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Abstract 

In semiconductor manufacturing, the miniaturization of devices has always been a 

strong driving force in the industry.  Making the individual transistors smaller makes it 

possible to increase the number of transistors on a given size chip, resulting in greater 

processing power and data storage capabilities.  As the critical dimensions of today’s 

technology nodes approach the atomic scale, it is no longer feasible to obtain the same 

progression of increased transistor count through simple scaling.  In the memory industry, 

new innovations are being incorporated into the manufacturing process, such as the 

verticalization of NAND memory to keep up with the demand for increased transistor 

density.  With these innovations come new processing challenges, such as wet etching in 

extremely high-aspect-ratio (HAR) structures while maintaining top-to-bottom 

uniformity. 

The objective of this work was to create simulations in COMSOL Multiphysics 

that depict the time-dependent etching progress in HAR structures.  A dynamic etching 

model was developed to predict the lateral recession profile of a HAR polysilicon trench 

bounded on the top and bottom by silicon dioxide (SiO2) etched by 

tetramethylammonium hydroxide.  The model considered the diffusion of active etchant 

species, surface charging of polysilicon and SiO2, and reaction byproduct accumulation 

on the top-to-bottom etching profile.  The results of the simulations suggest that the 

diffusion of reactant species into the trench could influence the top-to-bottom etch 

uniformity if the reaction order is greater than 1.  The surface charging on polysilicon and 

SiO2 does not appear to affect the overall top-to-bottom uniformity but leads to a 
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localized reduction in the etch rate in the corners of the trench where the polysilicon 

meets the SiO2. 

The secondary etching simulation was developed to model the wet etching of thin 

SiO2 films sandwiched between silicon layers, a structure that is often used to create 

cantilever microstructures.  Etching models of SiO2 in hydrofluoric acid (HF) from the 

literature were utilized to provide boundary velocities in moving-boundary simulations of 

a dynamic etching process as a function of local concentrations of etchant species.  The 

influence of the surface charge present on silicon in the Si/SiO2/Si stacked structures on 

the etch rate of SiO2 was modeled for varied thicknesses of SiO2.  The etch rate of thin 

films of SiO2 was compared to the bulk etch rate without electrostatic interference.  The 

simulations did not suggest that the SiO2 thickness in the stacked structure has a strong 

impact its etch rate because etch rate is dominated by neutral species. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

 

1.1 Problem statement 

In 1975, Gordon Moore stated that the number or transistors in an integrated circuit 

will double approximately every two years.  This technology progression was called 

Moore’s Law.  Moore’s Law became the gold standard for technological development in 

the semiconductor industry and has remained true for the last four decades, as shown in 

Figure 1. 

 

 

Figure 1. Transistor count as a function of introduction date from 1971 to 2011 [1] 
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 The rate of progress has been slowing down in recent years as the critical 

dimensions of the technology node pushes closer to the theoretical limit at the atomic 

level.  The slowing of the miniaturization in the semiconductor industry has driven 

researchers and engineers to find more innovative solutions that will allow the number of 

transistors per integrated circuit to keep increasing. 

In the memory industry, transitioning from 2D NAND to 3D NAND structures was a 

significant innovation.  Originally, NAND memory was made up of a planar array of 

floating-gate transistors.  To make better use of space, NAND memory was stacked 

vertically, resulting in 3D NAND gates.  The typical process flow for creating vertical 

arrangements of floating-gate transistors is shown in Figure 2. 

 

 

Figure 2. Critical etching and deposition steps for the creation for 3D NAND memory [2] 
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 The green and yellow stripes represent alternating layers of polysilicon and SiO2.  

The polysilicon layers become the control gate for each transistor, and the oxide layers 

insulate each unit.  Many high-aspect-ratio (HAR) holes are plasma etched through the 

layers of polysilicon and SiO2.  These holes have a typical aspect ratio (height divided by 

diameter) of 28:1, making them incredibly tall and narrow.  The dry etching of the holes 

is followed by a series of etching and deposition steps that develop the oxide-nitride-

oxide (ONO) dielectric, floating gate, and tunnel oxide that make up a floating-gate 

transistor.  Ultimately, a series of floating-gate transistors are created that repeat 

vertically for the full height of the polysilicon/SiO2 stack.  These “skyscrapers” of 

memory units also repeat in the horizontal direction, with the density depending on how 

many HAR holes were etched into the stack structure; the number can be on the order of 

billions for modern technology. 

In 3D NAND processing, top-to-bottom uniformity is a big issue because everything 

is connected and each step builds upon the step before it.  For example, in the control 

gate recess etch step shown in Figure 2, it is crucial that each layer of polysilicon is 

etched by the same amount as the other layers in the stack.  During the control gate recess 

etch, a high-aspect-ratio hole is being laterally etched with an etching solution.  Non-

uniformity challenges can arise during the etching process related to diffusion, surface 

charging, and precipitation.  Measuring lateral etch rates in high-aspect-ratio trenches is 

complex and requires expensive and time-consuming techniques such as cross-sectional 

scanning electron microscopy (SEM). Therefore, conducting large numbers of laboratory 

etching experiments is not always feasible.  The objective of the present study is to create 

simulations for the lateral etching of a high-aspect-ratio trench in polysilicon bounded by 
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SiO2 at the top and bottom using tetramethylammonium hydroxide (TMAH), a widely 

used etchant for silicon.  The output of these simulations is the recession of polysilicon as 

a function of depth in the trench as well as the concentration profiles for the species 

present.  The results of these simulations can be used to understand the challenges that 

arise in relevant industry applications, such as the control gate recess etch step in the 

fabrication of 3D NAND memory. 

The simulation process used to model the TMAH etching of polysilicon was also 

applied to sandwich structures of silicon and SiO2 etched with hydrofluoric acid.  

Specifically, the surface charging effects on etch rate were studied using simulations of 

etching in narrow channels in which the width is a function of the SiO2 film thickness.  In 

the present study, simulations were created that consider the surface charging on silicon 

during the etching of Si/SiO2/Si stacked structures with HF.  Two different etch rate 

equations from the literature were used to create dynamic moving-boundary simulations 

that simulate the process of etching.  The results of the simulations of etching SiO2 in 

narrow channels with electrostatic interference were compared with bulk etch rates of 

SiO2.  A commonly used mixture of HF for oxide removal in industrial applications is 

1:100 HF:H2O, which yields a bulk etch rate of approximately 1-2 nm/min at room 

temperature. 

 

1.2 Literature review 

1.2.1 Wet etching of silicon 

1.2.1.1 Silicon etchants and reactions 
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The etching of silicon is a critical process in the creation of 

microelectromechanical systems (MEMS) devices.  The removal of silicon during the 

device processing steps can be accomplished through either dry plasma etching or wet 

chemical etching.  Dry etching of silicon has advantages over wet etching, such as its 

superior etch directionality, which allows for the creation of high-aspect-ratio structures.  

Wet etching, however, is still widely used in the microelectronics industry because of its 

low processing costs, high removal rate, and smaller environmental impact [3]. 

Wet etching of silicon can be achieved using either basic or acidic solutions.  

Typical bases used in the microelectronics industry to etch silicon are potassium 

hydroxide (KOH), ethylenediamine pyrocatechol (EDP), and tetramethylammonium 

hydroxide (TMAH).  The general net reaction for the dissolution of silicon in any basic 

solution is shown in equation 1 [4].   

 

𝑺𝒊 + 𝟐𝑶𝑯− + 𝟒𝑯𝟐𝑶 → 𝑺𝒊(𝑶𝑯)𝟔
𝟐− + 𝟐𝑯𝟐 (𝟏) 

 

  The net reaction is independent of the source of the hydroxide ion, so it can be 

generally written for all the commonly used basic etching solutions listed above.  It has 

been proposed that the mechanism of silicon dissolution in a basic solution (EDP) is an 

oxidation-reduction reaction, as shown in equations 2 and 3.  

  

𝑆𝑖 + 2𝑂𝐻− → 𝑆𝑖(𝑂𝐻)2
2+ + 4𝑒− (2) 

𝑆𝑖(𝑂𝐻)2
2+ + 4𝑒− + 4𝐻2𝑂 → 𝑆𝑖(𝑂𝐻)6

2− + 2𝐻2 (3) 

𝐻2𝑂 → 𝐻+ + 𝑂𝐻− (4) 
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𝐻+ + 𝑆𝑖(𝑂𝐻)6
2− → 𝐻𝑆𝑖(𝑂𝐻)6

− (5) 

  

Because of the limited thermodynamic data for the ion Si(OH)6
2-, equations 4 and 

5 were added to the total system of reactions to represent the dissolution of silicon in 

which HSi(OH)6
- is the byproduct.  The combination of equations 2 through 5 yields the 

overall reaction equation for the dissolution of silicon shown in equation 6. 

 

𝑆𝑖 + 𝑂𝐻− + 5𝐻2𝑂 → 𝐻𝑆𝑖(𝑂𝐻)6
− + 2𝐻2 (6) 

 

The etching mechanism shown in equation 2 and 3 involves 4 electrons being 

injected into the conduction band during the oxidation of silicon to form an 𝑆𝑖(𝑂𝐻)2
2+ 

surface species.  These electrons then recombine at the surface to facilitate the reduction 

reaction that ultimately produces the soluble silicate species 𝑆𝑖(𝑂𝐻)6
2−.  The etch rate of 

silicon in EDP was found to decrease at a p-type (boron) dopant concentration of ~1019 

cm-3.  In Figure 3, it can be seen that after a concentration of ~1019 cm-3, the etch rate 

ratio decreases following a -4.3 power law [5].  A higher concentration of holes in the 

semiconductor leads to Auger recombination effectively taking away the electrons that 

are needed for the reduction reaction.  This reduction of etch rate with increased hole 

concentration lends evidence to the silicon etching mechanism being an oxidation-

reduction reaction, as shown in equations 2 and 3. 
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Figure 3. Etch-rate ratio as a function of the hole concentration in silicon due to boron 

doping.  The solid line represents experimental data, and the dashed line is a proposed 

model fitted to the experimental data [5]. 

