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ABSTRACT
Fluoride based chemical systems are widely used at various stages in
microelectronic processing, particularly for wet cleaning and etching applications. Some
examples include the use of semi aqueous fluoride (SAF) solutions in back end of line
cleaning, the use of dilute HF solutions as etchants for SiO2 and HF-HNO3 or HF-H2O2
solutions as isotropic etchants for silicon. In this work, the use of fluoride based solutions
for two applications relevant to semiconductor processing are considered.
In the first part of the study, cleaning of post plasma etch residues generated
during fabrication of copper damascene structures was investigated in semi aqueous
fluoride (SAF) formulations based on dimethyl sulfoxide and ammonium fluoride.
Formulations designed for residue removal should be able to remove the residue
effectively, without causing critical dimension loss during the process cycle. A
systematic evaluation of solution variables (solvent content and pH) was conducted and
the extent of removal of model copper oxide films and selectivity over copper and carbon
doped oxide (CDO) films were used as metrics to evaluate the formulations. Results of
the study indicate that the presence of solvent is necessary to achieve reasonable etch
selectivity over dielectric films. Additionally, a removal end point detection technique
based on electrochemical impedance spectroscopy was developed, which could
potentially help in the optimization of cleaning time with minimal dielectric loss. This
method was applied to monitor the removal of copper oxide films as well as residue from
patterned test structures.
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In the second part of the study, electrochemical formation of porous silicon films
in hydrofluoric acid (HF) solutions was investigated, for potential applications in
advanced packaging. Specifically, porous silicon formation in solution mixtures
containing HF, acetic acid and peroxide, was studied. The effect of variables including
current density, substrate resistivity, HF, acetic acid and peroxide concentration, on key
porous film characteristics such as growth rate, porosity and microstructure, was
explored. Addition of peroxide was found to significantly increase the porosity and
growth rate of the film, as a result of enhanced chemical dissolution and films with
porosities as high as 95% were obtained. Additionally, in solutions containing peroxide, a
variety of microstructural features, such as nanopores, micron sized pores, truncated
pyramidal structures and silicon needles were observed, under various fabrication
conditions.
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CHAPTER 1
INTRODUCTION

1.1.

Introduction

The goal of the semiconductor industry for several decades has been to produce
more functional, faster and cheaper integrated circuit devices. The primary means for
achieving these goals in MOSFET technology, which is the predominant type of IC
device in terms of volume of production, has been by device scaling. This implies
reduction in the minimum feature size printed on the device and increase in number of
transistors per chip. The pace of device scaling was set by the famous Moore’s Law,
when Gordon Moore stated in 1965 that the minimum feature size can be expected to
reduce by ~0.7 times, while the number of transistors per die would double roughly every
18 months. [1.1] Over the past four decades, the semiconductor industry has met or
exceeded the expectations set by Moore’s Law.
Figure 1.1 shows the reduction of minimum feature size against production year
for microprocessor units (MPU) and dynamic random access memory (DRAM) products.
[1.2] Minimum feature size is typically defined as one-half the pitch of the first metal
level of the device. Alternately, it is also roughly equal to twice the gate length of the
transistor. As indicated in the figure, the minimum feature size has scaled down
consistently over several technology generations. Presently, leading manufacturers in the
industry are producing ICs based on 45 nm technology.

Minimum Feature size (nm)
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Figure 1.1: Trend in minimum feature size versus production year (Based on data from
2007 ITRS roadmap [1.2]).

Figure 1.2: Historical trend in transistor count per die for memory and microprocessor
products [1.3]
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The decrease in minimum feature size has been accompanied by an increase in the
number of transistors per chip, which is illustrated in Figure 1.2. [1.3] The number of
transistors per die have increased from as low as a few thousand in 1970 to as high as
~ 1 billion in the current 45 nm technology node.
A schematic cross sectional image of a typical ultra-large scale microprocessor
chip is shown in Figure 1.3. [1.4] The chip contains multiple metallization levels or
interconnects, which serve as electrical conduits to connect circuit elements and distribute
power. At each metallization level, individual metal lines are isolated from each other by
embedding in a dielectric material. With advancing technology generations, the number
of metal levels and consequently, the total length of interconnects may be expected to
increase. The 2007 ITRS roadmap, indicates that the 32 nm technology generation may
contain as many as 13 and 4 metallization levels for MPU and DRAM products,
respectively. [1.4] The total calculated interconnect length for an MPU would be around
3215 m per cm2 of die area. Such an increase in interconnect length is likely to cause an
increase in associated time delay.
Figure 1.4 is a schematic illustration of an interconnect structure. [1.5] For such a
structure, the interconnect time delay τ is given to be equal to 0.89R(C+C’), where R is
the resistance of the metal line, C is the capacitance between adjacent metal lines on the
same wiring level and C’ is the capacitance between metal lines in adjacent wiring levels.
When the metal lines become narrower with evolving technology node, the cross
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sectional area reduces, which causes increase in resistance. Additionally, the thickness of
the dielectric layer reduces, which causes increase in capacitance.

Figure 1.3: Typical cross section of an ultra large scale integrated circuit. [1.4]

26

Figure 1.4: Schematic representation of the electrical equivalent of a metal-dielectric
interconnect scheme [1.5]

Figure 1.5: Variation of gate and interconnect delay with technology node. [1.6]
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Prior to the 130 nm technology node, aluminum (bulk resistivity, ρ = 2.5 μΩ cm)
and SiO2 (relative dielectric constant, κ = 4.0) were used as the metal and dielectric of
choice in interconnect structures. With scaling down of dimensions, there was need for
metals of lower resistivity and dielectric materials with lower dielectric constant, in order
to reduce the interconnect delay. Therefore, copper (ρ = 1.67 μΩ cm) and various low
dielectric constant materials (κ < 4.0) are being used in the current technology
generations. Figure 1.5 traces the increase in gate and interconnect time delay for Al/SiO2
and Cu/low-k interconnect schemes with evolving technology node. [1.6] As seen from
the figure, there is a substantial reduction in interconnect time delay when Al/SiO2
structures are replaced with Cu/low-k structures for a given technology node.
Additionally, copper filled through silicon via integration schemes are also being
considered for advanced packaging applications. Fabrication of copper based
interconnects as well as through silicon vias, present opportunities and challenges in wet
processing, particularly in cleaning and etching. This study explores the use of fluoride
based solutions for two applications in semiconductor wet processing, namely the
cleaning of post etch residue for copper damascene structures and in the electrochemical
etching of through silicon vias for advanced packaging. The following sections discuss
the challenges and requirements in each of these process steps.
1.2.

Integration challenges in copper/low-k interconnects
One of the key enablers for high volume manufacturing of devices with

increasingly smaller features has been effective contamination control. Maintaining
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acceptable yield and reliability of the devices requires an increasingly tighter control over
defectivity in various process steps. Consequently, with decreasing feature size, the
number of wafer cleaning steps both in front end and back end processing have increased.
A typical 45 nm process may use as many as 120 cleaning steps. [1.7]
Copper/low-k interconnect fabrication is done by a damascene or dual damascene
process. In this process, for each metallization level, the dielectric is first deposited and is
then suitably patterned using photolithography. Subsequently, anisotropic trenches and
vias are etched in the exposed regions, using a fluorine based plasma and the remaining
photoresist is ashed in an oxygen based plasma. The process of plasma etching as well as
ashing typically leaves some post etch residue on the bottom of the trench which has to
be selectively removed prior to deposition of barrier layers and copper into the trench. If
the residue is not removed effectively, it may lead to unacceptably high contact resistance
between consecutive metallization levels as well as adhesion problems between barrier
films and the dielectric. Figure 1.6 shows a schematic image of such a trench structure
containing post etch residue.
The residues are located within high aspect ratio trenches and vias and typically
have organic (fluorocarbons) as well as inorganic (oxides and fluorides of copper and
silicon) character. Residues formed under certain conditions may also be hydrophobic.
The predominant method for removal of these residues is by using wet chemistry,
wherein the substrate is contacted with a chemically active formulation for a certain
process time and then rinsed and dried.
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Etch stop layer

Figure 1.6: Schematic image showing residue on copper and sidewall dielectric in a dual
damascene trench structure (Courtesy of Dr. Robert Small, RS Associates, Tucson, AZ).

There are a number of material and environmental challenges associated with the
cleaning step. A common type of formulation for cleaning Cu/dielectric structures is
semi aqueous fluoride solutions (SAF), which contain organic solvents, water and a
fluoride compound. The organic solvents help in wetting, swelling and breaking up the
residue, whereas the fluoride dissolves any oxide constituents. The chemical formulations
need to remove the residues selectively without causing corrosion of underlying copper
or etching of the sidewall low k dielectric. Since fluorides etch SiO2 and other oxide
based dielectric films, their activity must be carefully controlled. Additionally, the
cleaning process should not increase the effective dielectric constant of the low k
material.
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Table 1.1 lists some of the important organic and inorganic low k dielectric
materials that have been considered for use. [1.5] The addition of small atoms such as
carbon or fluorine as well as the introduction of porosity, reduces the dielectric constant
of SiO2. A commercially important class of low k dielectric material is carbon doped
oxides, which is essentially SiO2 modified by introducing carbon groups. In the process
of cleaning, if the formulation abstracts C from the dielectric material, the effective
dielectric constant could increase. Additionally, many of the ultra low k dielectric films
are also made by introducing porosity. If the formulations or rinse water get trapped in
the pores, they can increase the dielectric constant of the material. Moisture trapping can
also cause outgassing problems further down the process flow.
Table 1.2 indicates that the maximum increase in dielectric constant per cleaning
step would have to be restricted to about 2.5% for the technology generations beyond the
65 nm node. Also, the critical dimension loss as a result of photoresist stripping and
cleaning cannot exceed 1.5%. [1.4] For a 90 nm wide trench, this translates to an
allowable critical dimension increase of only 15 Å.
There are also increasing environmental concerns on the use of solvents in large
quantities. While there is growing interest in designing all aqueous formulations, residue
wettability and solubility issues makes their development challenging. Some of the
solvents that were commonly used such as N methyl pyrrolidone (NMP), dimethyl
acetamide (DMAc) and sulfolane have been classified as reprotoxic. [1.8] Thus, a major
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challenge is in the identification of suitable environmentally benign solvents or develop
effective all aqueous formulations.

Table 1.1: List of organic and inorganic low k materials along with their relative
dielectric constant values [1.5]
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Table 1.2: 2007 ITRS roadmap listing surface preparation requirements [1.4]
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1.3. Integration challenges in packaging
The second part of this study considers the use of fluoride solutions for
electrochemical etching of silicon for advanced packaging applications. An emerging
packaging methodology is the use of chip stacked packages (CSP) in which multiple dies
performing similar or dissimilar functions are stacked vertically and interconnected. Chip
stacked packages have a small form factor and improved functionality per package.
The different dies can be connected to each other and the substrate by means of
wire bonding. Figure 1.6 shows an image of a stacked package consisting of four dies
interconnected and packaged using a wire bonding scheme. [1.9] As the number of chips
in the stack increase, wire bonding schemes tend to get complicated, wire density as well
as length of wires would increase, which would result in increased probability of wire
shorting as well as increased interconnect delay. [1.10]
An elegant approach that is actively pursued is the use of through silicon vias
(TSV) for integrating chip stacks. In this method, the stacked dies are interconnected in
the vertical direction by means of metalized holes or vias. This methodology is
schematically illustrated in Figure 1.8, which shows five dies, stacked and vertically
interconnected by means of several metalized vias. One of the key advantages of this
approach is the reduction in length of interconnect, which reduces the associated time
delay. It also allows the integration of dissimilar types of chips, in a single package which
will greatly help in reducing the final form factor of devices.
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Figure 1.7: Electron micrograph of a four die stacked package interconnected using wire
bonding [1.9]

Figure 1.8: Schematic image of stacked package integrated using through silicon vias.
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A general process flow for the fabrication of chip stacked packages involves
several steps. The areas where through silicon vias are required, are exposed by
patterning using photolithography, whereas the other areas are masked using a photoresist
or a hardmask. The silicon in the exposed areas is then etched anisotropically to form
vias, which have a depth that would correspond to the final thickness of the wafer
(typically around 50μm). Once silicon vias are formed and cleaned, a diffusion barrier
layer such as Ti or Ta is deposited by PVD, which is followed by electrodeposition of
copper into the vias. The wafer is then thinned by backgrinding or lapping to the final
desired thickness. A number of these thinned wafers are then stacked and aligned and
then subjected to pressure and heat treatment to allow the formation of metal-metal bonds
between interconnects in different wafers. This general process sequence is also known
as the via-first approach. An alternate process flow known as the via-last approach where
the wafer is thinned prior to the formation of TSV, may also be used. Figure 1.9
compares the two types of processes, namely via-first and via-last processes. [1.11]
An eight die stacked package prototype from Samsung fabricated using TSV
integration approach is shown in Figure 1.10. [1.12] It is interesting to note that the
thickness of the stacked package, shown in the figure, is roughly the same as the
thickness of a single wafer without thinning.
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Figure 1.9: Comparison of via-first and via-last approaches for forming TSV [1.11]

Figure 1.10: Electron micrograph of a Samsung eight chip stacked package prototype
integrated using through silicon vias [1.12]
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The formation of through silicon vias (TSV) is, obviously a key process step.
Table 1.3 shows a section of the 2007 ITRS roadmap for integration with stacked
architectures using TSV. [1.11] According to the roadmap, stacked packages may have
over 9 dies per package in the future technology generations. The through silicon vias
could have a maximum aspect ratio of upto 10 with a via diameter of 2.5 μm by 2010 and
1.8 μm by 2013. The wafer thickness is expected to be around 50 μm by 2010 for general
products and 15 μm for extremely thin products and smartcards.

Table 1.3: 2007 ITRS roadmap listing requirements for stacked architectures using TSV
[1.11]
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Perhaps the most well known process for silicon etching is the Bosch Process,
which has been extensively used for silicon micromachining for MEMS applications.
[1.13] It is a Deep Reactive Ion Etching(DRIE) process, comprising of a sequence of
process steps involving etching and sidewall polymer deposition, conducted in a high
density plasma. While this technique is capable of producing high aspect ratio vias with
vertical sidewalls at reasonable rates (~ 15 μm/min), it produces “scalloped”/ rough
sidewalls and is an expensive process. Laser drilling has also been tried and is capable of
producing vertical holes. However large amounts of debris of molten silicon are produced
in the process and require extensive post-drill cleaning. [1.14] Anisotropic wet etching in
KOH or TMAH is another alternative for silicon etching. However, besides being a slow
process, a sidewall angle of 54.7o is produced, which is not acceptable for the present
application. [1.15] Thus development of a suitable process for formation of through
silicon vias presents opportunities and challenges for research.
A possible two step process, based on anisotropic electrochemical porous silicon
formation in HF solutions, followed by chemical dissolution, is a likely solution to this
problem. It is well known that when a silicon electrode is anodically biased in a HF based
electrolyte, under certain process conditions, vertically directed micro or nano sized pores
can be formed. The enormous surface area to volume ratio of the porous silicon makes it
highly chemically reactive and consequently, the porous areas can be etched at very high
rates in conventional etching solutions compared to bulk silicon. [1.16] Use of these two
steps would allow the creation of vertical holes. Optimization of conditions for the
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formation of porous silicon in fluoride based solutions that would ultimately allow the
creation of through silicon vias, is considered in the second part of the study.
1.4. Research Objectives
1. Study the use of fluoride based solutions for semiconductor processing
applications, specifically in wet cleaning of copper damascene structures and
electrochemical etching of silicon.
2. Systematically evaluate semi aqueous fluoride formulations based on dimethyl
sulfoxide and ammonium fluoride for selective removal of copper oxide films,
formed under controlled conditions.
3. Explore the use of electrochemical impedance spectroscopy as a technique to
detect end point of dissolution of controlled copper oxide films and post etch
residue.
4. Study the formation of porous silicon in solution mixtures containing hydrofluoric
acid and acetic acid. Explore the effect of solution, process and substrate variables
on porous silicon characteristics, particularly growth rate, porosity and
microstructure. Study the influence of peroxide, an oxidizing agent on porous
film characteristics.
5. Study rinsing process of porous silicon films in DI water using electrochemical
impedance spectroscopy.
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CHAPTER 2
BACKGROUND

2.1. Use of Fluoride Solutions in Back End of Line Cleaning
2.1.1. Overview of Cleaning Processes in the Semiconductor Industry
It is estimated that cleaning accounts for nearly 15-20% of all process steps in IC
manufacturing. Depending on the stage of processing at which cleaning is done, it is
classified into two categories, namely Front End of Line (FEOL) cleaning and Back End
of Line (BEOL) cleaning. FEOL cleaning, typically done prior to metal deposition, is
aimed at the removal of particles, metallic and organic contamination. In contrast, BEOL
cleaning predominantly includes post-etch residue removal and post-CMP cleaning. A
summary of the various cleaning processes in semiconductor manufacturing is shown in
Figure 2.1.
Each of the cleaning steps enumerated in the figure could be repeated many times
during the process flow. A distribution of cleaning steps in the manufacturing process
flow of a typical 45 nm logic IC is shown in Table 2.1. [2.1]
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Figure 2.1: Summary of cleaning steps involved in FEOL and BEOL processing.

Cleaning Step

Total number of steps

BEOL post strip

22

BEOL plasma strip

22

BEOL pre-metallization clean

21

FEOL aqueous post strip

15

FEOL plasma strip

15

FEOL aqueous critical clean

10

FEOL and BEOL defectivity improvement

10

(particle removal)
FEOL and BEOL post CMP clean

14

Total

119

Table 2.1: Typical distribution of cleaning steps in the manufacture of 45 nm logic IC
[2.1]
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Wafer contamination is one of the main causes of device failure. Both “killer
defects” (those that cause device failure during testing at the end of a fabrication process)
and “latent defects” (those that can cause premature failure during the operating life of
the device) are undesirable and cause reliability concerns, in addition to yield loss. Thus,
the removal of such contaminants is crucial for ensuring optimal yield and performance
of devices. It may be noted that yield is defined as the fraction of devices that are
functional at the end of the fabrication process, whereas reliability is the ability of a
device to function correctly for an intended period of time.
Usually, if the defect is larger than a certain critical size, they are more likely to
cause failures. It is important to note that this critical size, which is calculated as a
fraction of minimum feature size, decreases with shrinking technology node. Therefore
contamination control usually becomes more critical and has increasingly tighter process
windows with shrinking technology nodes. [2.2]
2.1.2. Challenges in FEOL and BEOL cleaning
There are distinct challenges in FEOL and BEOL cleaning. FEOL cleaning is
done during the initial stages of processing and involves cleaning wafer areas close to
active device regions. Further, high temperature processes such as thermal oxidation and
diffusion can occur downstream, which can cause impurity diffusion into device regions.
Therefore, efficient removal of contaminants is critical in FEOL cleaning steps. On the
other hand, substrates that need to be cleaned in the front end mostly include materials
such as single or polycrystalline silicon, SiO2, Si3N4 etc., whereas materials encountered
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in the back end include metals, many of which are prone to attack by strong acids and
bases. Aggressive aqueous chemical systems such as piranha (H2SO4), SC1 (NH4OHH2O2-water mixtures) and SC2 (HCl-H2O2-water mixtures) are frequently used in the
front end, whereas such systems are not permissible in the back end due to the presence
of metals such as tungsten, aluminum and copper, which are corrosion prone. [2.3]
Additionally, the introduction of low-k and porous low-k dielectric materials have led to
further restrictions in permissible chemistries, since they can be exposed to the solution
along with the metal. Low etch rate and negligible surface modification of low k
materials by these chemical systems become important factors that have to be considered.
[2.4]
2.1.3. Post etch residues (PER) in aluminum and copper based structures Occurrence and composition
The process steps leading to the formation of aluminum/SiO2 and copper/low k
interconnect structures are shown in Figure 2.2(a) and (b), respectively. Aluminum based
interconnect structures are formed by a subtractive process. This is illustrated in
Figure 2.2(a). Silicon dioxide and aluminum films of desired thicknesses are deposited
successively on the wafer by CVD and sputtering. The aluminum film is then patterned
by photolithography and exposed areas are etched anisotropically in a chlorine based
plasma, to stop on the underlying SiO2 film. Subsequently, the photoresist mask is
removed either using piranha solution or by ashing in an oxygen plasma. This process
leaves residue on the sidewalls of aluminum as well as the SiO2 at the bottom of the
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trench. The etch residue is typically composed of inorganic compounds such as AlF3,
AlCl3, Al(OH)3 as well as backsputtered SiO2. [2.5]
In the case of copper/dielectric interconnects, plasma etching of copper films is
difficult since it does not form volatile halides at reasonable process temperatures. As a
result, a process scheme known as the dual damascene is used to form copper based
interconnect structures. A typical dual damascene process sequence leading to the
formation of post etch residue in Cu/low k interconnect structures is illustrated in
Figure 2.2 (b). Reactive ion etching of dielectric films is done in a fluorine based plasma
to form vias and trenches which are subsequently filled with a barrier layer film and then
with copper. After the etching process, the photoresist on top of the dielectric film, which
was used to define the vias/trench locations, is ashed, typically in an oxygen plasma. The
process of plasma etching as well as ashing leaves non volatile polymer-like residue
deposits on the copper lines of the previous metallization level as well as the sidewall and
top of the dielectric. In both copper and aluminum structures, if the residue is not
removed effectively, they can cause undesirable electrical problems such as increase in
interconnect resistance and current leakage issues. [2.6]
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(a)

(b)
Figure 2.2: Schematic image showing the process flow leading to formation of post etch
residue in (a) Al/SiO2 structures and (b) Cu/low-k dual damascene structures
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In the fabrication of copper damascene or dual damascene structures, plasma
etching of dielectric films is typically done in a plasma containing perfluoro compounds
(CF4, C2F8 etc.). This can result in fluorinated residue. Further, the removal of photoresist
after plasma etching is done in an oxygen plasma, which can lead to oxidized residue
compounds. Therefore, one of the main challenges in designing formulations for removal
of post etch residue is that the composition of the residue is usually uncertain and is
typically a mixture of compounds whose exact composition is dependent on material and
process variables. Such variables could include the choice of dielectric material,
photoresist, choice of etch gases as well as other process conditions. A number of
investigators have studied the composition of post etch residue formed under controlled
process conditions. [2.7-2.9]
Myneni et al, studied the composition of residue formed by the patterning and
etching of trenches in low k Coral films in a C4F8 based plasma, using X ray
photoelectron spectroscopy. [2.7] A polyhydroxy styrene (PHOST) resist was used for
patterning. Analysis of the residue showed the presence of 66% C, ~12% F, 15.24% O
and 6.35% N. It must be noted that the photoresist was not ashed after plasma etching in
this study.
In order to separately extract the composition of the residue on the sidewall and
the bottom of the trench, Conard et al, explored the usefulness of Angle Resolved X-ray
Photoelectron Spectroscopy (ARXPS) and Grazing Angle X-ray Fluorescence (GXRF)
techniques. [2.8] Using take-off angles of 220 and 780 in the ARXPS technique, they
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demonstrated that the composition of the residue on the sidewall could be resolved from
that on the bottom of the trench. In this study, they used a model structure consisting of
trenches etched in a stack consisting of TaN/SiC/BDI hardmask etched in C2F8 plasma.
Polymer-like films based on carbon and fluorine were detected both on the sidewall as
well as the trench bottom.
The composition of the post etch residues obtained in Cu/SiO2 and Cu/low k
based dual damascene structure, formed by a standard fabrication process, was studied by
Zheng et al, using Auger electron spectroscopy. [2.9] While details of the etch gases used
have not been disclosed in this work, the results show presence of a mixture of copper,
carbon (45 at%), oxygen (13 at%), nitrogen (13 at%) and traces of chlorine and sulfur on
the copper lines. Further, the etch process also tends to backsputter copper onto the
sidewalls, which could oxidize due to exposure to the atmosphere or interaction with the
etch gases and form copper oxides. [2.10, 2.11]
2.1.4. Removal of Post Etch Residue using Wet Chemical Systems
2.1.4.1. Physical, chemical and environmental considerations in the design of
formulations
The fluorocarbon residues are typically hydrophobic and are present inside
narrow vias and trenches. The aspect ratio of the vias and trenches generally increase
with evolving technology generations. In order to penetrate these structures and wet the
residue, it is essential that the formulation have a low surface tension value. Additionally,
in order to easily circulate the chemicals, filter for reuse and also to effectively rinse out
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residual chemicals, the formulations should have reasonably low viscosity. [2.12] Other
requirements include sufficient ionic conductivity as well as bath life.
Many of the formulations commercially available today, contain polar organic
solvents to some extent. It is believed that the solvent swells, breaks up and dissolves the
organic/polymeric part of the residue, whereas metal-oxygen or silicon-oxygen bonds are
broken by an active ingredient, often fluoride. [2.13] The choice of solvent for dissolving
PER is governed by physical, chemical and environmental properties of the solvent, the
most important of which are its dielectric constant, surface tension, viscosity and
solubility parameters, flash point, vapor pressure and toxicity values. Each of these
factors will be discussed in this section.
Dielectric constant: The relative dielectric constant of a solvent is a rough measure of
the polarity of the solvent and governs the extent of dissociation of ionic compounds in
the solvent. The activity coefficient of an ion, which is a function of the dielectric
constant of the solution can be calculated according to the Debye-Huckel equation. [2.14]
In solvent-fluoride based formulations discussed above, the extent of dissociation of the
fluoride compound and consequently, its activity, frequently plays an important role in
cleaning efficacy and dielectric loss.
Wettability of residue: As the aspect ratio of vias and trenches increases, difficulties in
penetration of the solution into trenches of high aspect ratios assume significance.
Surface tension of the formulation is therefore an important quantity to consider. The
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depth of penetration of the solution into the trench (h) can be related to the trench radius
(Rc) using the Laplace equation. [2.15]
ℎ=

