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Over the last 60 years, the etching of materials has become a necessity for advancements 

in integrated circuits. As critical dimensions decrease it has become important to control the 

thicknesses of various features to the nanometer scale. Recently thermally based atomic layer 

etching systems have been developed for materials relevant for semiconductor manufacturing. 

First, the fluorination reaction during the ALE of aluminum oxide with HF and BCl3 is 

studied. Spectroscopic ellipsometry showed that the etch rate of Al2O3 can be controlled by 

increasing the pressure of the HF exposure. X-ray photoelectron spectroscopy (XPS) was used to 

model the fluoride thickness during HF fluorination and found good agreement between the 

fluoride thickness and etch rate. IR was also used to monitor the conversation of aluminum oxide 

to aluminum fluoride.  

Etching of ALD grown AlN was done with sequential exposures of HF and BCl3. 

Infrared difference spectra argued for fluorination and ligand exchange reactions. Single-crystal 

AlN was etched by XeF2 and static exposures of BCl3. XPS was used to monitor the Al 2p region 

as well as surface contaminants. Quadrupole mass spectrometry (QMS) was also used to study 

the volatile etch products. AlCl3 was seen with BClxFy compounds. The etching of Al2O3 was 
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investigated with HF and BCl3. The etching of Al2O3 was observed using infrared spectroscopy. 

Initial exposures of BCl3 showed a conversion reaction from Al2O3 to B2O3 but further cycles 

showed fluorination-ligand-exchange. QMS results showed the etch product AlCl3 when cycling 

HF and BCl3. 

Spontaneous etching of B2O3 and TiO2 are studied as well. IR was utilized to monitor the 

ALD growth of B2O3 with BCl3 and H2O. Etching was seen with sequential HF exposures. IR 

spectra during B2O3 etching showed there was B-F on the surface. B2O3 was able to be 

spontaneously etched down to 40ºC. Theory predicted etching at temperatures down to 110K. 

QMS studies observed BF3 as the main volatile etch product. TiO2 ALD was done with TiCl4 

and H2O. Etching was seen at temperatures of 100ºC and greater. Surface Ti-F bonding was seen 

during the spontaneous etching. QMS showed TiF4 was the main product during etching. 
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“Big things are accomplished only through the perfection of minor details” 
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Chapter 1Introduction: Atomic Layer Processing 

1.1 Etching 

The idea of etching has been around for thousands of years and has been one of the most 

influential techniques for pattern creation. One of the first examples of etching can be traced 

back to the ancient Egyptians where hieroglyphics were created by carving into stone with 

primitive tools. This is etching because these Egyptians are removing material. Other examples 

of etching include wood engraving, metal etching, and wet chemical etching. Within the last 40 

years, vapor phase etching (or dry etching) has become an important part of semiconductor 

manufacturing.1-2 Plasma etching is among the most important etching techniques in history.2  

The advancement of plasma etching can largely be attributed to the advancement of the 

integrated circuit. In 1965 Gordon Moore postulated that the number of transistors on a chip 

would double every two years.3 This law has been amazingly true, all the way to 2021. The first 

integrated circuit made by Robert Noyce had only a few transistors on a chip in 1959. Now the 

same sized chip has billions of transistors. This has been due to the ever-decreasing node size, 

improving material properties, and changing architecture of devices.3 To decrease the size of the 

transistor, etching and deposition techniques are needed to become precise in the removal and 

addition of material.  

Plasma etching defines many of the features in the integrated circuit.4 These plasma 

etching processes have been used to define many features due to the anisotropic nature of the 

technique. This means that nanoscale patterns can be created with the use of masks and 

anisotropic etching. Plasma etching was developed to replace wet chemical etching processes 

which used environmentally harmful solvents. Plasma processes began by flowing a process gas 

over a grounded wafer and applying an RF bias on an electrode which formed a plasma.5-6 This 
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type of technique is known as reactive ion etching or RIE. This originally was all motivated to 

remove wet chemical solvent waste, but as critical dimensions decreased and the need for very 

selective etching techniques and anisotropic etching processes demanded the use of dry plasma 

etching. 4 

What RIE lacks is atomic layer control of how much material is removed, limitations on 

etching uniformity across a wafer, the introduction of surface roughness, and changes in surface 

composition.4-5, 7-8 The need to combat these downfalls of classical plasma etching drives the 

research on atomic layer etching (ALE) processes. An ALE process requires self-limiting 

reactions done sequentially so that continuous etching does not occur. To achieve this a first half-

reaction involves self-limiting modifications of the surface followed by removal of the modified 

layer. One example of this is silicon ALE where after an initial chlorination of silicon a low-

energy plasma can remove the silicon chloride and thus an extremely thin amount of material is 

removed.1-2  

No matter the field, technology has been driven by the demand for the size of devices to 

decrease, while the power of those devices to increase.  This has led many fields to self-limiting 

atomic-scale processing techniques. Self-limiting is not always necessary, but control of 

thicknesses and material properties typically is. Self-limiting processes can sometimes be 

advantageous due to having thickness control built into the chemical nature of the technique. 

Two such techniques that meet these requirements are atomic layer deposition and atomic layer 

etching. 

1.2 Atomic Layer Deposition 

Atomic layer deposition (ALD) is a deposition technique based on sequential self-

limiting surface reactions. Due to the self-limiting nature of each of the reactions in an ALD 
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cycle, a continuous and smooth film can be achieved. ALD commonly will consist of two 

different half-reactions that make up one ALD cycle. Each one of the chemicals used in the half-

cycle requires self-limiting behavior and thus chemical selection is important. A representation 

of an ALD cycle is presented in Figure 1-1. The A half-cycle can react with the cone shaped void 

left in the surface. After the A chemical reacts with this surface it leaves new sites terminated on 

the surface that the A chemical can no longer react with. This would represent the self-limiting 

of the A half-cycle. The B half-cycle reacts similarly. The termination of the surface leaves a 

hole that the B chemical can react with until there are no more sites that the B chemical can fill. 

In between these exposures, there is a purge which removes all of the precurosor for the 

controlled chemical reactor. This would leave the surface terminated with the same groups that 

were there before the first A exposure. This represents one ALD cycle.  

 

Figure 1-1: Schematic of an entire ALD cycle where after each half-cycle the precursor is 

unable to react with the surface termination9 
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ALD is typically done in a vacuum chamber. This is a chemical reactor where a 

mechanical pump removes most of the gasses to have a controlled environment. An ALD cycle 

starts in a chamber with a pressure on the order of 1 Torr (~0.001 atmospheres). Firstly, the A 

precursor is exposed to the deposition substrate for some dose time. Following the exposure, a 

purge is required. Typically, with a purge gas that helps remove any leftover A precursor so that 

the following B reactant will not react with A in the gas phase. Then the B reactant is pulsed into 

the vacuum chamber, is let to react with the substrate after which a second purge is required. 

There are many different process variables that go into successful ALD such as substrate 

temperature, chemical vapor pressure, vacuum pressure, purge gas, reactant exposure, and many 

more.  

The model system for ALD is the deposition of aluminum oxide with trimethyl aluminum 

and water. Typical substrates are often initially terminated in hydroxyl groups due to 

atmospheric water. This is a good place to start for aluminum oxide ALD. The surface hydroxyl 

groups first react with the methyl groups in TMA.  

𝐴𝑙(𝐶𝐻3)3(𝑔) + −𝑂𝐻∗ → −𝑂𝐴𝑙(𝐶𝐻3)2
∗ + 𝐶𝐻4(𝑔) 

Where (*) denotes a surface group. Once the hydroxyl group is consumed, subsequent TMA 

molecules will not have any reaction site and will leave the surface without reacting. This is what 

makes ALD reactions self-limiting. The second part of this ALD chemistry is the water 

exposure. Now that there are methyl groups terminating the surface when water is pulsed into the 

reactor, it can react with the methyl termination to make methane and recreate those hydroxyl 

groups that were on the surface originally. This reaction can be understood schematically in 

Figure 1-2.  

−𝑂𝐴𝑙(𝐶𝐻3)2
∗ + 𝐻2𝑂(𝑔) → −𝑂𝐴𝑙(𝑂𝐻)2

∗ + 𝐶𝐻4(𝑔) 
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Atomic layer deposition is important and has been used in transistor design more frequently 

thanks to the extreme precision of the thickness change needed as well as the conformality and 

anisotropic nature of ALD. One example is the dielectric in both planar and FinFET designs. The 

larger the gap between the gate and channel in a transistor the higher the supplied voltage will 

need to be to create  

 

 

Figure 1-2: A schematic representation of a single aluminum oxide ALD cycle with TMA 

(A) and H2O (B) 

 

ALD is mostly considered an expensive deposition technique due to the conditions 

required and the very slow growth rates in comparison to other deposition techniques such as 

chemical vapor deposition and physical vapor deposition. ALD is used in most cases when a 

conformal thin film is necessary. This makes ALD useful in areas such as gate dielectrics, via 

fills, and in high surface area substrates. One area where ALD shines is in computer processor 

manufacturing. Figure 1-3 shows the increase in the usage of ALD and ALE systems in next-

generation processors. Each generation of new and smaller processors from Samsung, TSMC, 

and Intel have more steps that involve ALD and ALE. When the node size was between 20 and 

30nm there was not as much need for ALD systems. As the processors shrank to node sizes 
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below 10 nm ALD systems became increasingly important with the 10 nm Intel chip using 

approximately 70 different ALD steps during chip manufacturing. 

 

Figure 1-3: The number of ALD and ALE processes used in state-of-the-art processers 

from the three largest semiconductor manufacturers Samsung, TSMC and Intel (TechInsights) 

 

1.3 Atomic Layer Etching 

Thermal and plasma atomic layer etching is a still-developing process which has already 

begun to be used in chip production. Figure 1-3 also shows how ALE has emerged in recent 

chips. There were minimal steps that involved ALE processes when the node size was ~20nm 

but as the features decrease in size, ALE has begun to be utilized with approximately 10 different 

ALE steps in Intel’s 10nm processors. As critical dimensions continue to decrease, it is likely 

that there will be more involvement of ALE systems in integrated circuit manufacturing. ALE is 

used currently to etch fin-type channels to desired thicknesses as well as cleaning the surface 
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after plasma processes. Understanding the capabilities of ALE systems has quickly become 

crucial as size constraints have demanded the deployment of atomic layer processes across the 

integrated circuit line.  

Figure 1-4 shows how ALE systems have been more studied recently. In 1988 there were 

only a few manuscripts that described ALE systems.1 The most important and early etching 

processes involved using plasmas as the energy source to drive etching reactions. Plasmas 

include neutral species (includes radicals), ionized species of the neutrals, and electrons. Plasma 

etching was critical in the invention and development of integrated circuits and now with 

decreasing feature size, plasma processes are key to driving some ALE reactions as well. All 

species in plasmas are in high energy states and can react with the etching substrate with many 

more reaction pathways than the chemical vapor form. These plasma species can make new 

bonds, and new interactions, with the surface that would otherwise be too unfavorable. 