 

Silicon can be etched using basic solutions, as discussed earlier, but there are also 

special cases in which acid can be used to dissolve silicon as well.  Acids alone do not 

directly etch silicon, but an aqueous solution of two acids (nitric and hydrofluoric) can be 

used.  The nitric acid oxidizes silicon, while the hydrofluoric acid etches away the oxide, 

resulting in a net removal of silicon.  The reaction for this process is presented in 

equation 7. 

 

18𝐻𝐹 + 4𝐻𝑁𝑂3 + 3𝑆𝑖 → 3𝐻2𝑆𝑖𝐹6(𝑎𝑞) + 4𝑁𝑂 + 8𝐻2𝑂 (7) 

 

The ratio of HF:HNO3 that yields the highest etch rate is 4.5:1, which is the same as the 

stoichiometric ratio shown in the balanced chemical reaction [4]. 
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 The difference between etching silicon in either acidic or alkaline conditions lies 

in the directional dependence of the etch rate.  The combination of HF and HNO3 leads to 

isotropic etching of crystalline silicon, meaning that the etch rate does not depend on 

direction.  Basic solutions, on the other hand, anisotropically etch crystalline silicon, with 

the etch rate strongly depending on the crystal direction.  Depending on the application, 

this can be advantageous if planned for and controlled properly.  Some structures that can 

be made utilizing the anisotropy of alkaline etchants are thin membranes, high-aspect-

ratio grooves, and cantilevers [6].   

 

 

Figure 4. effect of anisotropic and isotropic etching on etch profiles [7] 

 

Etch rate studies have shown that the reason why certain crystal planes of silicon 

etch faster than others is because of the energy difference between the surface state and 

the conduction band [6].  The breaking of silicon back bonds is caused by the excitation 

of electrons from their surface state into the conduction band.  The energy barrier to 

overcome in this process is dependent on the crystal orientation. 
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1.2.1.2 TMAH as a silicon etchant 

In the integrated circuit industry, there are many things to consider when selecting 

a wet etchant.  Although the etch reaction is the same for all the alkaline silicon etch 

chemistries, there are reasons to choose one over the other based on processing 

parameters.  Of the etchants available, the most commonly used can be grouped into three 

different types: alkali metal hydroxide, diamines-based, and quaternary ammonium 

hydroxide.   Alkali metal hydroxide etchants such as KOH and NaOH are very common 

and readily available.  They produce a high silicon etch rate but are not very well suited 

for use in integrated circuit technology because they can introduce alkali ion impurities 

that can contaminate and shift the flatband voltage of the gate dielectric [8].  In the early 

years of the microelectronics industry, aqueous EDP (a diamine-based etchant) was the 

preferred silicon etching solution.  It is suitable for use in microelectronic device 

manufacturing and offers a moderate silicon etch rate.  The downside to using EDP is that 

it ages quickly and produces toxic gas as a byproduct during etching that poses a health 

hazard [3].  In recent years, quaternary ammonium hydroxides have risen in popularity.  

Specifically, tetramethylammonium hydroxide (TMAH) has been used frequently as a 

silicon etchant.  TMAH is also used as a solvent to develop positive photoresists during 

photolithography.  Despite its high cost, TMAH is being used as a silicon etchant because 

it provides a high etch rate, is non-toxic, and will not contaminate the gate dielectric [8]. 

 TMAH is an anisotropic etchant for crystalline silicon, just like all the other 

alkaline etchants.  In recent years, most silicon wet etching for microelectronics 

applications involves the polysilicon form of silicon rather than the single crystal form 

discussed earlier.  Polysilicon has no specific crystal orientation.  The lattice is made up 
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of many grains with multiple random crystal orientations.  When polysilicon is etched by 

TMAH, it is no longer an anisotropic process because of the varied etch rates for different 

crystallographic planes. 

Few published studies are available on the etch rates of polysilicon in solutions of 

TMAH.  The focus of this research was on the lateral etching of high-aspect-ratio (HAR) 

trenches in polysilicon.  Because there were limited resources detailing the etch rates of 

polysilicon in published literature, etch rates of doped polysilicon were provided by 

Micron Technology.  Polysilicon doped with 1020 atoms/cm3 of phosphorus was etched 

with TMAH at 40°C in a spin tool after a 50 second dip in 100:1 HF to remove the native 

oxide.  The etch rate was an “in pillar” etch rate, meaning that the TMAH was used to 

widen a cylindrical pillar in polysilicon.  The etch rates were measured using cross-

sectional scanning electron microscopy (SEM) and are shown in Table 1. 

      

Table 1. In pillar etch rates of phosphorus-doped polysilicon in TMAH at 40°C 

 0.15 wt% (16.7 mol/m3) TMAH 5 wt% (556 mol/m3) TMAH 

Etch Rate (m/s) 3.52 ∗ 10−10 5.45 ∗ 10−10 

 

 

1.2.1.3 TMAH chemistry 

Tetramethylammonium hydroxide (TMAH) synthesis was first published in 1905 

[9].  The reaction used to form the compound involved mixing a tetramethylammonium 

salt with an alkali metal hydroxide.  This reaction produces TMAH as well as an 

insoluble precipitate that is filtered out.  The general reaction is shown in equation 8. 

 



24 

 

𝑁𝑀𝑒4𝑋 +𝑀𝑂𝐻 → 𝑁𝑀𝑒4𝑂𝐻 +𝑀𝑋 (8) 

 

In the synthesis, chlorine served as the X species, and potassium served as the M species. 

 TMAH is known to be a very strong base, as it almost completely dissociates into 

its ionic components in solution.  This reaction is shown in equation 9.  Although the 

dissociation is known to be strong, the exact Kb value is not well reported in the 

published literature.  Often, it is assumed that the pKb is ~ 0 [10] [11] .  TMAH is always 

synthesized and distributed as an aqueous solution in the range of 5-25 wt%.  Attempts 

have been made to create anhydrous TMAH, but these attempts have never been 

successful. 

 

𝑁𝑀𝑒4𝑂𝐻 → 𝑁𝑀𝑒4
+ + 𝑂𝐻− (9) 

 

 The dissociation constant of TMAH was estimated using Gibbs free energy values 

and group contribution theory [12].  Molecules and ions related to the TMAH molecule 

with known Gibbs free energy values were used to estimate the free energy contribution 

of certain functional groups. The estimated functional group energies were then used to 

determine the free energy of formation of TMAH and the TMA+ ion.  The attachment of 

a methyl group to nitrogen was estimated by the difference of the free energy of 

formations of trimethylammonium hydroxide and dimethylammonium hydroxide, as 

shown in equation 10. 

 

𝑑𝐺𝐶𝐻3 = 𝛥𝐺𝑓,𝑡𝑟𝑖𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑚𝑚𝑜𝑛𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒
0 − 𝛥𝐺𝑓,𝑑𝑖𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑚𝑚𝑜𝑛𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒

0 (10) 
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= −34.4 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 − (−42.801 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙)   =  +8.401 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

 

The free energy of formation for tetramethylammonium hydroxide was estimated by 

adding the energy of an additional methyl group to trimethylammonium hydroxide, as 

shown in equation 11. 

 

𝛥𝐺𝑓,𝑇𝑀𝐴𝐻
0 = 𝛥𝐺𝑓,𝑡𝑟𝑖𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑚𝑚𝑜𝑛𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒

0 + 𝑑𝐺𝐶𝐻3 (11) 

= −34.4 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 + 8.401 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 =  −25.999 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

 

 The free energy associated with the attachment of a hydroxyl group to a 

tetramethylammonium ion was also estimated.  This was determined by calculating the 

difference between the energy of formation of dimethylammonium hydroxide and the 

dimethylammonium ion, as shown in equation 12. 

 

𝑑𝐺𝑂𝐻 = 𝛥𝐺𝑓,𝑑𝑖𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑚𝑚𝑜𝑛𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒
0 − 𝛥𝐺𝑓,𝑑𝑖𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑚𝑚𝑜𝑛𝑖𝑢𝑚 𝑖𝑜𝑛

0 (12) 

−42.801
𝑘𝑐𝑎𝑙

𝑚𝑜𝑙
− (−0.789

𝑘𝑐𝑎𝑙

𝑚𝑜𝑙
) =  −42.012

𝑘𝑐𝑎𝑙

𝑚𝑜𝑙
 

 

With estimated values for the free energy of formation for TMAH and the attached 

hydroxyl group, the energy of formation of the tetramethylammonium ion was estimated 

by subtracting the energy of the hydroxyl group from the energy of TMAH, as shown in 

equation 13. 

 

Δ𝐺𝑓,𝑑𝑖𝑚𝑒𝑡ℎ𝑦𝑙𝑎𝑚𝑚𝑜𝑛𝑖𝑢𝑚 𝑖𝑜𝑛
0 = 𝛥𝐺𝑓,𝑇𝑀𝐴𝐻

0 − 𝑑𝐺𝑂𝐻 (13) 
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= −25.999 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 − (−42.012 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙)  =  +16.013 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 

 

The estimated free energy values of TMAH and TMA+ were entered into 

STABCAL, a program that can be used to develop speciation plots for aqueous solutions 

using thermodynamic data.  With the minimization of imbalanced charge, STABCAL 

was used to calculate the pH of a 0.15 wt% (16.7 mol/m3) and 5 wt% (556.7 mol/m3) 

solution of TMAH.  From the pH calculations, the corresponding OH- concentrations 

were backtracked along with the undissociated TMAH concentrations.  The OH- 

concentration was assumed to be equal to the TMA+ concentration based on the 

stoichiometry of the dissociation reaction in equation 9.  These values were then used to 

estimate the dissociation constant (Kd) of TMAH shown in Table 2. 