2𝛾𝛾𝐿𝐿𝐿𝐿 cos 𝜃𝜃
𝑅𝑅𝑡𝑡 𝜌𝜌𝜌𝜌

where, ‘h’ is the depth of liquid penetration into trench, ‘γLV’ is the surface tension of the
solution at the liquid vapor interface, ‘θ’ is the contact angle that the solution makes with
the walls of the pore/trench, ‘Rt’ is the radius of the trench, ‘ρ’ is the density of liquid and
‘g’ is the acceleration due to gravity
As shown schematically in Figure 2.13(a), for trenches coated with a hydrophobic
residue, the contact angle (θ) that an aqueous solution makes with the walls of the pore is
typically greater than 900, yielding a ‘negative’ penetration depth. This indicates that the
liquid will not penetrate the trench spontaneously and an external pressure would be
required to facilitate penetration of the liquid. As the trench radius decreases, the
magnitude of this external pressure required increases. By incorporating an organic
solvent to the solution, the surface tension of the solution as well as the contact angle of
the solution on the residue can be reduced. If the contact angle is reduced below 900, the
penetration depth will be positive and the cleaning solution can spontaneously penetrate
the trench.
Viscosity: Viscosity is another important parameter to be considered in cleaning
formulations. Low viscosity facilitates easy penetration of cleaning solution into high
aspect ratio structures, easy transport of dissolved products from the trench into the bulk

50

of the solution as well as less solution carryover from the cleaning step. The relation
between viscosity and depth of penetration of the liquid into the trench may be
understood by employing the Washburn equation, which describes the penetration of a
liquid into a porous solid. [2.16]

ℎ2 =

𝑡𝑡𝑅𝑅𝑡𝑡 𝛾𝛾 𝐿𝐿𝐿𝐿 cos 𝜃𝜃
2𝜂𝜂

In this equation, ‘t’ is the contact time between the solution and wafer, and ‘η’ is the
viscosity of the solution. As indicated by the equation, the depth of penetration decreases
rapidly with increase in viscosity (η). Additionally low viscosity also helps in pumping as
well as filtration and recirculation of chemicals. Table 2.3 lists the dielectric constant,
surface tension and viscosity of some of the commonly used solvents measured in the
pure liquid form. [2.17]

Solvent

Chemical
Formula

Formula
Weight

Surface Tension
0
(mN/m) at 20 C

Viscosity
0
(cP) at 20 C

Dielectric
Constant

Dimethylsulfoxide (DMSO)

C2H6OS

78.14

43

1.99

46.5

Dimethylacetamide (DMAC)

C4H9NO

87.12

32.4

0.927

37.8

Ethylene glycol (EG)

C2H6O2

62.08

48.5

21

37.7

Sulfolane

C4H8O2S

120.17

51.3

10

43.3

N-methylpyrrolidone (NMP)

C5H9NO

99.15

40.7

1.67

32.2

Propylene glycol (PG)

C3H8O2

76.11

36.5

54.65

32.0

Water

H2O

18

72.6

1

78.5

Table 2.2: Properties of commonly used solvents in stripper formulations [2.17]
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Solubility

Parameters:

Solubility

parameters

are

quantities

calculated

from

thermodynamic principles, which can predict the solubility of compounds in pure or
mixed solvent systems. They are widely used in the organic coatings industry for
predicting polymer dissolution in solvents and also have a number of other applications.
Solubility parameters are defined for both solvents and polymers/residue.
Two types of solubility parameters are widely used, namely the Hildebrandt
solubility parameter and the Hansen solubility parameter (HSP). [2.18] The Hildebrandt
solubility parameter (δ) is a one dimensional value, which is defined as

𝛿𝛿 (𝑀𝑀𝑀𝑀𝑀𝑀1/2 ) =

𝛥𝛥𝛥𝛥−𝑅𝑅𝑅𝑅
𝑉𝑉𝑚𝑚

Where, ΔH is the enthalpy of vaporization of material, R is the universal gas constant
(8.314 J/mol.K), T is the absolute temperature (K) and Vm is the molar volume of the
material. In cases where δsolvent = δresidue, the solvent typically dissolves the residue. If the
two values are very different, the solvent does not dissolve the residue. However, some
exceptions to this rule have been found. Materials exhibiting very similar Hildebrandt
parameter, have been found to have very different solubility behavior.
The other commonly used solubility parameter is the Hansen solubility parameter
(HSP), which takes into account three different types of forces that must be overcome in
a molecule in order to be soluble. It is defined three components – dispersive component
(δd), a polar component due to permanent dipole-permanent dipole interactions within the
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molecule (δp) and hydrogen bonding component (δh). To predict solubility, a residual RA
is calculated using the following equation,
𝑅𝑅𝐴𝐴2 = 4(𝛿𝛿𝐷𝐷1 − 𝛿𝛿𝐷𝐷2 )2 + (𝛿𝛿𝑃𝑃1 − 𝛿𝛿𝑃𝑃2 )2 + (𝛿𝛿𝐻𝐻1 − 𝛿𝛿𝐻𝐻2 )2

where, δD1 and δD2 are the dispersive component of the solvent and residue, respectively,
δP1 and δP2 are the polar component of the solvent and residue, respectively and δH1 and
δH2 are the hydrogen bonding component of the solvent and residue, respectively. If the
value of RA is very small, typically within an interaction radius R0 with the polymer
parameters at the center of the sphere, then the solvent or solvent mixture dissolves the
residue. The value of R0 is experimentally determined.
For a mixed solvent solution, such as the semi aqueous fluoride formulations
considered in this study, HSP of mixtures of solvents can be calculated as follows.
𝛿𝛿𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = ( 𝜑𝜑1 𝛿𝛿1 ) + (𝜑𝜑2 𝛿𝛿2 )

where, φ1 and φ2 are the volume fractions of component 1 and 2 respectively. It is
assumed that there is no volume change on mixing.
Table 2.4 lists the Hildebrandt and Hansen solubility parameters of some
commonly used solvents and some polymeric materials, for which data is available.
[2.18]
A recent study by Kesters et al, employed the use of HSP to choose solvent
systems for the removal of post etch residues in wet cleaning. [2.19] In this study,
selection of solvents and solvent mixtures were performed based on HSP as well as
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environmental properties. Two types of DUV photoresists (the first one made of
polymethyl methacrylate and the second photoresist made of a polyacrylatepolymethacrylate mixture) was considered as the solute/residue for the purposes of
calculation and the interaction radius R0 for these polymers was adopted from tables in
the literature. Based on screening of several systems, 9 solvents and 50 solvent mixtures
were identified which were used for further evaluation on dissolution of the post etch
residue. It has been established in this work that the use of HSP is a good method for
screening pure and mixed solvent systems for BEOL cleaning formulations.

Material

Hansen Solubility Parameter (MPa1/2)

Hildebrandt
Solubility
Parameter
(MPa1/2)

δD

δP

δH

Dimethylsulfoxide (DMSO)

12

18.4

16.4

10.2

Dimethylacetamide (DMAC)

10.8

16.8

11.5

10.2

N-methylpyrrolidone (NMP)

11.3

17.0

2.8

6.9

Propylene glycol (PG)

14.43

16.8

9.4

23.3

Water

23

18.1

17.1

16.9

PTFE

6.5

16.2

1.8

3.4

Interaction
Radius (R0)

4.7

Table 2.3: Hildebrandt and Hansen Solubility Parameters for materials of relevance to
cleaning. [2.18]
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Environmental and Safety factors: Table 2.4 compares the flash point, vapor pressure,
LD50 and risk classification for four commonly used solvents. [2.17, 2.20] Among the
solvents commonly used, propylene glycol and DMSO have the highest LD50 values
(20,000 mg/kg and 14,500 mg/kg respectively). Additionally solvents such as dimethyl
acetamide and NMP, which have been used hitherto in post etch residue cleaning
formulations, have also been classified as reprotoxic in the European Union, as shown in
the table. Two of the solvents that are not included in the list are dimethyl sulfoxide
(DMSO) and propylene glycol.
Solvent

Flash point Vapor
(0C)
pressure at
200C (mm
Hg)

LD50 oral rat EU
(mg/kg)
classification*

N,N Dimethyl
acetamide

70

1.5

4300

T, R: 61-20/21

Dimethyl Sulfoxide

95

0.42

14500

None listed

methyl 91

0.29

3914

T, R: 36/38, R61

0.13

20000

None listed

N
pyrrolidone

Propylene glycol

107

* T – Toxic; R20/21: Harmful by inhalation and in contact with skin;

R36/38: Irritating to eyes and skin; R61: May cause harm to the unborn child

Table 2.4: Environmental and safety properties of commonly used solvents. [2.17, 2.20]
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2.1.4.2. Amine based formulations
Hydroxylamine (HDA) solutions containing a primary alkanolamine such as
ethanolamine were commonly used for the removal of inorganic residues from Al/SiO2
based structures. In such structures, the selective removal of residue without corroding
aluminum or etching SiO2 is required. Figure 2.5 shows a potential-pH diagram of
aluminum-water system generated with solution aluminum concentration of 10-6 M. As
seen from the diagram, aluminum corrodes both at acidic pH below 5 where it oxidizes to
Al3+ as well as alkaline pH above 8 where it forms Al(OH)4-. Primary and secondary
amines in the presence of water undergo protonation and produces OH- ions insitu, which
can also cause corrosion of aluminum. Hence, the inclusion of an aluminum corrosion
inhibitor was necessary. Catechol was a commonly used inhibitor in these formulations.
The formulations contained only about 10% water and typically had an operating
temperature of 650C to 750C. [2.21] Hydroxylamine functioned as both an oxidizing as
well as a reducing agent. [2.22]
Transition from aluminum/SiO2 structures to copper/low-k structures precluded
the use of hydroxylamine based chemical systems, since hydroxylamine aggressively
etches copper. Figure 2.6 shows potential-pH diagram of copper-hydroxylamine system
for copper concentration of 10-6M and hydroxylamine concentration of 0.5M. [2.23] As
evident from the diagram, hydroxylamine forms two types of complexes with copper,
namely Cu(HDA)2+ in the pH range of 3.5 to 4.5 and Cu(HDA)2+2 in the pH range of 4.5
to 7.5. As a result, use of HDA based formulations result in significant corrosion of
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copper and have consequently, found little use for cleaning in copper damascene
structures.
However, amine based strippers containing an organic amine such as
monoethanolamine or tetramethyl ammonium hydroxide containing a polar organic
solvent such as propylene glycol and a corrosion inhibitor have been developed for
copper based structures. These have typical operating temperatures of 50-750C. The etch
rate of copper was controlled by increasing the ratio of solvent to amine in these
formulations. [2.24]
2.1.4.3. Fluoride based formulations
Fluoride based formulations are capable of removing etch residues from both
aluminum and copper structures. In contrast to amine based formulations which typically
have an elevated operating temperature of over 500C, fluoride formulations work at near
room temperatures or slightly elevated temperatures (200C to 400C). Formulations for
aluminum structures usually contain HF or NH4F as the fluoride source, a solvent such as
glycol and very small amount of water (~1%). Their mechanism of action on aluminum is
to convert the insoluble etch products into water soluble fluoride salts, which could then
be dissolved by a semi-aqueous stripper as well as during the rinse cycle. In these
formulations, the water content is very critical; if it is not carefully controlled, the etch
rate of SiO2 would increase by several fold. [2.25]
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Figure 2.3: Potential-pH diagram of Al-water system for dissolved aluminum
concentration of 10-6M.
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Figure 2.4: Potential-pH diagram of copper-hydroxylamine system for hydroxylamine
concentration of 0.5M and dissolved copper concentration of 10-4M. [2.23]
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For copper/low k structures, semi aqueous fluoride (SAF) formulations are widely
used. These formulations contain a polar organic solvent, water, a fluoride source and
copper corrosion inhibitor. Some of the solvents used are dimethyl sulfoxide, dimethyl
acetamide, N-methyl pyrrolidone, sulfolane etc. Fluoride source could be HF, H2SiF6,
NH4F or even quarternary ammonium salts. These formulations are capable of working
effectively at ambient or near ambient temperature conditions (200C-350C) and have a
short cycle time of 2 minutes or less. [2.26] As for aluminum, initial fluoride based
formulations contained high amounts of solvents and very small amount of water.
Gradually, following the IC industry drive to reduce environmental footprint, the amount
of solvents has reduced and the amount of water has increased.
A key component of the SAF formulation is the solvent, which helps in swelling
and breaking up the residue. The fluoride compound then dissolves the residue by
attacking metal-oxygen or silicon-oxygen bonds. A key concern with the use of fluoride
based formulations is the control of its activity in order to minimize dielectric loss, since
many of the dielectrics are SiO2 based materials. Additionally, the pH is very important
in semi-aqueous fluoride cleaners in order to control copper corrosion and oxide etching.
An understanding of etching of SiO2 films in fluoride solutions requires a
fundamental understanding of the speciation of fluoride in aqueous solutions. In aqueous
fluoride solutions, four solution species are known to exist, namely HF, F-, HF2- and
H2F2, a polymeric form of HF. Higher polymeric forms are also possible at high
concentrations. The speciation of fluoride in aqueous solutions as a function of pH
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considering HF, F-, HF2- and H2F2 species, is shown in Figure 2.6 (a) and 2.6 (b), for
fluoride concentrations of 0.01% and 1%, respectively. These concentrations are typical
in SAF formulations. In very dilute (0.01%) fluoride solutions, HF is the dominant
species at pH values below 3 and F- is the dominant species above pH 3. In 1% fluoride
solution, H2F2 can exist at concentrations comparable to that of HF at pH values below 3.
The concentration of HF2- species exhibits a maximum in the vicinity of pH 4. While the
speciation of HF in non-aqueous or semi-aqueous fluoride solutions have not been
explored, it is expected that in non-aqueous media of low dielectric constant, dissociation
of HF and H2F2 would be inhibited.
The mechanism of etching of SiO2 has been explored in detail in the literature, in
various contexts. By measurement of SiO2 etch rates as a function of fluoride
concentration and pH and correlating the data with theoretical speciation, Verhaverbeke
et al showed that the main etching species in aqueous HF solutions are HF2- and H2F2.
Further, it was shown that at fluoride concentrations less than 0.2%, etching by HF2- and
H2F2 are both equally important, whereas at higher concentrations, etching by H2F2
dominates. [2.27] At acidic conditions, due to the presence of H2F2 and HF2- species, etch
rates of silicon dioxide are typically high. To reduce oxide etch rate, the SAF chemistries
are buffered at pH values 7-9. [2.28]
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Figure 2.5: Speciation of aqueous fluoride solutions at two fluoride concentrations;
(a) 0.0025M, (b) 0.25M.
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Due to the proprietary nature of many SAC chemical systems, open literature
contains very few fundamental studies on the mechanism of action of these formulations.
Carter et al. investigated the effects of ammonium fluoride based SAC chemistries on Al
by electrochemical techniques. [2.29] They tested formulations with 70% organic solvent
and 30% water, containing 1% ammonium fluoride or diisopropylethylquarternary
ammonium fluoride, with pH of 9. Open circuit potential (OCP) values of aluminum
decreased initially but increased sharply after some time and reached a plateau value.
From these measurements they concluded that the cleaning of aluminum proceeded in
three distinct steps, namely, (i) dissolution of the native oxide (by fluoride), (ii) oxidation
of aluminum by water and (iii) repassivation of exposed aluminum metal.

The cleaning of Cu-FSG and Cu-SiOC structures by all aqueous and semiaqueous formulations was investigated by Broussous et al [2.10]. The formulations
investigated includ dilute HF (HF 0.1%, O2 < 1 ppm, RT, 1 min), organic solvents
containing ammonium fluoride (pH: 7-8), aqueous organic acids (pH: 1.5) and TMAH
solutions (pH: 13). Dilute HF and aqueous organic acid chemistries were found to be the
best among the lot.
2.1.4.4. All aqueous formulations
With a desire to do away with solvents, all aqueous formulations based on mixtures of
organic acids, ammonium phosphate and recently, ionic liquids have been developed.
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Organic Acids: Some of the earliest formulations were based on oxalic acid buffered at
pH less than 7. To control corrosion, many of these formulations had less than 20%
oxalic acid. [2.30] Reid et al investigated various aqueous formulations based on
dicarboxylic acids or a mixture of carboxylic acids and multifunctional acids, for copper
compatibility and cleaning of patterned Black Diamond® wafers. [2.31] The dicarboxylic
acid based formulations were found to be corrosive for copper, whereas the
multifunctional acid-carboxylic acid formulation removed copper oxides without
corroding copper. Details of pH of formulations and type of acids were not disclosed in
this paper.
Formulations based on a carboxylic acid, hydroxylammonium salt and a fluoride
containing compound have been patented. [2.32] These formulations, maintained in the
pH range of 2 to 6, appear to be useful for selectively etching oxides remaining after
plasma etching/ashing. It has been shown that it is also possible to selectively etch copper
oxides over copper by adjusting the components of the formulation.
In the context of cleaning, the removal of native copper oxides on copper in acetic
acid solutions containing a small amount of water was studied by Chavez et al, using
X-ray Photoelectron Spectroscopy (XPS). Complete removal of copper oxides was
achieved for water concentrations less than 4%. [2.33]
In another study, the dissolution of copper oxides and copper in glycolic acid and
oxalic acid was evaluated using Electrochemical Quartz Crystal Microbalance (EQCM).
[2.34] Copper oxide was formed by thermal oxidation of electrodeposited copper. The
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oxidation temperature, thickness and composition of copper oxide film have not been
disclosed in this publication. Copper oxide removal rate of ~91 Å/min in 3.5% glycolic
acid and ~33-49 Å/min in 3.5% oxalic acid solution was reported. In the same solutions,
the etch rate of copper was ~3.1 Å/min and ~2.4 Å/min respectively.
Ammonium phosphate formulations: Aqueous formulations based on ammonium
phosphate, which are compatible with Cu- low k structures have been developed and are
commercially available under the name Ecopeeler. Selective removal of copper oxides
without corroding copper has been shown to be feasible using ammonium phosphate
based formulations. Ecopeeler formulations contain ammonium phosphate (5 to 20%)
and a proprietary surfactant and are claimed to be effective in the pH range of 6-8. The
surfactant also serves as a copper corrosion inhibitor. These compositions can be tailored
to adjust the copper oxide to copper selectivity to be as high as 600, depending on the
operating temperature. Formulations containing 10% ammonium phosphate appear to
provide the highest degree of selectivity in the temperature range of 30 to 500 C. Not
much systematic information is available on the removal of polymer like post etch
residue in these formulations. [2.35]
Ionic Liquids: A recent patent filed by Small discloses the use of formulation
comprising ionic liquids containing cations such as imidazolium, pyridinium,
pyrrolidinum ammonium or phosphonium cations. [2.36] Ionic liquids are ionic
compounds which are liquids at room temperature. However, not much systematic work
has been done on these formulations.
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2.1.5. Alternate techniques for PER removal
Post etch residue removal is typically done by wet cleaning techniques, using
suitable chemical formulations. Some vapor/gas phase techniques have been evaluated
for etch residue removal. These techniques include HF/H2O vapor phase cleaning,
supercritical CO2 cleaning and plasma sputtering.
The feasibility of removing sidewall residues in aluminum based structures by
vapor phase HF/H2O processes, followed by a liquid H2O rinse, has been demonstrated.
[2.37]. It was shown that the etch residues were completely removed by a 5 second
exposure to gaseous HF-H2O, followed by a liquid rinse. It was hypothesized that the
Al2O3 was converted to a soluble AlF3 during the gas phase exposure and the AlF3 was
removed during the rinse process.

In the context of PER removal from copper structures, Yagishita et al, examined
the use of various carboxylic acids in the vapor phase for the removal of copper oxide
films. [2.38] Oxidized copper films were formed by thermal oxidation of copper at 2000C
in an atmospheric ambient. The film was then exposed to vapors of acetic acid and formic
acid at 2000C. Both formic acid and acetic acid vapors removed the oxide film. The
volatile products were collected using a nitrogen trap and analyzed using electrospray
ionization mass spectroscopy (ESI-MS). Results of the analysis indicated formation of
various copper carboxylate complexes.
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A particular challenge in wet cleaning of porous low-k materials is the trapping of
solution in small pores of the dielectric, which can cause change in dielectric constant of
the material, as well as cause reliability issues due to outgassing of the trapped solvent.
To overcome this, dry cleaning processes have also been examined for copper/low-k
structures, particularly for matrices containing porous low-k material.

Ueno et al, compared the use of hydrogen plasma, oxygen plasma and
hexafluoroacetylene vapors in the removal of post etch residue from copper lines and
SiO2 sidewalls. [2.39] After creating a trench structure in SiO2 by etching in CHF3
plasma and ashing the resist in a conventional oxygen plasma, the samples were exposed
to oxygen, hydrogen plasma and hfAc vapors. Angle resolved XPS was used at two
different take off angles (300 and 900) to examine the composition of sidewall and copper
lines as the substrate was cleaned. It was found that both hydrogen and oxygen plasma
were ineffective in removal copper contamination from the sidewall. However, they were
both effective in removing CFx deposits. While hydrogen plasma effectively removed
CuO and Cu2O, oxygen plasma, left the copper surface in an oxidized state, as expected.
H(hfac) vapors were found to remove copper deposits from the sidewalls to some extent.

The use of supercritical CO2 has been widely investigated for post etch residue
removal. [2.40-2.42] In theory, ScCO2 based cleaning has several advantages over wet
cleaning. ScCO2 makes zero contact angle with the residue, which eliminates wetting and
trench penetration issues in sub 100 nm features with high aspect ratios. Additionally,
ScCO2 processes typically do not require a rinse process. The elimination of a rinse
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process eliminates issues such as pattern collapse (which occurs due to capillary forces
during rinsing in wet process sequences), entrapment of water by porous low k dielectrics
etc. However, implementation of ScCO2 in high volume manufacturing remains a
challenge due to process control and throughput issues. ScCO2 fluids by themselves, have
solubility characteristics similar to non polar solvents and consequently, they are able to
dissolve organic residues. In order to dissolve the inorganic components of the residue,
typically polar solvents and additives containing fluorides are added.

Myneni, studied the removal of post etch residue using high pressure ScCO2 with
tetramethyl ammonium hydroxide(TMAH), methanol and water as co-solvents. It was
determined that a 12% w/w of a 4:1 volumetric mixture of 25% TMAH in methanol and
water in CO2 at 3000 psi and 700C was effective in removal the residue. [2.41] Peters et
al, demonstrated the removal of post etch residue from a copper/porous low-k structure
using ScCO2, ethanol and a proprietary additive at 400C and pressure of 15 MPa. [2.42]
They were able to remove the residue with <10Å loss in dielectric thickness and ~6%
increase in dielectric constant value. The total process time is not disclosed in this work.