 

Figure 1-4: Number of ALE publications from 1988 to 20141 
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Just as in ALD, atomic layer etching (ALE) also works under the principle of sequential 

self-limiting exposures surface reactions. ALE is sometimes coined as the reverse of ALD. ALE 

is typically done by introducing a surface modification reagent followed by a precursor which 

can react with the surface to create volatile products.1, 10 Each one of the chemicals used in the 

half-cycle is mostly self-limiting because it is more difficult to modify the subsurface than the 

outermost surface. The co-reactant typically only reacts with the modification done in the first 

half-cycle. This creates a very controllable etching system.11 Some ALE methods are based on 

plasma techniques that utilize sequential surface modification and removal reactions.1, 11-12 The 

surface modification can involve surface chlorination or oxidation.  The removal is accomplished 

with ions or energetic neutral atoms to obtain etching.1-2  

In thermal ALE, the modification step is usually done by a fluorination reaction.10 

Hydrogen fluoride (HF) is the most used fluorination source due to its high vapor pressure at 

room temperature, and high reactivity with metal oxides. This fluorination chemistry is heavily 

discussed in Chapter 3. This fluorination can also be done with numerous other reactants such as 

SF4, XeF2, WF6.
13-15 An alternative to the fluorination is chlorination with a reactant such as 

SO2Cl2 when the fluoride is either unstable or possible volatile. To remove the modified layer, a 

second chemical is then pulsed into the vacuum chamber. This second chemical is chosen to 

react with the modified layer to volatilize the fluoride. This is typically done by a ligand-

exchange reaction where the ligands on the precursor can exchange with the surface fluoride to 

get multiple volatile products. 

There have been other methods of achieving atomic layer etching. “Conversion-etch” 

chemistry was first shown in the etching of zinc oxide with hydrogen fluoride (HF) and trimethyl 

aluminum (TMA).16 This involved the modification being done with trimethyl aluminum instead 
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of HF. The zinc oxide was first ‘converted’ to aluminum oxide by trimethyl aluminum before 

being able to fluorinate and then ligand exchange to remove the fluorinated material. Soon after 

another paper was published which showed a similar “conversion” reaction on silicon oxide.17 

Another method of etching, used in the etching of silicon and silicon nitride, was based on 

oxidation-etch where the surface was first oxidized to create a substrate that was then able to be 

etched.18-19 While no thermal process existed for the etching of pure silicon or silicon nitride, the 

oxidation process allows for the use of previously studied ALE systems, in this case, SiO2.  

Aluminum oxide is a model system for thermal ALE. This system is done with HF as the 

fluorination source and trimethyl aluminum as the co-reactant. This process can also be seen on 

Figure 1-5. Firstly, HF is pulsed into the chemical reactor. This allows the initial surface to 

undergo a small amount of fluorination. The fluorination reaction can be represented with the 

balanced chemical equation: 

𝐴𝑙2𝑂3(𝑠) + 6𝐻𝐹(𝑔) →  2𝐴𝑙𝐹3(𝑠) + 3𝐻2𝑂(𝑔) 

This reaction is pseudo-self-limiting as the thickness of the fluoride can be controlled by 

changing process conditions like the exposure time and temperature.20 There is an initial 

fluorination followed by increase in the fluoride thickness which can be described as diffusion 

limiting. This is explored more in Chapter 3 and has also been studied in less depth previously.20-

22  

TMA is than used as the co-reactant. TMA can react with the AlF3 surface to create 

volatile products. This was originally reaction is as follows: 

𝐴𝑙𝐹3(𝑠) + 2𝐴𝑙(𝐶𝐻3)3 →  3𝐴𝑙𝐹(𝐶𝐻3)2(𝑔) 

This was the original proposed reaction due to the expected volatility of 𝐴𝑙𝐹(𝐶𝐻3)2(𝑔) in 

comparison to 𝐴𝑙𝐹2(𝐶𝐻3)(𝑔). To confirm this, mass spectrometry was done with TMA on an 
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AlF3 powder. The resulting mass spectrum showed an abundance of dimers of aluminum, 

fluorine, and methyl groups.23 This was primarily due to the stability of the dimer complex as 

well as the volatility.  

 

Figure 1-5: Schematic of aluminum oxide atomic layer etching where A) represents the 

fluorination of the surface, and B) which represents the ligand-exchange reaction that produces 

the volatile etch product 

 

Thermal ALE has a few advantages over plasma-based ALE systems. Thermal ALE is 

completely isotropic, meaning that the etching rate is the same in all directions. Nanowire and 

nanosheet transistors are in development which requires etching and deposition in all directions. 

There are many steps in the backend of the line in IC development that will also require isotropic 

etching in high aspect ratio structures. Thermal ALE may also have other benefits such as 

smoothening surfaces,2 using understood chemistries, metal etching,12 high material selectivity 

and, removing damaged material from previous plasma steps.24 A comprehensive list of thermal 

ALE systems can be found in Fischer et. al.12  
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To demonstrate the power of thermal ALE, the Jesús A. del Alamo group at MIT 

collaborated with the Steven George group at CU Boulder to create working transistor devices 

while using ALE as the tool for shaping device features.25 Figure 1-6 shows a fin structure before 

and after 250 ALE cycles with HF and DMAC. Initially, the width of the Fin was 35nm in width. 

After ALE the fin was reduced to either 24nm or 4nm depending on the etched material. The 

etch rate differences are also important as selectivity in etching is often needed during etching 

processes.24 This is an example of the promise and the power that ALE can provide in 

semiconductor manufacturing applications. 

 

Figure 1-6: Image of a fin structure before and after 250 ALE cycles of DMAC and HF25 

 

1.4 Introduction to modern integrated circuits 

The fabrication of modern integrated circuits involves thousands of highly sensitive 

processes before a device can be packaged for use. There are nearly 1020
 transistors made each 

year which is still not enough to satisfy the growing technological world. Now we buy cars, 

microwaves, and even toasters that are reliant on transistor fabrication, not to mention the ever-

growing need for large-scale computing.26 Since the first commercial transistor device there has 
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been a race for the development and deployment of newer and better processes to control all the 

different material properties inside an integrated circuit device. This miniaturization of devices 

has led to better thickness and material control during front end of the line transistor 

manufacturing. This is one area where techniques like ALE and ALD can shine as they are able 

to be controlled with extreme thickness precision. 

 

Figure 1-7: A) Design of a planar MOSFET and B) Design of the FinFET architecture27 

 

A transistor is a device that can control the flow of current with an applied voltage. The 

basic planar transistor can be found in Figure 1-7a where there are three electrodes controller 

current flow. These three electrodes are called the source, where the electrical current comes 

from, the drain, where the electrical signal goes, and the gate which controls whether current 

flows from the source to the drain. In a MOSFET, the M stands for the gate metal, O for the 

oxide dielectric and, S for the silicon semiconducting channel material. The transistor is the most 

important region which lives in the integrated circuit. As seen in Figure 1-7 there are many parts 

to an operational MOSFET. The fabrication of these devices involves many steps of deposition, 

etching, and lithography. The basic principle is that when a voltage is applied to the gate 

electrode that is above a threshold voltage, the resulting electric field can modify a bit of the 
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underlying silicon’s electronic properties to allow for a current to flow from the source to the 

drain. The dark layer in Figure 1-7a is called the gate dielectric and is what stops any electric 

short from the gate to the source or drain or the channel. This dielectric material was silicon 

oxide, due to the ease of creating silicon oxide on a silicon wafer but has changed to an atomic 

layer deposited high dielectric material such as hafnium oxide.26, 28 The goal for a long time was 

to reduce the dimensions of all these components to increase the number of transistors per area. 

While decreasing transistor dimensions is beneficial for aspects like power consumption and 

processing power another way is to change MOSFET architecture. FinFETS describe a novel 

way to decrease transistor size and decrease the threshold voltage of the gate electrode.26 This is 

shown in Figure 1-7b. The key advantage is decreasing the size of the channel while also having 

great control of the electric field in the channel. The jump to the third dimension does introduce 

the need for isotropic atomic layer processing techniques such as ALE and ALD.  

Thicknesses of the front end of the line processing is so important, the node size is 

synonymous with the generation of technology. The state-of-the-art transistor technology is a 3-

D architecture created by IBM which utilizes silicon in the form of nanosheets as the silicon 

channel. A cross-sectional transmission electron microscopy image can be found in Figure 1-8. 

This gives the gate electrode ultimate control of the electric field inside the silicon channel. 

These device structures are difficult to create and utilize more isotropic processes than the 

FinFET and planar MOSFETs that have come before it due to the gate dielectric needing to 

surround the channel. These complicated device architectures will require isotropic processes 

that can deposit and etch semiconductor-relevant material with unparalleled control.  
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Figure 1-8: Transmission electron microscopy image of a novel transistor architecture 

showing trigate structures and is described as the world’s first 2 nanometer node 29 
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1.5 Statement of Purpose, Outline 

The goal of this thesis is to help further understand atomic layer etching systems by 

employing in-situ techniques or ex-situ techniques that will help give more chemical 

information. When thermal atomic layer etching was first being explored, the goal was often to 

see if something was etched or not. Was there a loss of thickness? Was there a mass loss? This 

gave initial throughput and started to create a database for what could and could not be etched. In 

some initial studies, the mechanism behind ALE reactions was also explored. This thesis will 

hopefully extend the understanding of etching systems by utilizing many different techniques in 

unison. To obtain infrared difference spectra, ellipsometry thickness changes, volatile etch 

products and surface chemical composition gives a full understanding of what is happening 

during the etching.  

In Chapter 2 I give an overview of the main techniques used in my thesis work. This will 

go over working principles and reactor designs for in-situ infrared spectroscopy as well as in-situ 

spectroscopic ellipsometry and x-ray photoelectron spectroscopy.  

My first study in my graduate work was investigating the thermal ALE of aluminum 

oxide with HF and TMA. This has been done previously but the key to unlocking the full 

potential of thermal ALE is understanding the fluorination reaction. In Chapter 3, the focus will 

be on the understanding of the fluorination reaction with an emphasis on how pressure and time 

affect the etching rate and the thickness of created fluorides. 

 Aluminum nitride ALE was also investigated with HF or XeF2 and BCl3. Boron 

trichloride is a promising precursor in thermal ALE as it may undergo conversion chemistry or 

ligand-exchange chemistry. There is good evidence for the ligand-exchange reaction being the 
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dominant pathway towards etching. BCl3 was used with a fluorination source to etch both low- 

and high-quality aluminum nitride. This study is presented in Chapter 4. 

HF and BCl3 were also found to etch aluminum oxide. With aluminum nitride, there was 

good evidence of a ligand-exchange reaction but with aluminum oxide, initial exposures of BCl3 

show that there is more complicated chemistry involved. Although the etching pathway may be 

closer to fluorination and ligand exchange, the surface undergoes conversion chemistry on the 

surface, which was not expected based on thermochemical calculations. This reaction of BCl3 on 

aluminum oxide as well as the ALE can be found in Chapter 5. 

This thesis will also aim to develop new etching systems, like the spontaneous etching of 

TiO2 and B2O3. There has been little to no literature on thermal spontaneous etching with 

fluorination sources. These reactions have enabled ALE systems by first converting WO3 to 

B2O3 or TiN to TiO2. It was important to understand the spontaneous etching reaction pathway 

and volatile etch products of this reaction. In addition, theoretical calculations and a simple 

theoretical framework were created to predict how HF reacts with metal oxides and metal 

nitrides. The work on B2O3 spontaneous etching can be found in Chapter 6 and the TiO2 

spontaneous etching can be found in Chapter 7. 