  

Table 2. pH and dissociation constant for TMAH based on the estimated free energy 

values of TMAH and TMA+ 

Initial TMAH 

conc. (mol/m3) 
pH 

OH- conc. 

(mol/m3) 

Undissociated TMAH 

conc. (mol/m3) 

Dissociation constant 

(Kd) (mol/m3) 

16.7 11.44 2.75 13.95 

.54 

556.7 12.23 17 539.7 

 

 

1.2.2 Wet etching of SiO2 

1.2.2.1 Hydrofluoric acid chemistry 
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Hydrofluoric acid is a weak acid from the group of acids known as hydrohalic 

acids.  Within this group, hydrofluoric is interestingly the only weak acid, which can 

most likely be attributed to the strength of the H-F bond or the existence of the dimer 

H2F2.  In a solution of HF, there is an equilibrium of ions and molecules, as shown in 

equations 14 – 16. 

 

𝑯𝑭
𝑲𝟏
↔ 𝑯+ + 𝑭− (𝟏𝟒) 

𝐻𝐹2
−
𝐾2
↔𝐻𝐹 + 𝐹− (15) 

2𝐻𝐹
𝐾3
↔𝐻2𝐹2 (16) 

 

The values of the dissociation constants are a function of ionic strength, which 

may need to be considered, depending on whether the HF solution in question is highly 

concentrated, dilute, or buffered.  The dissociation constants at 25°C and 60°C in a dilute 

HF solution (1 M ionic strength) are presented in  

Table 3 [13] [14]. 

 

Table 3. Dissociation constants for 1 M ionic strength solutions of HF at 25°C and 60°C 

 25°C 60°C 

K1 1.3 × 10−3 6.57 × 10−4 

K2 0.104 3.66 × 10−2 

K3 2.7 - 
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There is also evidence that (HF)nF
- ions (where n = 2, 3, 4) exist in HF solutions 

of concentrations greater than 1 M [15].  For this thesis, the scope will be limited to the 

speciation of dilute hydrofluoric acid solutions of ~ 0.5 wt% (250 mol/m3). 

Often, the only equilibria in an HF solution that are considered are the reactions 

shown in equations 14 and 15.  Speciation plots both considering and not considering the 

presence of the dimer H2F2 in solution were developed using a program called 

STABCAL and are shown in Figure 5 and Figure 6.  Using a charge imbalance 

minimization technique in STABCAL, the pH of these solutions was calculated with and 

without the dimer to be 1.66 and 1.95, respectively.  The individual species 

concentrations at the respective pH for each situation are shown in Table 4. 

 

 

Figure 5. Speciation in a 0.5 wt% (250 mol/m3) solution of HF without considering the 

dimer H2F2 

 



29 

 

 

Figure 6. Speciation in a 0.5 wt% (250 mol/m3) solution of HF considering the dimer 

H2F2 

 

Table 4. Speciation of 0.5 wt% (250 mol/m3) HF with and without considering the dimer 

H2F2 

Species Concentration w/o dimer (mol/m3) Concentration w/ dimer (mol/m3) 

F- 13.6 8.1 

HF 220 130 

HF2
- 8.2 3.02 

H+ 21.7 11.2 

H2F2 - 50.6 
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 At low pH values, HF solutions are dominated by the neutral species HF and 

H2F2.  The concentration of HF2
- species is orders of magnitude smaller than that of the 

neutral species whether or not the dimer is considered. 

 

1.2.2.2 HF Etching Models 

The etching mechanism for SiO2 in HF is important to understand for control 

purposes in many different micromachining applications.  SiO2 is used extensively in 

many of the processing steps used to create microelectronic devices, such as etch 

masking and back end interconnect insulation.  It is an excellent insulator with an 

electrical conductivity of 10-12 S/cm and can be thermally grown or deposited with a high 

degree of precision, which is one of the major reasons why the semiconductor industry 

today is silicon dominated [16]. 

Since the beginning of the microelectronics industry, dilute hydrofluoric acid 

solutions have frequently been used for removal of SiO2.  The dissolution of SiO2 in 

solutions of HF follows the basic reaction shown in equation 17. 

 

𝑆𝑖𝑂2 + 6𝐻𝐹 → 2𝐻
+ + 𝑆𝑖𝐹6

2− + 2𝐻2𝑂 (17) 

 

Dilute hydrofluoric acid (dHF ~ 1:100 HF to H2O) is commonly used in cleaning 

steps to remove the native oxide that naturally forms on silicon and is additionally used 

as an etchant for thermally grown or vapor-deposited SiO2.  When etching SiO2 in the 

presence of silicon, HF will selectively etch SiO2 and stop etching once it reaches the 

silicon surface, leaving the silicon hydrogen terminated.  The hydrogen-terminated 
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silicon surface is hydrophobic and unreactive, which is advantageous for semiconductor 

manufacturing.  Recently, plasma dry etching techniques have dominated the industry for 

removal of SiO2, but there is still demand for wet etching with HF in areas like surface 

micromachining, a technique in which microstructures are etched out of thin films 

deposited on a wafer [17].  Researchers have developed multiple models to predict the 

etch rate based on the solution chemistry. 

 

1.2.2.2.1 Judge etch model 

A model was proposed by Judge (1971) that describes the etch rate as a function 

of the HF and HF2
- concentration in solution [18].  Etching solutions were created while 

controlling the fluoride content and pH using NH4F and HCl, respectively.  When 

determining the individual species concentrations within these solutions, the dimer H2F2 

was not considered.  The SiO2 etch rates were collected at 25 °C, and a linear best fit was 

generated assuming HF and HF2
- were the only active etching species.  The linearization 

of the data is shown in Figure 7, and the modeled rate equation from this linearization is 

shown in equation 18. 
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Figure 7. SiO2 etch rate data fitted to a line based on calculated HF and HF2
- speciation in 

the different etching solutions [18] 

 

𝑅 = 𝐴[𝐻𝐹] + 𝐵[𝐻𝐹2
−] + 𝐶 (18) 

𝐴 = 2.5 ∗ 10−13  𝐵 = 9.66 ∗ 10−13 𝐶 = −1.4 ∗ 10−11 

 

In this model, the etch rate is in units of 𝑚/𝑠, and the concentrations of the 

individual species are in units of 𝑚𝑜𝑙/𝑚3.  The model proposed fit best for solutions of 

HF < 10 M (1*104 mol/m3).  At concentrations greater than 10 M, the experimentally 

determined etch rate is larger than the etch rate calculated by the model, as shown in 

Figure 8.  Judge hypothesized that this is likely due to the presence of (HF)nF
- ions at 

high concentrations of HF, which are assumed to be active species in the dissolution of 

SiO2 and are not considered in the etching model.  The non-zero C term does not have 

any physical meaning, as it would imply that there is a negative etch rate when the 
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concentrations of both HF and HF2
- are 0.  The C term was added because at low 

concentrations, it is likely that the etch rate becomes a diffusion-controlled process, 

meaning the concentration of reactants at the surface is much lower than that in the bulk.  

The lower-than-anticipated concentration participating in the etch reaction leads to the 

extrapolation intersecting the point of rate = 0 at a non-zero concentration. 

 

 

Figure 8. SiO2 etch rate as a function of HF concentration.  The experimentally 

determined data are shown by the dotted line, and the etch rate calculated by the model is 

shown by the solid black line [18]. 
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1.2.2.2.2 Verhaverbeke etch model 

Another SiO2 etching model was proposed in the work of Verhaverbeke et al. 

(1994) [19].  In their model, they considered the active etchant species to be H2F2 and 

HF2
- as opposed to the HF and HF2

- species used in the Judge model. 

Experiments were conducted by Verhaverbeke et al. to isolate the effect of the 

neutral species H2F2 on the dissolution of SiO2.  The etching solution preparation was 

done using a combination of HF and HCl to reduce the pH of the HF solution to 0.3.  The 

increase in hydrogen ion concentration causes a leftward shift in the equilibrium reaction 

shown in equation 14.  As a result, this shift also affects the equilibrium shown in 

equation 15 because fluorine ions in solution are depleted, meaning the formation of HF2
- 

is suppressed.  The speciation of HF solutions at varied pH values is shown in Figure 6.  

At a pH < 1, the only significant species in solution are HF and H2F2.  Without HF2
- and 

F- in solution, the reaction of H2F2 with SiO2 could be isolated and studied. 

The relative etch rates (rate (R) divided by total fluoride concentration (Cf)) were 

plotted against total fluoride concentration and are shown in Figure 9.  The data shown in 

Figure 9 were regressed with two equations, one considering the dimer H2F2 in solution 

and the other only considering the monomer HF.  When the dimer is considered, the 

model matches the experimentally determined etch rates better than when it is not.  The 

equation used to obtain this fit while considering the dimer is dependent only on H2F2 

concentration and is shown in equation 18, where R is (nm/min).  The same curve could 

also be obtained using only the HF concentration because of the relationship between 

[HF] and [H2F2], which can be derived from the reaction constant K3 given in  

Table 3.  This is shown in equation 19.     
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𝑅 = 𝑎[𝐻2𝐹2] + 𝑏[𝐻2𝐹2]
2 (18) 

𝑎 = 25.7 ± 0.8   𝑏 = 5.5 ± 0.3 

 

𝑅 = 𝑎[𝐻𝐹]2 + 𝑏[𝐻𝐹]4 (19) 

𝑎 = 69.4   𝑏 = 14.9 

 

 

Figure 9. Relative etch rate vs. total fluoride concentration.  Fitting with H2F2 shown by 

the solid line and fitting without H2F2 shown by the dashed line [19]. 