A patent granted to Young et al disclosed the use of H2-He based mixture of gases
in a ratio of 1:10 to 1:11. [2.43] Reductive treatment in H2/He plasma resulted in
complete removal of the etch residues in a duration of 25 to 30 seconds at room
temperature. It was been found that no rinsing step is necessary, which would make it
useful for porous low-k materials.
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While several dry cleaning techniques have been developed, adoption in the
industry has been slow, due to implementation challenges. Wet cleaning steps dominate
the industry today. While semi aqueous fluoride chemical systems are already used, much
of the data remains proprietary and there is lack of systematic study on cleaning of post
etch residue in such systems, in the open literature. In addition, there is also a need to
develop a metrology technique to detect the cleaning end point, which would help in
optimizing process time, which in turn would help in minimizing dielectric/critical
dimension loss. In this work, systematic evaluation of dissolution of controlled copper
oxide films and post etch residue is carried out in semi aqueous fluoride formulations
based on dimethyl sulfoxide, an environmentally benign solvent and ammonium fluoride.
Further, a technique for the detection of end point of copper oxide films as well as
residue removal, based on electrochemical impedance spectroscopy has been developed.

2.2. Use of fluoride solutions in electrochemical porous silicon formation
2.2.1. Introduction to porous silicon (PS)
Porous silicon is a widely studied material that has found diverse applications.
The history of porous silicon can be traced back to 1956 when Uhlir and co-workers
reported the formation of a brown surface film when silicon was anodized in hydrofluoric
acid solutions under a certain range of electrochemical parameters. [2.44] Following this,
many researchers made attempts to explain the mechanism of formation of this film.
However, it was a laboratory curiosity rather than a useful engineering material.
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In the 1980s, with advances in characterization techniques, it was discovered that
the film was indeed porous. Following this, growth characteristics of the film was
studied by many researchers and attempts were made to control the microstructure of the
film by varying formation conditions. A number of engineering applications for the
material have emerged in the areas of microelectronics, optoelectronics, solar cells,
biosensors etc., leading to a rich and diverse compendium of literature. The discovery of
room temperature photoluminescence in porous silicon in the early 1990’s opened up this
material to optical and photonic applications. [2.45] The photoluminescence phenomenon
has also been the subject of intense study for the past two decades, with growing
literature in this area.

2.2.2. Applications of PS
The unique properties of porous silicon such as large surface area to volume ratio
and the rapid rates of oxidation/chemical reactions associated with it, room temperature
photoluminescence etc. has generated technological interest in this material. Some of the
interesting applications for which porous silicon has been studied is summarized in Table
2.5, along with pertinent references.
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Application

Formation process

Formation of SOI structures Oxidized PS

Reference
[2.46]

(FIPOS)
Silicon micromachining

Formation and dissolution of PS film

[2.47]

High aspect pillars

Back illuminated n type silicon, repeated [2.48]
oxidation and etching

Solar

cell

anti

reflection PS formed on p type silicon

[2.49]

coating
Nanocomposites

Metals deposited into PS

[2.50]

Supercapacitor electrodes

PS film formed on p type Si

[2.51]

Biosensor

PS membrane

[2.52]

Filtration membrane

PS membrane

[2.53]

Light emitting diodes

Patterned pn junction

[2.54]

External gettering layer

PS layer on backside of wafer

[2.55]

Table 2.5: Various applications for which porous silicon has been studied
2.2.3. Silicon/HF electrochemistry
Understanding charge transfer mechanisms at a silicon/HF interface requires a
first order understanding of the structure of the semiconductor-electrolyte interface,
which is fundamentally different from a metal-electrolyte interface. A semiconductorelectrolyte interface is best understood by considering the energy band model.
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The energy band representation of an n-type silicon/electrolyte interface is shown
in Figure 2.6. On the energy diagram, the semiconductor is characterized by the valence
band edge, conduction band edge and the fermi level, whereas the electrolyte is
characterized by the oxidation and reduction potentials/energy levels (E0ox and E0red). The
average of the oxidation and reduction potential is the redox potential, which is the
potential developed by ions to oxidize or reduce, accept or donate electrons. The energy
level corresponding to the redox potential in the liquid, may be considered to be
analogous to the Fermi energy level in the solid.
When a semiconductor and electrolyte are brought into contact, equilibrium is
reached when the redox energy level of the electrolyte and the Fermi energy level in the
solid align. Frequently, this would require transfer of electrons across the interface,
causing the buildup of excess immobile charges in the semiconductor, which can extend
for a significant distance into the solid (10-1000nm). This layer of immobile charge is
known as the space charge layer. In the energy band representation, this charge
accumulation is represented by a band bending at the interface. The thickness of the
space charge layer is inversely related to the doping level of silicon.
In order to maintain electroneutrality, on the solution side, there is a lineup of ions
of opposite charge which results in the formation of an interfacial double layer or the
Helmholtz layer. The different layers associated with a semiconductor/electrolyte
interface and their relative dimensions are shown in Figure 2.7.
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Figure 2.6: Energy band representation of a semiconductor/electrolyte interface [2.56]

Figure 2.7: Schematic representation of the different layers of charge associated with a
semiconductor/electrolyte interface. [2.56]
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The application of an external potential to a semiconductor electrode alters the
position of the Fermi level and consequently, the extent of band bending and thickness of
the space charge layer. Applying more negative potentials raises the Fermi level and
applying more positive potentials reduces the Fermi level. The application of an external
potential can result in three different band bending scenarios. [2.57]
(a) Flatband potential: At a certain applied potential, the Fermi potential lies at
the same potential as the solution redox potential, resulting in no net transfer
of charge and no band bending. Such a potential is referred to as the flatband
potential (Efb).
(b) Depletion: At potentials positive to the flatband potential for an n-type
material and negative to the flatband potential for a p-type material, majority
charge carriers are transferred from the semiconductor to the electrolyte, the
semiconductor gets depleted of majority carriers at the electrode/electrolyte
interface, resulting in a depletion region in the electrode.
(c) Accumulation: At potentials negative of the flatband potential for an n-type
semiconductor and positive than the flatband potential for a p-type
semiconductor, there is an excess of majority charge carriers in the interface,
which is known as accumulation.
If the applied potential results in the formation of an accumulation region, the
electrode will behave similar to a metallic electrode and there will be facile charge
transfer. However, if there is a depletion layer, then there are few charge carriers and if at
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all any electron transfer reactions occur, they occur slowly. From the above discussion, it
is evident that the p-type semiconductor will spontaneously act as an anode in the
absence of additional external energy such as illumination (dark anode), whereas an
n-type electrode will act as a dark cathode. Illumination of an anodically biased n-type
electrode with a radiation of sufficient energy, will result in the promotion of electrons to
the conduction band. If the process occurs in the space charge layer, the electric field in
this region will cause separation of the charge carriers with electrons migrating towards
the bulk of the semiconductor electrode and holes migrating towards the interface. Thus
the n-type electrode can behave as an anode under illumination (photoanode). By similar
reasoning it can be seen that the p-type semiconductor behaves as a photocathode. The
total applied potential will be dropped across the various layers described above, mainly
the space charge layer, Helmholtz double layer and the thickness of the silicon substrate
itself, as shown in Figure 2.7.
In the context of porous silicon, the potential drop across the pore/electrolyte
interface will take place across atleast five elements, as illustrated in figure 2.8. The
figure shows a schematic pore structure and illustrates the potential drop across various
elements encountered in the electrical path at the silicon pore/electrolyte interface.

74

ΔVapp = ΔVsi + ΔVs + ΔVox + ΔVH + ΔVel
Figure 2.8: Schematic illustration of the potential drop across various elements at a
silicon pore/electrolyte interface [2.56]

As shown in the figure, the total applied potential is dropped across five main
elements namely the silicon substrate, the space charge layer, any thin film of oxide that
may partially cover the silicon, the electrostatic double layer (Helmholtz layer) and the
electrolyte. The various potential drops sums up to the total applied potential (ΔVapp) and
this relation can be expressed by the following equation.
ΔVapp = ΔVsi + ΔVs + ΔVox + ΔVH + ΔVel
Where, ΔVsi is the potential drop in the silicon substrate, ΔVs = potential drop in the
space charge layer, ΔVox = potential drop in the oxide, ΔVH = potential drop in the
Helmholtz double layer and ΔVel = potential drop in the electrolyte.
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The discussion above does not take into account the role of surface inhomogenity
such as kinks, vacancies, steps and foreign elements other than the dopant atoms. These
defects could lead to the introduction of additional energy levels in the solid, which could
even be in the forbidden energy gap. Transfer of charge between solid and solution could
take place from these energy states on the surface of the solid. The surface states could be
as a result of dangling bonds on the surface or as adsorbed electroactive species, such as
hydrogen or hydroxyl ions. Adsorbed species other than hydrogen and hydroxyl ions are
also capable of accepting or donating electrons and can act as surface states. Such species
could even be partially oxidized Sin+ ions, which act as transient surface sites. Surface
inhomogenity such as kinks, vacancies, steps and foreign elements can act as surface
sites.
The semiconductor/electrolyte interface can be modeled by an electrical
equivalent circuit, which is a combination of resistances and capacitances as shown in
Figure 2.9. A detailed equivalent circuit involves three capacitances, namely Csc, the
capacitance associated with the space charge layer, CH, which is the capacitance of the
Helmholtz double layer and Css, a capacitance caused by charging and discharging of
surface states such as surface defects and inhomogenities. It also includes four resistance
quantities, namely, RSC which represents the resistance associated with space charge
layer, Rss which represents the resistance associated with the surface defects and Rp,
which represents the polarization resistance.
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Figure 2.9: Equivalent circuit of semiconductor/electrolye interface. [2.56]

2.2.4. I-V characteristics of silicon in HF
Figure 2.11 shows a typical potential vs. current characteristics for n- and p- type
silicon in illuminated and unilluminated conditions in a 5 wt% HF solution. [2.58] Since
n type silicon behaves as a photoanode only, measurable currents at anodic potentials are
seen only under illumination on these substrates, whereas in p type silicon, anodic current
is generated in dark. Under an anodic bias in illuminated n type silicon and unilluminated
p type silicon, it is found that below a certain critical current density JPS, charge transfer
controlled porous silicon formation process occurs. Above this critical value,
electropolishing of silicon occurs by a cyclic process of anodic oxide formation and
dissolution. In solution containing 5 wt% HF, a JPS value of 30 mA/cm2 was reported.
The value of JPS is typically found to be a function of HF concentration in solution and
temperature. [2.59]
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Figure 2.10: I-V characteristics of p type and n type silicon electrodes under illumination
and in dark, in a 5% HF based solution [2.58].

TEM image of the cross section of a nanoporous silicon film formed on single
crystalline (100) p type silicon of 0.003 Ω cm of resistivity in HF solutions, is shown in
Figure 2.11. [2.60] The film was formed under galvanostatic conditions with an applied
current density of 50 mA/cm2. Unfortunately, the concentration of HF is not mentioned in
this paper. The image shows pores propagating vertically in the (100) direction, with pore
wall thickness of ~5nm. The porosity and the pore density of the film were estimated to
be ~50% and ~1011 cm-2, respectively.
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500 nm

Figure 2.11: TEM cross sectional image of porous silicon formed on (100) p type silicon
of 0.003 Ω cm resistivity in HF solutions. [2.60]

2.2.5. Electrolytes for PS formation
2.2.5.1. Use of wetting agents
Porous silicon is typically formed in hydrofluoric acid solutions containing an
alcohol such as ethanol, methanol or an organic acid such as acetic acid as wetting agent
in a 1:1 to 1:2 ratio. Most of the studies in the literature use some amount of ethanol in
the electrolyte. Silicon immersed in a HF solution is hydrogen terminated and is
hydrophobic. Ethanol functions as a wetting agent for the hydrophobic silicon surface
and prevents the hydrogen bubbles (formed as a product of the etching reaction) from
sticking to the surface or the pore walls. While ethanoic HF has been used in most
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studies, there have also been some reports where acetic acid and methanol have been
used as wetting agents. [2.61, 2.62]
The use of surfactants has also been explored. Sotgiu et al have also reported on
the use of surfactants such as sodium lauryl sulfate, lithium lauryl sulfate, cetyl trimethyl
ammonium bromide (CTAB) etc. as an alternative for ethanol and have obtained a similar
reduction in surface tension. [2.63] However, there is no information on how the addition
of surfactants affect the porous silicon formation rates.
2.2.5.2. Use of organic co-solvents
The use of organic solvent/hydrofluoric acid systems for the formation of
macroporous silicon on p type substrates has also been reported. [2.64-2.65] A number of
organic solvents such as acetonitrile, Dimethyl Formamide (DMF), Dimethyl Sulfoxide
(DMSO), n-Propanol, Dimethyl Acetamide etc. have been tried and are reported to
produce macropores, rather than microporous silicon.
In an interesting study, Christophersen et al have compared a number of organic
solvents containing 4 wt% HF and anodized at 4 mA/cm2 and have reported that the
highest pore formation rate was obtained in Dimethyl Acetamide/HF solution, which was
~2.5 μm/h. [2.64] Due to the absence of water, H2 evolution does not occur in solutions
containing organic solvents.
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2.2.5.3. Use of oxidizing agents
There are not many systematic studies on the use of oxidizing agents such as
H2O2 or HNO3 in electrochemical porous silicon formation on p type silicon substrates.
Bao et al, studied the influence of strong oxidizers such as H2O2, HNO3 and CrO3 on
porous silicon formation on n-type substrates in HF solutions. They found that the use of
HF/H2O2 solutions resulted in macropore formation in low doped n-type silicon even in
the dark, whereas no such effect occurred on highly doped silicon under potentiostatic
conditions. The concentration of HF was varied between 5% and 20% (by volume) in this
study, whereas the concentration of peroxide was varied between 10% and 63% (by
volume). Macropores with pore diameters of between 150 nm and 500 nm were obtained,
by varying the proportion of HF to H2O2. [2.66] In a follow up paper, they reported that
an increase in porous film growth rate of upto 1800 μm/h was obtained in solutions
containing 20% HF and 50% peroxide, anodized at a current density of 600 mA/cm2.
[2.67] Regular cylindrical macropores were found to form under these conditions with a
pore diameter of ~ 1 μm. Yamani et al, compared the microstructure of porous silicon
films formed on p type substrates of 1-10 Ω cm resistivity in solution mixtures containing
HF-methanol and HF-methanol-peroxide at a current density of 5 mA/cm2.[2.68] For a
solution containing H2O2 (30wt%):HF (49wt%) in the ratio of 0.1:1, they reported that
there was no change in pore size or pore density, under the conditions studied. Average
pore size in solutions with and without peroxide was found to be ~3 nm.
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Porous silicon can also be formed by stain etching, in the absence of an external
bias, where oxidants and a metal catalyst are required. Li et al have reported the
formation of porous silicon by etching p type silicon in a H2O2/HF mixture. [2.69] In this
study, the sample was coated with a thin layer of noble metal such as Au, Pt, Au/Pd and
then immersed in a solution containing H2O2, HF and ethanol. Depending on the type of
metal coating, porous silicon having different microstructures was obtained. It has been
reported that Pt coated silicon etches at the highest rate. No pores were observed in the
absence of a metal coating, suggesting that the metal coating facilities silicon etching,
perhaps by forming a redox couple with silicon. Zhao et al have reported stain etching in
HF/HNO3 solutions in the presence of a aluminum film. [2.70] The study shows that
aluminum assists in pore formation and enhances the porous silicon formation rate.
However, in these cases, microporous layers propagating in all directions were formed,
rather than well defined and vertically propagating pores.
2.2.6. Characterization of PS films
2.2.6.1. Correlations between substrate, electrolyte and process variables and PS
morphological features
The morphological features of porous silicon can be described in terms of
qualitative parameters such as pore shape, pore orientation, shape of pore bottom, fill of
macropores and pore branching.
Figure 2.14 shows the different types of morphological features commonly seen in
porous silicon. [2.71]
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(i)

Pore shape: Four types of pore shapes have been observed in porous silicon
samples formed under different conditions, as shown in Figure 2.13, namely
circular, star-like, square or nearly square and triangular. The most common
shape observed is circular. On n-type silicon at low applied potentials, the
shape tends to be circular, whereas at high potentials corresponding to current
close to the value of JPS, the shape tends to be star-like. Square or nearly
square pore shapes are less commonly observed and seen only at very specific
voltage and HF concentrations. On p type substrates with low doping, the
shape tends to be circular at low current densities and square at high current
densities. Triangular shapes are seen only on (111) substrates.

(ii)

Pore orientation: The pores formed are typically anisotropic. The direction
of pore propagation is typically determined by substrate orientation and the
pore tends to propagate in the direction of source of carriers. On (100)
substrates, pores propagate perpendicular to the substrate in the <100>
direction. On other substrates, the pore propagation is usually at a certain
angle with respect to the surface, typically in the <113> direction on (111) and
(110) substrates.

(iii)

Shape of pore bottom: The bottom of the pore at the interface between the
porous film and silicon substrate is always curved. The radius of curvature,
however, can vary widely, leading to structures with shallow or elongated
bottoms. The length to diameter of the pore bottom is an important ratio which
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determines the reaction kinetics and rate of pore propagation and can vary
between 0.3 (shallow pore) to 5 (elongated pore). This ratio is found to have a
strong dependence on substrate resistivity in the case of p type silicon. P type
substrates with low resistivity have more elongated pore bottoms than
substrates with higher resistivity.
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Figure 2.12: Summary of morphological features observed in porous silicon films [2.71]
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2.2.6.2. Quantitative characteristics of PS films
The quantifiable characteristics of porous silicon are described in this section.
(i)

Growth rate: Growth rate of porous silicon is typically defined as the average
thickness of porous silicon film formed per unit anodization time, expressed in
Å/min or nm/min. In most studies, the average thickness is typically
measured/estimated by examining the cross section of the film using Scanning
Electron Microscopy at different locations in the film. Growth rate from a
few Å/s to as high as 4000 Å/s has been shown. Since porous silicon
formation is a charge transfer controlled process, growth rate increases
exponentially with increase in applied potential or linearly with applied
current. The growth rate shows a logarithmic relationship with the dopant
concentration. [2.72] Interestingly, it is observed that temperature has little
influence on growth rate. Growth rate is linear with thickness of porous film
formed upto a certain critical thickness. For large thicknesses, growth may
deviate from linearity due to diffusion limitations of HF into the pores.
Difference in concentration between bottom of the pore and the bulk of the
solution can vary by as much as 20%. [2.72] Growth rate on (100) silicon is
found to be higher than the growth rate on a (111) substrate. [2.73]

(ii)

Pore diameter: Based on pore diameter, porous silicon can be divided into
three categories, (a) microporous, where pore diameter is typically less than 2
nm, (b) mesoporous, where pore diameter is between 2 nm and 50 nm, (c)
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macroporous, where pore diameter is greater than 50 nm. In moderately doped
p type silicon (1015 – 1018 cm-3), very small pores (<10 nm) are formed, in
aqueous HF solutions. In highly doped p type silicon (> 1019 cm-3), pores of
10-100 nm diameter is formed. In low doped p type silicon (< 1015 cm-3), two
distinct pore diameter distributions are seen, where small pores of around
10 nm is formed on top of large pores of ~10 μm. Wider range of pore
diameters can be seen in organic solutions containing HF, rather than aqueous
solutions. Typically macroporous silicon on p type substrates is formed in
organic solutions. [2.74] In n type silicon, typically macropores are formed
under back side illumination. For a given current density, pore diameter
increases with increase in HF concentration. [2.75]
(iii)

Wall thickness: In general, wall thickness is less than pore diameter in most
cases. Wall thickness depends on potential/current at which porous film is
formed. Increase in current results in increase in wall thickness/interpore
spacing. Beyond a certain value, the wall thickness starts decreasing. Shallow
pits are formed when the current increases to a value such that interpore
spacing becomes zero. Wall thickness is also generally less than twice the
space charge layer thickness. [2.76]

(iv)

Porosity: Porosity may be defined as the percentage of porous silicon film
unoccupied by silicon atoms or occupied by air. Alternately, one can define a
quantity called porous silicon density, which is the volume or mass of solid
silicon per unit volume of porous film, expressed in g/cm3. In the case of p
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type silicon, porosity is typically found to decrease with increase in HF
concentration and dopant concentration, while it increases with current
density. [2.77, 2.78] Porosity increases with increase in temperature. [2.79]
The most common method of determining porosity is by gravimetry.
[2.80] In this method, the mass of the sample is measured before anodization
(W1), after anodization (W2) and after dissolution of the porous film in an
alkaline reagent such as NaOH or KOH (W3).
𝑊𝑊1 − 𝑊𝑊2
� ∗ 100
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (%) = �
𝑊𝑊1 − 𝑊𝑊3

Other porosimetry techniques based on liquid or gas adsorption may also be
used. [2.81]
(v)

Pore density: Pore density is defined as the number of pores per unit
projected area. If porosity of the film (p) and average pore diameter (φ) is
known, pore density can be calculated using the following equation.
𝑁𝑁 =

𝑝𝑝
𝜋𝜋𝜑𝜑 2

As seen from the equation, pore density increases with increase in porosity
and decrease in pore size. In the case of n-type silicon, pore density
decreases with increase in potential at low potential values due to increase
in thickness of space charge layer. As the potential is increased to much
higher values, the pore density decreases at high potentials due to reduced
wall thickness. Typically, pore density can be expected to decrease with
HF concentration and increase with temperature. Pore density on the order
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of 1010 to 1012 cm-2 have been reported in p type silicon, in the literature.
[2.76]
(vi)

Specific surface area: Specific surface area may be defined as the total
physical area per unit volume, typically expressed in units of m2/cm3 of
porous film. If porosity (p) and average pore diameter (φ) are known and
straight, cylindrical pores are assumed, specific surface area (A) may be
calculated using the following equation.
𝐴𝐴 =

2×10 −4 𝑝𝑝
𝜑𝜑

To arrive at the units of m2/cm3 for specific surface area, φ should be
expressed in units of cm.
Porous films with specific surface area between 100-700 m2/cm3 can be
formed on p type silicon. [2.82]
(vii)

Effective Dissolution Valence: Effective dissolution valence is defined as the
average number of electrons flowing through the external circuit per dissolved
silicon atom.
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (𝑛𝑛) =