To understand these novel etching pathways infrared spectroscopy is utilized. Fourier 

Transform Infrared Spectroscopy (FTIR) has the unique ability to monitor growth and etching by 

assigning bulk vibrational modes as well as surface features. The changes in the bulk vibrational 

features can show growth and etching of thin films, while changes in other vibrational modes can 

show the role each individual precursor used in etching is.  

Spectroscopic ellipsometry (SE) is also utilized to measure film thickness changes and 

optical property changes during etching.  This allows for the ability to monitor absolute thickness 
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changes during etching on planar substrates. In-situ ellipsometry also allows for the monitoring 

of thickness changes of substrates deposited by high-quality deposition techniques, such as 

MOCVD,6 where FTIR etching experiments were solely done on ALD grown films.  

Over the course of the last 6 years, I have had the opportunity to study a wide variety of 

etching systems and a few deposition systems. I have looked at the etching of Al2O3, AlN, VO2, 

ZnO, ZrO2, B2O3, SiO2, SiN, TiO2 and, GaN as well as the deposition chemistry of TiO2 AlN, 

B2O3, VO2, ZrO2, ZnO, and Al2O3. Each one of these systems has a unique behavior when it 

comes to modification (fluorination/conversion) as well as ligand-exchange (or spontaneous 

etching) reagent. In-situ FTIR with spectroscopic ellipsometry, x-ray reflectivity and, x-ray 

photoelectron spectroscopy, we have been able to understand complex chemistry in many 

etching systems.  
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Chapter 2Experimental Methods 

2.1 Introduction 

The goal of this section is to inform the reader about the various techniques used in this 

thesis. Each section will give a brief introduction followed by some comments about important 

equations and understanding the technique from a user’s perspective. The overarching technique 

used in this thesis is Fourier Transform Infrared Spectroscopy (FTIR). This technique can give 

chemical bonding information during ALD and ALE reactions. Spectroscopic ellipsometry (SE) 

is a technique that specializes in understanding nanoscale thickness changes and optical 

dispersion in thin films. X-ray photoelectron spectroscopy (XPS) is used frequently to 

understand the chemical environment that different elements are in. XPS can also give 

compositional information to show film purity and possible contaminants during some 

deposition or etching process.  

2.2 Fourier Transform Infrared Spectroscopy  

The absorption of infrared radiation in molecules leads to vibrations of the various bonds 

in that molecule or surface. To study the wide array of vibrations in molecules, infrared 

spectroscopy is often utilized. Infrared spectroscopy is a spectroscopic technique that measures 

the absorption of infrared radiation to analyze sample composition all non-destructively.30-31 This 

had wide-ranging applications from food safety, to pharmaceuticals, to semiconductor quality 

assurance, or forensic science.30 Most of these applications utilize infrared spectroscopy to 

analyze samples for possible contamination that could yield a product unusable or unsafe. This 

thesis will focus on infrared spectroscopy and its ability to see changes in the surface termination 
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and changes in the bulk absorbance of thin films, during the deposition and etching of various 

materials. 

The foundation of infrared spectroscopy lies in a bond’s absorption of infrared radiation, 

transferring the energy from a photon to a bond’s vibration. When the frequency of the photon 

matches the resonant frequency of the bonds vibration an absorption event can occur. By 

measuring the absorption of a sample at many different wavelengths, a spectrum can be created 

which shows a samples absorption (or transmission) of light across the entire mid-infrared 

spectrum. There have been many published books and articles describing the absorbance of light 

for many materials. By matching the absorption seen in your sample with the absorption of 

studied materials, a conclusion can be made about the composition of the sample in question. 

Infrared spectroscopy is a great way to investigate chemical bonds on surfaces during 

thin-film processing. Most chemical bonds have a vibration between 200 cm-1 and 4000 cm-1. 

When looking at an infrared absorbance spectrum, a peak indicates the presence of a chemical 

species that has a vibration at that frequency. The vibration of a chemical bond is much like the 

vibration of two masses connected by a spring. A chemical vibration can be estimated by Hook’s 

law: 

ν = √𝑘/𝜇 

Where ν is the vibrational frequency, k is the force constant, and 𝜇 is the reduced mass which is 

equal to μ = 𝑚1𝑚2/(𝑚1 + 𝑚2) where m1 and m2 are the masses of the respective atoms. In 

general, as the masses of m1 and m2 increase, the frequency of the infrared vibration decreases. 

The force constant, k, describes the bond strength, or bond “stiffness”. One important criterion 

necessary to absorb infrared light is a change in the dipole moment of a molecule as you change 

the nuclear coordinates of the vibrating atoms. For example, a molecule like O2 does not have a 
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net dipole change as you change the locations of each oxygen atom. While this limitation does 

not often affect spectra of solid-phase materials it is still an important note to consider in 

vibrational spectroscopy. 

 

Figure 2-1: An example of the silicon substrate used in this thesis along with the spectra 

after a deposition (a) along with the difference spectra between these two spectra (b) 

 

An example of the silicon substrate used in this thesis is presented in Figure 2-1a along 

with an example deposition. The blue line is a representative silicon substrate. Here we can see 

examples of vibrational features. There is a small increase in absorbance at 3700 cm-1 which 

corresponds to O-H stretching. This is expected because of the oxidized nature of many samples 

before a vacuum experiment is done. The O-H vibration is one of the most studied vibrational 
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features. The sharp onset of the O-H stretch is isolated O-H groups. The broad red shifting of the 

hydroxyl peak is due to surface-wide hydrogen bonding of O-H groups to each other.32 Around 

2900 cm-1 there is another grouping of peaks which is the C-H stretching of adventitious carbon 

on the surface. This is also something common among all substrates due to there being some 

carbon adsorbed on everything.33 The multiple peaks represent different normal modes of the 

terminal -CH3 species. These terminal groups on surfaces will often have narrow line shapes than 

species found in the bulk of materials. This can be a useful tool when analyzing what a peak 

environment may lie. At 2100 cm-1 there are two peaks that represent the different Si-H 

vibrations present on the silicon substrate. There are two peaks because some of the silicon here 

is back-bonded to oxygens and some are bonded to more silicon which creates a different 

frequency of vibration for the Si-H feature.34 Finally, we have a large mode at 1200 cm-1 which 

is the LO phonon mode of silicon oxide.35 A phonon mode is a frequency that is of a bulk solid, 

like that of a wave in an ocean, which all vibrates together. This Si-O feature is expected because 

the silicon nanopowder substrate is oxidized from the atmosphere before entering the vacuum 

chamber.  

In Figure 2-1a, we can also see a spectrum taken after an aluminum nitride deposition. 

The resulting spectrum gives a large increase in absorbance centered at 650 cm-1 which is 

consistent with literature Al-N values.36-37 When analyzing what features changed during a 

deposition or etching experiment (or even just half-cycles during those experiments) we can 

utilize difference spectra. To do this we use one spectrum as a reference, in this case, the blue 

spectrum, and subtract that from another spectrum that is taken after some treatment, the red 

spectrum. The resulting spectrum is shown Figure 2-1b in green. This difference spectra now 

only shows the change in the vibrational nature of the film without the spectra being disturbed by 
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the various other vibrational features that are unchanged. This allows for the analysis of slight 

changes in the spectrum. 

A picture of the FTIR apparatus is shown in Figure 2-2. Figure 2-2a shows the reactor on 

the optics table. The precursor manifold on the right side of the image feeds into the main flow 

tube reactor surrounded by the custom white ceramic heater. The chemicals then flow to the 

pump and the exhaust. The left side of the image shows the infrared spectrometer. This is an IS-

50R purchased from thermofisher. Figure 2-2b shows a diagram of the figure in Figure 2-2a. 

Infrared light is first generated in the spectrometer. This includes the light’s initial creation by a 

Glow-Bar source, its path through the beam splitter and interferometer and, its exit from the 

spectrometer.30 It is then reflected off a flat mirror before reflecting on a 3” parabolic off-axis 

gold plated mirror with a focal length of 8.1”. This allows for the infrared red light to be focused 

on the powder sample. Before hitting the sample, the light passes through a KBr (or CsI) window 

which is kept clean during depositions with a gate valve. The light is then passed through the 

powder sample before passing through another KBr window. The light is focused again by a 

parabolic off-axis mirror with a short focal length which focuses the light on the MCT-B 

detector. The spectrometer as well as the external portions of the beam are purged with a purge 

gas, free of CO2 and H2O which are common infrared light absorbers. H2O can also damage the 

infrared optics so keeping a positive pressure is key to the optics longevity. This purge gas is 

generated by a Parker purge gas generator which is fed by house air.  



 

23 

 

Figure 2-2: A) A picture of the in-situ FTIR apparatus used in these experiments and B) a 

cartoon of the top-down view of the FTIR apparatus 

 

The sample can be heated in two different ways. The sample temperature is controlled by the 

ceramic heater and by a direct current power supply which can resistively heat the sample. 

Resistively heating the sample allows for temperatures above 800ºC to be reached. Due to the 

A)

B)
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gate valves which are very close to the sample, the sample must be cooled periodically so that 

the gate valves do not reach 204ºC. This power supply is a HP 6268B. The heating is controlled 

with an external PID 16B Love Controller. This heating was changed to a PID controller within 

the LabView virtual instrument which controls the rest of the process parameters during an 

experiment.  

The powder is created in the setup described in Figure 2-3. First, a mesh grid is created 

by cutting out a tungsten mesh into a rectangle with rough dimensions, 1.7 cm by 2.8 cm.  This 

grid has 5-micron spacings and 100 gridlines per inch. Tungsten was chosen for this due to its 

high chemical stability, thermal stability, and low resistivity. On the short ends of the sample, 

tantalum foil is spot welded on the tungsten grid. This allows for solid contact to the power lines 

which are connected to the DC power supply. Silicon nano-powder, purchased from US 

Research Nanomaterials, is then pressed into the grid using a die setup shown in Figure 2-3a. 

This die setup is then pressed using a large die press. The finished powder grid sample is then 

finished by adding an insulating epoxy (Cermabond 571) which has a type-k thermocouple 

attached shown in Figure 2-3b. This is the temperature reading that is used when controlling the 

DC power supply output voltage. The insulating epoxy needs to be cured at room temperature for 

a minimum of two hours then cured at a temperature of 120ºC for three hours. The second epoxy 

cure was always done in vacuum as well.  
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Figure 2-3: a) The setup for pressing silicon nano-powder into a tungsten grid and b) the 

sample after adding a thermocouple with expoxy to the sample. 

 

One last note on infrared spectroscopy and the setup involved with its implementation 

here is the detector used. Figure 2-4 shows the wavelength range of various light sources and 

detectors. The mid to far infrared region which spans 4000 to 200 cm-1 or 2.5 microns to 50 

microns which is where many chemical vibrations absorb light. The light source is simple in that 

the silicon carbide ceramic filament is the best white light for this region. This is what the Glow-

Bar source filament. The two main detectors used in infrared detection is the mercury cadmium 

telluride (MCT) detector and the deuterated triglycine sulfonate (DTGS or commonly referred to 
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as TGS) detector.31 MCT is a low band-gap semiconductor (~0.1 eV) so that when an infrared 

photon hits the detector there is an electron that is promoted from the valence band to the 

conduction band and thus creates an electrical current proportional to the intensity of the infrared 

light. MCT detectors have great sensitivity to infrared light but can saturate quickly, need to be 

liquid nitrogen cooled and cannot easily detect far-infrared light.31, 38 DTGS detectors are room 

temperature detectors which can operate on the principle that infrared light hitting the detector 

will create a small change in the temperature of the material, which changes the dielectric 

constant and thus the capacitance which can be measured. These are cheap but very insensitive. 