 

Even though both equations 18 and 19 result in the same curve, it is much more 

likely that the dimer is responsible for the etching.  Having the etch rate modeled using 

only HF implies that 4 molecules of HF are taking part in the etch mechanism, which is 

highly unlikely [19].  The activation energy barrier for the initiation of etching was found 

to be mostly attributed to the breaking of H-F bonds.  Using first-principles quantum 

techniques, the activation energy in this process was estimated to be approximately 0.2 – 
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0.3 eV higher for HF monomers than for the dimer H2F2 or HF2
- [20].  This further goes 

to show that it is more likely H2F2 is participating in the etching of SiO2 rather than HF. 

 The coefficients in equation 18 obtained from the HF/HCl etch testing describe 

the contribution of the non-ionic species to the SiO2 etch rate.  The goal of this study, 

however, was to develop an etching model for dilute HF solutions.  When using dilute 

HF to etch SiO2, the ionic species HF2
- will contribute significantly to the etch rate.  

Verhaverbeke et al. attempted to develop coefficients for the ionic species by running 

etch rate experiments with a range of dilute HF solutions.  The data for this experiment 

are shown in Figure 10.  The coefficients derived from this study had a very large 

standard error.  Kikuyama et al. (1991) had previously performed a study in which an 

etch rate model was developed based solely on ionic species.  This was done using 

buffered HF solutions at pH ≥ 2 so that there was an abundance of HF2
- ions in solution 

to dominate the etching reaction.  The rate equation found from this study is dependent 

on the HF2
- and H+ concentrations and is shown in equation 20.  The coefficients shown 

are valid for solutions in which [H+]/[HF2
-] > .02.  This is always the case in a non-

buffered HF solution because [H+]/[HF2
-] > 1 [21]. 

 

𝑅 = 𝑐[𝐻𝐹2
−] + 𝑑[𝐻𝐹2

−] × log (
[𝐻+]

[𝐻𝐹2
−]
) (20) 

𝑐 = 128.28   𝑑 = 38.88 

 

Verhaverbeke et al. combined the etch model in equation 18 with the model in 

equation 20 to create the etching model they called “HF/HCl + Kikuyama”.  The HF/HCl 

+ Kikuyama model expresses the etch rate of SiO2 as a function of the H2F2 and HF2
- 
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concentrations and is shown in equation 21.  The coefficients in equation 21 were 

resolved by fixing the c coefficient from the work of Kikuyama et al. and fitting the rest 

of the coefficients to the data from the dilute HF experiment (shown in Figure 10).  The 

resolved coefficients are shown below equation 21 (HF/HCl + Kikuyama), where 𝑅 is in 

𝑚/𝑠 and [𝑐𝑜𝑛𝑐. ] is 𝑚𝑜𝑙/𝑚3. 

 

𝑅 = 𝑎[(𝐻𝐹)2] + 𝑏[(𝐻𝐹)2]
2 + 𝑐[𝐻𝐹2

−] + 𝑑[𝐻𝐹2
−] ∗ log (

[𝐻+]

[𝐻𝐹2
−]
) (21) 

𝑎 = 3.73 ∗ 10−13  𝑏 = 1.22 ∗ 10−16  𝑐 = 2.14 ∗ 10−12  𝑑 = 3.53 ∗ 10−12 

 

 

Figure 10. Relative etch rate vs. total fluoride concentration fitted with the HF/HCl + 

Kikuyama model shown by the solid line and the HF model shown by the dotted line [19] 

 

1.2.3 Charging of Surfaces in Solution 

 

When a solid is immersed in a solution, often a charge will develop at the surface 

of the solid due to surface reactions, or preferential adsorption of potential determining 
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ions.  The sign and magnitude of the charge is dependent on the type of material being 

immersed and the pH of the solution.  The charged surface will attract ions of the 

opposite charge in the solution while repelling ions of the same charge.  The charged 

surface, and the ions lined up in solution near the surface neutralize that charge is known 

as the electrical double layer. 

The position-dependent potential and concentration profile in a solution that is at 

equilibrium with a charged surface can be determined by the stationary Nernst-Plank 

equation and the Poisson equation, shown in equations 24 and 25. 

 

𝛻 ⋅ (−Di𝛻𝑐𝑖 − 𝑧𝑖𝜇𝑖𝐹𝑐𝑖𝛻𝑉) = 0 (24) 

−𝛻2V =
𝜌𝑣
𝜖𝑟𝜖0

(25) 

 

In equation 24, the first term represents diffusion within a concentration gradient.  

Di and 𝑐𝑖 are the diffusivity and concentration of species 𝑖.  The second term represents 

the migration of charged species in an electric field.  𝑧𝑖 and 𝜇𝑖 are the valence and 

mobility of species 𝑖.  𝐹 is the Faraday constant, and ∇𝑉 is the electric potential gradient.  

Equation 25 is used to express the potential within the solution as a function of the charge 

density, which is related to the local concentrations of charged species.  𝜌𝑣 is the charge 

density, and 𝜖𝑟 represents the dielectric constant of the solution. 

At equilibrium, the electrochemical potential is equal at all positions because the 

electrical and diffusional forces on the ionic species balance each other out.  This is 

shown by the terms on the left in equation 24 set equal to zero.  With a surface charge 

present, there will be an electrical potential in the solution.  The charged species in 
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solution will align in a way that neutralizes the potential at the surface.  In summary, the 

concentration profile resulting from the charged species alignment is determined by an 

ion arrangement in which the electrical and diffusional forces balance one another so that 

the electrochemical potential gradient is zero [22].  The Boltzmann equation (equation 

26), which describes the concentration of charged species as a function of distance from a 

charged surface, can be derived from the solution to the stationary Nernst-Plank equation 

(equation 24). 

 

𝑛𝑖(𝑥)

𝑛∞
= exp (−

𝑧𝑖𝑒𝑉(𝑥)

𝑘𝑏𝑇
) (26) 

 

𝑛𝑖(𝑥) is the concentration at a distance x away from the charged surface, and 𝑛∞ is the 

concentration at an infinite distance from the surface, or in the bulk of the solution.  𝑧𝑖 is 

the valence of the ionic species, and 𝑉(𝑥) is the electric potential at a distance x away 

from the charged surface.  From this expression, it is apparent that ions with a charge of 

the same sign as the surface charge will have an exponentially reduced concentration near 

the charged surface. 

 

1.2.4 Simulation work from the literature 

Dilute hydrofluoric acid is commonly used in the fabrication of MEMS devices to 

selectively etch SiO2 in the presence of other materials such as silicon.  Specifically, 

nanoscale trenches are created by etching thin SiO2 layers sandwiched between two 

silicon layers.  The size of the trench created can be controlled by the thickness of the 

oxide layer.  Because surfaces immersed in aqueous solutions can develop a surface 
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charge, there has been some interest in understanding the impact of such surface charges 

on the etch rate of materials in high-aspect-ratio structures. In one study, electrical double 

layer theory and solution chemistry principles were used to calculate the concentration of 

different species present in dilute HF solutions in narrow spaces that can be created 

through etching [23].  The region of interest is schematically shown in Figure 11. 

 

 

Figure 11. Schematic of SiO2 etching region between silicon and polysilicon with SEM 

imaging [23] 

 

Specifically, they utilized the Nernst-Planck equation, the Poisson-Boltzmann 

equation, and the finite element method in their simulation. Only the negative surface 

potential created on the silicon surface was considered, and the calculations showed 

reduced concentration of HF2
-, a species known to be responsible for etching.  The SiO2 

film thickness was also varied in a series of equilibrium simulations to determine the 

effect of surface potential on the average HF2
- concentration at the SiO2/solution 

interface.   

They attempted to validate their calculations by determining the lateral etch rate 

of thin oxide films (10-50 nm) sandwiched between polysilicon layers in dilute HF (0.5 

wt%) at room temperature using cross-sectional SEM techniques.   The experimental 

results shown in Figure 12 indicate that the etch rate indeed decreased for thinner SiO2 
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films.   For example, the etch rate of a 5 nm thick SiO2 film was approximately half of the 

etch rate of a bulk oxide film.  

 

 

Figure 12. Experimentally determined SiO2 etch rate based on film thickness [23] 

 

 

 

Figure 13. The effect of SiO2 film thickness on (left) the concentration of HF2
- at the 

etching interface normalized to the bulk or (right) the etch rate in the nanoscale region 

normalized to the bulk etch rate [23] 

 

As shown in Figure 3, the simulated reduction in HF2
- concentration in the 

nanoscale region follows the same trend as the experimentally observed reduction in the 



42 

 

etch rate within the nanoscale region as a function of SiO2 film thickness.  It was 

concluded that the reduction in etch rate with thinner films of SiO2 was due to the 

repulsion of the etchant species HF2
- by the negatively charged silicon surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



43 

 

Chapter 2 

Dynamic Etching Simulations 

 

2.1 Simulations of lateral etching in HAR trenches of polysilicon with TMAH 

2.1.1 Rate constant and order calculation 

The lateral etching of HAR trenches in polysilicon with TMAH was simulated 

using time-dependent moving-boundary simulations in COMSOL Multiphysics.  

COMSOL Multiphysics is a finite element software package used to simulate systems for 

engineering applications.  Physics packages with different capabilities and governing 

equations are used in conjunction with each other to model a problem.  This software can 

be used for numerous applications ranging from acoustics to heat transfer.  For this 

research, COMSOL was employed to model the transport of charged and uncharged 

species during the etching process.  The time-dependent Nernst-Plank equation was 

employed to describe the etchant species concentration profile during the etching reaction 

and in some cases in the presence of an electric field.  The packages used to properly 

simulate this problem were Transport of Dilute Species, Electrostatics, and Deformed 

Geometry. 