𝑧𝑧
𝑎𝑎

Where z = number of Faradays of charge passed during anodization
a = number of moles of silicon dissolved during anodization
Dissolution valence of between 2 to 4 is commonly encountered. In aqueous
solutions containing HF, dissolution valence close to 2 is observed. In organic
solutions containing HF, dissolution valence close to 4 have been reported.
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[2.64] Additionally, chemical dissolution occurs simultaneously with
electrochemical dissolution, as will be discussed later in this chapter.
Dissolution valence also indicates the relative extent of electrochemical
dissolution versus chemical dissolution. Dissolution valence less than 2 can
also be expected under conditions where chemical dissolution is high,
particularly for low doped material.
Dissolution valence typically increases with increase in anodic current
density, due to increase in electrochemical dissolution. For a given current
density, n increases with increase in HF concentration. Value of n decreases
with increase in porous silicon thickness, when diffusion of electrolyte into
the pores becomes critical. For increased anodization time, thicker porous film
is formed and chemical dissolution which is a strong function of anodization
time is increased. [2.83] Values as low as 0.5 is observed. For a porous
structure with very small pores, more chemical dissolution is seen and n
values less than 2 is seen. Value of n increases with increase in doping
concentration for p type silicon. [2.72]
(viii) Degree of crystallinity of the porous film: Porous silicon films usually have
the same crystallographic structure as the substrate, except for very fine pore
diameters, where significant deviation from the crystalline structure of the
substrate can occur. Such structures could even be polycrystalline or
amorphous. [2.84]
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2.2.6.3. Chemical Dissolution during PS formation
During electrochemical formation of porous silicon, the tips of the pores where
there is sufficient concentration of holes, dissolve electrochemically, whereas the pore
walls that are sufficiently far away from the holes, dissolve chemically and therefore at a
low rate. The chemical dissolution depends on duration of immersion as well as total
surface area exposed. The rate of chemical dissolution increases with immersion time and
decreases with HF concentration. The dependence of chemical dissolution on time has
been found to follow the equation. [2.85]
Wch = Atn (g/cm3)
Obviously, the surface area of porous silicon increases with etching time. The
ratio of chemical dissolution rate to electrochemical dissolution rate increases with
immersion time (since the chemical dissolution rate increases with total surface area,
whereas the electrochemical rate depends only on the surface area of the pore bottom).
The chemical dissolution component is responsible for dissolution valence lower than 2
and change of porous silicon density with depth.
2.2.6.4. Ordered vs. random pore formation
The topography of a silicon electrode is found to significantly influence pore
initiation. As discussed previously, the dissolution process in the porous silicon formation
regime requires the presence of a hole at the site of dissolution. On a rough electrode, any
topographical defect (pits, sharp corners) can preferentially attract holes and therefore,
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act as sites for dissolution. On the other hand, on an atomically flat surface, dissolution of
silicon occurs homogenously. Any slight inhomogenity in the rate of dissolution across
the electrode can get amplified and etch pits are formed rapidly. These etch pits are
randomly located on the surface and act as sites for pore growth.
Attempts have been made to form ordered pores by pre-defining the initiation
sites prior to anodization. A number of studies have been published in which the surface
of n-type silicon was patterned using photolithography and then the exposed silicon was
etched in an alkaline etchant such as KOH or NH4OH to form inverted pyramidal etch
pits. [2.86-2.88] The patterned electrode was then anodized in a HF based electrolyte
under appropriate conditions and pore growth was found to occur preferentially at the
etch pits leading to ordered pores. It was also found that this technique worked best when
the pitch of the artificially defined pore initiation sites was of the same order as the pore
diameter that would develop spontaneously under the anodization conditions. If the pitch
was smaller than the “natural” pore diameter, degradation and sometimes collapse of the
pore walls was seen, leading to disorder in the pore array. As stated previously, in the
case of n-type silicon, pore formation requires backside illumination. The pore diameter
in this case, is easily controlled over several orders of magnitude by controlling the
illumination current density. Ordered arrays with pore diameters ranging from 0.3 μm to
100 μm have been demonstrated. In the case of p-type silicon where anodization is done
in the absence of illumination, it is not as easy to control the pore diameter for a given
substrate when random nucleation occurs. Interestingly, Vyatkin et al, have shown that
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pore diameter increases with current density when the initiation sites are pre-defined.
[2.89] Pore size of upto 35 μm has been demonstrated in this study.
Gavrilin et al, have demonstrated another technique for formation of ordered pore
arrays on p type silicon, namely by Ga+ ion implantation in localized spots using the
Focussed Ion Beam technique. [2.90] In this study local spots on the sample were
irradiated with a 25keV Ga+ ion beam of 100 nm beam spot size and 1 A/cm2 ion current
density, with a dose of 2E12 to 5E14 cm-2. Subsequently, the sample was anodized in a
solution of HF:DMF in a ratio of 1:9 at a current density of 9 mA/cm2. It was found that
the irradiated spots acted as active sites for initiation of pore growth during anodization
and pores of size ~2.4 μm were formed. While they were able to control the spacing
between the pores and pore pattern by controlling the irradiation pattern, they were
unable to vary the pore size.
Hou et al, have reported the use of pulsed anodic etching for the preparation of
porous silicon. The current has been pulsed between 0 and 2 mA/cm2 and it has been
found that under equivalent time conditions, porous silicon films formed by pulsed
etching have more widely separated and deeper Si columnar structures. [2.91]
2.2.7. Mechanism of PS formation
Uhlir accidentally discovered that a brown film was formed on the surface of
silicon below a certain current density, when it was anodized in a HF solution. A number
of researchers have attempted to throw light on the mechanism of formation of this film.
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While several models have been proposed to explain porous silicon formation, it
is generally agreed that electronic holes are involved in the electrochemical reaction.
[2.69, 2.70] A general reaction mechanism under porous silicon formation and
electropolishing regimes is illustrated in Figure 2.13. [2.92] When hydrogen terminated
silicon is immersed in a fluoride solution, the hydrogen termination on the surface is
replaced by fluorine atoms and the process is accompanied by hydrogen evolution. This
process weakens the Si-Si backbonds. Two different reaction paths can occur at this
stage. The breaking of Si-Si backbond could lead to the elimination of a [SiF4] moiety or
reaction with H2O leading to oxide formation. The relative rates of the two processes is
determined by the applied potential. At low potentials, reaction path (1) dominates,
whereas at higher potentials, reaction path (2) dominates, which causes electropolishing.
Several models have been proposed to explain the anisotropic pore propagation.
Beale et al, proposed that the formation of a depletion layer at the silicon/electrolyte
interface, leads to current localized at pore tips and enhanced local electric field. [2.82]
The enhanced electric field leads to preferential etching at the pore tips. Smith
hypothesized that the rate of pore growth and morphology is related to the rate of hole
diffusion to the pore tips. [2.93]
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Figure 2.13: Possible reaction paths for silicon in HF solutions under anodic bias
conditions [2.92]

Lehmann and co-workers were the first to present a model based on quantum
confinement. [2.94] They hypothesized that due to quantum confinement, the pore walls
are depleted of carriers, whereas the tips attract carriers and dissolve preferentially during
anodization.
Another well known model is the surface curvature model proposed by Zhang,
who hypothesized that the rate and distribution of reactions on a curved pore bottom is
affected by the radius of curvature. [2.95] While the pore walls have a radius of curvature
of infinity, the pore bottom has a much smaller radius of curvature and hence dissolve
preferentially.
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It is experimentally found that the bottom of all pores is curved and it is known
that the curvature of a semiconductor surface affects the electric field at the surface. For a
spherical interface, the potential and the electric field in the semiconductor can be
calculated by solving the Poisson's equation. The distribution and rate of electrochemical
reactions depends on the electric field distribution along the bottom of the pore
geometries and calculation of the rate of electrochemical reactions and their distributions
can lead to the calculation of pore morphologies.
The anisotropy in pore propagation can be explained by considering that the
current density at a specific site is dependent on the radius of curvature at that site. The
current density variation may be explained by the following equation. [2.71]
is = it cosθ + ib
In this equation, θ is defined as the angle between the normal and the tangent at a
specific site and is shown in Figure 2.16. The current densities, is refers to the current
density at a specific site along the curved bottom, it represents the current density at the
pore tip and ib represents the current density at the walls. The current density is highest at
the tip where θ = 00 and lowest at the walls where θ = 900, which leads to a high relative
rate of dissolution at the tip, leading to anisotropic pore propagation.
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Figure 2.14: Distribution of current across the bottom of a pore. [2.71]
Another interesting model is the current burst theory, proposed by Foll et al.
[2.96] This model hypothesizes that electrochemical reactions involved in silicon
dissolution occur in microscopic reaction units. Current flow, which results in silicon
dissolution, occurs by local current bursts and is inhomogenous spatially and temporally.
As a result, each reaction unit can either be silent (absence of electrochemical reaction) or
be electrochemically reactive (silicon dissolution). The porous silicon process cycle
involves direct silicon dissolution, oxide formation and dissolution and hydrogen
termination for each reaction unit on an evolving pore bottom. The spatial and temporal
inhomogenity of current bursts and current flow, results in different porous silicon
microstructures.
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2.2.8. Post-anodization treatment of porous silicon films - rinsing and drying
After the formation of porous silicon films, they are typically rinsed in DI water
or low surface tension solvents such as ethanol, methanol or isopropyl alcohol. The use of
low surface tension solvents is favored since it is expected to help in preventing capillary
collapse of the pore structures during drying.
Tutov et al, studied the interaction of porous silicon with water using pH and
chemographic measurements. [2.97] The pH of distilled water immersed in freshly
prepared porous silicon, was found to decrease to 5.6 in 15 minutes, indicated liberation
of H+ ions from inside the pores.
The evolution of mechanical stress during drying of porous silicon films was
investigated by Gruning et al. [2.98] After forming porous silicon films of ~5-10 μm
thickness under typical anodization conditions, the sample was rinsed with deionized
water and immersed in ethanol. Subsequently, the sample was transferred to the sample
holder and stress measurements were made. Initially, the ethanol filled sample was under
compressive stress, perhaps due to increased lattice spacing in the porous silicon film
compared to the substrate. Large transient tensile stresses were measured during drying,
which could potentially lead to collapse of the porous structures.
Chamard et al and Sugiyama et al, [2.99, 2.100] studied the effect of water rinsing
and drying on strain in porous silicon samples, using X-ray diffraction. In p type porous
silicon samples, a small contraction in crystallite size was observed during drying. This
was attributed to change in surface strains as well as change in surface composition by
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oxygen chemisorption. Interestingly, it was observed that samples dried with an
intermediate water rinsing step exhibited lower contraction in crystallite size than
samples dried without water rinsing.
Complete removal of ionic species from the pores is critical, to ensure that the
etching process does not continue after cessation of anodization. For this purpose,
determination of optimal rinse time would be useful. There are not many studies that
have examined this aspect.
In Chapter 5 of this dissertation, the formation of deep porous silicon films (~3050 μm) by anodization in hydrofluoric acid solutions containing acetic acid is explored.
Further, the influence of addition of hydrogen peroxide, an oxidizing agent, on the porous
film characteristics is explored systematically. Key characteristics studied include growth
rate, porosity, effective dissolution valence and pore microstructure, for films formed
under different conditions. In the final part of the study, a methodology to optimize rinse
time, using electrochemical impedance spectroscopy technique, is demonstrated.
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CHAPTER 3
METHODS AND MATERIALS
3.1. Methods
3.1.1. Thermodynamic stability diagrams:
Potential-pH diagrams and speciation diagrams were generated for Cu-NH4F and
Si-HF aqueous systems using a commercially available software program STABCAL
[3.1]. The activity of copper and silicon in solution was considered to be 10-4 and the
temperature was assumed to be 250C. The standard free energy of formation of various
species considered in these systems were obtained from the in-built NBS database in the
software. The free energy values used for the various fluoride species considered in this
work are listed in Table 3.1.
3.1.2. Preparation of copper oxide films
Electroplated copper of ~600 nm thickness were used for the preparation of
thermal copper oxide films. The samples were pre-cleaned in 0.1M HCl for 30 seconds,
rinsed in DI water and dried with nitrogen. The samples were then oxidized in a
laboratory tube furnace maintained at a temperature of 3000C in an air ambient for
various durations of time, to form copper oxide films of controlled thicknesses.
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Species

Phase

Standard free energy of formation,
ΔG0f at 250C (kcal/mol)

NH4F

Solid

-83.34

NH4HF2

Solid

155.57

HF

Aqueous

-70.94

F-

Aqueous

-66.63

HF2-

Aqueous

-138.16

Aqueous

-142.50

CuF+

Aqueous

-52.70

SiF62-

Aqueous

-525.67

H2F2

Table 3.1: Standard free energy of formation values for various fluoride species
considered in thermodynamic stability calculations.

3.1.3. Electrochemical Methods
All DC electrochemical experiments were performed using Princeton Applied
Research
impedance

273A potentiostat/galvanostat
spectroscopy

experiments

and

PARSTAT 2273. Electrochemical

were

conducted

by

interfacing

273A potentiostat/galvanostat with a Solartron SI 1260 gain phase analyzer. All
electrochemical experiments were carried out using a three electrode electrochemical
configuration, with the material of interest (copper, copper oxide or silicon) acting as the
working electrode, platinum foil as counter electrode and platinum wire as a quasi
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reference electrode, unless otherwise specified. Since fluoride based formulations were
used in most of the studies, it was necessary to use a platinum wire quasi reference
electrode, in order to avoid etching of commercially available glass body laboratory
reference electrodes. For all the electrochemical experiments, backcontact was
established by painting the backside of the wafer with a conductive silver paint,
containing 68% solids.
3.1.3.1. Anodic Polarization
The I-V characteristics of silicon in solutions containing varying concentration of
HF and acetic acid, with and without H2O2, were obtained by anodic polarization. The
silicon electrode was polarized from OCP to an overpotential of 5V at a scan rate of
1 mV/s. From the characteristic current density peak seen in the anodic polarization
curve, the value of maximum porous silicon formation current density (JPS) was
determined for each solution condition.
3.1.3.2. Galvanostatic polarization
3.1.3.2.1. Determination of copper oxide thickness
The thickness of copper oxide films was determined by electrochemical reduction
technique in the galvanostatic mode. [3.2] A constant cathodic current density of
0.75 mA/cm2 was applied to the copper oxide working electrode immersed in
deoxygenated solution of 0.1M NaHCO3, while the resulting potential was monitored as a
function of time. The solution was deoxygenated to prevent oxygen reduction under
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cathodic bias. Deoxygenation was accomplished by bubbling with nitrogen for atleast 60
minutes prior to experiment. Additionally, a nitrogen blanket was maintained on top of
the solution for the duration of the measurement. A typical potential vs. time curve
obtained upon the reduction of copper oxide films in NaHCO3 solutions is shown in
Figure 3.1.

Figure 3.1: Typical electrochemical reduction curve for CuOX films in NaHCO3 solution
In the curve, t1 corresponds to the time taken for the reduction of CuO to Cu2O
and t2 corresponds to the reduction of Cu2O to Cu. The electrochemical half cell reactions
corresponding to the two regions in the curve may be given as follows.
2 CuO + 2H+ + 2e-  Cu2O + H2O
Cu2O + 2H+ + 2e-  2 Cu + H2O
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Using the width of the regions, namely t1 and t2, the thickness of Cu2O and CuO
can be individually estimated using the following Faraday’s law equation.

Estimated thickness (nm ) =

it  Molecular weight of CuOx  nm
x

ρ of CuOx
nF 
 10 − 7 cm






In the above equation, i corresponds to the applied current density, n corresponds to the
number of electrons transferred in the reduction reaction and F is the Faraday’s constant
(96500 C). The values of constants necessary for the calculation of thickness of both CuO
and Cu2O are listed in the following table.
n

Molecular Weight (g/mol)

Density (g/cc)

CuO

2

79.5

6.31

Cu2O

1
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3.1.3.2.2. Formation of porous silicon
The formation of porous silicon was carried out in solutions containing a mixture
of hydrofluoric acid and acetic acid with and without peroxide, under galvanostatic mode
using a three electrode setup. In the galvanostatic mode, various values of constant
anodic current densities in the range of 25 mA/cm2 to 200 mA/cm2 were applied to the
silicon working electrode and the potential was monitored with time. After anodization
for a given length of time, the samples were rinsed in deionized and dried in a nitrogen
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stream. Most of the porous silicon films were formed for a duration of 30 minutes, unless
otherwise mentioned.
3.1.3.3. Electrochemical Impedance Spectroscopy (EIS)
Electrochemical Impedance Spectroscopy (EIS) is an AC electroanalytical
technique, in which a small sinusoidal signal (potential or current) superimposed over a
DC signal is applied to a working electrode and the impedance response of the electrode
is monitored. Impedance response of electrochemical systems are widely used to study
different aspects of the systems such as corrosion behavior, electrochemical reaction
mechanisms, behavior of passive coatings on metal electrodes, diffusion characteristics
etc. [3.3] Impedance is a quantity in AC theory that is analogous to resistance in DC
theory. While resistance is independent of frequency, impedance is a function of
frequency of the applied AC signal.
The sinusoidal excitation signal (potential) expressed as a function of frequency
and its current response are given as follows.
𝐸𝐸(𝜔𝜔) = 𝐸𝐸0 sin 𝜔𝜔𝜔𝜔

𝐼𝐼(𝜔𝜔) = 𝐼𝐼0 sin(𝜔𝜔𝜔𝜔 − 𝜑𝜑)

where E0 is the amplitude of the potential signal, ω is the frequency of the signal and I0 is
the amplitude of the current response. The current response is typically shifted in phase
relative to the applied potential signal. The quantity φ represents this phase change.
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Impedance in the frequency domain can be calculated using an expression analogous to
Ohm’s law.

𝑍𝑍(𝜔𝜔) =

𝐸𝐸(𝜔𝜔 )
𝐼𝐼(𝜔𝜔 )

=

𝐸𝐸0 sin 
(ωt)

𝐼𝐼0 sin (𝜔𝜔𝜔𝜔 −𝜑𝜑 )

= 𝑍𝑍0 . 𝑓𝑓

Impedance is therefore represented as an ordered pair, by a magnitude Z0 and a
phase shift f. Alternately, it may also be represented as a complex quantity
𝑍𝑍 = 𝑍𝑍 ′ − 𝑗𝑗𝑗𝑗"

where Z’ represents the real part of impedance, whereas Z” represents the imaginary part
of impedance.
In a typical impedance spectroscopy measurement, sinusoidal signals of different
frequencies are applied to the electrode of interest and the impedance response is
monitored at each frequency. The data from such an experiment is commonly plotted in a
complex plane in a Nyquist plot. A typical Nyquist plot is shown in Figure 3.2. Here, the
real part of impedance is plotted against the imaginary part of impedance and each point
in the plot represents impedance values acquired for a unique applied frequency of the
sinusoidal signal. The data obtained from an electrochemical system undergoing charge
transfer typically forms a semicircle or distorted semicircles and the frequency typically
increases from right to left along the semicircle. The magnitude of impedance (|Z|) and
the phase angle (φ), for a given frequency, are also represented in the figure.

-Im Z
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ω=∞

ω=0

φ
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Figure 3.2: Typical Nyquist plot obtained for an electrochemical system immersed in an
electrolyte

The impedance response may be analyzed by modeling the electrochemical
system using electrical equivalent circuits consisting of passive circuit elements, namely
resistor, capacitor and inductor. The three passive circuit elements may be combined in
series or parallel to mimic the impedance response of a non-linear electrochemical
system. The impedance data may be fit to such a circuit and values of circuit parameters
may be extracted. Table 3.2 lists the current-voltage relationship and impedance response
of the three commonly used circuit elements.
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Element

V-I relationship

Impedance response

Resistor

E = RI

Z=R

Inductor

E = L. di/dt

Z = jωL

Capacitor

I = C. dE/dt

Z = 1/jωC

Table 3.2: Current-voltage relationship and impedance response of common circuit
elements.

3.1.3.3.1. Impedance studies of bare Cu and CuOX films in SAF formulations
The impedance spectra of copper oxide and copper films were measured in SAF
formulations containing 0.25M NH4F and varying proportions of solvent and water. An
AC voltage signal of 5 mV amplitude was applied to the samples in the frequency range
of 100 kHz to 0.1 Hz. The spectra of bare copper films were measured after equilibriation
in the solution for 5 minutes. The impedance spectra of copper oxide films were
measured as a function of immersion time. The resulting data was analyzed by means of
electrical equivalent circuit modeling using a commercially available software Zview
version 2.1. The quality of fit was analyzed using chi-squared values.
3.1.3.3.2. Rinsing studies on porous silicon
The impedance characteristics of porous silicon films during rinsing in DI water
was studied using EIS. Porous silicon films were formed by anodization of silicon in
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solution containing 12.5M HF and 6.25M acetic acid. After anodization, the sample was
removed from the cell and squirted with DI water to remove any adsorbed fluoride
species. The cell container and the reference and counter electrodes were thoroughly
rinsed in DI water. The electrochemical cell was reassembled with porous silicon film as
the working electrode and the cell was filled with DI water. The impedance spectra of
porous silicon film immersed in DI water was measured as a function of time, for a
period of 5 hours, at intervals of ~30 minutes. The data was analyzed using equivalent
circuits using Zview version 2.1.
3.1.4. Atomic Absorption Spectrophotometry
The removal rate of copper oxide and copper films in SAF formulations was
estimated by solution analysis using atomic absorption spectrophotometry (AAS). Copper
oxide and copper samples of ~ 4 cm2 area were immersed in various SAF formulations at
250C for a known duration of time. In the case of bare copper samples, precleaning was
done prior to immersion using 0.1M HCl for 30 seconds. The samples were then rinsed
thoroughly in DI water and dried using N2 gas. Copper oxide films were immersed for
two minutes, whereas copper was immersed for a period of one hour. The solution
collected after immersion was analyzed for copper concentration using AAS.
A Perkin-Elmer Model 2380 Atomic absorption spectrophotometer that uses a
hollow cathode lamp of wavelength, λ = 324.8 nm, was used for measurements of copper
concentration. A sample of the analyte was aspirated into a flame generated from an
acetylene-air mixture, which has a typical temperature of 23000C. Before analyzing the
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concentration of unknown solution, a linear calibration curve was obtained by measuring
the absorption of solutions with five known copper concentrations (0.1, 0.5, 1.0, 3.0, and
5.0 ppm). These individual calibration standards were prepared from a 1000 ppm copper
standard solution purchased from Alfa-Aesar Chemicals. The calibration curves had a
regression coefficient (R2) of 0.99. The unknown solutions were acidified with a known
amount of concentrated nitric acid to adjust the solution pH to < 1. For solutions with a
copper concentration above 5.0 ppm, it was diluted with DI water and the absorption was
then measured.
3.1.5. Profilometry
The thickness of porous silicon films formed was measured using a Veeco Dektak
6M profiler. This instrument used a diamond stylus tip with a radius of 12.5 μm. When
the stylus is moved across the sample, any changes in the topography cause the stylus to
move in the vertical direction. The piezo-electric material converts the mechanical
movement of the stylus to electrical signals, which are then converted back into vertical
distance. [3.4]
Figure 3.3 schematically illustrates the sequence of steps that was followed for
measurement of thickness of porous silicon films. After formation of porous silicon under
galvanostatic conditions, the sample was immersed in 22% KOH at room temperature,
which dissolved the entire porous film in the anodized area, at a rapid rate (in less than 15
seconds in all cases) compared to silicon in the unanodized area. The sample was scanned
in the profiler by moving the stylus from the unanodized area to the anodized area in a
single line. The average step height measured in the single line trace, provided the
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approximate thickness of porous silicon formed. Average step height measurements
obtained from five such line traces in different locations of the sample was used to
compute the average thickness of porous silicon film.

Figure 3.3: Sequence of steps in measurement of porous silicon film thickness using
profilometry.

3.1.6. Determination of porosity and effective dissolution valence of porous silicon films
using gravimetry
The porosity and effective dissolution valence of porous silicon films formed
under various process conditions, was determined by gravimetry. After anodization, the
porous silicon films were dissolved in 2% KOH solution at room temperature. The
dissolution of the entire porous film under all formation conditions took less than 15
seconds. The weight of the unanodized sample (W1), anodized sample (W2) and sample
after dissolving porous silicon in KOH (W3) was measured using a Metler weighing
balance with a four decimal point accuracy. The porosity of the film was calculated using
the following equation.
𝑊𝑊 −𝑊𝑊

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = �𝑊𝑊1 −𝑊𝑊2 � ∗ 100
1

3
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Effective dissolution valence (n) was estimated as follows.

𝑛𝑛 =

𝑀𝑀𝑠𝑠𝑠𝑠 𝐼𝐼𝐼𝐼

𝑒𝑒𝑁𝑁𝐴𝐴𝐴𝐴 𝑚𝑚 𝑠𝑠𝑠𝑠

where, Msi is the atomic weight of silicon (28.04 g/mol), I is the total applied current
(in A), t is the duration of anodization (in s), e is the electronic charge (1.6E-19 C), NAV is
the avagadro number (6.023E23 mol-1) and msi is the mass of silicon dissolved during
anodization (in g). From the gravimetry data, msi may be given by the difference between
W1 and W2.

3.1.7. Ellipsometry
The removal rates of TEOS and carbon doped oxide films was estimated using
thickness measurements before and after etching. Film thickness measurements were
carried out using a Gaertner variable angle ellipsometer L116E, with a He-Ne laser
(λ = 632.8 nm). Two angle measurements with angles of 500 and 700 were used. The
ellipsometric parameters, namely relative phase shifts Δ and amplitude ratio ψ were
converted to film thickness using instrument software, using a two layer model
(film/substrate). Each sample was measured three times on five different locations on the
sample. The refractive index of TEOS and carbon doped oxide was fixed at 1.46 and the
refractive index of the silicon substrate was fixed at 3.4.
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3.1.8. X-ray photoelectron Spectroscopy
The composition of thermally formed copper oxide samples and its variation
along the thickness of the sample was determined using KRATOS Axis 165 Ultra X-ray
Photoelectron Spectrometer using a Al kα X-ray source. For depth profiling, the XPS
chamber was fitted with an ion sputtering gun, capable of sputtering the sample of the
surface with Ar+ ions at an energy of 5keV. Copper sample oxidized in an air ambient at
3000C for 5 minutes was used. The sample was sputtered with Ar+ ions and the surface
was analyzed every 5 minutes. The oxidation state of copper on the surface and the nature
of oxide was determined by analyzing the Cu 2p1/2, Cu 2p3/2 and O 1s peaks. An analysis
of area under the peak provided the atomic ratio of elements detected, namely Cu and O.