DTGS detectors also can measure far infrared light when made with CsI windows instead of KBr 

windows. The far-infrared is something that will become useful as our understanding of ALE 

reactions becomes better due to the relevance of chlorine-based precursors and metal chlorine 

vibrational bands residing from 400-50 cm-1.  
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Figure 2-4: List of light sources and Detectors from ultra violet to mid infrared light 

Reproduced39 

 

2.3 Spectroscopic Ellipsometry 

When analyzing thin films, one important aspect is simply understanding the thickness 

changes during some thin-film process. One technique that has been heavily utilized in thin films 

processing is spectroscopic ellipsometry (SE). SE uses polarized light in the UV and visible 

range to measure the optical properties of surfaces. When polarized light interacts with surfaces 

it can change both the change in phase and amplitude of the polarized light. This will result in 

measured parameters Δ, the change in phase between p and s polarized light, and Ψ, the change 

in amplitude of p and s polarized light. When linearly polarized light encounters a surface, the 

polarization changes the light to elliptically polarized light. This is why it is called ellipsometry! 
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Figure 2-5 shows a diagram of the different parts inside an ellipsometer. Initially, the 

light is created by an ideal source. This ideal source is typically quartz tungsten halogen and 

deuterium lamps seen in Figure 2-4. The difference between other light-based techniques that 

can measure thickness and ellipsometry is that ellipsometry needs to measure not only the light 

intensity but also light polarization. In order to see the change in the polarization of light, the 

exact polarization needs to be known.39 It be circularly polarized or linearly polarized but it just 

needs to be known. This is done by the polarization state generator, which filters the light 

through successive polarizers and compensators. When the light interacts with the sample, the 

polarization, and the intensity change. Now the ellipsometer must know the exact change in the 

polarization. It does this through the polarization state detector, which is a polarization analyzer. 

After which the light hits the detector where the intensity of the light is measured.  

 

Figure 2-5: A Schematic of a typical optical setup in spectroscopic ellipsometers. 39 

 

There are also a variety of advantages in using SE for the investigation of etching and 

growth of films. Ellipsometry’s main advantage is the ability to measure the thickness and 
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optical properties wavelength-dependent properties of multiple layers. This allows for the 

analysis of a stack shown in Figure 2-6a. There are a few layers here, including a roughness 

layer, an aluminum nitride layer, and a sapphire substrate in this example. We can use an SE (in 

this case it is a Woollam M-2000) to take Ψ , and Δ measurements at many wavelengths (this is 

what makes it spectroscopic) and produces the spectra shown in Figure 2-6b. Ψ and Δ are 

defined as Δ = δ1 − δ2 where δ1 is the phase difference between the wave parallel to the plane 

of incidence and the wave perpendicular in the incident light, and δ2 is the phase difference 

between the parallel and perpendicular waves for the outgoing waves. Ψ is defined by 𝑡𝑎𝑛 Ψ =

|𝑅𝑝|

|𝑅𝑠|
 which is the tangent of the ratio in the reflectance of light parallel to the plane of incidence 

and the reflectance of the light perpendicular to the plane of incidence.  
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Figure 2-6: a) A diagram of a possible surface b) the ellipsometry measurements of the 

surface in a) and c) the model used to describe the material. This gives a small idea behind 

having an idea of the substrate to finding the optical properties of the film 

 

The user can then carefully choose a model to describe the optical dispersion. Figure 2-6c 

shows a screenshot from the ellipsometry software CompleteEase, where a model has been 

chosen and the lines in Figure 2-6b have been fit shown in the black lines. SE modeling can 

calculate both the thickness of these layers and the optical properties of this layer stack in this 

example There are around two nanometers of roughness of an aluminum nitride film (modeled 

with a Cauchy layer with Urbach coefficients to help model the semiconducting nature of 
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aluminum nitride) with finally a substrate of sapphire. The index of refraction (n) and the 

extinction coefficient (k) for both the aluminum nitride and the sapphire are shown in Figure 2-7. 

Dielectrics like sapphire will always have an k value of zero, whereas due to aluminum nitrides 

bandgap at ~6 eV there is a non-zero value for k which increases as the wavelength of light gets 

closer to the aluminum nitride optical bandgap.  

A diagram of the chemical reactor with in-situ capabilities used in this thesis is presented 

in Figure 2-8. Here we see a picture of the reactor in the real world on the top part of Figure 2-8. 

This shows the computer used on this tool on the left. On the right there is the light source which 

is at a 75º angle relative to the surface normal. This light then travels through a quartz window 

and then is directed towards a substrate that is housed inside the vacuum chamber. The reflected 

light goes back outside of the vacuum chamber by passing through another quartz window and 

then hits a detector. There is a simple diagram of this reactor shown on the bottom. This tool can 

measure the optical properties and thickness changes of multiple layers without having to break 

vacuum to do so, enabled by the quartz windows and the gate valves protecting the windows 

during chemical exposure. This tool also allows for the thickness to be measured after each half-

cycle during an ALE and ALD type reaction. This allows for angstrom level precision of etching 

rates and changes in optical properties during an experiment.   
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.  

Figure 2-7: n and k values for a) aluminum nitride and b) sapphire associated with the 

layer stack and fitted optical properties in Figure 2-6. 

 

The Woollam-M2000 spectroscopic ellipsometer is also a great choice for ellipsometry 

measurements due to its wide range of wavelengths used. Two lamps illuminate the sample, a 

deuterium lamp, and a quartz tungsten halogen lamp (QTH). These light sources can also be seen 

in Figure 2-4. The deuterium lamp can create light in the UV region. This accounts for the light 

from 230nm to 500nm. The rest of the spectrum uses the light from a QTH lamp which can emit 

light from ~400nm to 1800nm which spans the entire visible spectrum and the near-infrared 

spectrum as well. Having a wide range of wavelength measurements can help understand the 

film optical properties better and can be useful to allow for a wider range of fitted wavelengths to 

better understand your fitted models.  
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Figure 2-8: A) A picture depicting the reactor in use for all in-situ spectroscopic 

ellipsometry measurements and B) a cartoon of the in-situ setup 

 

2.4 X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a technique that is capable of a great deal of 

surface information. This non-destructive technique can give chemical environment information 

sensitive to only to top 10 nanometers as well as compositional analysis. This can help 

understand not only what metals are in this film but also if they are bonded to oxygen or nitrogen 

A)

B)
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Loading
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on fluorine and in what amounts.20, 33, 40-42 XPS can tell you about not only the quantities of 

various elements but can give an idea about their chemical nature.43  

XPS uses the photoelectron effect to obtain a spectrum of surface binding energies. First, 

a soft x-ray photon with defined energy and narrow energy line width is subjected to a surface. 

The x-ray interacts with core electrons and then emits them as per the photoelectric effect. This 

emitted electron is then analyzed for its kinetic energy. The difference between the energy in the 

incident x-ray and the kinetic energy of the emitted electron gives rise to peaks that resemble 

atomic core electron binding energies. This is represented with the equation: 

𝐸𝑏 = ℏ ⋅ ν + 𝐸𝑘 +  Φ 

where ℏ𝜈 is the energy of the x-ray, Ek is the kinetic energy of the emitted electron, and Φ is the 

work function of the detector. This way we can find the binding energies of core shell electrons 

as a function of the kinetic energy of the electrons that hit the detector. 

There are many capabilities that XPS can also be utilized for such as peak fitting which 

can be useful for deconvolving metal fluoride and oxide peaks for example. Examples of this can 

be found in 3.4.1 and 4.4. There are many factors in which to be careful to not overfit in XPS 

such as the full width at half max (or sometimes σ in some distribution equations) or the ratio 

between the Gaussian content and Lorentzian content in a Voigt distribution. Commonly in this 

thesis, as well as in other literature, the background will be subtracted by using either a Shirley 

correction or a Tougaard correction.43 There can be a lot of information in the background such 

as qualitatively where the element in interest is located in the film stack. Another ability in XPS 

is being able to use thickogram modeling to try to find the thickness of various films. A thorough 

example of this can be found in 3.4.2.20 
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Chapter 3Effect of HF Pressure on Thermal Al2O3 

Atomic Layer Etch Rates and Al2O3 

Fluorination 

 

Austin M. Cano, Amy E. Marquardt, Jaime W. DuMont and Steven M. George 

Department of Chemistry, University of Colorado, Boulder, Colorado 80309-0215 

 

3.1 Abstract 

Thermal Al2O3 atomic layer etching (ALE) can be accomplished using sequential 

fluorination and ligand-exchange reactions.  HF can be employed as the fluorination reactant and 

Al(CH3)3 can be utilized as the metal precursor for ligand-exchange.  This study explored the 

effect of HF pressure on the Al2O3 etch rates and Al2O3 fluorination.  Different HF pressures 

ranging from 0.07 Torr to 9.0 Torr were employed for Al2O3 fluorination.  Using ex situ 

spectroscopic ellipsometry (SE) measurements, the Al2O3 etch rates increased with HF pressures 

and then leveled out at the highest HF pressures.  Al2O3 etch rates of 0.6, 1.6, 2.0, 2.4, 2.5 

Å/cycle were obtained at 300°C for HF pressures of 0.17, 0.5, 1.0, 5.0, and 8.0 Torr, 

respectively.  The thicknesses of the corresponding fluoride layers were also measured using x-

ray photoelectron spectroscopy (XPS).  Assuming an Al2OF4 layer on the Al2O3 surface, the 

fluoride thicknesses increased with HF pressures and reached saturation values at the highest HF 

pressures.  Fluoride thicknesses of 2.0, 3.5, 5.2 and 5.5 Å were obtained for HF pressures of 

0.15, 1.0, 4.0 and 8.0 Torr, respectively.  There was an excellent correlation between the Al2O3 

etch rates and fluoride layer thicknesses versus HF pressure.  In addition, in situ Fourier 

Transform Infrared Spectroscopy (FTIR) vibrational studies were used to characterize the time 
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dependence and magnitude of the Al2O3 fluorination.  These FTIR studies observed the 

fluorination of Al2O3 to AlF3 or AlOxFy by monitoring the infrared absorbance from the Al-O 

and Al-F stretching vibrations.  The time dependence of the Al2O3 fluorination was explained in 

terms of rapid fluorination of the Al2O3 surface for initial HF exposures and slower fluorination 

into the Al2O3 near surface region that levels off at longer HF exposures times.  Fluorination into 

the Al2O3 near surface region was described by parabolic law behavior.  The self-limiting 

fluorination of Al2O3 suggests that the fluoride layer on the Al2O3 surface acts as a diffusion 

barrier to slow the fluorination of the underlying Al2O3 bulk.  For equal fluorination times, 

higher HF pressures achieve larger fluoride thicknesses. 

3.2 Intro 

Atomic layer etching (ALE) is based on sequential, self-limiting surface reactions that 

can remove material from surfaces with atomic layer control.1  Some ALE methods are based on 

plasma techniques that utilize sequential surface modification and removal reactions.1  The 

surface modification can involve surface chlorination or oxidation.  The removal is accomplished 

with ions or energetic neutral atoms to obtain etching.  These plasma ALE processes can achieve 

anisotropic etching.  Examples of plasma ALE include Si,44-46 Ge,47 GaAs,48 SiO2,
49-50 HfO2,

51 

Si3N4,
52 graphite53 and polymer54 ALE.   