  To simulate the etching of polysilicon as a moving-boundary problem, an etch rate 

equation was developed to plug into the simulation as a boundary velocity.  The 

dissolution of polysilicon in TMAH occurs due to attack by the OH- ions in solution, as 

shown in equation 6.  To represent the etch rate as a function of OH- concentration, a 

power law expression was created in the form of equation 22. 
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𝑅 = 𝑘𝑓[𝑂𝐻
−]𝑛 (22) 

 

The order (𝑛) and etch rate constant (𝑘𝑓) were calculated by the linearization of 

the logarithmic etch rate vs. concentration plot.  The linearization was done for the etch 

rates of polysilicon in 0.15 wt% and 5 wt% provided by Micron Technology.  To convert 

the concentration of TMAH to OH-, two cases were considered.  The first scenario 

assumes the TMAH dissociated completely in solution meaning that the initial 

concentration of TMAH is equal to the concentration of OH-.  The other scenario 

considered was the estimated dissociation of TMAH from the estimated free energy 

values of TMAH and the TMA+ ion. When estimating the Kd for TMAH as opposed to 

assuming complete dissociation there is a large difference in OH- present in the solution.  

With the estimated Kd the OH- concentrations are an order of magnitude smaller than in 

the case of complete dissociation as shown in Table 5. 

 

Table 5. OH- concentration in 0.15 wt% and 5 wt% solutions of TMAH assuming 

complete dissociation and estimated dissociation 

 

[OH
-
] assuming complete 

dissociation (mol/m
3
) 

[OH
-
] with estimated 

dissociation (mol/m
3
) 

0.15% TMAH 16.7 2.75 

5% TMAH 556.7 17 
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The concentrations of OH- assuming complete dissociation of TMAH and 

estimated dissociation for 0.15 wt% (16.7 mol/m3) and 5 wt% (556.7 mol/m3) solutions 

were matched up to the corresponding etch rates in Table 1.  The logarithm of etch rate 

was plotted vs. the logarithm of OH- concentration shown in Figure 14.  The slope of the 

line between the two points is equal to the order (𝑛) in equation 22.  The 𝑛 values for 

each scenario were then used to algebraically determine the 𝑘𝑓 values.  The results of the 

calculations for 𝑛 and 𝑘𝑓 are shown in Table 6. 

 

 

 

Figure 14. Log Etch Rate vs. Log [OH-] for Completely Dissociated TMAH and 

Estimated Dissociation 
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Table 6. calculated n and kf
  values considering complete dissociation and estimated 

dissociation for the power law etch rate expression  

 Complete dissociation Estimated Dissociation 

n 0.1349 0.2598 

kf 2.41E-10 2.71E-10 

 

The lower OH- concentration from estimated dissociation has a large impact on 

the linearized logarithmic plot resulting in a 2 times larger reaction order.  Even though 

the etch rate constants are solved for so that both scenarios yield the same etch rate, the 

larger order calculated with estimated dissociation will result in more impact on the etch 

rate from local differences in concentration within the trench. 

 

2.1.2 Dynamic etching model without surface charging 

A 2D model in COMSOL Multiphysics was used to simulate the lateral etching of 

HAR polysilicon trenches.  The simulation area was modeled to be the solution volume.  

The model geometry is a 1400 nm x 50 nm trench in polysilicon bounded by SiO2 at the 

top and the bottom, as shown in Figure 15. 
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Figure 15. COMSOL Multiphysics geometry for simulations of the lateral etching of 

HAR polysilicon trenches bounded by oxide 

 

 A time-dependent simulation was used to simulate the lateral etching of 

polysilicon as a moving-boundary problem.  The simulations were created considering 

two types of TMAH dissociation: complete dissociation or dissociation from estimated 

free energy values. 

 The initial condition for the dynamic etching simulations is the initial species 

concentration in the trench.  The only equilibrium reaction considered in a TMAH 

solution is shown in equation 9.  From this reaction, the species present in a TMAH 

solution will be TMAH, TMA+, and OH-.  The solution also contains hydrogen ions, but 

because the concentration is so small in comparison, it can be neglected for the sake of 

simplicity.  The stoichiometry in equation 9 shows that dissociation of the TMAH 

molecule produces equal parts TMA+ and OH-.  When the presence of H+ is ignored, the 

concentration of TMA+ will be equal to the concentration of OH-. Therefore, the initial 
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concentrations can be entered based on the values shown in Error! Reference source 

not found.. 

 To simulate the etching of polysilicon, a boundary velocity was applied to the 

polysilicon/solution interface.  The power law expression in equation 22, with the 

appropriate order (𝑛) and rate constant (𝑘𝑓) from Table 6, was used to describe the etch 

rate as a function of the OH- concentration at all time steps during the simulations.  At the 

polysilicon/solution interface, there is also an outward flux to represent the consumption 

of OH- during the etch reaction.  The etch rate of silicon was converted to a flux of OH- 

species by multiplying the etch constant 𝑘𝑓 by the density of silicon and dividing by the 

molecular weight.  For each atom of Si dissolved, one OH- ion is consumed, as shown by 

the reaction in equation 6.  The mathematical representation of the flux derived from the 

etch rate is shown in equation 23. 

 

𝐹𝑙𝑢𝑥𝑂𝐻 = −𝑘𝑓 ∗
𝐷𝑆𝑖𝑂2
𝑀𝑊𝑆𝑖𝑂2

∗ [𝑂𝐻−]𝑛 (23) 

 

 Simulations were created to model the lateral etching of a high-aspect-ratio trench 

of polysilicon in 0.15 wt% solutions of TMAH.  The etching process was simulated for 

80 seconds.  The results of the simulations were plotted as a 2D graphic after 80 seconds 

of etching, and as a linear plot showing recession as a function of the y-coordinate in the 

trench.  The results of the simulation assuming complete dissociation of TMAH in 

solution and dissociation using estimated free energy values are shown in Figure 16 and 

Figure 17, respectively. 
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Figure 16. 2D map of trench widening after 80 seconds of etching (left) and recession of 

polysilicon as a function of the y-coordinate in the trench (right) assuming complete 

dissociation of TMAH 

 

 

Figure 17. 2D map of trench widening after 80 seconds of etching (left) and recession of 

polysilicon as a function of the y-coordinate in the trench (right) assuming an estimated 

dissociation of TMAH 
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 The top to bottom etch profiles for both simulations is almost completely uniform.  

A small concentration gradient from the top of the trench to the bottom is formed as the 

OH- ions are consumed along the walls of the polysilicon and are replenished from the 

bulk solution at the mouth of the trench.  The reason why this concentration gradient is so 

insignificant is because the diffusion of OH- from the mouth of the trench is fast enough 

to keep up with the rate at which the ions are being consumed due to the etching reaction.  

With the reaction order being so small (.1349 and .2598), the minimal changes in 

concentration due to diffusion time do not have a strong effect on the etch rate resulting 

in very uniform top to bottom etch profiles.   

 A sensitivity study was created to test the effect of different orders on the etching 

reaction.  The order values used were calculated based off two etch rate data points for 

0.15 wt% and 5 wt% TMAH.  The etch rate of silicon does not have a linear dependence 

on TMAH concentration.  At approximately 5 wt%, the etch rate starts to decrease.  This 

decrease implies a negative order for the reaction with concentrations larger than 5 wt%.  

Because the spread between concentrations used to determine the order is so large, it is 

likely to be inaccurate.  To test the sensitivity of the order on the top-to-bottom etch 

uniformity, simulations were created with arbitrary order values of 1 and 2.  The order 

values and their corresponding 𝑘𝑓 values are shown in Table 7.  The results of the 

simulations using arbitrary orders can are shown in Figure 18Figure 19 

 

Table 7. Arbitrary orders and calculated kf values for the sensitivity study 

 OH- Conc. 

mol/m3 n kf 
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0.15 wt% Complete Dissociation 16.7 
1 2.11E-11 

2 1.26E-12 

0.15 wt% Estimated Dissociation 2.75 
1 1.28E-10 

2 4.65E-11 

 

 

 

Figure 18. Recession as a function of the y-coordinate in the trench for n=1 (left) and n=2 

(right) assuming complete dissociation of TMAH 
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Figure 19. Recession as a function of the y-coordinate in the trench for n=1 (left) and n=2 

(right) assuming estimated dissociation 

 

 With a reaction order of 1 and 2 the etching is still uniform from top-to-bottom 

for complete dissociation but not completely uniform assuming estimated dissociation.  

With an order of 2 after 80 seconds of etching there is a 2 nm difference in recession at 

the top compared to the bottom.  With both types of dissociation, OH- concentration 

during etching is approximately 0.1 mol/m3 less at the bottom of the trench versus the top 

shown by the concentration maps on the left of Figure 16Figure 17.  In the case of 

estimated dissociation though, the 0.1 mol/m3 has a greater impact on the etch rate (which 

is brought out by larger reaction orders) because the concentration of OH- is an order of 

magnitude smaller.  This shows that with lower concentrations of OH- there is a greater 

chance of top to bottom etching non-uniformity if the reaction order is large enough.  

 

2.1.3 Equilibrium model with surface charging 
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Polysilicon and SiO2 are known to develop a surface charge when immersed in a 

basic solution.  The presence of a surface charge on silicon and SiO2 was incorporated 

into the etching simulation as a surface potential.  The surface potentials present on 

silicon and SiO2 in a solution of 0.15 wt% TMAH (~11 pH) were estimated to be -30 mV 

and -100 mV, respectively, from the data in Figure 20.  The silicon potential was 

estimated from the pink curve and the SiO2 potential was estimated by the red curve both 

at pH of 11. 