3.1.9. Field Emission Scanning Electron Microscopy
3.1.9.1. Copper oxide films
The morphology of copper oxide samples was studied using Hitachi S 4800 Field
Emission Scanning Electron Microscope. The signal obtained by secondary electron
emission from the sample was used for imaging. An acceleration voltage of 15 keV was
used for the analysis. The surface of copper oxide samples was examined for pores at two
magnifications namely 45,000X and 90,000X.
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3.1.9.2. Porous silicon films
The morphology and cross section of porous silicon samples was examined using
the same instrument at an acceleration voltage of 15 keV. For preparing the cross section,
the samples were cleaved under water to minimize particles. In order to minimize
charging during analysis, a copper tape was run over the edge of the sample. Several
magnifications were used depending on the size of the pores, which varied according to
formation conditions. Pore size was determined from top view image by calculating the
average diameter of 25 pores.

3.1.10. Dynamic Contact Angle Measurements
The surface tension of semi aqueous fluoride formulations containing 0.25M
NH4F and varying proportions of DMSO and water was measured using a Cahn DCA
312 dynamic contact angle analyzer using a Wilhelmy plate technique.
In this technique, the force exerted on a flat plate during immersion and
withdrawal from a liquid at a controlled speed is measured using a microbalance. [3.5]
For the measurement of surface tension, a material that is completely wetted by the liquid
is used as the flat plate. Figure 3.4 illustrates a dynamic contact angle loop formed during
a measurement cycle. As the plate enters the liquid, an abrupt change in force in
measured as a result of the effect of force exerted on the plate by the vertical component
(downward) of surface tension of the liquid. As the plate is immersed deeper into the
liquid, the liquid exerts an upward buoyancy force on the plate resulting in a straight line
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with a negative slope, which forms the advancing line. After a certain depth of
immersion, the plate is slowly withdrawn from the liquid and the sample is withdrawn
from the liquid, resulting in a receding line. The surface tension of the liquid can be
calculated from the force intercept obtained by extrapolating the advancing and receding
lines to the zero depth of immersion. For a liquid that completely wets the plate, the
surface tension γ can be calculated as

𝛾𝛾(

𝑚𝑚𝑚𝑚
𝐹𝐹(𝑚𝑚𝑚𝑚)
)=
𝑚𝑚
𝑝𝑝(𝑚𝑚)

Where F is the force obtained by reading the x-intercept at zero depth of
immersion (Force A from the advancing line and Force B from the receding line, in the
figure) and p is the wetted perimeter of the plate. The perimeter is given by twice the sum
of width and thickness of the plate.
For the surface tension measurements in this study, a platinum foil of dimensions
30 mm x 20 mm x 0.7 mm was used. Immersion/emersion of the sample was carried out
at a sufficiently slow rate of 64 μm/s. Before each experiment, the sample was precleaned
in isopropyl alcohol and held in a propane gas flame till red hot to burn off any organic
residue as well as dry the sample.
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Figure 3.4: Typical plot of force versus stage position obtained in a Wilhelmy plate
measurement for a completely wetting liquid.

3.1.11. pH and conductivity measurements
The pH of semi aqueous formulations was measured using Orion Model 920A
and Model 1230 meters. For pH measurements, an epoxy body double junction (Ag/AgCl
reference electrode) with built-in thermistor for automatic temperature compensation pH
probe was used. The meters and the probes were all purchased from Thermo Orion and
were calibrated using freshly prepared standard buffer solutions on a regular basis. The
pH of semi aqueous solutions remains a controversial topic. Many formulators report the
pH of formulations diluted to 5% with water. In this work, all the pH values are reported
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for undiluted solutions. For conductivity measurements, an epoxy body graphite electrode
Orion 013010 with built-in thermistor for automatic temperature compensation was used.
3.2. Materials
3.2.1. Wafers
Wafers coated with ~600 nm thick electroplated copper obtained from Freescale
were used for formation of copper oxide films and dissolution in semi aqueous fluoride
formulations. Wafers with PETEOS films of ~ 3000 Å thickness and carbon doped oxide
films of ~1μm thickness were obtained from Sematech.
Patterned test structures containing etch residues were obtained from Intel
Corporation. A schematic diagram of the patterned test structure is shown in figure 3.5

Figure 3.5: Schematic illustration of the patterned test structure. (Figure not to scale).
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Silicon dioxide films of ~800 nm was deposited on a thin Si3N4 film which was
coated on copper. The SiO2 film was patterned by a standard photolithography process
using a mask containing equal lines and spaces of ~ 180 nm. The SiO2 and Si3N4 films
were anisotropically etched in the exposed areas using a fluorine based plasma and the
remaining photoresist was ashed using an oxygen plasma. The process left behind post
etch residue which was used for further studies.
For studies involving porous silicon formation, CZ (100) boron doped p type
silicon wafers of two different resistivities were used. Wafers with higher resistivity of
27 Ω cm were obtained from Cypress Semiconductors. Wafers with low resistivity of
0.008 Ω cm were obtained from Micron Inc.
3.2.2. Chemicals
Ammonium fluoride, oxalic acid and dimethyl sulfoxide (99+%) were obtained from Alfa
Aesar Inc. Hydrofluoric acid (49%) and hydrogen peroxide (30%) were obtained from
J T Baker.
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CHAPTER 4
USE OF FLUORIDE SOLUTIONS IN BACK END OF LINE CLEANING

4.1. Potential-pH diagram of Cu-NH4F-H2O system
Figure 4.1 shows the potential pH diagram for copper in 0.25M NH4F solution at
250C. The activity of copper was considered to be 10-4. As seen from the figure, in the pH
range of 2.5 to 6.2, a soluble ionic fluoride complex CuF+ is formed, whereas at pH
values below this range, the formation of soluble Cu2+ ions is likely to occur. In the
narrow pH range of 6.2 to 8.2, formation of insoluble CuO passive film is likely on the
surface. At higher alkaline pH values, formation of copper amine complexes is likely.
Two types of copper amine complexes appear in the diagram, namely Cu(NH3)42+ in the
pH range of 8.2 to 10.5 and Cu(NH3)52+ at pH values greater than 10.5.

-4

[Cu] = 10 M, [N] = 0.25M
[F] = 0.25M

Figure 4.1: Potential-pH diagram of copper in NH4F solutions with dissolved copper ion
concentration of 10-4M and NH4F concentration of 0.25M.
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4.2. Speciation of aqueous fluoride solution
Figure 4.2 shows the speciation of 0.25M fluoride solution at 250C. Different
fluoride species considered in the construction of this diagram include NH4F, NH4HF2,
F-, HF, HF2- and H2F2. The concentration of fluoride was considered to be 0.25M. At
acidic pH values below 3, HF and its dimer H2F2 are the dominant species and exist at
comparable concentrations. The concentration of HF2- peaks at a pH of 3.8. At higher pH
values, F- is the predominant species. The figure shown is valid for aqueous solutions.
It is difficult to calculate the speciation in semi-aqueous and non-aqueous
solutions due to non availability of reliable thermodynamic data in these solutions.
However it is expected that the dissociation of fluoride compounds would be inhibited in
semi-aqueous formulations containing an organic solvent, as a consequence of lowering
of effective dielectric constant of the solution as a result of solvent addition. This would
likely alter the speciation.
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Figure 4.2: Speciation of aqueous fluoride solutions at 250C for fluoride concentration of
0.25M.

4.3. Characterization of SAF Formulations
4.3.1. pH and conductivity measurements

The pH and conductivity of semi aqueous fluoride formulations containing 0.25M
NH4F and varying proportions of DMSO and water was measured and are shown in
Figure 4.3. DMSO levels between 0% and 69% were chosen since commercial
formulations typically contain solvent levels between 30-70%. Varying the DMSO to
water ratio resulted in variation of pH and conductivity of the formulations. The natural
pH of the formulations was in the range of 6.2 to 9 and conductivity was in the range of
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28 mS/cm to 1.8 mS/cm for DMSO content of 0% to 69% (Figure 4.3). The decrease in
conductivity of with increase in solvent content provides indirect evidence of decrease in
the extent of dissociation of NH4F.
4.3.2. Surface Tension of SAF formulations
The surface tension of SAF formulations containing 1% NH4F and varying
proportions of DMSO and water, measured using a Wilhelmy plate technique is shown in
Figure 4.4. The surface tension values decreased linearly with increasing level of DMSO.
For DMSO level in the range of 0-69 vol%, the surface tension of the solutions was in the
range of 72.2 - 41.3 mN/m. Solutions containing no solvent exhibited a surface tension
value of 72.2 mN/m, whereas solution containing 69% DMSO showed a value of
41.3 mN/m.
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Figure 4.3: Natural pH and conductivity of various formulations containing 0.25M NH4F
as a function of DMSO concentration.
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Figure 4.4: Surface tension of SAF formulations containing 0.25M NH4F and varying
proportions of DMSO and water

4.4. Characterization of thermal CuOX films
4.4.1. Determination of thickness
Potential change during the electrochemical reduction of CuOX films formed by
thermal oxidation for different time durations, in 0.1 M NaHCO3, is shown in Figure
4.5(a). Two distinct regions are seen in each curve. The potential rapidly dropped from an
initial value of ~ -0.5 V vs. SCE to ~ -0.8 V, after which it reached a plateau at
~ -0.8V for a certain length of time, before dropping again to a potential of around -1.4V.
The initial drop in potential likely corresponds to the reduction of CuO to Cu2O and the
plateau corresponds to the reduction of Cu2O to Cu. Referring to the curve for the sample
oxidized for 5 minutes, it is seen that the initial drop in potential from ~ -0.5V to ~ -0.8 V
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occurred in ~7 seconds. The potential then plateaued at -0.8V for upto ~ 58 seconds
before dropping to ~ -1.4 V vs. SCE. The plateau beyond 60 seconds represented the
equilibrium potential of bare copper surface in 0.1M NaHCO3 solution. The charge
passed to reduce CuOX was determined from the product of current passed and time taken
for reduction and thickness was calculated using Faraday’s Law. For all the films, the
reduction from CuO to Cu2O occurred in a much shorter time than the reduction from
Cu2O to Cu, indicating that the films were predominantly (~ 95%) Cu2O. The total
thickness of the CuOX films at different oxidation times, shown in Figure 4.5 (b), was
found to increase monotonically with duration of oxidation. For an oxidation time of five
minutes, the film thickness was ~ 60 nm whereas oxidation for ten minutes yielded a film
of ~ 200 nm thickness. After ten minutes the film grew linearly at a rate of ~40 nm/min.

4.4.2. Study of morphology
Figures 4.6 (a) and 4.6(b) show SEM images of a CuOX film thermally grown at
3000C for 5 minutes resulting in an average film thickness of ~60 nm. The images reveal
a number of defects and pores/voids in the film. Some of the large pores are circled in the
image. While the pores have a distribution of sizes, the diameter of the largest pores
appears to be < 200 nm. However, it is not readily apparent if the pores propagate all the
way through the copper oxide film to meet the copper surface.
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(a)

(b)

Figure 4.5: (a) Electrochemical reduction plot of CuOX films of different thicknesses,
formed by thermal oxidation of copper at 3000C. Electrolyte – 0.1M NaHCO3; Applied
current density - 0.75 mA/cm2; Duration of oxidation (in min) marked near each curve
(b) Total thickness of CuOX film as a function of duration of oxidation.
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(a)

(b)

Figure 4.6: SEM images of CuOX film thermally oxidized at 3000C for 5 minutes (~ 60
nm) at two magnifications – (a) 30,300X and (b) 90,100X. Pores/voids in the film circled
in red.

126

4.4.3. XPS analysis of composition
Figures 4.7 (a) and 4.7 (b) show Cu 2p and O 1s XPS peaks obtained by recording
XPS spectra at various depths of the oxide film. The film was sputtered using Ar+ ions at
an energy of 5 keV and the XPS spectra was recorded at intervals of 5 minutes. At zero
time, the XPS spectrum revealed four peaks, including two shake up satellite peaks at
942.6 eV and 962.7 eV, which indicate the presence of Cu2+ on the surface. [4.1] As the
film was sputtered, the shake up satellite peaks disappeared and the peaks at 952.4 eV
and 932.6 eV corresponding to Cu 2p1/2 and Cu 2p3/2 became more prominent, indicating
the absence of Cu2+ and presence of Cu in either its elemental form (Cu0) or Cu1+. The
O 1s spectrum in the as - oxidized sample revealed a shoulder towards higher binding
energy, in addition to the O 1s peak, which could be due to the presence of a small
amount of Cu(OH)2 on the surface. As the film was sputtered, the shoulder disappeared
and only the peak at ~530.7 eV was observed. The persistent O 1s peak, when considered
in conjunction with the Cu 2p1/2 and Cu 2p3/2 peaks, suggests that once the surface film is
removed, the predominant compound present is Cu2O.
By calculating the area under the peaks, the ratio of atomic concentrations of Cu
and O was determined as a function of sputter time and is shown in Fig. 4.7(c). At zero
sputter time, the atomic ratio of Cu:O was ~ 1:1, which further validated the presence of
CuO on the surface. As the film was sputtered, the amount of Cu in the film increased
whereas the amount of O decreased, until the composition stabilized at a Cu:O ratio of
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~2:1 after sputter time of ~1000s. This suggested the presence of a thin nonstoichiometric CuOX film, below which the film almost entirely consisted of Cu2O.
In summary, from the XPS results, it was concluded that a thin layer of CuO was
present at the surface and as the layer was sputtered away, the film almost entirely
consisted of Cu2O. These results were consistent with results from the electrochemical
reduction experiments.
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Figure 4.7: XPS spectra of CuOX films - (a) Cu 2p peaks; (b) O 1s peak at various
sputter times; (c) Atomic concentration of Cu and O as a function of sputter time.
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4.5. Dissolution of thermal CuOX films
4.5.1. Removal Rates of CuOX films
The dissolution of CuOX films in dimethyl sulfoxide (DMSO) and NH4F based
SAF formulations was next studied. Figure 4.8 shows the removal rate of CuOX in SAF
formulations containing different amounts of DMSO and 0.25M NH4F under different pH
conditions. Copper oxide films of ~60 nm formed by oxidation of copper at 3000C for
5 minutes were used for these studies.
It is evident from Figure 4.8 that pH as well as DMSO content affected the
removal rates of CuOX. For a given DMSO content, decrease in pH increased the removal
rate considerably. For example, the removal rate of CuOX in all aqueous 0.25M NH4F at
pH 4, pH 5 and pH 6.2 was ~ 170 Å/min, 40 Å/min and 4 Å/min respectively. This trend
was also observed for higher DMSO levels.
Increase in DMSO level beyond 29% for a given pH value resulted in a decrease
in CuOX removal rate. Removal rate in a formulation containing all aqueous 0.25M NH4F
at pH 4 was ~ 170 Å/min. It increased slightly to ~ 180 Å/min in a 29% DMSO solution
and decreased by a factor of two to ~ 90 Å/min for a DMSO level of 69% at the same pH.
The effect of DMSO may be understood as follows. DMSO has a dielectric
constant of ~48, whereas the dielectric constant of water is 78.5. Therefore, increase in
DMSO content in the solution results in decrease in the effective dielectric constant of the
solution. The decreased dielectric constant of the electrolyte makes dissociation of NH4F
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less facile, which leads to reduced fluoride activity in the solution. Since the fluoride
component is largely responsible for removal of CuOX, this leads to a decrease in CuOX
removal rate. The decreased dissociation of NH4F was also reflected in the decrease in
conductivity with increase in solvent content as shown in Figure 4.3. The removal rate
results indicated that the best conditions for removal of CuOX were in solutions
containing ≤ 29% DMSO at acidic pH values (pH 4). However, since selectivity to
copper and dielectric is also an important consideration in the design of formulations,
these results should be viewed in tandem with the removal rates of copper, TEOS and
CDO, which are discussed next.
4.5.2. CuOX/Cu selectivity
As stated previously, the selectivity between CuOX and copper was studied by
determining the ratio of their removal rates in different solutions. Figure 4.9 shows a plot
of selectivity between CuOX and copper in NH4F containing formulations. Decrease in
pH led to increase in CuOX/Cu selectivity for a given DMSO level. For example, in a
formulation containing 29% DMSO and 0.25M NH4F, the CuOX/Cu selectivity at the
natural pH (pH 6.8), pH 5 and pH 4 were found to be ~2:1, ~30:1 and ~130:1
respectively. Increase in DMSO level from 0% to 29% for a given pH, resulted in
increase in selectivity. Beyond 29% DMSO, the selectivity was found to decrease, mainly
due to reduction in CuOX removal rates. Formulation containing 0.25M NH4F and
29% DMSO (pH 4) yielded the highest CuOX/Cu selectivity of ~ 130:1.
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Figure 4.8: Removal rate of CuOX in formulations containing 0.25M NH4F, as a function
of DMSO content at different pH values, adjusted using oxalic acid.

Figure 4.9: Selectivity between CuOX films and copper in formulations containing
0.25M NH4F, as a function of DMSO content at different pH values, adjusted using
oxalic acid.

132

4.5.3. CuOX/TEOS selectivity
Figure 4.10 shows a plot of selectivity between CuOX and TEOS in formulations
containing 0.25M NH4F, with different proportions of DMSO and water at natural pH,
pH 5 and pH 4. Decreasing the pH resulted in increase in CuOX/TEOS selectivity in
formulations with a given DMSO content. Also, solutions containing no DMSO exhibited
high removal rates of TEOS, resulting in poor selectivity between CuOX and TEOS. The
selectivity in 0.25M NH4F solution containing no solvent at pH 4 was ~3:1. Increase in
DMSO concentration reduced the removal rate of TEOS, resulting in better selectivity. In
the range of variables studied, the formulation containing 69% DMSO, 0.25M NH4F at
pH 4 exhibited maximum selectivity of ~29:1.

4.5.4. CuOX/CDO Selectivity
Figure 4.11 shows a plot of selectivity between CuOX and CDO in formulations
containing 0.25M NH4F, with different proportions of DMSO and water at natural pH
(6.2-9 depending on level of DMSO in solution), pH 5 and pH 4. Since selectivity has
been calculated as the ratio of CuOX/CDO removal rates, high CuOX removal rates and
low CDO removal rates provided a numerically high selectivity value. At natural pH,
selectivity increased with increase in solvent content, with the highest selectivity of
~85:1 obtained for a solution containing 69% DMSO, 0.25M NH4F (pH 9). At lower pH
values of 4 and 5, although CDO removal rate decreased with increase in solvent content,
the corresponding selectivity ratio decreased, since the decrease in CuOX removal rate
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was more rapid. For example, in formulations at pH 5, selectivity of ~23:1 was obtained
in solutions containing no DMSO, whereas the value decreased to ~ 8:1 in formulations
containing 69% DMSO.
For a given solvent level, decreasing the pH resulted in increase in both CuOx as
well as CDO removal rates. Therefore, better selectivity was obtained at pH 4 than at pH
5, due to higher CuOX removal rates at pH 4. As an example, in formulations containing
29% DMSO and 0.25M NH4F, selectivity of ~15:1 was obtained at pH 5, while the
selectivity at pH 4 was ~20:1.
In the range of variables studied, the formulation containing 69% DMSO and
0.25M NH4F at natural pH of 9 provided highest selectivity of ~80:1. However,
formulations with such large amount of solvents are currently not favored in the industry.

Selectivity (CuOx/TEOS)
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Figure 4.10: Selectivity between CuOX and TEOS in formulations containing 0.25M
NH4F, as a function of DMSO content at different pH values, adjusted using oxalic acid.
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Figure 4.11: Selectivity between CuOX and CDO in formulations containing
0.25M NH4F, as a function of DMSO content at different pH values, adjusted using
oxalic acid.
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4.6. Electrochemical Studies
4.6.1. EIS study of bare copper in SAF formulations
Figure 4.12 (a) shows a Nyquist plot of uncoated copper immersed in
formulations containing 0.25M NH4F and 0% DMSO, 29% DMSO and 49% DMSO,
maintained at pH 4. The impedance data was found to form a depressed semicircle. The
diameter of the semicircle increased with increasing level of DMSO in solution. The data
was fit to a modified Randle’s circuit consisting of a single time constant, shown in
Figure 4.12 (b). The circuit consists of a resistance Rs in series with a parallel
combination of constant phase element CPEdl’ and resistance Rct’. The capacitance in a
classical Randle’s circuit model was replaced with the generalized constant phase
element (CPE) in order to mathematically account for the arc depression observed in the
Nyquist plot. [4.2] The impedance of the CPE element is defined as

Z CPE = [T *(i1ω ) P ] − 1 ≤ P ≤ 1
The CPE has two parameters T and P and is essentially a distributed capacitor
when P lies between 0 and 1. When P = 1, the element behaves like a pure capacitor with
capacitance T. For porous films, P values between 0 and 1 are typically observed. In this
paper, the T and P values are referred to as CPE-T and CPE-P respectively.
The quantity Rs represents the solution resistance, while CPEdl’ and Rct’ represent
the double layer capacitance and charge transfer resistance at the copper/electrolyte
interface respectively. The best fit values of the equivalent circuit parameters are listed
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in Table 4.1 for the uncoated copper surface. As DMSO level was increased, the charge
transfer resistance (Rct’) at the interface increased, indicating decreased rate of copper
corrosion. The value of CPEdl’-T was found to be between 30-42 μF/cm2. This value is
typical of the capacitance of a double layer.

Figure 4.12: (a) Impedance spectra of uncoated copper in solutions containing 0.25M
NH4F and different levels of DMSO at pH 4 (b) Equivalent circuit model used to model
the interface between bare copper and solution.
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% DMSO

CPEdl’-P

Rct’

χ2

Rs
(Ω cm2)

CPEdl’-T

0

31.81

3.01E-5

0.89

4561

0.006

29

44.68

4.18E-5

0.83

5757

0.008

49

115.6

3.96E-5

0.84

6786

0.004

(Ω cm2)

(F/cm2)

Table 4.1: Best fit values of parameters in the equivalent circuit model for bare copper
samples immersed in formulations containing 0.25M NH4F (pH 4) with different DMSO
levels.

4.6.2. EIS study of thermal CuOX films in SAF formulations
EIS measurements on ~60 nm thick CuOX films were performed in formulations
containing 0.25M NH4F and different proportions of DMSO and water. Impedance
spectra

were

collected

in

all

the

formulations

considered

in this work. Nyquist plots obtained in the formulation containing 49% DMSO, 0.25M
NH4F, 50% H2O (pH 4), for different immersion times are shown in Figure 6, as an
example and has been discussed at length in the following paragraphs.
Figure 4.13 clearly shows that the data forms a depressed semicircle on the
Nyquist plot, with its centre below the x axis. Such an arc depression may arise due to
surface inhomogenity or porosity. [4.2] As the CuOX film dissolved in the solution, the
diameter of the semicircle decreased until a certain immersion time, after which it began
to increase. The immersion time corresponding to the semicircle with the smallest
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diameter may be considered to correspond to the end point of dissolution, i.e., complete
exposure of underlying copper surface to solution.
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Figure 4.13: Time evolution of impedance spectra of copper covered with CuOX film in
a solution containing 49% DMSO, 0.25M NH4F and water (pH 4).
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The CuOX film on copper may be reasonably viewed as a passive film of finite
thickness. As discussed previously, SEM images of CuOX film showed a number of
pores. In view of this, a classical porous film model has been used to interpret the data.
Figure 4.14 (a) shows a schematic diagram to illustrate the model used for data
interpretation. During the dissolution of the CuOX film in solution, it is likely that the
film develops additional pores, which may expose areas of the underlying copper to the
solution. Assuming that the CuOX film is passive, the film has an associated capacitance,
while charge transfer processes occur at the Cu/electrolyte interface.
Based on this model, a simple two time constant equivalent circuit proposed to
analyze the impedance spectra data is shown in Figure 4.14 (b). It consists of a solution
resistance (RS) in series with a parallel combination of a Constant Phase Element, CPE
(CPEox) and resistance (Rpore). The CPEox/Rpore combination is in parallel with another
CPE-resistance pair, namely CPEdl and Rct. The parameter RS represents the resistance of
the solution between the working electrode and the tip of the reference electrode, Rpore
represents the pore resistance and Rct represents the charge transfer resistance at the
Cu/electrolyte interface.
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Figure 4.14: (a) Schematic representation of the interface between CuOX coated copper
and the cleaning formulation; (b) Equivalent circuit used to fit the impedance spectra
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In the equivalent circuit, CPEox represents the constant phase element (distributed
capacitance) associated with the CuOX film and CPEdl represents the constant phase
element associated with the double layer capacitance at the Cu/electrolyte interface. The
total impedance of the equivalent circuit may be given by the following equation.