Other ALE methods are based on thermal chemistry.55  These thermal ALE processes are 

also performed using surface modification and removal reactions.  The surface modification can 

be accomplished by surface fluorination or oxidation.  For thermal ALE, the removal reaction is 

a thermal reaction such as ligand-exchange55-56 or fluorination to a volatile fluoride.57  These 
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thermal ALE processes can achieve isotropic etching.  Examples of thermal ALE include 

Al2O3,
21-22, 55, 58-59 HfO2,

28, 60 SiO2,
17 ZnO,16 TiO2,

13 WO3,
61 W,61-62 TiN57 and AlN63 ALE. 

Many thermal ALE processes are based on sequential fluorination and ligand-exchange 

reactions.55-56  In this etching process for a metal oxide, the surface of the metal oxide is first 

fluorinated to form a thin metal fluoride layer on the metal oxide. 55, 59 Subsequently, the thin 

metal fluoride layer is removed with a ligand-exchange reaction.55, 59  During this ligand-

exchange reaction, a metal precursor accepts fluorine from the metal fluoride and concurrently 

transfers one of its ligands to the metal fluoride.  The ligand-exchange reaction can produce 

reaction products from the metal fluoride that desorb into the gas phase.  The sequential 

application of fluorination and ligand-exchange reactions progressively removes the metal oxide.  

This thermal ALE is viewed as the reverse of atomic layer deposition (ALD).64-65 

Thermal Al2O3 ALE using HF and Al(CH3)3 as the reactants is an example of thermal 

ALE using fluorination and ligand-exchange.22, 58  HF is known to fluorinate Al2O3 to form an 

AlF3 or AlFxOy layer on the Al2O3 surface.22, 58  The Al(CH3)3 then undergoes a ligand-exchange 

reaction with the fluorinated layer.  Al(CH3)3 accepts fluorine from the fluorinated layer and 

donates methyl ligands to the surface.  This ligand-exchange reaction allows the Al in the 

fluorinated Al2O3 layer to desorb as a volatile product.  Recent quadrupole mass spectrometer 

studies have identified the etch product as AlF(CH3)2.
23  This etch product either appears as a 

dimer with itself (AlF(CH3)2 • AlF(CH3)2) or with Al(CH3)3 (AlF(CH3)2 • Al(CH3)3).
23 
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This study explored the effect of the HF pressure on the Al2O3 etch rate during thermal 

Al2O3 ALE and the Al2O3 fluorination.  The Al2O3 etch rates were determined using 

spectroscopic ellipsometry (SE) measurements.  The fluoride layer thicknesses were measured 

using x-ray photoelectron spectroscopy (XPS).  The time dependence and magnitude of the 

fluorination of Al2O3 were also examined using Fourier Transform Infrared (FTIR) vibrational 

studies.  These studies help to understand HF fluorination of Al2O3 during Al2O3 ALE and the 

effect of the fluorination thickness on the Al2O3 etch rate.   

This study also complements previous theoretical and experimental examinations of the 

fluorination of Al2O3.  Earlier theoretical investigations have studied the fluorination of θ-Al2O3 

by HF using density functional theory (DFT) methods.66-67  Recent theoretical investigations 

have also examined the fluorination of θ-Al2O3 surfaces by HF and compared the fluorination to 

measured etch rates during Al2O3 ALE.68  Many experimental studies have also explored the 

fluorination of Al2O3 because of the effect of fluorination on heterogeneous catalysis.69-70  

Fluorination is known to create strong Lewis acid sites that are important in a variety of 

reactions.   

3.3 Experimental Section 

The ALD and ALE reactions were performed in a hot-walled, viscous and static flow 

reactor.71 A proportional-integral-derivative (PID) temperature controller (2604, Eurotherm) 

maintained the reactor temperatures of 200, 250, and 300 °C.  The temperature was controlled to 

within ±0.04°C of the set point.  A bakeable capacitance manometer (Baratron 660A, MKS) 

monitored the reactor pressure.  
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ALD and ALE reactions were completed under static conditions in the reactor.  Al2O3 

ALD films were grown using sequential exposures of trimethylaluminium (TMA, 97% Sigma-

Aldrich) and H2O (Chromasolv for HPLC, Sigma-Aldrich) at 300°C.  Al2O3 ALE was performed 

using sequential exposures of HF derived from HF-pyridine (70 wt% HF, Sigma-Aldrich) and 

TMA as the reactants.  A gold-plated stainless-steel bubbler was used to contain the HF-pyridine 

and prevent corrosion.  Ultra-high purity (UHP) N2 gas was used to purge the reactor between 

reactant exposures during ALD and ALE.  UHP N2 was delivered to the reactor via a mass flow 

controller at a flow rate of 200 sccm that produced a N2 pressure of 1.0 Torr.  The TMA, H2O 

and HF-pyridine precursors were all maintained at room temperature.  

Static dosing was used for the ALD and ALE reactions.  Before the precursors entered 

the reactor, the N2 gas flow was stopped, and the reactor was pumped down to the base pressure 

of ~30 mTorr.  The reactor was then isolated from the mechanical pump and the reactant valves 

opened to allow the pressure to reach a partial pressure between 0.07 and 9.0 Torr.  The reactant 

valves were closed after reaching the desired pressure.  The pressures were held statically for 20 

seconds for the ALD or ALE reactions.  Viscous N2 gas flows then purged the reactor for 20 

seconds.  Subsequently, the chamber was filled with N2 with the gate valve closed and then the 

chamber was pumped down to the base pressure.  This purging and pumping sequence after the 

reactant exposures was employed for both ALD and ALE reactions.  

Al2O3 ALD films were grown on Si coupons using 200 Al2O3 ALD cycles and used as 

the substrates.  Si (100) wafers (University Wafers) were cut into 1 cm x 1 cm coupons using a 

diamond scribe prior to the Al2O3 ALD.  The Al2O3 film thicknesses were characterized using 

spectroscopic ellipsometry (SE).  The initial Al2O3 ALD film thicknesses were between 18 and 

20 nm.  
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The thickness of the Al2O3 film after ALD and ALE was measured using a spectroscopic 

ellipsometer (M-2000, J. A. Woollam).  The spectroscopic ellipsometer had a spectral range 

from 240 to 1700 nm and utilized an incidence angle of 70°.  The Ψ and Δ parameters were 

analyzed using a Cauchy model with the CompleteEASE software package (J. A. Woollam).   

X-ray photoelectron spectroscopy (XPS) (PHI 5600, RBD Instruments) measured the 

film composition.  A monochromatic Al Kα x-ray source (1486.6 eV) was used to collect survey 

scans with a pass energy of 93.9 eV and step size of 0.400 eV.  Auger Scan software package 

(Auger Scan, RBD Instruments) was employed to collect the data.  Casa XPS software (Casa 

XPS, Casa Software) determined the surface concentrations using the peak areas for the C 1s, O 

1s, Al 2p and F 1s XPS signals and the corresponding sensitivity factors.  All peak energies were 

calibrated to the adventitious C 1s peak centered at 284.8 eV.  

The fluorination of Al2O3 ALD films at 300 °C during sequential exposures of HF 

derived from HF-Pyridine was studied using in situ FTIR spectroscopy.  The in situ FTIR studies 

were performed in a reactor equipped with an FTIR spectrometer that has been described 

previously.72  The FTIR experiments employed high surface area Si nanoparticles (>98%, US 

Research Nanomaterials) with an average diameter of 20 – 30 nm.   

The Si nanoparticles were mechanically pressed into a tungsten grid to facilitate the 

transmission FTIR measurements.  The tungsten grid was 2 × 3 cm2, 50 µm thick, with 100 grid 

lines per inch.  The tungsten grid was resistively heated using a DC power supply (6268B, 20V/ 

20A, Hewlett-Packard).  The voltage output of the power supply was controlled by a PID 

temperature controller (Love Controls 16B, Dwyer Instruments).  A type K thermocouple was 

attached at the bottom of the tungsten grid with epoxy (Ceramabond 571, Aremco).  The epoxy 

also electrically isolated the thermocouple from the tungsten grid.   
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The Al2O3 film was grown using Al2O3 ALD using TMA and H2O.  Both the TMA and 

H2O precursors were maintained at room temperature.  Subsequently, the tungsten grid was 

resistively heated to 300°C and the Al2O3 ALD coating was exposed to HF at various pressures 

before recording the absorbance changes.  The gold-coated bubbler for HF-pyridine was 

maintained at room temperature.  

3.4 Results and Discussion 

The Al2O3 ALD films were etched using HF and TMA at different reactant exposures and 

different temperatures.  Both the HF and TMA reactants were at the same pressure. Figure 3-1 

shows the Al2O3 thickness change after 20 ALE cycles using exposures of 20 seconds for HF and 

TMA followed by purging after each reactant exposure.  The initial Al2O3 ALD film thickness 

was between 180 - 200 Å.   

 

Figure 3-1: Al2O3 thickness change after 20 Al2O3 ALE cycles versus reactant pressure at 200℃, 

250℃, and 300℃ 

-50

-40

-30

-20

-10

0

A
l 2

O
3
 T

h
ic

k
n

e
s

s
 C

h
a
n

g
e

 (
Å

)

86420
Pressure (Torr)

 200˚C
 250˚C
 300˚C



 

42 

 

Figure 3-2: Al2O3 etch rate after 20 Al2O3 ALE cycles versus reactant pressure at 200℃, 

250℃, and 300℃ 

 

Figure 3-1 reveals that the Al2O3 thickness change after 20 ALE cycles is larger at both 

higher temperatures and higher HF pressures.  The Al2O3 thickness changes vary more rapidly at 

the lower HF pressures.  The Al2O3 thickness change after 20 ALE cycles begins to reach 

saturation values at the higher HF pressures.  The Al2O3 thickness changes after 20 ALE cycles 

are larger at the higher temperatures in this saturation regime. 

Figure 3-2 displays the Al2O3 etch rates corresponding to the Al2O3 thickness changes 

after 20 ALE cycles in Figure 1.  The etch rates were calculated from the difference in the Al2O3 

film thickness before and after ALE divided by the 20 ALE cycles.  The Al2O3 etch rates are 

higher at higher reactant pressures.  The higher temperatures also display higher Al2O3 etch rates.  

Similar results have been obtained earlier for the Al2O3 etch rate versus HF exposure and 

substrate temperature.21  Figure 3-2 shows that the etch rates reach nearly self-limiting values at 
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higher HF pressures.  The Al2O3 etch rates are approximately 1.45, 2.30 and 2.50 Å/cycle at 200, 

250 and 300 °C at higher HF pressures between 6-8 Torr. 

The saturation behavior observed in Figure 3-1 and Figure 3-2 suggests that the HF 

fluorination of Al2O3 reaches self-limiting fluoride thicknesses at higher HF pressures.  This 

behavior is like the oxidation of silicon surfaces.  For the same oxidation time during silicon 

oxidation, higher silicon oxide thicknesses are observed at higher O2 pressures.73-74  In addition, 

the silicon oxidation rates are progressively reduced at longer oxidation times in accordance with 

parabolic rate law behavior.74  This silicon oxidation behavior is described by Deal-Grove 

oxidation kinetics.75  A model for Al2O3 fluorination will be described later. 