 

 

Figure 20. Zeta potentials of silicon and SiO2 surfaces in 10-3 M KCl solutions [11] 

 

With the implementation of surface potentials on polysilicon and SiO2 in the 

etching simulations, a two-step simulation was adopted.  First, an equilibrium study was 

solved to develop the initial species concentration profiles as a function of X and Y 

position in the solution volume.  The concentration profile from the solution to the 

equilibrium study was then used as the initial condition for a time-dependent study in 

which the etching process was modeled as a moving-boundary problem. 



54 

 

 New 𝑛 and 𝑘𝑓 values were calculated for the near surface concentration of OH- to 

account for the reduced concentration participating in the etch reaction due to 

electrostatics.  Equilibrium simulations were created for 0.15 wt% and 5 wt% solutions of 

TMAH interfacing with polysilicon that has a -30 mV surface potential.  The reduced 

concentration near the surface of the polysilicon from the results of the equilibrium 

simulations was then used to calculate the 𝑛 and 𝑘𝑓 values for the etching equation when 

a surface charge on polysilicon is considered. 

 

Figure 21. 2D OH- concentration map (left) and linear plot of OH- concentration across 

the trench (right) for completely dissociated 0.15 wt% TMAH 
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Figure 22. 2D OH- concentration map (left) and linear plot of OH- concentration across 

the trench (right) for completely dissociated 5 wt% TMAH 

 

Figure 23. Log Etch Rate vs. Log [OH-] for Completely Dissociated TMAH while 

considering a reduced concentration near the polysilicon surface due to electrostatic 

repulsion 

 

 The concentration near the polysilicon surface decreased from 16.7 mol/m3 to 5 
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shown in Figure 21 and Figure 22.  The 𝑛 and 𝑘𝑓 values calculated considering the 

reduced concentration due to surface charging are shown in Table 8. 

 

Table 8. calculated n and kf values including the presence of surface potential on 

polysilicon 

 
Complete dissociation with -30 mV surface 

potential on polysilicon 

n .132 

kf 2.85E-10 

 

2.1.3.1 Dynamic model with surface charging 

 The results from the equilibrium study shown in Figure 21 were used as the initial 

conditions for the dynamic simulation to model the etching process of polysilicon with 

0.15 wt% TMAH in the presence of a surface potential.  Boundary conditions for this 

time-dependent study are shown in Figure 24.  The results of the dynamic etching 

simulation are shown by a 2D concentration map after 80 seconds, and plots of recession 

as a function of y position in the trench are shown in Figure 25Figure 26. 
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Figure 24. Boundary conditions for the time-dependent simulation of polysilicon etching 

in 0.15 wt% TMAH in the presence of surface charging 

 



58 

 

 

Figure 25. 2D depiction of a trench after 80 seconds of lateral etching with electrostatic 

effects 

 

 

Figure 26. Recession as a function of the y coordinate in the trench (right) and a 

zoomed-in recession plot where polysilicon meets the SiO2 at the top of the trench (left) 
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 From the results of the dynamic etching simulations with a constant surface 

potential, it can be seen that the surface charging of silicon and SiO2 has very little effect 

on the top-to-bottom uniformity.  The only noticeable difference is that at the top and 

bottom of the trench, where the polysilicon meets the SiO2, there is a slight reduction in 

etch rate.  This reduction occurs because the double layer from the SiO2 overlaps with the 

double layer from the polysilicon, creating a lower concentration of OH- at the corner.  

The reduction in etch rate at the corner is almost negligible because it only affects the ~1 

nm section of polysilicon shown in the right portion of Figure 26. 

 

2.1.3.2 Dynamic model with byproduct formation 

In the dissolution reaction of silicon in TMAH, a soluble silicate byproduct 

(𝐻𝑆𝑖(𝑂𝐻)6
−) is produced, as shown in equation 6.  In a narrow space such as a high-

aspect-ratio trench, the byproduct has limited area to disperse into and can begin to build 

up.  High concentrations of byproduct can lead to the formation of precipitates that could 

hinder the etching process. Time-dependent simulations were used to model the silicate 

concentration accumulation within the trench during etching.  STABCAL software was 

also used to run titration simulations to estimate at what silicate concentration a solid 

precipitate will start to form. 

 The same boundary conditions from Figure 24 were used in the silicate byproduct 

simulations with the addition of an extra flux term and concentration condition at the 

mouth. 
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Figure 27. Boundary conditions for time-dependent simulation of byproduct formation 

during etching 

 

 For every one mole of 𝑂𝐻− consumed during the etching reaction, one mole of 

𝐻𝑆𝑖(𝑂𝐻)6
− is produced, as shown in equation 6.  This 1:1 stoichiometric ratio is 

represented by the inward flux of 𝐻𝑆𝑖(𝑂𝐻)6
− being the same as the 𝑂𝐻− but opposite in 

sign, as shown in Figure 27.  At the mouth of the trench, the concentration of 𝐻𝑆𝑖(𝑂𝐻)6
− 

is zero to represent the bulk solution, which wouldn’t have etch byproducts in it.  For the 

time-dependent simulation, the concentration of 𝐻𝑆𝑖(𝑂𝐻)6
− was plotted as a function of 

position in the trench,  as shown in Figure 28 and Figure 29. 
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Figure 28. 2D concentration map of silicate buildup during polysilicon etching with 

TMAH 

 

 

Figure 29. Silicate concentration across the x-coordinate of the trench (left) and along the 

y-coordinate (right) 

 

 As the silicate byproduct is produced, it is repelled away from the negatively 

charged polysilicon and diffuses up toward the mouth of the trench.  The largest 
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concentration (approximately 1.1 mol/m3) is observed at the bottom of the trench away 

from the polysilicon walls. 

 STABCAL software was used to create titration simulations in which solid silicon 

was dissolved in a 0.15 wt% solution of TMAH.  As the silicon is dissolved, OH- is 

consumed, and the pH of the solution drops from 11.44 to 9.46.  At a dissolved silicon 

concentration of ~ 0.05 M (50 mol/m3), amorphous silica begins to precipitate, as shown 

in Figure 30. 

 

 

Figure 30. Titration simulation of silicon in TMAH showing an SiO2 precipitate (striped 

section) forming at approximately 0.05 M (50 mol/m3) added silicon 
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 From the results shown by the silicate byproducts compared with the STABCAL 

titration simulation, it is unlikely that a precipitate will form during the etching reaction.  

It is important to note that near the polysilicon surface, there will be a locally different 

pH.  The surface charge present will repel OH- ions while attracting H+, leading to an 

increased pH.  The increased pH could lead to precipitation at lower concentrations of 

silicate, which are more likely to be produced by the etching process. 

 

2.1.4 TMAH Simulation Conclusions 

 The rate equations used in the dynamic etching simulations were based on the 

etch rate of polysilicon at in .15 wt% and 5 wt% TMAH.  The 5 wt% TMAH solution is 

over 30 times more concentrated than the .15 wt% solution but only etches polysilicon 

twice as fast.  A small difference in etch rate given such a large concentration spread, 

resulted in a low calculated etch rate order.  A small order means that changes in the 

concentration will not have a large effect on the etch rate.  This was shown by the 

completely uniform top-to-bottom etch profiles in the simulations with the order 

calculated from etch data.  It is likely that the order calculated is too small for the etching 

simulations using dilute TMAH (.15 wt%).  Increasing the concentration of TMAH past 5 

wt% actually results in a reduction in etch rate.  This implies that as the concentration of 

TMAH increases the reaction order gets smaller and eventually becomes negative.  It is 

very likely that the reaction order changes as a function of concentration and is much 

higher at lower concentrations of TMAH.  To increase the accuracy of the simulations at 

low concentration it would be beneficial to calculate the order for the etch rate equation 

using only concentrations around .15 wt%. 
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 A model was also created to determine the effects of surface charging on the etch 

profile in high aspect ratio trenches of polysilicon. This model showed that with a 

negative surface charge on polysilicon, the concentration of OH- participating in the 

etching reaction is about 3 times less than the bulk concentration.  This did not have any 

noticeable effect on the top-to-bottom uniformity of the etch rate.  At the corners of the 

trench where the polysilicon meets oxide there was a reduction in etch rate which lead to 

rounded corners.  This is likely due to the double layer from the oxide overlapping with 

the double layer from the polysilicon at the corner resulting in a much lower OH- 

concentration.  The ability to study these effects of surface charging on the etch profile at 

the corners of the trench was limited when using finite element methods.  The limitation 

comes from the extreme deformation that the mesh elements encounter at the corners 

during the simulation leading to mesh collapse and solutions that do not converge. 

 The last addition to the HAR trench etching simulations was the generation of 

soluble silicate byproduct from the etching reaction.  Titration simulations were created 

to determine which insoluble products fall out of solution as more solubilized silicon is 

added to the system in the form of silicate etch byproducts.  The only insoluble product 

that was shown to form was SiO2 at a silicon concentration of approximately 50 mol/m3  

in a .15 wt% solution of TMAH.  The silicate concentration within the trench was 

calculated during the etching reaction to reach a maximum of 1 mol/m3.  This indicates 

that with the given conditions it is unlikely for a precipitate to form within the trench that 

would block the etching process. 

 

2.1.4.1  TMAH Simulations Future Work 
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The simulations of HAR trenches of polysilicon being etched by TMAH would 

benefit greatly from more data on the etch rates of polysilicon in dilute solutions of 

TMAH.  To develop a more accurate etch rate equation at lower concentrations of 

TMAH, etching experiments need to be conducted using a spread of low concentration 

TMAH (0.05 wt% - 0.25 wt%) on polysilicon films.  The etch rate data can be collected 

for these experiments either through corrosion current measurements, or by taking high-

precision pre- and post-etch thickness measurements using ellipsometry.  With more than 

one data point at low concentration, a more accurate etch rate equation can be derived for 

polysilicon etched by dilute TMAH solutions. 

In the simulations considering surface charging, there was evidence that the etch rate 

of polysilicon at the corners is affected by the surface charge present on the silicon 

dioxide.  With finite element simulations, the mesh elements can be a hinderance to 

studying small area deformations as they will collapse and result in non-convergence.  To 

better study the etching profiles at the corners it would be useful to use molecular 

dynamics simulations.  The corner effects are only a couple nanometers in size so using a 

simulation technique such as molecular dynamics which models each atom and molecule 

is feasible and would likely provide much more realistic results. 

 

2.2 Simulations of HF etching of Si/SiO2/Si stacked structures 

The work detailing the reduction of the SiO2 etch rate in thin channels was 

expanded upon by creating a time-dependent moving-boundary simulation in COMSOL 

Multiphysics.  These simulations were designed to further test the theory of electrostatic 

interference in the dissolution of SiO2 sandwiched between silicon in an HF solution.  
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Utilizing species concentration-dependent etch rate equations from published literature 

and surface chemistry principles, the etching process was simulated. 

To create a moving-boundary simulation of SiO2 etching by dHF solutions in an 

Si/SiO2/Si stacked structure, a simple 2D model was used.  The volume of the 

hydrofluoric etching solution was used as the simulation area.  A 2x2 nm free 

quadrilateral mesh was used in the simulation area where the finite element calculations 

occurred.  This mesh was chosen because it offers higher-quality results and handles 

mesh element deformation better than the standard triangular mesh.  The simulation 

geometry and meshing are shown in Figure 31.  Finite element calculations are done in 

the meshed area, which is representative of the dHF solution volume. 

 

 

Figure 31. Meshed simulation geometry in COMSOL Multiphysics 

 

To simulate the process of SiO2 etching in an HF solution, a two-step process was 

utilized.  First, an equilibrium study was solved to develop the initial species 

concentration profiles as a function of X and Y position in the solution volume.  The 
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concentration profile from the solution to the equilibrium study was then used as the 

initial condition for a time-dependent study in which the etching process was modeled as 

a moving-boundary problem. 

In the equilibrium study, the two governing equations that are solved to determine 

the position-dependent concentration profiles are the stationary Nernst-Plank equation 

and the Poisson equation, given by equations 24 and 25. 

 The concentrations of the individual species in the HF solution were referenced 

from Table 4.  Simulations using the Judge etching model used the species concentrations 

when H2F2 is not considered a species in solution, and simulations using the 

Verhaverbeke et al. model used the concentrations with the dimer considered. 

 The simulation area includes a slightly pre-etched SiO2 layer, creating a small 

channel between the two silicon layers, which is shown in Figure 31.  At the 

silicon/solution interface, a constant potential of -20 mV was used to represent the 

surface charging that would occur on silicon in a 0.5 wt% solution (~pH = 2).  The 

surface potential on silicon was approximated by its measured zeta potential at pH = 2 

from Figure 20.  This approximation was used because surface potentials cannot be 

experimentally measured, whereas zeta potentials can be.  At the SiO2/solution boundary 

as well as the remaining outer solution boundaries, a 0 mV boundary condition was 

applied.  The SiO2/solution boundary was set to 0 mV because the isoelectric point (IEP) 

of silica particles occurs at approximately a pH of 2, as shown in Figure 20.  The outer 

perimeter of the solution was also 0 mV because it represents the bulk HF, which is 

charge neutral.  The electric potential boundary conditions of the equilibrium simulation 

are depicted in Figure 32. 
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Figure 32. Boundary conditions for equilibrium simulation 

 

 

Prior to running time-dependent simulations, equilibrium simulations were 

conducted with varied SiO2 widths.  The result of one of these studies with a 10 nm SiO2  

film is shown in the HF2
- concentration map in Figure 33.  The repulsion of the HF2

- 

away from the silicon surfaces leads to an overall reduced concentration in the nanoscale 

region.  Average concentrations in the nanoscale region were calculated for SiO2 film 

thicknesses of 2 nm – 50 nm.  These average concentration values were then normalized 

to the bulk concentration of HF2
- and plotted as a function of nanoscale region width in 

Figure 34.  The results of these equilibrium simulations agree with the simulations done 

by Okuyama et al. shown in Figure 13. 
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Figure 33. Equilibrium concentration profile of HF2
- with -20 mV at the silicon/solution 

interface 

 

Figure 34. Simulated concentration of HF2
- in the nanoscale region normalized to the 

bulk concentration vs. nanoscale region width 
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Figure 35. Concentration of HF2
- along the y-axis in the nanoscale region for a 10 nm 

nanoscale region (top) and a 50 nm nanoscale region (bottom) 

 

 In Figure 35, the effect of oxide film thickness on the concentration in the 

nanoscale region is shown by the concentration profiles along the y-axis.  With thin films 

of SiO2, the silicon walls are very close to each other, meaning that the double layers 

from each wall fill most of the space taken up by the solution.  For a 10 nm thick SiO2 

film, the double layers in solution from the silicon on the top and bottom are nearly 

overlapping, causing a reduced concentration of HF2
- in the entire trench.  With a 50 nm 

thick SiO2 film, the double layer formed in solution from the charge on silicon does not 

cover a very large portion of the total nanoscale region.  In this case, most of the 

nanoscale region has bulk concentration of HF2
-, except for the regions at the top and the 

bottom. 

 In the time-dependent studies, the equilibrium concentration profile that was 

determined by the stationary study is used as the initial condition.  Additional boundary 
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conditions were applied to the SiO2/solution boundary and the outer solution perimeter 

boundaries.  At the SiO2/solution interface, a boundary velocity as a function of local 

species concentrations was used to represent the etching of SiO2 in HF solutions.  At the 

same interface, a flux boundary condition related to the etch rate was used to represent 

the consumption of species due to the etching reaction.  At the outer solution boundaries, 

a constant concentration condition was used to represent the bulk HF solution that 

replenishes the simulation area as species are consumed due to the etching reaction.  The 

additional boundary conditions for the time-dependent study are shown in Figure 36. 

 

 

Figure 36. Boundary conditions for time-dependent simulations 

 

 The time-dependent simulations can be broken into two categories based on the 

etch equations from published literature used as the boundary velocity condition.  The 

two etch equations used were the Judge model and the Verhaverbeke et al. model. 
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2.2.1 Simulations with the Judge etch model 

The first equation used was the etch model developed by the experiments from 

Judge shown in equation 18.  This etching model was applied to the COMSOL dynamic 

simulation as a boundary velocity on the SiO2/solution boundary.  At the SiO2/solution 

interface, a flux condition was applied to account for the consumption of HF and HF2
- 

during the SiO2 dissolution reaction.  To convert the etch velocity equation to a flux 

equation, the coefficients were multiplied by the density of SiO2 (𝐷𝑆𝑖𝑂2) divided by the 

molecular weight of SiO2.  The stoichiometric ratio of SiO2 dissolved to HF consumed 

shown by the balanced reaction in equation 17 was also accounted for in the flux 

equation.  For every 1 molecule of SiO2 dissolved, 6 molecules of HF are consumed, so 

the coefficients ‘A’ and ‘B’ in equation 18 were multiplied by 6.  The expressions used to 

represent the flux of HF and HF2
- are given in equations 27 and 28. 

 

𝐹𝑙𝑢𝑥𝐻𝐹 =
𝐴 ∗ 6 ∗ 𝐷𝑆𝑖𝑂2
𝑀𝑊𝑆𝑖𝑂2

∗ [𝐻𝐹] (27) 

𝐹𝑙𝑢𝑥𝐻𝐹2− =
𝐵 ∗ 6 ∗ 𝐷𝑆𝑖𝑂2
𝑀𝑊𝑆𝑖𝑂2

∗ [𝐻𝐹2
−] (28) 

 

Three time-dependent simulations were created with a varied nanoscale region 

width (SiO2 layer thickness) of 10, 30, and 50 nm.  The etch rate for each of these SiO2 

thicknesses was simulated and normalized to the bulk etch rate (no electrostatic 

interference), as shown in Figure 37. 
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Figure 37. Simulated etch rate of SiO2 normalized to the bulk etch rate as a function of 

SiO2 film thickness using the Judge model 

 

A sensitivity study was conducted varying the surface potential and B coefficient, 

which represents the HF2
- contribution to the etch rate, to test the robustness of the 

etching simulations.  To test the effect of larger silicon surface potentials on etching, the 

surface potential was increased to -40 mV.  The results of increased surface potential on 

the etch rate are shown in Figure 38. 
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Figure 38.  Effect of a larger silicon surface potential on the nanoscale etch rate of SiO2 

films normalized to the bulk etch rate.  

 

 The second sensitivity study was performed by increasing the B coefficient 

representing the impact of HF2
- on the etch rate of SiO2.  The coefficients in the Judge 

etch model were determined using a variety of HF solutions between 0 and 1*104 

mol/m3.  In this research, the simulations created were for systems of 0.5 wt% (2.5*102 

mol3) dilute HF.  Because the coefficients were determined with such a wide range of 

solution concentrations, it is possible that they are not as accurate at the lower limits of 

concentration.  The results of tripling the B coefficient to 2.9*10-12 from 9.66*10-13 are 

shown in Figure 39. 
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Figure 39. Simulated nanoscale etch rate normalized to the bulk etch rate using the Judge 

model with a B coefficient of 2.9*10-12 and 9.66*10-13 

 

2.2.2 Simulations with the Verhaverbeke etch model 

The second set of simulations was conducted using the Verhaverbeke et al. 

etching model shown in equation 9.  The same boundary conditions as those used in the 

Judge simulations were used, except for the boundary velocity and the flux equation 

modified to represent the Verhaverbeke et al. etching model.  The SiO2 etch rate in the 

nanoscale region was normalized to the bulk etch rate and plotted as a function of the 

nanoscale region thickness, as shown in Figure 40. 
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Figure 40. Comparison of the simulated etch rates using the Judge model and the 

Verhaverbeke model 

 

2.2.3 Conclusions from HF simulations 

In the work of Okuyama et al., the experimental results showed that the etch rate 

of an SiO2 layer sandwiched between silicon layers is much slower when the SiO2 layer 

is thinner.  They hypothesized that this reduction in etch rate was due to a surface charge 

present on silicon in solution that was repelling the HF2
- ions, which were assumed to be 

the only active etchant species.  The hypothesis was backed by equilibrium simulations of 

average HF2
- ion concentration at the SiO2/solution interface with different thicknesses of 

SiO2 layers. 

The work from Okuyama et al. was expanded on in this work by incorporating 

two different SiO2 dissolution models from published literature into a dynamic etching 

simulation in COMSOL.  The Judge model was the first tested, and very different results 

were obtained from those seen experimentally by Okuyama et al.  The influence of 

electrostatics on the simulated lateral etch rate of a 10 nm thick SiO2 layer in 0.5 wt% 

(250 mol/m3) dHF only reduced the etch rate by 5% from the bulk.  This is a small 
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impact compared with the 40% reduction determined experimentally.  In the Judge etch 

equation, the etch rate of SiO2 is dependent on the neutral species HF.  The dependence 

on this neutral species is approximately 4 times less than the dependence on the 

negatively charged HF2
-, as shown by the coefficients.  This difference in impact of each 

etchant species is overshadowed by the difference in concentrations of each constituent in 

a 0.5 wt% dHF solution.  The neutral species HF has a concentration 2 orders of 

magnitude larger than the HF2
- ion.  This abundance of the neutral species in the solution 

dominates the etching of SiO2.  The change in the nanoscale region width affects the 

electric field that the solution species are exposed to, creating a reduced concentration of 

negatively charged species in the nanoscale region.  Because the etch rate is dominated 

by neutral molecules in solution, though, the effect of a smaller etching channel on the 

etch rate is minimal. 

The sensitivity studies considered were chosen because of their impact on the 

HF2
- contribution to the SiO2

 etch rate.  Increasing the surface potential on silicon from -

20 mV to -40 mV increased the repulsion of HF2
- from the silicon walls, reducing the 

concentration of HF2
- in the nanoscale region.  Increasing the B coefficient in the Judge 

rate equation to 2.9*10-12 led to a larger contribution of HF2
- to the etching rate.  With a 

larger portion of the etch rate driven by HF2
-, the reduced concentration in the nanoscale 

region had a greater impact on the reduction in the etch rate in the nanoscale region 

because of the surface potential on the silicon.  With each of these sensitivity studies, the 

etch rate in the nanoscale region was only reduced by 10% with a 10 nm nanoscale region 

width.   
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The second set of dynamic simulations was done using the SiO2 dissolution model 

proposed by Verhaverbeke et al.  This model also proved to not be heavily affected by 

electrostatics, similar to the Judge model.  This was again because the dominant etchant 

species was a neutral species (H2F2) due to its abundance in solution compared with the 

charged species HF2
-. 

 

2.2.3.1 HF Simulation Future Work 

 The Simulations of HF etching of SiO2 showed small electrostatic interference on 

the etch rate (5% reduction) when the channel being etched is narrow (10 nm).  This 

simulation result does not match with the experimentally observed 40% etch rate 

reduction in a 10 nm channel found in literature.  To expand on this work, more physical 

etching experiments of SiO2 sandwiched between silicon need to be conducted.  The test 

samples would be created by controlling the thermal growth of oxide on silicon to result 

in SiO2 layers of 10, 30, and 50 nm.  Polysilicon can then be deposited on top of the 

oxide through chemical vapor deposition (CVD) to create the Si/SiO2/Si stacked 

structure.  Using a plasma dry etch, a trench can be etched through the polysilicon and 

SiO2 exposing the SiO2 layer.  HF solutions can then be used to laterally etch the SiO2 

between the two silicon layers creating a horizontal trench.  After etching each sample for 

a fixed time, the etch rates for each structure depending on the SiO2 thickness can be 

derived from SEM cross-sectional analysis and compared to the simulation results.  To 

test the hypothesis of electrostatic interference being the main mechanism for etch rate 

reduction with very thin SiO2 films, buffered HF solutions containing much higher 

concentrations of the HF2
- etchant species can be used.  If the surface charge on silicon 
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repelling etchant species is the reason for reduction in etch rate with thin SiO2 films, then 

the reduction in etch rate with buffered HF should be greater than tests using non-

buffered solutions.  

 

References 
 

[1]  [Online]. Available: https://simple.wikipedia.org/wiki/Moore%27s_law. 

[2]  [Online]. Available: https://www.eejournal.com/article/20160201-micron/. 

[3]  K. Biswas and S. Kal, "Etch characteristics of KOH, TMAH and dual doped 

TMAH for bulk micromachining of silicon," Microelectronics Journal, vol. 37, pp. 

519-525, 2006.  

[4]  K. Williams, "Etch Rates for Micromachining Processing," Journal of 

Microelectromechanical Systems, vol. 5, no. 4, pp. 256-269, 1996.  

[5]  N. Raley, Y. Sugiyama and T. V. Duzer, "(100) Silicon Etch-Rate Dependence on 

Boron Concentration in Ethylenediamine-Pyrocatechol-Water Solutions," Journal 

of the Electrochemical Society, vol. 131, no. 1, pp. 161-171, 1984.  

[6]  H. Seidel, L. Csepregi, A. Heuberger and H. Baumgartel, "Anisotropic Etching of 

Crystalline Silicon in Alkaline Solutions," Journal of the Electrochemical Society, 

vol. 137, no. 11, pp. 3612-3626, 1990.  

[7]  [Online]. Available: https://www.memsnet.org/mems/processes/etch.html. 

[8]  P. Chen, H. Peng, C. Hsieh and M. Chyu, "the characteristic behavior of TMAH 

water solution for anisotropic etching on both Silicon substrate and SiO2 layer," 

Sensors and Actuators, vol. A, no. 93, pp. 132-137, 2001.  

[9]  J. Walker and J. Johnston, "C.-Tetramethylammonium hydroxide," Journal of the 

Chemical Society, Transactions, vol. 87, pp. 955-961, 1905.  

[10]  J. Park and S. Raghavan, "Dynamic wetting behavior of silicon wafers in alkaline 

solutions of interest to semiconductor processing," Journal of Adhesion Science and 

Technology, vol. 7, no. 3, pp. 179-193, 1993.  

[11]  W. Huang, S. Raghavan, Y. Fang and L. Zhang, "Electrochemical behavior of 

copper in tetramethyl ammonium hydroxide based solutions," Materials Research 

Symposium Proceedings, vol. 566, pp. 161-166, 2000.  

[12]  R. Biggie and S. Raghavan, "Unpublished work," University of Arizona, 2017.  

[13]  R. Mesmer and C. Baes, "Fluoride Complexes of Beryllium(III) in Aqueous 

Media," Inorganic Chemistry, vol. 8, no. 3, pp. 618-626, 1969.  

[14]  L. Warren, "The measurement of pH in acidic fluoride solutions and evidence for 

the existance of (HF)2," Analytica Chimica Acta, vol. 53, pp. 199-202, 1971.  



80 

 

[15]  McTigue, O'Donnell and Verity, "The Determination of Fluoride Ion Activities in 

Moderately Concentrated Aqueous Hydrogen Fluoride," Australian Journal of 

Chemistry, vol. 38, no. 12, pp. 1797-1807, 1985.  

[16]  [Online]. Available: http://www.mit.edu/~6.777/matprops/sio2.htm. 

[17]  D. Monk and D. Soane, "A review of the chemical reaction mechanism and kinetics 

for hydrofluoric acid etching of silicon dioxide for surface micromachining 

applications," Thin Solid Films, vol. 232, pp. 1-12, 1993.  

[18]  J. Judge, "A Study of the Dissolution of SiO2 in Acidic Fluoride Solutions," 

Journal of the Electrochemical Society, vol. 118, no. 11, pp. 1772-1775, 1971.  

[19]  S. Verhaverbeke, I. Teerlinck, C. Vinckier, G. Stevens, R. Cartuyvels and M. 

Heyns, "The Etching Mechanisms of SiO2 in Hydrofluoric Acid," Journal of the 

Electrochemical Society, vol. 144, no. 10, pp. 2852-2857, 1994.  

[20]  K. Raghavachari, S. Higashi, Y. Chabal and G. Trucks, "First-Principals Study of 

the Etching Reactions of HF and H2O with Si/ SiO2 Surfaces," Materials Research 

Society Symposia Proceedings, vol. 315, pp. 437-446, 1993.  

[21]  H. Kikyuama, N. Miki, K. Saka, J. Takano, I. Kawanabe, M. Miyashita and T. 

Ohmi, "Principles of Wet Chemical Processing in ULSI," IEEE Transactions of 

Semiconductor Manufacturing, vol. 4, no. 1, pp. 26-35, 1991.  

[22]  R. Hunter, Zeta Potential in Colloid Science, Orlando: Academic Press, 1981.  

[23]  A. Okuyama, S. Saito, Y. Hagimoto, K. Nishi, A. Suzuki, T. Toshima and H. 

Iwamoto, "Impact of electrostatic effects on wet etching phenomenon in 

nanoscale," Solid State Phenomena, vol. 219, pp. 115-118, 2015.  

[24]  C. Raghunath, "Fundamental aspects of particulate contamination of tungsten and 

thermal oxide wafers during chemical-mechanical polishing, Ph.D. dissertation," 

The University of Arizona, Tucson, AZ, 1997. 

 

 

 

 