Ztotal





1


= Rs + jωCPEox +
−1


1 


 jωCPEdl +
 + Rpore 
Rct 




−1

As the CuOX film dissolves, increasing areas of the underlying copper get
exposed to solution. The area fraction of copper exposed to solution at any given point of
time is denoted by θ. As θ increases, the value of CPEdl may be expected to increase until
it reaches the capacitance of the bare (uncoated) copper surface. If CPEdl’ and CPEdl are
the values of double layer capacitance for uncoated and coated copper surface, θ can be
calculated as

θ=

CPEdl
CPEdl '

The impedance data obtained at different times during the dissolution of copper oxide
films in different formulations were fitted to the two time constant equivalent circuit to
extract various circuit parameters. Table 4.2 lists the values of best fit parameters in the
formulation containing 49% DMSO, 0.25M NH4F (pH 4), as an example. Three
important trends could be discerned from the results. First, the value of CPEox-T
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increased with time, reached a maximum at ~5 minutes and then decreased slightly. Since
CPEox-T is inversely proportional to the thickness of CuOX, as the film dissolves and film
thickness is reduced, increase in capacitance value is expected. The subsequent decrease
could be attributed to repassivation of the surface. Second, the value of θ, which
represents the area fraction of bare copper exposed, increased with time and reached a
value close to 1, due to exposure of the bare copper surface. Third, the value of Rct
decreased initially as the film dissolved until ~ 5 minutes, after which it began increasing.
The decrease in Rct is likely due to copper corrosion as uncoated copper is exposed to
solution and the subsequent increase could be attributed to surface passivation, likely by
the formation of a fluoride based surface film. The value of Rct initially decreased
(from initial value of ~920 Ω cm2 to ~ 200 Ω cm2 in ~5 minutes) during removal of the
copper oxide film that covers copper. Similar trends were also seen in the other
formulations studied.
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θ

χ2

923.9

0.023

0.008

0.98

847.7

0.048

0.007

5.87E-6

0.82

271.8

0.148

0.002

4.03

2.44E-5

0.92

199.3

0.614

0.0006

0.54

3.15

4.81E-4

0.84

374.2

1.214

0.0009

2.34E-4

0.54

3.81

4.34E-5

0.84

519.7

1.095

0.001

1.97E-4

0.55

3.35

3.96E-5

0.85

712.9

0.999

0.0004

Time
(min)

Rs
(Ω cm2)

CPEox-T

CPEox
-P

Rpore

CPEdl-T

(Ω cm2)

(F/cm2)

1

116.4

2.09E-5

0.65

10.02

9.23E-7

1.01

2

118.3

1.37E-5

0.70

6.64

1.94E-6

3

119.0

2.87E-5

0.64

6.78

5

119.6

4.13E-4

0.53

7

120.0

2.62E-4

9

119.3

11

119.4

(F/cm2)

CPEdl-P

Rct
(Ω cm2)

Table 4.2: Best fit values of parameters in the equivalent circuit model for a CuOX
sample immersed in a formulation containing 49% DMSO, 0.25M NH4F and 50% H2O
(pH 4) at different times.

Figure 4.15 shows the time evolution of CPEox-T (parameter T of the constant
phase element CPEox) for all the formulations studied at pH 4. Based on the discussion
above, reducing the DMSO content in solution resulted in reduction in the time
corresponding to the end point, since the film dissolved faster. Due to the fact that the
removal rates for CuOX solutions containing 0% DMSO/0.25M NH4F and 29%
DMSO/0.25M NH4F are fairly close, a discernible difference in the end point times
(roughly 3 minutes) was not seen.
In order to validate the EIS based end point detection technique, an experiment
was also performed with a 200 nm thick oxide film produced by oxidation of copper at
3000C for 10 minutes. The time evolution of CPEox-T for this film immersed in solution
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containing all aqueous 0.25M NH4F at pH 4 is also shown in Figure 4.15. As expected,
complete dissolution of this film takes longer time and occurs at ~ 9 minutes.

CPEox - T (F/cm2)

7.00E-04

0% DMSO

6.00E-04

29% DMSO

5.00E-04

49% DMSO

4.00E-04

0% DMSO (~200 nm film
thickness)

3.00E-04
2.00E-04
1.00E-04
0.00E+00
0

2

4

6
8
10
Immersion Time (min)

12

14

Figure 4.15: Time evolution of CPEox-T in formulations containing 0.25M NH4F and
different amounts of DMSO maintained at pH 4.
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4.6.3. EIS studies on patterned test structures
The method of end point detection based on electrochemical impedance
spectroscopy developed previously for thin copper oxide films was extended to patterned
test structures containing post etch residue films.
Figure 4.16 shows an SEM top view image of the as received patterned test
structure containing residue. A schematic image of the patterned test structure was
previously shown in Figure 3.5. The image revealed significant amounts of residue
between SiO2 lines. It was seen that the residue film on copper was not continuous. It
may be noted that the unequal lines and spaces seen in the image is as a result of the
sloping sidewall of the trench.

SiO2 lines

180 nm

800 nm

Residue

PER
Si 3N4
Cu

1 ?m

(a)

(b)

Figure 4.16: (a) SEM image of as-received patterned test structure containing post etch
residue between SiO2 lines, (b) schematic of cross section.
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Previous studies on CuOX films showed that a solution containing 29% DMSO,
0.25M NH4F and 70% H2O maintained at pH 4 had a reasonable removal rate of CuOX
and selectivity over copper and dielectric. Hence, it was decided to perform impedance
studies on patterned test structures using this formulation. Electrical contact to the
underlying copper was made by rubbing the edge of the sample with a cotton tip soaked
in 50:1 HF in order to remove SiO2 from the edge. Conductive silver paint was applied
over this edge to enable conduction of electrical charge. Figure 4.17 shows a Nyquist plot
of the impedance data acquired on patterned sample immersed in the aforementioned
solution, as a function of immersion time. The data clearly formed a depressed
semicircle, the diameter of which increased with immersion time. It was readily seen that
the magnitude of impedance obtained in patterned samples coated with post etch residue
were much greater than that obtained on copper coated with a thin CuOX film.
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Figure 4.17: Nyquist plot obtained as a function of immersion time during immersion of
a patterned test sample immersed in solution containing 29% DMSO, 0.25M NH4F and
70% H2O, maintained at pH 4. Data normalized based on geometric area (1 cm2).

For the purpose of modeling, the post etch residue film on copper was considered
to be porous. Figure 4.18 (a) shows a schematic diagram of trench structures on copper,
where copper is coated with a porous residue film. The corresponding electrical
equivalent circuit is shown in figure 4.18(b). The equivalent circuit consists of three
combinations of constant phase element and resistance, in series with a solution
resistance Rs. The quantity CPEdielectric represents the capacitance of SiO2, (implemented
as a constant phase element) which is in parallel with Rtrench, which is the resistance
associated with the trench. Similarly, the quantity CPEPER corresponds to the capacitance
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of the post etch residue on copper (implemented as a constant phase element), which is in
parallel with Rpore which is the resistance to current flow as a result of pores or defects in
the post etch residue film. The quantity CPEdl represents the double layer capacitance at
the copper/electrolyte interface (also implemented as a constant phase element), whereas
Rct represents the resistance to charge transfer at this interface.
The end point of dissolution of the post etch residue from the copper surface and
time of transition to bare copper was identified by following the values of the circuit
elements, primarily CPEPER with immersion time. Figure 4.19 shows the time evolution
of CPEPER-T with immersion time in the formulation. The value of CPEPER-T was found
to increase with time, reach a maximum and then decrease. As in the case of CuOX films,
the increase in value of CPEPER-T was attributed to reduction in thickness of the residue
film during dissolution and the decrease after the peak was attributed to repassivation of
the surface, likely by a fluoride based passive layer after complete dissolution of the
residue. The maximum at ~2 minutes corresponded to the end point.
In order to physically validate the occurrence of end point at ~ 2 minutes, samples
immersed in the formulation for 0, 1 and 2 minutes were imaged using SEM.
Representative top view SEM images of the samples are shown in figures 4.20(a), (b) and
(c) respectively. Sample immersed for 1 minute, showed partial removal of post etch
residue, as seen from the image, whereas sample immersed for 2 minutes showed
complete removal of the residue from between the lines.
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(a)

(b)
Figure 4.18: (a) Schematic image of patterned trench structures etched in a dielectric
containing post etched residue on the underlying copper film, (b) Equivalent circuit used
to analyze EIS data from patterned test structures.
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Figure 4.19: Time evolution of CPEPER-T during immersion in formulation containing
29% DMSO, 0.25M NH4F and 70% H2O maintained at pH 4.

1 min

2 min

1 μm

1 μm

Residue

Figure 4.20: SEM images of patterned test structure immersed in formulation containing
29% DMSO, 0.25M NH4F and 70% H2O for various immersion times. (a) 1 min,
(b) 2 min.
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In summary, the use of semi aqueous fluoride solutions for the selective removal
of copper oxide films over copper and low-k dielectric was systematically evaluated. The
results indicated that the presence of a small amount of solvent (~30%) was necessary for
obtaining reasonable selectivity over the dielectric. In the second part of the study, a
technique for detection of cleaning end point, based on electrochemical impedance
spectroscopy was developed, which was applied to copper oxide films of controlled
thicknesses as well as post etch residue in patterned test structures. From the analysis of
experimental results, it is evident that the end point of dissolution of CuOX films and post
etch residue can be determined by following the value of CPEox-T with time. While EIS
certainly appears to be a viable method, determination of end point by frequency
sweeping may not be a suitable technique to adopt for in-line monitoring, due to the
measurement time scales involved. Following impedance at a single frequency may be
more practical to determine end point.
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CHAPTER 5
USE OF FLUORIDE SOLUTIONS FOR POROUS SILICON FORMATION
In this chapter, the use of fluoride based solutions for the electrochemical
formation of porous silicon films on monocrystalline (100) p type silicon substrates is
explored, with the ultimate objective of developing a wet process for anisotropic through
silicon via formation. As discussed earlier, electrochemical porous silicon formation is
typically carried out in solution mixtures containing a high concentration of HF
(5M - 25M) and ethanol in molar ratios varying between 1:1 and 4:1. While the use of
other wetting agents such as acetic acid, methanol and surfactants have been reported,
there are not many systematic investigations in such chemical systems. In this study,
porous silicon formation in HF-acetic acid mixtures is explored. In addition, the influence
of hydrogen peroxide (an oxidizing agent) on porous silicon film characteristics is studied
in detail. Preliminary investigations were focused on the characterization of fluoride
solutions at concentrations relevant to porous silicon formation.
5.1. Potential – pH diagram of silicon in fluoride solutions
Figure 5.1 shows the potential-pH diagram of silicon in aqueous fluoride solutions
at 250C. The diagram was constructed using STABCAL, a commercially available
software. Fluoride concentration of 12.5M, which is a typical concentration used for
porous silicon formation on p type substrates, was chosen for the purpose of construction
of this diagram. The activity of dissolved silicon was considered to be 10-4. It is worth
noting that silicon is not known to form strong complexes with acetic acid, hence such
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species were not considered in this diagram. [5.1] Solutions containing HF and acetic
acid can be expected to be highly acidic, having pH values <2, depending on
concentration of the constituents. As seen in the diagram, SiF62- is likely to be the
predominant species in a vast pH range of 0-8.5. In a narrow pH range between 8.5-10,
aqueous H4SiO4 species is feasible, above which the formation of soluble ionic species
HSi(OH)6- is likely to occur.
2

[Si] = 10-4 M, [F] = 12.5M

H4SiO4

E (V vs. SHE)

1
SiF62-

0

HSi(OH)6-

-1
Si

-2
0

2

4

6

8
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12

14

pH
Figure 5.1: Potential pH diagram of silicon in aqueous fluoride solution at 250C, for
fluoride concentration of 12.5M and dissolved silicon concentration of 10-4M.

5.2. Speciation of Aqueous Fluoride system
Speciation of fluoride ions in aqueous solutions at a concentration of 12.5M was
calculated using STABCAL and is shown in Figure 5.2. Four fluoride species namely
HF, HF2-, F- and H2F2 were considered in the construction of the diagram. At pH values
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below 2, which is the region of interest for this study, about 90% of fluoride is likely to
exist as H2F2, whereas about 10% exists as undissociated HF. At pH greater than 7, F- ion
is the predominant species. The level of HF2- peaks at pH 4, with ~60% of the fluoride in
solution existing as HF2- at this pH.
100%
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H2F2

% F as

80%
HF2-

60%
40%
20%

HF

[F] = 12.5M
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Figure 5.2: Speciation of aqueous fluoride solutions at 250C for fluoride concentration of
12.5M.
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5.3. Surface Tension of HF based solutions
Since one aspect of this study is to replace ethanol with acetic acid as wetting
agent, it is important to compare the wetting properties of HF solutions containing
ethanol and acetic acid. For this purpose, surface tension of 12.5M HF solutions
containing no additive, 6.25M ethanol and 6.25M acetic acid were measured using the
Wilhelmy plate technique and the values are shown in Figure 5.3. The figure also shows
the contact angle made by the solutions on p type silicon, measured using a goniometer.
The silicon samples were dipped in 50:1 HF for 1 minute prior to contact angle
measurement, to facilitate removal of native oxide. Addition of 6.25M ethanol to 12.5M
HF solution resulted in a reduction in surface tension from ~71 mN/m to ~23 mN/m at
250C, while the contact angle reduced from 700 to 280. For an equal concentration of
acetic acid, the surface tension and contact angle were measured to be ~32 mN/m and
300, respectively. Thus, it may be concluded that for a given concentration of additive
(ethanol or acetic acid), ethanol reduces the surface tension of HF solutions to a greater
extent than acetic acid.
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Figure 5.3: Comparison of surface tension and contact angle on silicon for 12.5M HF
solutions containing no wetting agent, 6.25M ethanol and 6.25M acetic acid.

5.4. Contact angle measurements for HF-acetic acid solutions on silicon
The contact angle of solutions containing 12.5M HF and different molar
concentrations of acetic acid, on p type silicon samples are shown in Figure 5.4. Prior to
measurement of contact angle, the silicon samples were dipped in 50:1 HF for 1 minute,
in order to remove the native oxide film. The contact angle of 12.5M HF solution without
acetic acid, on silicon was found to be 700. The addition of 1.8M acetic acid to this
solution resulted in reduction of contact angle to ~450, whereas the value reduced further
to ~300 for a concentration of 6.25M. Following these results, it was decided to use
6.25M glacial acetic acid for further experiments, unless otherwise specified.
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Figure 5.4: Contact angle made by solutions containing 12.5M HF and various
concentrations of acetic acid, on silicon.

5.5. Anodic Polarization of Silicon in HF Solutions
It is well established that electrochemical formation of porous silicon (PS) is
confined to anodic current densities below a certain value, which depends primarily on
HF concentration in solution. [2.59] In order to determine this maximum current density
under different solution conditions, anodic polarization of silicon in HF based solutions
were carried out. Figure 5.5 (a) shows a plot of current density vs. applied potential
obtained by anodic polarization of silicon in solutions containing different concentrations
of HF and glacial acetic acid. The current-potential characteristics were obtained by
scanning the potential in the anodic direction at a scan rate of 1 mV/s. As expected,
increase in potential resulted in nearly exponential increase in current density. A
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characteristic maximum, corresponding to transition from porous silicon formation
regime to the electropolishing regime and denoted by JPS, was observed.
In solutions containing HF and acetic acid in the molar ratio of 2:1, the value of
JPS was found to be ~30 mA/cm2 for a HF concentration of 2.5M HF, whereas it
increased to ~90 mA/cm2 in solution containing 5M HF and further to ~160 mA/cm2 in
12.5M HF solution. In a solution containing 25M HF and no acetic acid, the highest JPS
value of ~460 mA/cm2 was observed. In all these solutions, the maximum in current
density occurred in the potential range of 3-4.5V vs. Pt pseudo-reference electrode. It
may be noted that JPS values in the range observed in this study, are frequently reported in
the literature. [2.60] When 1M H2O2 was added to the solution containing 12.5M HF and
6.25 M acetic acid, the peak was found to occur at ~5.5 V vs. Pt, and the value of JPS was
~200 mA/cm2. Interestingly, the peak current density obtained in solution containing 1M
H2O2 is slightly higher than that obtained in solution without H2O2.
The value of JPS as a function of HF concentration is plotted in Figure 5.3 (b). As
seen in the figure the relationship between JPS (in mA/cm2) and molarity of HF can be
fitted to a linear equation with a regression coefficient of 0.96. The equation of the curve
is given as follows.
JPS (mA/cm2) = 17.6[HF]
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Figure 5.5: (a) Anodic polarization of silicon in HF-acetic acid solutions, (b) maximum
porous silicon formation current (JPS) as a function of HF concentration.
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5.6. Formation and characterization of porous silicon in HF-acetic acid solutions without
hydrogen peroxide
The formation of PS films in HF-acetic acid solutions was studied. Key
characteristics of the films considered include porous film growth rate, porosity,
dissolution valence and pore microstructure. In cases where it was reasonable to assume
cylindrical pores and the pore size could be reliably estimated (from high resolution SEM
images), the specific surface area and pore density were calculated. These studies also
served as a baseline for later experiments in which the effect of peroxide addition is
explored.
5.6.1. Summary of variables studied
Table 5.1 provides a summary of solution, substrate and process variables studied
in solutions without hydrogen peroxide. Four variables were considered for optimization
of conditions for porous silicon formation, namely HF concentration, acetic acid
concentration, applied current density and substrate resistivity.
Variable

Values

Molarity of HF (M)

5, 12.5, 25

Molarity of glacial acetic acid (M)

0, 1.8, 2.5, 4.2, 6.25

Current density (mA/cm2)

25, 50, 75, 100, 200

Substrate resistivity (Ω cm)

27, 0.008

Table 5.1: Summary of variables studied for porous silicon formation in solutions
without peroxide.
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5.6.2. Role of acetic acid
It was shown earlier that the addition of acetic acid to aqueous HF solutions,
resulted in a reduction of surface tension, as well as reduction in contact angle made by
the solution on silicon, indicating enhanced wetting properties. At this point, it was
decided to explore systematically, the effect of acetic acid on pore growth rate, porosity
and microstructure of PS films.
Figure 5.6 shows the average growth rate and porosity of PS films formed on
silicon substrates of ~27 Ω cm resistivity in a solution containing 12.5M HF and varying
amounts of acetic acid at an applied current density of 50 mA/cm2. As seen from the
figure, for a given concentration of HF, varying the level of acetic acid in solution did not
have a significant effect on the growth rate or the average porosity of the film. The
average growth rate was found to be between 0.88-0.94 μm/min, whereas the average
porosity was found to be between 62% and 65%.
The influence of acetic acid on the microstructure of porous silicon films was
studied next. For this purpose, the microstructure of a sample anodized in a 12.5M HF
solution without acetic acid was compared with that of a sample anodized in a solution
containing 12.5M HF and 6.25M acetic acid, as shown in Figures 5.7 and 5.8,
respectively. Both the samples were anodized at an applied current density of 50 mA/cm2
for 30 minutes. Comparing the top view (Figure 5.7 (a) and 5.8 (a)), it appears that the
pores formed in the absence of acetic acid have a non uniform size distribution, compared
to those formed in the presence of 6.25M acetic acid. The film appeared almost spongy in

162

the former case. In the presence of acetic acid, the pore mouth was nearly circular and the
pore size was more uniform. In the cross sectional view (Figures 5.7 (b) and 5.8(b)), a
clear contrast was seen between the porous film and the pore bottom.
In both cases, while the top view suggests a pore size of the order of 10 nm, the
curvature at the bottom of the porous film, suggests macropores of ~2μm diameter.
Figure 5.8(c), which is a high magnification view of the pore bottom, suggests the
presence of fine pore structures inside the macropore. Therefore, it appears that
macropores of ~2μm are filled by nanopores with ~10 nm diameter.
In the case of porous silicon films formed in solution containing 12.5M HF and
6.25M acetic acid, assuming cylindrical pores having pore diameter of 10 nm and a
porosity of 62%, the specific surface area and pore density were estimated to be
1.24*10-4 m2/m3 and 1.97 * 1011 cm-2, respectively. The estimated pore size, surface area
and pore density values are well within ranges frequently reported in the literature.
[2.76, 2.82]
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Figure 5.6: Average growth rate and porosity of PS films formed in solutions containing
12.5M HF and various concentrations of acetic acid at a current density of 50 mA/cm2.
Substrate resistivity = 27 Ω cm.
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Figure 5.7: SEM images of PS film formed in 12.5M HF solution without acetic acid at
a current density of 50 mA/cm2 for 30 minutes. (a) Top view, (b) cross sectional view,
(c) cross sectional view of pore bottom.
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(a)

(b)

(c)

(d)

Figure 5.8: SEM images of PS film formed in solution containing 12.5M HF and 6.25M
acetic acid at an applied current density of 50 mA/cm2 for 30 minutes. (a) top view, (b)
cross sectional view, (c) cross sectional view of pore bottom and (d) high magnification
cross section view showing fine nanoporous structures.
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5.6.3. Effect of current density and HF concentration
The effect of current density and HF concentration on porous film characteristics
was examined next. Figure 5.9 (a) shows the effect of applied current density and HF
concentration on average growth rate of films formed on formed on (100) p type silicon
substrates having a resistivity of ~27 Ω cm. Three HF concentrations, namely 5M, 12.5M
and 25M, were considered. Solutions with HF concentrations of 5M and 12.5M contained
6.25M acetic acid, whereas 25M HF solution contained no acetic acid. This was due to
the fact that the HF stock solution used in this study, itself had a concentration of 25M
and addition of any acetic acid would cause dilution.
As shown in Figure 5.9 (a), at a given current density, increase in HF
concentration resulted in a slight increase in porous silicon formation rate. For example,
at an applied current density of 50 mA/cm2 in solution containing 5M HF and 6.25M
acetic acid, porous silicon film formed at an average rate of ~0.6 μm/min, whereas
increase in HF concentration to 12.5M resulted in increase in growth rate to
~ 0.9 μm/min. Increase in HF concentration to 25M HF resulted in an average growth
rate of ~1.05 μm/min at 50 mA/cm2 current density. Such an increase in growth rate in
with increase in HF concentration at a given current density has been reported in the
literature. [2.59]
For a given HF and acetic acid concentration, increase in current density, had a
strong effect of growth rate. In a solution containing 12.5M HF and 6.25M acetic acid,
increase in current density from 25 mA/cm2 to 50 mA/cm2 resulted in an increase in
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growth rate from ~0.5 μm/min to ~0.9 μm/min. Highest growth rate of ~ 2.2 μm/min was
obtained at 100 mA/cm2. Increase in current density beyond this value, resulted in the
formation of a discontinuous film. Increase in current density upto 200 mA/cm2 was
possible in solution containing 25M HF, which resulted in the average porous silicon
formation rate of ~4.6 μm/min.
The relationship between current density and porous silicon growth rate may be
expressed by a linear relationship. For a 12.5M HF solution containing 6.25M acetic acid,
this relationship is plotted in Figure 5.9(b) and the equation of the line may be given as
follows.
Growth rate (μm/min) = 0.4913 i (mA/cm2),
Figure 5.10(a) shows the effect of HF concentration and current density on
average porosity. While porosity was not a function of current density, it was found to
decrease with increase in HF concentration. In a solution containing 12.5M HF and
6.25M acetic acid, average porosity was estimated to be between 61% and 65% for
current densities from 25 mA/cm2 to 100 mA/cm2. The estimated porosity values have an
associated standard deviation of +/- 3%. The porosity of the films decreased slightly with
increase in HF concentration for most applied current densities. For example, at a current
density of 50 mA/cm2, increase in HF concentration from 5M to 25M resulted in decrease
in porosity from 70% to 56%. Decrease in porosity with increase in HF concentrations
has also been reported in the literature. [2.59]
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Effective dissolution valence (n), which is the number of Faradays of charge
passed per mole of silicon dissolved, provides a means to understand the relative extent
of electrochemical dissolution versus chemical dissolution. The effect of HF
concentration and current density on dissolution valence is illustrated in Figure 5.10 (b).
As shown in the figure, at a given current density, the value of n increased with HF
concentration. At a current density of 50 mA/cm2, increase in HF concentration from 5M
to 25M resulted in increase in effective dissolution valence from 2.2 to 2.6. At a given
HF concentration, increase in current density resulted in increase in dissolution valence.
It is understood that electrochemical dissolution of silicon takes place predominantly at
the pore tips, whereas chemical dissolution takes place on the pore walls. The observed
increase in the value of ‘n’ with increase in HF concentration appears to indicate that the
extent of chemical dissolution increases with dilution. Also at a given HF concentration,
increase in current density results in increase in electrochemical dissolution, thereby
leading to increase in dissolution valence.
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Figure 5.9: (a) Average growth rate of PS formed in HF-acetic acid solutions at various
current densities and HF concentrations, (b) Average growth rate in 12.5M HF solution
containing 6.25M acetic acid at different current densities.
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Figure 5.10: (a) Average porosity and (b) effective dissolution valence, for PS films
formed in HF-acetic acid solutions at different current densities and HF concentrations.
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The microstructure of porous silicon films formed in solution containing 12.5M
HF and 6.25M acetic acid at a current density of 50 mA/cm2 was already shown in Figure
5.8 (a), (b) and (c) It may be recalled that the porous silicon film was found to have ~3μm
diameter macrostructures filled with nanopores of having a diameter of ~10 nm. This can
be compared with porous silicon films formed in solution containing 5M HF and 6.25M
acetic acid anodized at 50 mA/cm2 at 30 minutes; the morphology of these films is shown
in Figure 5.11 (a), (b) and (c). Noting that Figure 5.8 (a) and 5.11 (a) are at the same
magnification, it is readily seen that the pores formed in 5M HF solution are larger than
the pores formed in 12.5M HF solution. The pore size in 5M HF solutions was estimated
to be 15-20 nm. Similar to 12.5M HF solution, the cross section near the pore bottom
indicates the presence of fine pore structures inside macrostructures of ~2 μm diameter.
In this solution, assuming cylindrical pores of diameter 20 nm and for a film with average
porosity of 70%, the specific surface area and pore density were estimated to be
7*10-5 m2/m3 and 5.57 * 1011 cm-2, respectively.
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(a)

(b)

(c)
Figure 5.11: SEM images of porous silicon film formed in solution containing 5M HF,
6.25M acetic acid at an applied current density of 50 mA/cm2 for 30 minutes. (a) top
view, (b) cross sectional view and (c) cross sectional view of pore bottom.
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5.6.4. Effect of substrate resistivity
The next variable studied was substrate resistivity. Figure 5.12 (a) shows the
average growth rate and porosity of PS films formed on two types of silicon substrates
with resistivities of ~27 Ω cm and 0.008 Ω cm. The films were formed in solution
containing 12.5M HF and 6.25M acetic acid at a current density of 50 mA/cm2 for 30
minutes. A significant increase in PS film growth rate from 0.9 μm/min to 2.8 μm/min
was observed when the substrate resistivity decreased from 27 Ω cm to 0.008 Ω cm.
Since porous silicon formation is essentially a charge transfer controlled process, it is
likely that the increase in growth rate is due to increased availability of holes in p type
substrates with higher doping concentration. Decrease in substrate resistivity also resulted
in a decrease in average porosity from 62% in the case of a 27 Ω cm substrate to 38% in
the case of 0.008 Ω cm substrate, in the solution under consideration. The effect of
substrate resistivity on effective dissolution valence is shown in Figure 5.12 (b). Decrease
in substrate resistivity resulted in increase in effective dissolution valence. Such trends
have been reported in the literature [2.72, 2.78] A possible explanation for this is that the
extent of electrochemical dissolution is greater in substrates of lower resistivity due to
greater availability of holes at the interface, whereas the extent of chemical dissolution,
which is only dependent on the solution composition and duration of anodization remains
unaltered.
The microstructure of porous silicon films formed in 12.5M HF solutions
containing 6.25M acetic acid at 50 mA/cm2 current density formed on substrates of
~27 Ω cm bulk resistivity was shown previously in Figure 5.8. This can be compared
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with the microstructure of films formed under the same solution and current density
conditions on substrates of 0.008 Ω cm bulk resistivity, which is shown in Figure 5.13.
The top view (Figure 5.13 (a)) revealed well defined pores, with circular cross section.
While most of the pores were very small (5-8 nm diameter), there were also some larger
pores (20-30 nm), which were likely formed due to coalescence of smaller pores.
Compared to image acquired on films formed on a 27 Ω cm substrate, it was readily
apparent that the average pore size formed in 0.008 Ω cm substrates were much smaller
than the average pore size formed on 27 Ω cm silicon substrates. A cross sectional view
of the film (Figure 5.13(b)) showed a porous film of ~85 μm thickness. In this case also,
a high magnification view near the bottom of the pores (Figure 5.13 (c)) showed fine pore
structures, inside larger macropores. Interestingly, the curvature at the bottom of the film
was shallower and the size of the macropore was much larger (~ 8 μm) than those formed
on substrates of 27 Ω cm bulk resistivity. For these films, assuming cylindrical pores of
~5 nm diameter and average porosity of 35%, the specific surface area and pore density
were estimated to be 1.4*10-4 m2/m3 and 4.4 * 1011 cm-2, respectively.
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Figure 5.12: (a) Average growth rate and porosity and (b) effective dissolution valence,
for samples anodized in 12.5M HF solutions containing 6.25M acetic acid at 50 mA/cm2
on silicon substrates of two different resistivities.
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Figure 5.13: SEM images of porous silicon film formed on 0.008 Ω cm silicon substrates
in 12.5M HF solution containing 6.25M acetic acid at a current density of 50 mA/cm2 for
30 minutes. (a) Top view, (b) cross sectional view, (c) cross sectional view of pore
bottom and (d) high magnification cross sectional view, showing fine pores.
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In summary, the characteristics of porous silicon films formed in solution
mixtures containing HF and acetic acid were studied. The role of acetic acid and the
effect of HF concentration, current density and substrate resistivity on porous silicon
growth rate, porosity, dissolution valence and microstructure were analyzed. Increase in
HF concentration, current density and decrease in substrate resistivity resulted in increase
in porous film growth rate. Porosity, however, was found to be independent of current
density. Increase in HF concentration and decrease in substrate resistivity resulted in
decrease in porosity. Interestingly, in all the cases studied, macropores of ~2-3 μm
diameter were found to be filled with fine pores of 5-20 nm diameter. Decrease in
substrate resistivity as well as HF concentration resulted in decrease in pore size.
5.7. Formation and characterization of porous silicon in solutions with hydrogen peroxide
The influence of addition of peroxide on porous silicon growth rate, porosity,
dissolution valence and pore microstructure was studied next.

5.7.1. Summary of variables studied
Table 5.2 summarizes the list of variables and the range of values for each
variable studied for evaluating the effect of peroxide on porous silicon formation. The
variables studied included concentration of peroxide, concentration of HF, substrate
resistivity and current density.
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Variable

Range of values

Concentration of peroxide (M)

0, 0.25, 0.5, 1

Substrate resistivity (Ω cm)

27, 0.008

Concentration of HF (M)

10, 25

Current density (mA/cm2)

50, 100

Table 5.2: Summary of variables studied in HF-acetic acid solutions containing peroxide

5.7.2. Effect of peroxide concentration
The effect of peroxide concentration on porous film characteristics was first
investigated. The porous films were formed on substrates having a resistivity of 27 Ω cm,
in solution containing 12.5M HF and 6.25M acetic acid with varying amounts of
hydrogen peroxide at a current density of 50 mA/cm2. Figure 5.14 (a) shows the effect of
hydrogen peroxide concentration on the average porous silicon formation rate and
porosity, while Figure 5.14(b) shows the change in effective dissolution valence as a
result of increase in peroxide concentration in solution.
As indicated in Figure 5.14(a), addition of peroxide significantly influenced both
the growth rate as well as porosity. The growth rate increased from ~0.9 μm/min to
~1.5 μm/min upon the addition of 0.25M peroxide and further to ~1.7 μm/min, for a
peroxide concentration of 1M. The effect of peroxide on porosity was more dramatic.
Addition of 0.25M peroxide increased the average porosity of the film from ~62% to
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~74%. Increasing the peroxide concentration to 0.5M and 1M resulted in further increase
in porosity to ~88% and ~92%, respectively.
Effective dissolution valence, decreases steadily from 2.6 in solution containing
no peroxide to 1.9 in solution containing 1M peroxide, as shown in Figure 5.14 (b). This
trend clearly indicated enhanced chemical dissolution with increase in peroxide
concentration.
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Figure 5.14: (a) Average growth rate and porosity, (b) effective dissolution valence for
PS films formed in solutions containing 12.5M HF, 6.25M acetic acid and different
concentrations of H2O2 at a current density of 50 mA/cm2 on 27 Ω cm silicon substrates.
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The microstructure of PS film was studied using SEM for each of the three
concentrations of peroxide considered in this study. Figure 5.15 (a) and (b) show the top
view, while figures (c) and (d) show cross sectional views of a PS film formed in solution
containing 0.25M peroxide. While films formed in solutions in the absence of peroxide
showed small cylindrical pores (figure 5.8 (a)) at the same current density, in the
presence of peroxide, large cracks are seen on the silicon surface instead, as seen in
figure 5.15 (a). High magnification image shown in figure 5.15 (b), revealed a roughened
surface, but no nanopores, such as those clearly seen in the absence of peroxide. A cross
sectional view of the film, (figure 5.15 (c)), showed a duplex film containing interesting
features. Regularly spaced truncated pyramidal structures were seen, below which a
porous film with vertical pores was present. The base of the truncated pyramidal
structures was located at roughly 50% of the film thickness measured from the top of the
film. The walls of the pyramidal structures were very rough, and the images appear to
suggest that the structures are composed of a bundle of fibrils. Figure 5.15(d) shows a
high magnification view of the bottom portion of the film. The thickness of the pore walls
was estimated to be ~300-500 nm and the pore size was ~ 2.5 μm.
The peroxide concentration was increased to 0.5M and the microstructure of PS
film formed in this solution is shown in Figure 5.14. The top view of the film shown in
figure 5.16 (a) showed the presence of enlarged pores with a circular cross section,
having an average diameter of ~2.5 μm. It may be recalled that in the absence of
peroxide, the pore size was ~10-20 nm. The cross section shown in figure 5.16(b) and
5.16(c) shows vertical pore structures, with an estimated pore wall thickness of
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~400-500 nm. The thickness of porous film is found to be only ~30 μm, which is less
than that estimated by profilometry (~48 μm), indicating that some of the top portion of
the film could have been etched away. A hemispherical interface is seen at the pore
bottom. In this case, where it is reasonable to assume cylindrical pores, using an average
pore diameter of 2.5 μm and film porosity of 87%, the specific surface area and pore
density were estimated to be 8.77*10-7 m2/m3 and 6.9 *106 cm-2, respectively. It may be
noted that both the specific surface and pore density are much lower than that obtained in
the case of samples anodized in the absence of peroxide, under identical conditions.
Finally, the peroxide concentration was further increased to 1M and the
microstructure of the film formed in this solution is shown in Figure 5.17. The top view
(Figure 5.17 (a)) appears to indicate a fibrous structure, which is confirmed in the bevel
view (Figure 5.17(b)). Free standing needle like structures, spaced widely apart on the
surface were seen. Significant damage to the needle structures and several collapsed
needles were also observed, likely due to sample preparation and handling, which
indicated that the structures were mechanically fragile. While it is difficult to make an
accurate estimation of the thickness of the silicon needles, it appeared that the thickness
was less than 1 μm. Figure 5.17 (c) shows an image of the bottom of the needle like
structures, which revealed a bulbous structure attached to the substrate. Figures 5.16 (b)
and 5.17 (b), when viewed in tandem, suggests that increase in peroxide from 0.5M to
1M results in enhanced chemical etching, leading to collapse of pore walls and resulting
in free standing needles.
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Figure 5.15: SEM images of PS film formed on 27 Ω cm silicon substrate in 12.5M HF
solution containing 6.25M acetic acid and 0.25M H2O2 at a current density of 50 mA/cm2
for 30 minutes. (a) low magnification top view, (b) high magnification top view, (c) cross
sectional view showing duplex film, (d) cross sectional view of microstructure in the
bottom part of the porous film.
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(a)

(b)

(c)
Figure 5.16: SEM images of porous silicon film formed on 27 Ω cm silicon substrates in
12.5M HF solution containing 6.25M acetic acid and 0.5M H2O2 at a current density of
50 mA/cm2 for 30 minutes. (a) Top view, (b) cross sectional view and (c) cross sectional
view of pore bottom.
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Figure 5.17: SEM images of porous silicon film formed on 27 Ω cm silicon substrates in
12.5M HF solution containing 6.25M acetic acid and 1M H2O2 at a current density of 50
mA/cm2 for 30 minutes. (a) Top view, (b) bevel view and (c) cross sectional view of pore
bottom.
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While solution containing 0.25M peroxide showed the presence of a duplex layer,
none of the other solutions showed such a feature. In order to better understand the
factors contributing to this structure, it was decided to study this solution condition
further. It was hypothesized that one of the factors that could lead to the formation of a
duplex structure with widely spaced features on the top part of the film and smaller
features in the deeper portions of the film, could be insufficient wetting towards the
bottom of the porous film. To confirm this hypothesis, it was decided to replace acetic
acid with an equal amount of ethanol, which is a more commonly used wetting agent.
Additionally, as shown earlier, HF solutions containing ethanol have a slightly lower
surface tension (23 mN/m) than solution with equal amount of acetic acid (32 mN/m).
Figures 5.18 (a), (b) and (c) show the morphology and cross sectional views of a
film formed in solution containing 12.5M HF, 6.25M ethanol and 0.25M peroxide at a
current density of 50 mA/cm2 for 30 minutes. The top view revealed large cracks on the
surface of silicon similar to the case with acetic acid. The bevel view and cross section,
however, showed no duplex films or pyramidal structures. Instead of pyramidal
structures, regular vertical structures were seen throughout the sample. The cross section
showed large pores with a curved pore bottom.
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Figure 5.18: SEM images of PS film formed on 27 Ω cm silicon substrate in 12.5M HF
solution containing 6.25M ethanol and 0.25 M H2O2 at a current density of 50 mA/cm2
for 30 minutes. (a) Top view, (b) bevel view, (c) cross sectional view and (d) cross
sectional view of pore bottom.
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5.7.3. Effect of substrate resistivity
Figures 5.19(a), (b) and (c) compare the average growth rate, porosity and
dissolution valence for PS films formed on high resistivity silicon substrates (27 Ω cm)
and low resistivity substrates (0.008 Ω cm). The films were formed in a 12.5M HF
solution containing 6.25M acetic acid and different amounts of peroxide at a current
density of 50 mA/cm2 for 30 minutes.
As discussed in a previous section, in the absence of peroxide, films formed on
0.008 Ω cm substrates had nearly thrice the growth rate and roughly half the porosity
compared to films formed on 27 Ω cm substrates. The same trend was observed in the
presence of peroxide, as seen in figure 5.19(a). For example, in a solution containing
0.25M peroxide, the growth rate was 1.5 μm/min on the 27 Ω cm silicon substrate,
whereas the rate increased to ~3μm/min in the 0.008 Ω cm substrate. Increase in peroxide
level resulted in increase in growth rate in both types of substrates. In the conditions
studied, the highest growth rate of ~3.5 μm/min was obtained in solution containing 1M
peroxide on a 0.008 Ω cm silicon substrate.
While the porosity of the film was lower on the 0.008 Ω cm substrate, it increased
with increase in peroxide level, as shown in figure 5.19 (b). On this type of substrate,
porosity increased from ~35% in the absence of peroxide to ~74% in solutions containing
1M peroxide. The effective dissolution valence, illustrated in figure 5.19(c) was found to
decrease with increase in peroxide concentration, for both types of substrates, likely due
to enhanced chemical dissolution. At each peroxide concentration, dissolution valence for
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0.008 Ω cm substrate was higher compared to 27 Ω cm substrate. It may be recalled that
this was also observed in the absence of peroxide and was explained based on the fact
that the rate of electrochemical dissolution is likely to be greater in substrates of lower
resistivity due to significantly higher availability of charge carriers.
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Figure 5.19: (a) Average growth rate, (b) porosity and (c) effective dissolution valence
for PS films formed in solutions containing 12.5M HF, 6.25M acetic acid and different
amounts of H2O2 at a current density of 50 mA/cm2 on 27 Ω cm and 0.008 Ω cm silicon
substrates.

191

The microstructure of porous silicon films formed on silicon substrates with
resistivity of 0.008 Ω cm were characterized using SEM. The films were formed by
anodization in solutions containing 12.5M HF, 6.25M acetic acid and varying
concentrations of peroxide at a current density of 50 mA/cm2 for a duration of
30 minutes. Electron micrographs of sample anodized in solution containing 0.25M
peroxide is shown in Figure 5.20(a), (b) and (c). Neither a significant increase in pore
size nor pyramidal structures were seen in this sample (compare with figure 5.15(a)
acquired on silicon substrates with bulk resistivity of ~27 Ω cm). The average pore size
was estimated to be ~10 nm, which is only slightly larger than that obtained in the
absence of peroxide (5-8 nm). A high magnification image of the cross section (figure
5.20(c)) shows well defined and separated vertical walls with dendritic structures, which
was not seen in the absence of peroxide.
Figure 5.21(a), (b) and (c) show the top view and cross section of porous silicon
films formed in solution 0.5M peroxide. While a low magnification top view showed
cracks and some debris, while a high magnification view showed the presence of
nanopores of ~ 10 nm diameter. A high magnification view of the cross section showed
well defined vertical walls with dendrites similar to that obtained in solution containing
0.25M peroxide.
Increase in peroxide concentration to 1M resulted in the formation of bulbous
structures with a rounded bottom standing on the substrate, as seen in Figure 5.22 (a) and
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(b). The structures were widely separated, with the top of adjacent structures separated by
~ 30 μm. Interestingly, the structures appear to have fairly smooth walls.

Porous film

(a)

(b)

(c)
Figure 5.20: SEM images of PS film formed on 0.008 Ω cm silicon substrate in 12.5M
HF solution containing 6.25M acetic acid and 0.25 M H2O2 at a current density of
50 mA/cm2 for 30 minutes. (a) Top view, (b) cross sectional view and (c) high
magnification cross sectional view showing dendritic walls.
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(a)

(b)

Porous silicon

(c)

(d)

Figure 5.21: SEM images of PS film formed on 0.008 Ω cm silicon substrates in 12.5M
HF solution containing 6.25M acetic acid and 0.5 M H2O2 at a current density of
50 mA/cm2 for 30 minutes. (a), (b) Low and high magnification top view and (c)-(d) low
and high magnification cross sectional view.
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(a)

(b)
Figure 5.22: SEM images of PS film formed on 0.008 Ω cm silicon substrate in 12.5M
HF solution containing 6.25M acetic acid and 1M H2O2 at a current density of
50 mA/cm2 for 30 minutes. (a) top view and (b) cross sectional view
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5.7.4. Effect of HF concentration
Figures 5.23 (a), (b) and (c) show the average growth rate, porosity and effective
dissolution valence of PS films formed on silicon substrates of 27 Ω cm bulk resistivity,
using solutions containing 6.25M acetic acid, two different concentrations of HF (5M and
12.5M) and three different peroxide concentrations (0.25M, 0.5M and 1M). A constant
current density of 50 mA/cm2 was applied for a duration of 30 minutes. As seen from
figure 5.23(a), increase in HF concentration resulted in slight increase in growth rate for
all peroxide concentrations. For example, for a solution containing 0.5M peroxide, the
average growth rate increased from ~1.05 μm/min to ~1.6 μm/min, for an increase in HF
concentration from 5M to 12.5M, whereas it increased from ~1.3 to ~1.7 μm/min in a
solution containing 1M peroxide.
The average porosity decreased with increase in HF concentration as shown in
figure 5.23(b). Porosity of the films increased from ~78% to ~84% when the HF
concentration was increased from 5M to 12.5M in a solution containing 0.5M peroxide.
Similarly, an increase from ~86% to ~92% was observed in a solution containing 1M
peroxide for increase in HF concentration from 5M to 12.5M.
The effect of peroxide and HF concentration on dissolution valence is illustrated
in Figure 5.23(c). For a given peroxide concentration, increase in HF concentration
resulted in increase in dissolution valence. It may be recalled that this trend was also seen
in the absence of peroxide and was explained based on increase in chemical dissolution
with decrease in HF concentration.
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Figure 5.23: (a) Average growth rate, (b) porosity and (c) effective dissolution valence
for PS films formed on silicon substrates of 27 Ω cm resistivity in solutions containing
6.25M acetic acid and different amounts of H2O2 at two different concentrations of HF.
Applied current density of 50 mA/cm2.
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Figures 5.24 (a), (b) and (c) are SEM images obtained in solution containing
5M HF, 6.25M acetic acid and peroxide concentration of 0.25M. The sample was
anodized for a duration of 30 minutes at a current density of 50 mA/cm2. The top view
shown in figure 5.24 (a) showed large cracks on the surface, similar to those observed in
samples anodized in 12.5M HF solution containing 0.25 M peroxide (figure 5.14(a)). The
cross section of the samples showed a duplex structure with trapezoidal structures on the
top, below which vertical pores were observed. The spacing between the structures on the
top part of the film was estimated to be ~3-5 μm, while the pores at the bottom part of the
film had a diameter of ~2.5 μm.
The effect of increasing the peroxide concentration to 0.5M in the same solution
matrix containing 5M HF and 6.25M acetic acid, on PS film morphology is shown in
figure 5.25(a), (b) and (c). Truncated pyramidal structures with a spacing of ~ 5μm,
between the structures, were seen under these conditions. While the truncated pyramids
were somewhat similar to those formed in solutions containing 12.5M HF, 6.25 M acetic
acid and 0.25M H2O2, a significantly thick bottom layer of vertical pores was not
observed in this case.
The effect of increasing peroxide concentration to 1M on pore microstructure is
shown in figure 5.26(a) and (b). Pores with a circular cross section, having a diameter of
~3 μm diameter were seen in these conditions. From the top view, the thickness of the
pore walls was estimated to be between 600-700 nm. While the pore shape was similar to
those formed in 12.5M HF solutions containing 0.5M H2O2, the pore diameter was
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slightly larger in this case. In the cross section, etch pits were seen, rather than vertical
pore walls.
These results suggest that somewhat similar pore shapes can be obtained by
carefully controlling the ratio of HF to peroxide in solution. Decrease in HF
concentration must be accompanied by an increase in peroxide concentration in order to
obtain similar pore shapes.
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(a)

(b)

(c)
Figure 5.24: FESEM images of porous silicon film formed on 27 Ω cm silicon substrates
in 5M HF solution containing 6.25M acetic acid and 0.25 M H2O2 at a current density of
50 mA/cm2 for 30 minutes. (a) Top view and (b) bevel view and (c) cross sectional view.
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(a)

(b)

(c)
Figure 5.25: SEM images of porous silicon film formed on 27 Ω cm silicon substrates in
5M HF solution containing 6.25M acetic acid and 0.5 M H2O2 at a current density of
50 mA/cm2 for 30 minutes. (a) Top view, (b) bevel view and (c) cross sectional view.
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(a)

(b)
Figure 5.26: SEM images of PS film formed on 27 Ω cm silicon substrate in 5M HF
solution containing 6.25M acetic acid and 1 M H2O2 at a current density of 50 mA/cm2
for 30 minutes. (a) Top view and (b) cross sectional view.
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5.7.5. Effect of current density
Figure 5.27 (a), (b) and (c) show the effect of current density on the average
growth rate, porosity and effective dissolution valence of porous silicon films formed in
solutions containing peroxide. The PS films were formed in solutions containing 12.5M
HF, 6.25M acetic acid and different amounts of peroxide and were anodized at two
different current densities, namely 50 mA/cm2 and 100 mA/cm2. Silicon substrates
having resistivity of 27 Ω cm were used for these studies.
As expected, increase in current density resulted in significant increase in growth
rate of the film, for a given concentration of peroxide, as shown in Figure 5.27(a). For
example, at a peroxide concentration of 0.5M, the average growth rate more than doubled
from 1.6 μm/min to 3.6 μm/min, as a result of increase in current density from
50 mA/cm2 to 100 mA/cm2. In the scope of variables studied, the highest growth rate of
4.2 μm/min was achieved in solution containing 12.5M HF, 6.25M acetic acid and
1M peroxide, at a current density of 100 mA/cm2. The effect of current density on
porosity was not significant (Figure 5.27(b)). For a given concentration of peroxide, the
porosity remained roughly the same in samples anodized at 50 mA/cm2 as well as
100 mA/cm2. Also, the dissolution valence increased slightly with increase in current
density. In a solution containing 1M H2O2, the dissolution valence increased from 1.9 to
2.1.
Figure 5.28 (a), (b), (c) and (d) show SEM images of a porous silicon film
anodized at 100 mA/cm2 for 30 minutes in a solution containing 12.5M HF, 6.25M acetic
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acid and 0.25M H2O2. A duplex film consisting of truncated pyramidal structures at the
top and vertical pores at the bottom was observed, which is similar to the microstructure
obtained in sample anodized at a current density of 50 mA/cm2 in the same solution.
(Figure 5.14 (b)). The top portion of the film consisted of thick pore walls with very
rough sides. The pore wall thickness in the top part of the film was estimated to be
~20μm. In the bottom portion of the film, the average pore size and pore wall thickness
were estimated to be ~2.3 μm and ~1.2 μm, respectively.
Increasing the peroxide level to 0.5M in the solution and anodizing at a current
density of 100 mA/cm2 resulted in the formation of macropores with a circular cross
section as shown in Figure 5.29 (a), (b) and (c), similar in shape to those formed at 50
mA/cm2 in the same solution. The pore diameter was estimated to be ~3.2 μm, which is
slightly larger than the ~2.5 μm diameter pore that were obtained in sample anodized at
50 mA/cm2, in the same solution. The bevel view showed regular needle like structures
on the sample, which is also shown in the cross sectional view. However, it was difficult
to estimate the exact height of the structures from the image, due to significant damage to
the cross section as a result of sample cleaving.
Silicon anodized in a solution containing higher peroxide concentration of 1M,
resulted in the formation of thin silicon needles that were detached from the substrate, as
shown in Figure 5.30 (a) and (b). While the thickness of the needles was similar to that
obtained in the same solution at 50 mA/cm2, the needles were found to be collapsed on
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the surface in this case, whereas many of the needles were attached to the substrate and
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Figure 5.27: (a) Average growth rate and (b) average porosity of PS films formed in
solutions containing 12.5M HF, 6.25M acetic acid and different concentrations of
peroxide at two different current densities (50 mA/cm2 and 100 mA/cm2). Substrate
resistivity = 27 Ω cm.
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(a)

(c)

(b)

(d)

Figure 5.28: SEM images of PS film formed on 27 Ω cm silicon substrates in 12.5M HF
solution containing 6.25M acetic acid and 0.25 M H2O2 at a current density of
100 mA/cm2 for 30 minutes. (a) Top view and (b) bevel view, (c) cross sectional view
and (d) cross section of the bottom portion of the film.
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(a)

(b)

(c)
Figure 5.29: SEM images of PS film formed on 27 Ω cm silicon substrates in 12.5M HF
solution containing 6.25M acetic acid and 0.5 M H2O2 at a current density of
100 mA/cm2 for 30 minutes. (a) Top view, (b) bevel view and (c) cross sectional view.
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Figure 5.30: Top view of porous silicon film formed on 27 Ω cm silicon substrates in
12.5M HF solution containing 6.25M acetic acid and 1 M H2O2 at a current density of
100 mA/cm2 for 30 minutes.

5.7.6. Evolution of porous film microstructure with anodization time
Most of the experiments in this study were conducted for a duration of 30
minutes, since the objective of the study was to form thick porous films having a depth of
~25-50 μm. However, it would be interesting to follow the evolution of pore
microstructure with anodization time in solutions containing peroxide in which the final
film microstructure is dependent on the extent of chemical dissolution, which in turn is
expected to depend on the duration of immersion/anodization. For the purpose of this
study, porous silicon samples formed on 27 Ω cm silicon substrates, anodized in solution
containing 12.5M HF, 6.25M acetic acid and 0.5M peroxide at 50 mA/cm2 were utilized.
The samples were anodized for durations of 5 min and 15 min and their microstructure
was compared with sample anodized for 30 min.
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Figures 5.31 (a), (b) and (c) compare the top view of samples anodized for the
three durations of time. In the sample anodized for 5 minutes, fine nanopores with
diameter of 7-10 nm are seen, which is similar to structures formed in the absence of
peroxide. With increase in anodization time to 15 minutes, it appears that some of the
pore walls are etched away resulting in pore enlargement. For a duration of 30 minutes
anodization, further etching of silicon takes place and the pore cross section assumes a
nearly circular shape. The growth in pore size with increasing anodization time is
illustrated in Figure 5.32. As shown in the figure, the pore size increased from ~7-10 nm
at 5 minutes to 1.5 ± 1.0 μm at 15 minutes and 2.45 ± 0.3 μm for 30 minutes of
anodization time. As indicated by the standard deviation, the distribution of pore size was
much narrower at 30 minutes than at 15 minutes.
Clearly, the formation of pore microstructures in solutions containing peroxide,
depends on a balance between the rate of electrochemical dissolution and the extent of
chemical dissolution of silicon. Using results collected from previous studies as well as
the time evolution study, it appears that the extent of chemical dissolution is controlled
by the concentration of HF and peroxide in solution as well as the duration of
anodization. During chemical dissolution, it is likely that the HF/H2O2 mixture causes
dissolution of the pore walls causing their collapse and resulting in formation of
macrostructures.
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5 min

15 min

(a)

(b)

30 min

(c)
Figure 5.31: Top view of porous silicon film formed on 27 Ω cm silicon substrates in
12.5M HF solution containing 6.25M acetic acid and 0.5 M H2O2 at a current density of
50 mA/cm2 for different anodization durations (a) 5 min, (b) 15 min and (c) 30 min.
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Figure 5.32: Change in pore size with anodization time in solution containing 12.5M HF,
6.25M acetic acid and 0.5M H2O2. Applied current density = 50 mA/cm2 and substrate
resistivity = 27 Ω cm.

In summary, the effect of addition of peroxide to HF-acetic acid solution has been
studied in detail in this section. Addition of peroxide resulted in increase in porous film
growth rate and dramatic increase in porosity. The steady decrease in dissolution valence
with increase in peroxide concentration, indicates enhanced chemical dissolution in
solutions containing peroxide. A variety of interesting pore microstructures were
observed, which included truncated pyramidal structures, cylindrical macropores of
2-3 μm diameter and free standing silicon needles.
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5.7.7. Mechanism of porous silicon formation in solutions containing hydrogen peroxide
In this study, the addition of peroxide has led to the formation of porous silicon
films with high porosities and with a variety of pore morphologies. Of particular interest
is the fact that dissolution valence as low as 1.9 was obtained for anodization in solutions
containing 12.5M HF, 6.25M acetic acid and 1M H2O2 at 50 mA/cm2, indicating
enhanced level of chemical dissolution relative to electrochemical dissolution with
increase in peroxide level. Enlargement of pore size as a result of addition of peroxide
suggests chemical dissolution of pore walls, At the pore tips, it is likely that the chemical
dissolution supplements electrochemical dissolution.
During porous silicon formation, the charge applied to the silicon wafer is carried
from the bulk to the silicon/electrolyte interface by holes. The following overall anodic
electrochemical reaction shown below, describes the porous silicon formation process.
[5.2] Here, silicon dissolves into solution as SiF62- ions and the process is accompanied
by hydrogen evolution.
Si + 6HF + h+ SiF62- + H2 + 2H+ + eIn mixtures of HF and peroxide, under anodic bias, chemical dissolution of silicon
by a sequential oxidation/dissolution mechanism may accompany electrochemical
dissolution. During chemical dissolution, peroxide oxidizes silicon to form a thin
chemical oxide, which is continually dissolved by HF. The formation of chemical oxide
occurs via a redox mechanism, in which Si(0) is oxidized to Si(IV), whereas peroxide
gets reduced to water.
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Si +2H2O2  SiO2 + 2H2O
Dissolution of the chemical silicon dioxide may be represented by the following reaction.
SiO2 +6HF  H2SiF6 + 2 H2O
It is likely that the simultaneous processes of electrochemical and chemical
dissolution has led to the formation of tunable porous film microstructures, observed in
this study.
5.8. Rinsing of porous silicon films
After formation of porous films, the samples are typically rinsed in DI water,
isopropyl alcohol or ethanol. Complete removal of fluoride ions, hydrogen ions and other
ionic species from within the pores is necessary to ensure that etching of silicon does not
continue after anodization is complete. In this context, a preliminary study was
undertaken to monitor the rinsing of porous silicon films in DI water using conductivity
measurements as well as electrochemical impedance spectroscopy, with the ultimate
objective of developing a technique to optimize rinse time.
Silicon samples (27 Ω cm) anodized in 12.5M HF solutions containing 6.25M
acetic acid at a current density of 50 mA/cm2 for a duration of 30 minutes, were used for
these studies. From previous data, the porous film is expected to have an average
thickness of ~28 μm with a porosity of 62±3% and average pore size of ~10 nm. After
anodization, the samples were squirted with ~15 ml of DI water to remove any physically
adsorbed species and re-immersed in DI water. The area of electrode exposed to solution
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was 1 cm2. The conductivity of the solution and the impedance spectra of porous silicon
in DI water was monitored as a function of immersion time. DI water was stirred during
immersion. Figure 5.33 shows the change in conductivity of DI water as a function of
immersion time. The conductivity increased steeply from an initial value of 1 μS/cm to
~230 μS/cm in a duration of 15 minutes. Beyond 15 minutes, the conductivity continued
to increase slowly and reached a value of ~305 μS/cm at 180 minutes.
Figure 5.34 shows the time evolution of impedance spectra of porous silicon film
immersed in DI water. High level of noise was observed at frequency values less than
5 Hz; therefore, impedance data was acquired only in the high and mid- frequency range
of 100 kHz to 5 Hz. The data was not corrected for actual surface area of the porous
layer. As clearly seen from the inset, which shows the impedance spectrum obtained at an
immersion time of 5 minutes, the data formed two arcs on the complex plane, one in the
high frequency range (100 kHz and 5000 Hz) and the other in the mid frequency regime
(5000 Hz to 5 Hz), indicating the existence of atleast two time constants. It was found
that the diameter of the arcs decreased upto 15 minutes, after which it began increasing,
likely due to significant oxidation of the silicon surface.
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Figure 5.33: Change in conductivity of DI water as a function of immersion time of
porous silicon.

Figure 5.34: Time evolution of impedance spectra of PS immersed in DI water (Average
thickness of PS film ~28μm and porosity ~ 62%). Inset shows impedance spectrum
obtained at 5 minutes.
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From the SEM images shown in Figure 5.8, it is reasonable to assume that the
porous film consists of cylindrical nanopores propagating from the surface into the
sample. This is schematically shown in Figure 5.35(a). For such electrodes, the
impedance of a single pore can be modeled using a transmission line consisting of
solution resistance (RS) in series with pore resistance (Rpore), which in turn, is in parallel
with an interfacial impedance (Zi). [3.3] The quantity Zi represents the impedance of the
pore walls/electrolyte interface. The interfacial impedance (Zi) can be represented,
primarily using four elements – the double layer capacitance, the charge transfer
resistance, the space charge capacitance and the space charge resistance. In the present
model, the interfacial impedance (Zi) was modeled using an equivalent circuit consisting
of a parallel combination of space charge capacitance (CSC) and resistance (RSC) in series
with another parallel combination of a double layer capacitance (implemented as a
constant phase element) (CPEdl) and charge transfer resistance (Rct). The overall
impedance of a porous film consisting of an assembly of ‘n’ pores can be calculated by
considering ‘n’ such transmission lines in parallel. Figure 5.34(c) shows the overall
equivalent circuit that was used to model the porous silicon film/electrolyte interface. It
may be noted that the circuit elements in the overall circuit, are lumped quantities, which
has contribution from each pore in the film. The quality of fit was evaluated using the
chi-squared value, which was found to be between 0.005 and 0.009, for all cases.
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(b)
Figure 5.35: (a) Schematic representation of a porous silicon sample, consisting of
straight cylindrical pores in the anodized area, (b) equivalent circuit for a single pore, and
(c) overall equivalent circuit model used to represent the porous silicon/electrolyte
interface.
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The solution resistance (RS) is the primary element of interest in the analysis of a
rinsing process. The time evolution of RS is shown in Figure 5.35 (a). In the same graph,
the resistivity of solution (calculated from conductivity measurements) is plotted for
comparison. The value of RS, obtained from the impedance data, decreased from
~ 5250 Ω to ~3840 Ω in a duration of 60 minutes, after which it became nearly constant.
The trend agrees with that of the resistivity of the solution, calculated from conductivity
measurements. The results indicate that equilibrium is reached in ~60 minutes.
While the other circuit quantities are not relevant to optimization of rinse time,
they provide an insight into the changes occurring at the pore walls during immersion in
DI water. The value of space charge capacitance (CSC) was found to be between 8E-9 F
and 1E-8 F, which is a typical value for silicon. The double layer capacitance (CPEdl-T)
was found to be between 5E-6 F and 2E-5F, which is also typical for silicon/electrolyte
interfaces. A quantity of particular interest is the charge transfer resistance (RCT), which
describes the ease with which charge transfer occurs at the pore wall/electrolyte interface.
It was found that the charge transfer resistance significantly increased with time from
~8900 Ω at 5 min to ~ 59300 Ω at 180 min, indicating passivation of the pore walls. The
passivation is likely to be as a result of the oxidation of silicon during immersion in DI
water.
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Figure 5.36: Time evolution of (a) solution resistance (Rs) and (b) charge transfer
resistance (Rct), obtained by fitting impedance data to proposed equivalent circuit model,
during immersion of porous silicon in DI water.
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The efficiency of rinsing can be determined by making an estimate of the final
concentration of ions inside the pore, at the optimal rinse time, identified as 60 minutes.
The initial concentration of ionic species in the solution within the pores, at the beginning
of the rinsing process, may be assumed to be the same as that of the solution used for
anodization (12.5M HF and 6.25M acetic acid). At 60 minutes immersion time, it may be
recalled that a rinse water conductivity of 280 μS/cm was measured, which, from
literature data, was found to correspond to a HF concentration of 1.5*10-3M. [5.3] In the
absence of similar reliable data for dilute acetic acid solutions, the contribution acetic
acid to solution conductivity, was neglected.
If the entire amount of HF were completely removed from the pores (having an
estimated pore volume of 1.73*10-3 cm3) into 60 ml of rinse water, simple calculation
would show that the HF concentration in the rinse water may be expected to be
3.6*10-4 M, which is lower than the concentration of HF expected based on conductivity
data. The discrepancy could be due to several reasons including error in estimation of
pore volume and non-negligible contribution from acetic acid. However, the results of the
calculation indicate that the concentration of ions in solution inside the pores reduces
from a high value of 12.5M to a value on the order of 10-3 to 10-4M, indicating efficient
rinsing.
From the preliminary results, it appears that impedance measurements and
equivalent circuit modeling can be used to follow the rinsing process and optimize rinse
time. However, more detailed investigations are required. In the present study, the porous
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silicon film was immersed in a static volume of DI water. It would be more useful to
study rinsing in a flow cell.
In this chapter, the influence of acetic acid and hydrogen peroxide on the growth
rate, porosity, effective dissolution valence and microstructure of porous silicon films
formed in HF solutions, was systematically studied. Addition of peroxide resulted in
increase in average growth rate, porosity and decrease in dissolution valence, suggesting
enhanced chemical dissolution, in addition to electrochemical dissolution. Table 5.3
summarizes the effect of increase in different variables considered in this study, on the
growth rate, porosity and dissolution valence. In the absence of peroxide, nanosized pores
with diameters ranging from 5-20 nm were obtained under various conditions. In the
presence of peroxide, a variety of interesting pore microstructures were obtained.
Table 5.4 provides a summary of some interesting microstructural features obtained
under various process conditions. Finally, the rinsing of porous silicon films in DI water
was studied using electrochemical impedance spectroscopy. For a ~28 μm thick porous
film with a porosity of 62±3% and pore diameter of ~10 nm, it was determined that 60
minutes of immersion in DI water is required to remove the bulk of the ionic species from
within the pores.
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Film

Growth rate

Porosity

characteristic

Effective
dissolution

Variable

valence

In HF-CH3COOH mixtures
CH3COOH

--

--

--

concentration
HF concentration
--

Current density
Substrate resistivity
In HF-CH3COOH-H2O2 mixtures
H2O2 concentration
HF concentration

--

Current density
Substrate resistivity
Increase;

Decrease, -- Unchanged

Table 5.3: Summary of results - influence of increase in different variables on growth
rate, porosity and effective dissolution valence.
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Solution
composition

Substrate
resistivity
(Ω cm)

Applied
current
density
(mA/cm2)

Microstructure of porous silicon
formed

12.5M HF, 6.25M 27
acetic acid

50

Nanopores with ~10nm diameter

12.5M HF, 6.25M 0.008
acetic acid

50

Nanopores with ~5-8 nm diameter

12.5M HF, 6.25M 27
acetic acid, 0.25M
H2O2

50, 100

Duplex film with ordered
truncated pyramidal structures on
top and vertical pores at the
bottom.

12.5M HF, 6.25M 27
acetic acid, 0.5M
H2O2

50, 100

Uniformly distributed cylindrical
macropores with ~2.5 μm
diameter at 50 mA/cm2 and 3.2
μm diameter at 100 mA/cm2.

12.5M HF, 6.25M 27
acetic acid, 1M
H2O2

50

Fragile, vertical silicon needles.

12.5M HF, 6.25M 0.008
acetic acid, 0.25M
H2O2

50

Nanopores <10nm.

12.5M HF, 6.25M 0.008
acetic acid, 1M
H2O2

50

Bulb-like structures with diameter
of ~ 30 μm

5M HF, 6.25M 27
acetic acid, 0.25M
H2O2

50

Duplex film with truncated
pyramidal structures on top and
vertical pores at the bottom.
Thickness of top portion about
one-third the thickness of the
bottom film.

5M HF, 6.25M 27
acetic acid, 0.5M
H2O2

50

Single film consisting of truncated
pyramidal structures. Spacing
between top of pyramids ~5-8μm.
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5M HF, 6.25M 27
acetic acid, 1M
H2O2

50

Uniformly distributed macropores
with diameter ~3 μm.

Table 5.4: Summary of porous silicon morphological features seen in HF based solutions
with and without peroxide.
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CHAPTER 6
CONCLUSIONS
6.1. Summary
A. Use of fluoride based solutions for BEOL cleaning
1. Semi aqueous fluoride (SAF) formulations containing dimethyl sulfoxide, ammonium
fluoride and water were able to effectively remove copper oxide and post etch residue
films.
2. The conductivity and surface tension of SAF formulations decreased with increase in
solvent content.
3. Formulations containing 29% DMSO, 0.25M NH4F and 70% H2O at pH 4, adjusted
using oxalic acid, removed CuOX films at a rate of ~180Å/min with a CuOX/Cu
selectivity of ~130:1, CuOX/TEOS selectivity of ~10:1 and CuOX/CDO selectivity of
~20:1.
4. A technique based on electrochemical impedance spectroscopy (EIS) was developed to
determine the end point of removal of CuOX thin films formed on copper and post etch
residue formed on patterned test structures. Removal end point was determined by
measurement of impedance spectra as a function of immersion time and fitting the data to
a two time constant circuit, typical of a porous passive film.
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5. The constant phase element corresponding to the oxide film (CPEox) was found to be a
reliable indicator of the end point of CuOX film removal. End point was detected by
following the time evolution of the quantity CPEox-T and determining the local
maximum. For the removal of post etch residue from patterned test structures, the
constant phase element corresponding to the residue film (CPEPER) was found to be a
reliable indicator. The time evolution of this quantity was followed, which exhibited a
maxima, corresponding to the end point. The end point was confirmed using SEM images
of samples cleaned for various time durations.
B. Use of fluoride based solutions for porous silicon formation
1. Addition of acetic acid to HF solutions resulted in reduction in surface tension as
contact angle made by the solution on p type silicon. Solution containing 12.5M HF and
6.25M acetic acid, had a surface tension of 32 mN/m and made a contact angle of 300 on
silicon.
2. The effective current range under which porous silicon could be formed, determined
by JPS, increased linearly with increase in HF concentration. Addition of 1M peroxide to
12.5M HF solution containing 6.25M acetic acid increased the value of JPS from
~160 mA/cm2 to ~220 mA/cm2.
Formation of porous silicon in the absence of peroxide
1. Effect of HF concentration: Increase in HF concentration at a given current density
resulted in increase in PS growth rate, decrease in porosity and increase in dissolution
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valence, both in the presence and absence of peroxide. Increase in HF concentration
resulted in smaller pores. Pores with diameters between 10-20 nm were observed.
2. Effect of current density: The average growth rate increased linearly with increase in
current density for all HF and peroxide concentration. The average porosity did not
significantly change with current density. The dissolution valence increased with increase
in current density due to enhanced electrochemical dissolution. No significant change in
pore microstructure was seen.
3. Role of acetic acid: Concentration of acetic acid in solution had no effect on average
growth rate or porosity, for a given concentration of HF. However, the porous film
formed in 12.5M HF solution without acetic acid exhibited a distribution of pore sizes,
whereas the pore size was uniform in solutions containing 12.5M HF and 6.25M acetic
acid.
4. Effect of substrate resistivity: Decrease in bulk resistivity of the silicon substrate
resulted in doubling of the average growth rate, while the average porosity of the film
nearly halved. The dissolution valence increased with decrease in bulk resistivity,
pointing to enhanced electrochemical dissolution. Smaller pores were formed (<8 nm)
with shallower pore bottom in substrates with a bulk resistivity of 0.008 Ω cm, compared
to those with resistivity of 27 Ω cm.
5. In the range of variables studied, the highest growth rate obtained was ~4.5 μm/min
obtained in formulation containing 49% HF at a current density of 200 mA/cm2. The
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average porosity associated with this condition was ~68%. However, such high
concentrations may not be suitable for use in the semiconductor industry.
Formation of porous silicon in the presence of peroxide
1. Effect of peroxide concentration: Increase in peroxide concentration resulted in
increase in average growth rate and a drastic increase in porosity of the film. Porosity as
high as ~92% was achieved in solution containing 12.5M HF, 6.25M acetic acid and
1M peroxide anodized at a current density of 50 mA/cm2 for 30 minutes on a silicon
substrate with a resistivity of 27 Ω cm. The dissolution valence decreased with increase
in peroxide concentration, providing evidence for enhanced chemical dissolution. In a
solution containing 1M peroxide, dissolution valence of ~1.9 was estimated.
2. Effect of substrate resistivity: For a given HF concentration, current density and
peroxide concentration, decrease in substrate resistivity resulted in increase in growth rate
and decrease in porosity. Increase in dissolution valence was observed.
3. Effect of HF concentration: For a given peroxide concentration and current density,
increase in HF concentration caused a slight increase in growth rate and a slight increase
in average porosity. Dissolution valence decreased with decrease in HF concentration.
4. Effect of current density: Doubling the current density caused near tripling in growth
rate for a given HF concentration and peroxide concentration. Dissolution valence
increased with increase in current density.
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5. In the variable space studied in solutions containing peroxide, the highest growth rate
obtained was ~4.3 μm/min in a 12.5M HF solution containing 6.25M acetic acid and
1M peroxide, anodized at a current density of 100 mA/cm2. The porosity associated with
this film was ~95%.
6. A variety of pore microstructures were obtained under different fabrication conditions
in solutions containing peroxide. Two types of interesting microstructures formed include
duplex films consisting of a truncated pyramidal structure on top and anisotropic pores at
the bottom, formed in solutions containing 12.5M HF, 6.25M acetic acid and 0.25M
H2O2 and regular macropores of ~2.5-3 μm diameter formed in solutions containing
12.5M HF, 6.25M acetic acid and 0.5M H2O2.
Rinsing of porous silicon films
1. Rinsing of porous silicon films in DI water was monitored using conductivity
measurements and electrochemical impedance spectroscopy measurements.
3. Electrochemical impedance spectroscopy measurements of porous silicon films in DI
water were conducted. The porous silicon/electrolyte interface was modeled using a
transmission line model and the change in solution resistance (RS) was followed with
time. For a film, formed in solution containing 12.5M HF, 6.25M acetic acid at a current
density of 50 mA/cm2, on a substrate of 27 Ω cm resistivity, the optimal rinse time was
estimated to be ~ 60 minutes.
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6.2. Suggestions for future work:
Removal of post etch residue from copper damascene structures

1. Explore the use of all aqueous non fluoride based formulations for removal of
residues.

2. Study the usefulness of electrochemical impedance spectroscopy at a single
excitation frequency, to monitor dissolution of the post etch residue from
patterned test structures and develop appropriate models.
Porous silicon formation
1. Demonstrate through silicon via formation on patterned test structures using the
proposed two step methodology, based on sacrificial porous silicon film
formation and dissolution of the film.
2. Systematically study the effect of other oxidizing agents, such as nitric acid, on
pore microstructures.
3. Study the optical characteristics of porous silicon films formed in solutions
containing peroxide.
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