 

Figure 3-3: XPS measurements of atomic percent (atom %) of Al2O3 ALD film after HF 

exposures at various HF pressures for 30 s at 300℃ 
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3.4.1 XPS Measurement of Al2O3 Fluorination  

XPS analysis was used to characterize the fluorination of Al2O3.  Al2O3 ALD films on Si 

wafers were exposed to HF exposures for 30 s at HF pressures of 0.15, 1.0, 4.0, and 8.0 Torr at 

300 °C.  After the HF exposures, the samples were immediately transferred to the XPS chamber 

to minimize atmospheric exposure.  High resolution scans were recorded that included the Al 2p, 

O 1s, F 1s, and C 1s XPS peaks.  The XPS spectra were then evaluated using analysis software 

(CasaXPS) to determine the surface composition. 

Figure 3-3 shows the atomic percentages from the Al 2p, O 1s, and F 1s peaks after the 

HF exposures for 30 s at HF pressures of 0, 0.15, 1.0, 4.0 and 8.0 Torr at 300 °C.  Figure 3 

reveals that the oxygen percentage decreases and the fluorine percentage increases at the higher 

HF pressures.  In contrast, the aluminum percentage remains nearly constant for the various HF 

pressures.  The loss of oxygen and the gain of fluorine agrees with the fluorination reaction to 

produce AlF3 or AlFxOy.  The reaction for AlF3 production is Al2O3 + 6 HF →2 AlF3 + 3H2O.  

The reaction for AlFxOy production is Al2O3 + zHF → 2AlO(6-z)/4Fz/2 + (z/2)H2O.  

The Al 2p XPS core-level spectra of an initial Al2O3 ALD film is displayed in Figure 

3-4a.  The initial Al2O3 ALD film grown on a Si wafer is consistent with pristine Al2O3 with a 

peak at 74.3 eV and a full width at half maximum (FWHM) of 2.0 eV.  This peak serves as a 

calibration reference for the fluorinated Al2O3 samples.  An Al2O3 ALD film after exposure to 

HF pressure for 30 s at 4.0 Torr at 300°C is shown in Figure 3-4b.   

The fluorination of Al2O3 leads to the growth of a higher energy shoulder in Figure 4b at 

a binding energy of 75.5 eV.  This binding energy is lower than the reported binding energies of 

77.3 eV and 77.5 eV for θ-AlF3 and Δ-AlF3.
33  A binding energy for Al 2p that is intermediate 

between 74.3 eV for Al2O3 and 77.3-77.5 eV for AlF3 is consistent with an aluminum 
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oxyfluoride.33, 41  This aluminum oxyfluoride layer is consistent with recent theoretical 

calculations of the aluminum fluoride layer on the surface of θ-Al2O3 after HF exposures.68  HF 

exposure to λ-Al2O3 produced a dissociated F coverage of 7.1 ± 0.3 F/nm2 after saturation HF 

exposures.68  This F coverage is consistent with 1.5 F atoms bound to each surface Al atom.68   

 

Figure 3-4: High resolution scan of the Al 2p XPS peak for (a) initial Al2O3 ALD film 

after HF exposure for 30 s at 3 Torr and 300℃ 
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presence of H2 in the HF.  The H2 is formed when HF is in contact with the stainless-steel walls 

of the gas lines for extended times.  Mass spectrometer experiments confirmed that HF slowly 

reacts with the stainless-steel walls and produces H2.  This H2 could then lead to the reduction of 

Al2O3, AlOxFy or AlOH species during the initial HF exposure at 300°C.  However, this 

explanation is speculative because thermochemical calculations indicate that H2 reduction of 

Al2O3, AlF3 or Al(OH)3 is not favorable.   

3.4.2 Determination of Fluoride Layer Thickness 

The thickness of the fluoride layer was also determined using XPS measurements.  The 

sample was assumed to have a uniform layered structure composed of an Al2O3 substrate, an 

aluminum fluoride layer of varying thickness, and a 6 Å thick adventitious carbon layer at the 

sample-air interface.77  The XPS results in Figure 4b indicate that the fluoride layer is an 

aluminum oxyfluoride.  However, the exact composition of the aluminum oxyfluoride is not 

known.  This XPS analysis considered fluoride layers with compositions of AlF3, Al2OF4 and 

AlOF.  The analysis assuming an aluminum oxyfluoride with a composition of Al2OF4 is given 

below.  

The XPS electrons are derived from the C, Al, F and O in the three layers.  XPS 

quantification requires analysis of the attenuation of photoelectron propagation in their source 

layers.  In addition, the photoelectron propagation is also attenuated by each layer that covers the 

source layer.78-79  For example, the C signal is derived from the top adventitious carbon layer.77  

The C photoelectrons will be attenuated by propagation in the carbon layer according to       

exp[-t/λC] where t is the thickness of the carbon layer at the source of the C photoelectron and λC 

= 30.2 Å is the inelastic mean free path (IMFP) of the C XPS photoelectron at 1202 eV in the 

carbon layer.80 
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The C XPS signal is proportional to λc, the carbon number density in the carbon layer 

times the integral of exp[-t/λC] from 0 to 6 Å.77  This integral describes the effect of attenuation 

by the carbon layer on all the C XPS electrons from various thicknesses in the carbon layer.  The 

C XPS signal can be determined by solving the integral of exp[-t/λC] from 0 to 6 Å and then 

multiplying by λc.  The intensity of the C XPS signal is: 

𝐼𝑐 = ρ𝑐 ∫ 𝑒−𝑡/λ𝑐

6

0

𝑑𝑡 

The fluorine signal is derived from F in the Al2OF4 layer under the carbon layer.  The F 

signal is proportional to 𝜌𝐹,𝐴𝑙2𝑂𝐹4
 the fluorine number density in the Al2OF4 layer, times the 

integral of exp[-t/λF] from 0 to tF, the thickness of the Al2OF4 layer.  This integral describes the 

effect of attenuation by the Al2OF4 layer on the F XPS electrons.  λF = 27.1 Å is the inelastic 

mean free path (IMFP) for the F XPS electrons at 801 eV.80  The F XPS signal can be 

determined by solving the integral of exp[-t/λF] from 0 to tF, the total thickness of the Al2OF4 

layer, and then multiplying by λF.  These F XPS electrons are then attenuated by the overlying 

carbon layer.  The intensity of the F XPS signal is: 

𝐼𝐹 = ρ𝐹𝑒−6/λ𝐹 ∫ 𝑒−𝑡/λ𝐹

𝑡𝐹

0

dt 

The aluminum signal is derived from Al in the Al2O3 and Al in the Al2OF4 layer under 

the carbon layer.  For the Al in the Al2O3 layer, the Al signal is proportional to 𝜌𝐴𝑙,𝐴𝑙2𝑂3
 the 

aluminum number density in the Al2O3 layer times the integral of exp[-t/λAl,Al2O3] from 0 to .  

For the Al in the Al2OF4 layer, the Al signal is proportional to 𝜌𝐴𝑙,𝐴𝑙2𝑂𝐹4
, the aluminum number 

density in the Al2OF4 layer times the integral of exp[-t/λAl,Al2OF4] from 0 to tF, the thickness of the 
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Al2OF4 layer. λAl, Al2O3  = λAl, Al2OF4 = 27.7 Å is the inelastic mean free path (IMFP) of the Al XPS 

electrons at 1412 eV.81  The intensity of the Al XPS signal is:: 

IAl = ρAl,Al2OF4
e−6/λAl ∫ e−t/λAl

tf

0

dt + ρAl,Al2O3
e−6/λAle−tf/λAl ∫ 𝑒−t/λAl

inf

0

dt 

Lastly, the oxygen signal is derived from O in the Al2O3 layer under the carbon and 

Al2OF4 layers.  λO = 20.5 Å is the inelastic mean free path (IMFP) in Angstroms for the O XPS 

electrons at 956 eV.81  Following a similar treatment, the intensity of O XPS signal is:: 

 ` 𝐼𝑂 = 𝜌𝑂,𝐶∫
0

6
𝑒−𝑡/𝜆𝑂𝑑𝑡 + 𝜌𝑂,𝐴𝑙2𝑂𝐹4

𝑒−6/𝜆𝑂∫
0

𝑡𝐹
𝑒−𝑡/𝜆𝑂+𝜌𝑂,𝐴𝑙2𝑂3

𝑒−6/𝜆𝑂𝑒−𝑡𝐹/𝜆𝑂∫
0

∞
𝑒−𝑡/𝜆𝑂 

 The total XPS signal is the sum of all the individual XPS electrons produced by 

the Al2O3, Al2OF4 and carbon layers and their attenuation during propagation.  The thickness of 

the Al2OF4 layer was determined by varying tF and determining the tF value that was consistent 

with the observed C, Al, F, and O XPS signals. The number density for carbon in the 

adventitious carbon was 5 x 1022 cm-3. The number densities for Al, F, and O in the Al2OF4 layer 

were 2.5 x 1022 cm-3, 4.9 x 1022 x cm-3 and 1.2 x1022 cm-3, respectively.  The number densities 

for Al and O in the Al2O3 substrate were 3.66 x 1022 cm-3 and 5.5 x1022 cm-3, respectively. 
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Figure 3-5: Comparison of fluoride thickness and etch rate during Al2O3 ALE versus 

reactant pressure. Fluoride thickness was measured by XPS analysis assuming a composition of 

Al2OF4 after HF exposure for 30 s at 300℃. Etch rate was measured for Al2O3 ALE at 300℃ 

using reactant exposures of 30 s at various reactant pressures. 

 

The thickness of the Al2OF4 layer as a function of HF pressure determined by the XPS 

measurements is displayed in Figure 3-5.  The Al2OF4 fluoride layer thicknesses were 2.0, 3.5, 

5.2 and 5.5 Å for HF pressures of 0.15, 1.0, 4.0 and 8.0 Torr, respectively.  XPS analysis 

assuming fluoride layers with compositions of AlF3 and AlOF yielded fluoride thicknesses with 

a similar functional form versus HF pressure to the results shown in Figure 3-5.  However, the 

absolute fluoride thicknesses varied for the different aluminum fluorides.  At an HF pressure of 8 

Torr, the fluoride thicknesses were 4.5, 5.5 and 10.2 Å when the aluminum fluoride layer was 

assumed to be AlF3, Al2OF4 and AlOF, respectively.   
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Figure 3-5 also compares the fluoride layer thicknesses with the Al2O3 etch rates obtained 

at the same HF pressures.  The TMA pressure during the Al2O3 ALE was equivalent to the HF 

pressure.  Figure 5 shows that there is excellent correspondence between the fluoride layer 

thicknesses and the Al2O3 etch rates.  This correlation argues that the ligand-exchange reaction 

between TMA and the aluminum fluoride layer during Al2O3 ALE is removing Al2O3 at a rate 

that is proportional to the aluminum fluoride thickness.  

Figure 3-6 shows the Al2O3 etch rate versus the fluoride layer thickness for reactant 

pressures between 0 - 8.0 Torr.  The reactant pressures correspond to both the HF and TMA 

pressures during Al2O3 ALE.  Higher reactant pressures increase both the fluoride layer thickness 

and the Al2O3 etch rate.  The linear relationship between the etch rate and fluoride layer again 

indicates that the etch rate is proportional to the thickness of the fluoride layer.  

 

Figure 3-6: Correlation of etch rate for Al2O3 ALE and fluoride thickness assuming a 

composition of Al2OF4 for various reactant pressures. 
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3.4.3 FTIR Spectroscopy Measurements of Al2O3 Fluorination  

FTIR spectroscopy was also used to monitor the fluorination of Al2O3.  These 

fluorination experiments could be performed in situ without atmospheric exposures after the 

fluorination.  Figure 3-7 shows the original Al2O3 ALD film and the same Al2O3 ALD film after 

subsequent consecutive HF exposures at 0.5 Torr under static conditions with the gate valve 

closed to the pump.  The HF pressure was held for 15 seconds before purging the reactor.  

Results are displayed after 2, 4, 6, 8 and 10 HF exposures. 

The absorbance peak at 850 cm-1 corresponds with the Al-O stretching vibration in 

Al2O3.
82  The absorbance peak at 700 cm-1 corresponds to the Al-F stretching vibration in AlF3 

or AlFxOy.
58  The absorbance progressively converts between Al-O stretching vibrations to Al-F 

stretching vibrations versus the consecutive HF exposures.  The absorbance for the Al-O 

stretching vibration is reduced and the absorbance for the Al-F stretching vibrations is increased 

versus HF exposures.  These results are consistent with the conversion of Al2O3 to AlF3 or 

AlOxFy by the reactions Al2O3 + 6HF → 2AlF3 + 3H2O or Al2O3 + zHF → 2AlO(6-z)/4Fz/2 + 

(z/2)H2O.   

An apparent isosbestic point exists in Figure 3-7 between the absorbance peaks for the 

Al-O and Al-F stretching vibrations.  The isosbestic point occurs at 779 cm-1.  This isosbestic 

point argues for direct conversion of the aluminum oxide to aluminum fluoride.  The Al-O and 

Al-F vibrations act nearly separately and independently of each other as the Al2O3 film is 

progressively fluorinated.   

Figure 3-8 shows the difference spectra versus sequential HF exposures at 0.5 Torr and 

300°C for 15 s. The results are shown after 1, 2, 4, 6, 8 and 10 HF exposures.  These difference 
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spectra are all referenced to the initial Al2O3 ALD film on the silicon particles.  The absorbance 

loss for the Al-O stretching vibration is centered at 850 cm-1 and the absorbance gain for the Al-

F stretching vibration is centered at 700 cm-1.  The isosbestic point between the gain and loss of 

the absorbance peaks again occurs at 779 cm-1. 

 

Figure 3-7: Integrated absorbance change for the Al-F stretching vibration versus HF 

exposure in units of Torr s during the fluorination of Al2O3 by HF at 300°C.  The HF pressure 

was varied from 0.5 Torr to 8.0 Torr. 

 

Difference spectra facilitate the determination of the integrated absorbance change of the 

Al-O and Al-F stretching vibrations versus HF exposure. Figure 3-9 shows the integrated 

absorbance change of the Al-O and Al-F stretching vibrations.  The integrated absorbance 

changes were defined from the difference spectra displayed in Figure 8.  Integration was 
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performed from the isosbestic point to 1100 cm-1 for the Al-O stretching vibration and from 500 

to the isosbestic point for the Al-F stretching vibration.  There is a correlation between the loss of 

absorbance for the Al-O stretching vibration and gain of absorbance for the Al-F stretching 

vibrations with HF exposure.  Similar behavior was observed in Figure 3 when monitoring the 

XPS O 1s and F 1s peaks.   

The conversion of aluminum oxide to aluminum fluoride is also dependent on the HF 

pressure.  Figure 3-10 shows the initial spectrum for Al2O3 obtained after 15 cycles of Al2O3 

ALD at 155°C referenced to the Si particles.  The spectra are also shown for the Al2O3 ALD film 

after static HF exposures at 0.5 and 4.0 Torr, respectively.  The spectra were recorded after 6 HF 

exposures for 15 s at both pressures at 300°C.  After the 6 HF exposures, the spectra have nearly 

reached saturation levels where the absorbance changes become negligible with subsequent HF 

exposures.  The results in Figure 3-10 indicate that the HF pressure increases the saturation level 

for the fluorination of Al2O3. 
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Figure 3-8: Difference spectra showing the absorbance of the Al-O and Al-F stretching 

vibrations during the fluorination of Al2O3 by HF at 300°C.  The successive HF exposures from 

1 to 20 HF exposures were defined by HF pressures of 4.0 Torr for 15 s. 

 

Figure 3-11 shows the difference spectra versus sequential HF exposures for 15 s at 4 

Torr and 300°C.  The results are shown after 1, 2, 5, 10 and 20 HF exposures.  The absorbance 

loss for the Al-O stretching vibration is centered at 940 cm-1 and the absorbance gain for the Al-

F stretching vibration is peaked at 760 cm-1.  The absorbance changes at 4 Torr in Figure 3-11 

are larger than the absorbance changes at 0.5 Torr in Figure 8.  In addition, the frequency of the 

absorbance loss and gain are shifted to higher frequencies at HF pressures of 4 Torr.   

The higher frequencies for the absorbance loss and gain at HF pressures of 4 Torr may be 

related to the vibrations lost and gained versus HF pressure.  At low HF pressures of 0.5 Torr, 

the fluoride thickness is ~2.5 Å according to Figure 5 and fluorination is more confined to the 

Al2O3 surface region.  At higher HF pressures of 4 Torr, the fluoride thickness is ~5.2 Å 
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according to Figure 5 and the fluorination occurs deeper into the Al2O3 bulk.  Al-O bonds in the 

surface region that are lost during fluorination may have lower frequencies than the Al-O bonds 

located further into the Al2O3 bulk.  Likewise, the Al-F bonds formed in the surface region may 

have lower frequencies than the Al-F bonds that are formed deeper into the Al2O3 bulk.  As a 

result of these frequency shifts with HF pressure, the isosbestic points were also dependent on 

HF pressure.  The isosbestic points were 779, 836, 840, and 842 cm-1 for HF pressures of 0.5, 

1.0, 4.0 and 8.0 Torr respectively.  

 

Figure 3-9: Integrated absorbance change for the Al-F stretching vibration during the 

fluorination of Al2O3 by HF at 300°C.  The HF pressure was varied from 0.5 Torr to 8.0 Torr.  

Each HF exposure was performed for 15 s. 

 

Figure 3-12 shows the integrated absorbance change of the Al-F stretching vibration as a 

function of HF exposures for HF pressures of 0.5, 1.0, 4.0 and 8.0 Torr.  This integrated 

absorbance change was defined from 500 cm-1 to the isosbestic point for the difference spectra at 
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various HF pressures.  The integrated absorbance change initially increases rapidly for the first 

several HF exposures.  The integrated absorbance change then begins to level off after multiple 

HF exposures.  The saturation levels are dependent on the HF pressure.  Higher HF pressures 

produce larger integrated absorbance changes for the Al-F stretching vibrations.  

Figure 3-13 shows the integrated absorbance change for the Al-F stretching vibration as a 

function of HF exposure in units of Torr s.  These results illustrate that HF exposure defines the 

initial integrated absorbance change independent of the actual HF pressure.  This regime is 

associated with the fluorination of the Al2O3 surface.  At an integrated absorbance change >10 

cm-1, the integrated absorbance change is somewhat dependent on the HF pressure.  HF 

exposures obtained using higher HF pressures have slightly higher integrated absorbance 

changes. 

 

Figure 3-10: Absorbance for the Al-O and Al-F stretching vibrations during the 

fluorination of Al2O3 by HF at 300°C.  The HF exposures were defined by HF pressures of 0.5 

Torr and then 4.0 Torr for 15 s. 
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Figure 3-11: Difference spectra showing the absorbance of the Al-O and Al-F stretching 

vibrations during the fluorination of Al2O3 by HF at 300°C.  The successive HF exposures from 

1 to 20 HF exposures were defined by HF pressures of 4.0 Torr for 15 s. 

 

3.4.4 Mechanism for Fluorination of Al2O3 

The results in Figure 3-12 and Figure 3-13 suggest a mechanism for Al2O3 fluorination 

based on rapid fluorination of the Al2O3 surface and then slower fluorination of the near surface 

region.  The Al2O3 surface is fluorinated based on site availability consistent with Langmuir 

adsorption.  The rate of surface fluorination is expected to follow Langmuir adsorption kinetics 

given by dθ/dt = b(1-θs) where b is a rate constant that is proportional to HF pressure and θs is 

the saturated fluorine coverage.  Integration of this rate equation predicts that θ(t) = θs [1- exp(-

bt)].   
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In comparison, fluorination of the near surface region is expected to produce a fluoride 

thickness, x, that grows according to dx/dt = k/x.  k is a constant that is dependent on the HF 

pressure, k = k0P.  The inverse dependence of dx/dt on x is consistent with a fluoride thickness 

that acts as a diffusion barrier for subsequent fluorination.  Integration of this rate equation yields 

x(t)2 = 2kt.  This equation is known as the parabolic law.83 

Mathematically combining the surface and near surface fluorination rates into one 

composite expression is difficult.  An approximation that allows for derivation of a composite 

solution assumes that the surface fluorination rate can be treated as dx/dt = ck/x (exp(-t/λ)) where 

c is a constant and λ is inversely proportional to the HF pressure, τ= τ0/P.  Integration of this rate 

equation yields x(t)2 = ckτ[1-exp(-t/λ)].  This integrated rate equation is similar in form to the 

integration of the Langmuir adsorption rate expression.  However, the square of the fluoride 

thickness is present instead of the linear fluorine coverage. 

Treating the surface fluorination as dx/dt = ck/x (exp(-t/λ)) leads to a composite 

expression for the surface and near surface fluorination rates: 

𝑑𝑥

𝑑𝑡
 =

𝑘

𝑥
[1 + 𝑐𝑒−𝑡/𝜏] 

After rearrangement, the integrals can be written as: 

∫
0

𝑥
𝑥′𝑑𝑥′ = 𝑘∫

0

𝑡
(1 − 𝑐𝑒−

𝑡′

𝜏 )𝑑𝑡′ 

Solving these integrals then leads to the expression for the fluoride thickness, x: 

𝑥(𝑡)2 = 2𝑘𝑡 + 𝑀(1 − 𝑒−𝑡/𝜏0) 

where M=2kcτ.  The pressure dependence for x(t)2 given by Equation 7 can then be 

highlighted by substituting for k = k0P and τ = τ0/P.  These substitutions yield: 
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𝑥(𝑡)2 = (𝑃𝑘0)𝑡 + 𝑀(1 − 𝑒−𝑃𝑡/𝜏0) 

Assuming that the Al-F integrated absorbance change measures the Al2O3 fluorination, 

Equation 8 can be used to fit the experimental results.  Figure 3-14 shows the fits for x(t)2 in 

Equation 8 to the square of the Al-F integrated absorbance change for HF pressures of 0.5, 1.0, 

4.0 and 8.0 Torr.  These fits used constant values of k0= 0.2 (cm-1)2/(Torr s), M=340 (cm-1)2 and 

τ0=144(Torr s) for all the HF pressures.  k0 and M have units of (cm-1)2 because x(t)2 in Equation 

8 was fit to the Al-F integrated absorbance change in units of (cm-1)2.   

 

Figure 3-12: Integrated absorbance change for the Al-F stretching vibration during the 

fluorination of Al2O3 by HF at 300°C.  The HF pressure was varied from 0.5 Torr to 8.0 Torr.  

Each HF exposure was performed for 15 s. 
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Figure 3-13: Integrated absorbance change for the Al-F stretching vibration versus HF 

exposure in units of Torr s during the fluorination of Al2O3 by HF at 300°C.  The HF pressure 

was varied from 0.5 Torr to 8.0 Torr. 

 

 

Figure 3-14: Comparison of x(t)2 given by Equation 8 for the square of the fluoride 

thickness versus time for different HF pressures to the square of the Al-F integrated absorbance 

change versus HF exposure time at different HF pressures. 
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The x(t)2 fits are in approximate agreement with the experimental data for the square of 

the Al-F integrated absorbance change for the various HF pressures.  Equation 8 is close to 

capturing the pressure dependence in the surface and near surface fluorination rates of Al2O3.  

The initial fluorination of the Al2O3 surface is faster at the higher HF pressures.  In addition, the 

magnitude of fluorination of the Al2O3 near surface region is also dependent on the HF pressure 

and displays the linear increase expected from the parabolic law.   

This mechanism for the fluorination of Al2O3 is like the mechanism for silicon 

oxidation.75, 84  For both systems, there are rapid surface kinetics followed by slower parabolic 

law kinetics for the near surface region.  The surface kinetics can be understood in terms of 

surface site availability.  The kinetics for the near surface region can be described according to 

transport through a growing diffusion barrier on the surface.  Higher pressures provide a larger 

coverage gradient for transport through the surface diffusion barrier. 

3.5 Conclusions 

Thermal Al2O3 ALE can be achieved using a fluorination and ligand-exchange 

mechanism with HF and TMA as the reactants.  This study explored the effect of HF pressure on 

the Al2O3 etching rate and Al2O3 fluorination.  Using ex situ SE measurements, the Al2O3 etch 

rates at different temperatures were observed to increase with HF pressures and then level out at 

higher HF pressures.  At 300 °C, Al2O3 etch rates of 0.6, 1.6, 2.0, 2.4 and 2.5 Å/cycle were 

measured for HF pressures of 0.17, 0.5, 1.0, 5.0 and 8.0 Torr, respectively.  Assuming an Al2OF4 

layer on the Al2O3 surface, the estimated fluoride thicknesses on Al2O3 also increased with HF 

pressures and reached saturation values at higher HF pressures.  Fluoride thicknesses on Al2O3 of 
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2.0, 3.5, 5.2 and 5.5 Å were obtained for HF pressures of 0.15, 1.0, 4.0 and 8.0 Torr, 

respectively, at 300°C.  There was a very good correlation between the Al2O3 etch rates and the 

fluoride layer thicknesses versus HF pressure. 

The time dependence and magnitude of the Al2O3 fluorination was also analyzed using in 

situ FTIR vibrational studies by monitoring the infrared absorbance from the Al-O and Al-F 

stretching vibrations.  The time dependence of the Al2O3 fluorination was understood by a 

mechanism involving the rapid fluorination of the Al2O3 surface at initial HF exposures and 

slower fluorination into the Al2O3 near surface region that begins to level off at longer HF 

exposures times.  The pressure dependence of the Al2O3 fluorination was explained by facile 

adsorption on the initial available sites on the Al2O3 surface.  This rapid fluorination is followed 

by slower diffusion into the near surface region of Al2O3 where the fluoride layer serves as a 

diffusion barrier to subsequent fluorination.   

The fluoride layer acts as a diffusion barrier and yields parabolic law behavior.  The 

higher HF pressures provide a higher coverage gradient for transport through the diffusion 

barrier and yield larger fluoride thicknesses for equal fluorination times.  A kinetic model was 

developed that combined the rates of surface and near surface fluorination.  The integration of 

the combined kinetic rate law yielded a solution for the fluoride thickness versus time as a 

function of HF pressure.  This solution for the square of the fluoride thickness was in good 

agreement with the experimental results for the square of the Al-F integrated absorbance change 

for the various HF pressures. 
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Chapter 4Atomic Layer Etching of Aluminum 

Nitride with HF or XeF2 and BCl3 

Austin Cano, Ann-Lii-Rosales, Steven M. George 

Department of Chemistry, University of Colorado at Boulder, Colorado 80309, USA 

4.1 Abstract 

Thermal atomic layer etching (ALE) of amorphous and crystalline aluminum nitride is 

reported using hydrogen fluoride (HF) or xenon difluoride (XeF2) as a fluorination source and 

boron trichloride (BCl3) as a ligand exchange reagent. HF was used when etching atomic layer 

deposited (ALD) grown aluminum nitride and XeF2 was needed when etching crystalline 

aluminum nitride. Infrared spectroscopy was utilized to study the growth of aluminum nitride 

with tris(dimethylamido)aluminum and ammonia. FTIR was then used to understand the etching 

system with HF and BCl3. FTIR showed linear etching at temperatures at or greater than 250ºC 

with a mechanism which closely resembled ligand-exchange reactions. In-situ spectroscopic 

ellipsometry (SE) was used to investigate the etching of crystalline aluminum nitride. HF and 

BCl3 was not able to etch aluminum nitride at available temperatures, therefore a stronger 

fluorination source of XeF2 was used. Crystalline aluminum nitride was etched with XeF2 and 

static exposures of BCl3 with an etching rate varying from growth at 212ºC and 0.62 Å/cycle at 

298ºC. X-ray photoelectron spectroscopy (XPS) showed aluminum fluoride being created during 

the XeF2 exposure and removed after the BCl3 exposure. A water exposure was utilized to 

remove surface contaminants after etching. Atomic force microscopy (AFM) showed the 
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aluminum nitride surface slightly smoothened after etching with XeF2 and BCl3 and slightly 

roughened after ending the etching experiments after a water exposure. 

4.2 Introduction 

Atomic layer etching (ALE) is a technique used to remove sub-nanometer amounts of 

material. This is done by using sequential exposures of reactants which produce a self-limiting 

etching cycle.10, 85 ALE has been done by utilizing plasma technology as well as heat. Plasma 

etching uses energetic ions, radicals, and electrons to drive chemical reactions towards volatile 

etch species, is typically anisotropic and can be done at low temperatures. Thermal ALE uses 

heat and to drive chemical reactions, is isotropic and typically needs temperatures above 200ºC 

although etching systems exist at lower temperatures as well.22, 28, 57, 59, 86  

There have been a variety of materials where thermal ALE has been studied. First reports 

of ligand-exchange reactions had taken place on Al2O3 etching systems.22, 87-88 Ligand exchange 

was also reported as the mechanism for HfO2, ZrO2 and aluminum nitride etching.28, 63, 89. 

Although the dominant reaction mechanism in thermal ALE has been an initial modification of 

the surface by fluorination followed by ligand-exchange reactions, there have been other 

mechanisms that play a role in thermal ALE. One such mechanism involved a conversion of the 

surface oxide into another oxide which was able to be etched. This was the case with ZnO and 

SiO2 systems.16-17 There were also systems where the etching only took place when the surface 

was first oxidized and then was etched by an oxide etching system that had been studied 

previously such was the case with W, Si and SiN systems.18-19, 61  

The first step in thermal ALE involves a surface modification of the substrate. In thermal 

ALE this is often a fluorination of the substrate.85 This reaction also releases some volatile 

product as well such as H2O or possibly NH3 for oxides and nitrides respectively.  The 
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modification step is followed by a removal of the modified surface to form volatile etch 

products. The modified layer is then removed by undergoing some chemical reaction to form 

volatile etch products. This is often done by ligand exchange reactions. The ligand-exchange 

reaction in thermal ALE is the process of donation of a ligand with the acceptance of a new 

ligand from the surface. Due to each reaction being self-limiting it is possible to control the 

thickness of etched material precisely.  

Aluminum nitride is a dielectric material with great thermal properties. The thermal 

conductivity of aluminum nitride is high, and the thermal expansion is close to that of silicon 

which makes aluminum nitride a great choice for high power applications in integrated circuits. 

One of which is high electron mobility transistors (HEMT) where aluminum nitride is used as a 

good seed layer for growth of other III-V materials (mainly GaN) as well as a good diffusion 

barrier which is important during high temperature processes.90 Aluminum nitrides fantastic 

thermal properties can enhance thermal management in next generation gallium nitride HEMT’s. 

Etching of aluminum nitride has been studied before with applications in micro 

electromechanical resonators where thickness of aluminum nitride can be tuned for different 

applications in micro or nano devices.91  

The etching of aluminum nitride is reported here. Atomic layer deposition of aluminum 

nitride is first done by alternating exposures of tris(dimethylamido)aluminum and ammonia. This 

film is then etched successfully with HF and BCl3. The reaction pathway shows signs of 

fluorination and ligand exchange. The etching of single crystal aluminum nitride is then studied. 

There is no observable etching with HF and BCl3. This led to explore stronger fluorination 

sources with XeF2. When XeF2 is flown in viscous flow and BCl3 in static flow there was etching 

seen at temperatures as low as 212ºC. X-ray photoelectron spectroscopy showed evidence of 
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fluorination during the XeF2 exposure and removal of the fluoride on the BCl3 exposure. The 

volatile products were determined to be AlCl3 and BFxCly via mass spectrometry when flowing 

BCl3 over AlF3 powder.  

4.3 Experimental Methods 

FTIR experiments were carried out in a hot-walled, viscous flow reactor. A full 

explanation of this reactor can be found in previous work.92 The reactor tube is heated by a 

custom Watlow heater. The heater was controlled by a custom PID controller. Silicon powder 

(US-Nano Research Materials) was pressed into a 3cm by 1.5cm tungsten grid with grid spacings 

of 50 µm with 100 gridlines per inch. The grid spacing was chosen to allow particles to fit into 

the grid without falling out. The silicon particles have an average diameter of 30-50nm. A small 

diameter nano-powder is needed to achieve the maximum signal to noise of thin films deposited 

on them. The grid was resistively heated by a Hewlett-Packard 626B power supply. with a 

supplied current of ~20 amps for s substrate temperature of 400℃. The substrate temperature 

was monitored by a type-k thermocouple which adheres to the grid with a nonconductive epoxy 

(Cermabond, Aremco 571).  

Aluminum nitride deposition in the in-situ FTIR reactor was done with 

tris(dimethylamido)aluminum (TDMAA) obtained from Strem Chemicals. TDMAA was needed 

to be heated to get any appreciable amount of vapor. TDMAA was heated to 85℃-100℃ and 

had a headspace flow of ~20-50 sccm to entrain as much TDMAA precursor as possible. 

Ammonia was used as the co-reagent in the aluminum nitride deposition and was purchased from 

Airgas (99%). To obtain the highest purity of ammonia, a purifying unit from Matheson was 

used to remove as much water from the line as possible. BCl3 and HF-pyridine and XeF2 were all 

used in the etching of aluminum nitride. Boron trichloride cylinder was purchased from Synquest 
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Chemicals (BCl3, 99%). HF derived from HF-pyridine (70% HF, 30% pyridine) was purchased 

from Millipore-Sigma and was loaded into a bored out gold-plated bubbler to minimize 

corrosion on the stainless-steel container. Xenon difluoride was obtained from Strem Chemicals 

with a purity of 99.5% XeF2.  A carrier gas of UHP N2 was used and FTIR experiments which 

had a flow of 50 sccm for a transient N2 pressure of 1.0 Torr.  

FTIR spectrum was obtained with a Nicolet 6700 or an iS50R Thermofisher 

spectrometer. The light was generated and split using a KBr beam splitter and then was 

redirected into a viscous flow tube where the light passed through the silicon powder sample. 

The light then was directed to outside the reactor to an MCT-B detector. