 4000 Aase of poly-si. It is necessary to
distinguish electrode area and it is achieved mdaig the two vertical walls of micro-
structure in two boundaries. This is achievediefining 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 likes follows.
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Thus, at the end geometry will look like as follows

After geometry is drawn it is necessary to coences, rectangles and curves. To do so

select both of the rectangles and do as follows:

Draw Coerceto Solid
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Step 3: Setting up equations

Once geometry is defined, the next step is to dedoguation in sub-domain.

Setting up an equation for proton (c1)

Under Multiphysics, select the equation ekf, whiohresponds to proton.

Then, Physics Subdomain Settings

This will open a pop up window where subdomain 3 micro-structure and subdomain

1 is a boundary layer. The equation in subdomaanli2o0k 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 fola

Init tab is used to define an initial condition.
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Boundary conditions for conductive media equatianas follows.
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Setting up an equation for proton (c2)

Under Multiphysics, select the equation ekf2, whiohresponds to ammonium.

Then, Physics Subdomain Settings

This will open a pop up window where subdomain Zaisnicro-structure and 1 is a

boundary layer. The equation in subdomain 2 witki 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 fola

Init tab is used to define an initial condition.
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Boundary conditions for conductive media equatianas follows.



222

Here surf is defined a boundary expression whichbsadone as follows.

Options Expressions Boundary Expressions.
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Boundary conditions for conductive media equatimnas follows.Setting up an equation

for hydroxide (c)

Under Multiphysics, select the equation ekf3, whiohresponds to hydroxide.

Then, Physics Subdomain Settings

This will open a pop up window where subdomain Zisnicro-structure and 1 is a

boundary layer. The equation in subdomain 2 witki 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 fola

Init tab is used to define an initial condition.
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Boundary conditions for conductive media equatianas follows.
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Setting up an equation for surface concentratigh (C
Under Multiphysics, select the equation “wb”.
Then, Physics Boundary Settings

This will open a pop up window will look like asll@ws.

Init tab is used to define an initial conditionhi§ equation is defined on the surface only.

These surfaces are shown by dotted lines.
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Setting up an equation for tank concentratiog) (C
Under Multiphysics, select the equation “wb2”.
Then, Physics Boundary Settings

This will open a pop up window will look like asll@ws.

Init tab is used to define an initial condition. hi§ equation is defined on the top

boundary (red line) only.
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Here flux is a average flux calculated by integrgta flux on the top boundary. This is
defined by using integration coupling variablesjchican be done as follows.

Options Integration Coupling Variables Boundary Variables
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Setting up an equation for Electrostatic poter{&3l

Under Multiphysics, select the equation “es”.

Then, Physics Subdomain Settings

This will open a pop up window and the equationsubdomain 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 equatianas 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 equationsubdomain 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 &s follows. Electrical insulation

IS on all the boundaries except the electrode area.
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All the constants are in Sl units and can be ddfmefollows.

Options Constants

Some scalar expressions such as “a” and “b” asumdsry condition to proton and
hydroxide ions. They are defined as a scalar espyas as follows

Options Expressions Scalar expressions



234

Step 4: Mesh and solver

Mesh elements are triangular elements and areatkéia 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 equatand 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
Co Initial Liquid Phase Concentration
Ci Liquid phase concentration of an ion
Co 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
Kg Desorption Constant
K1 Desorption Constant of Layers Above Monolayer
Kw Dissociation Constant of Water
I Length of the conductor
LCR Inductance Capacitance Resistance
LPCVD Low-pressure Chemical Vapor deposition
MEMS Micro-electro-mechanical-systems
MFC Mass Flow Controller
N; 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 lon Etcher
RPM Revolutions per Minute
S 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
\% Volume of the tank/Liquid Film
Z Valence of an ion

Resistivity
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Symbol Description
Surface Charge
lonic Mobility

F Electrostatic Potential
r Spatial Charge Density
€ Dielectric Constant
c Conductivity of Solution
lonic Conductivities
y Applied Potential

Angular Velocity

Kinematic Viscosity
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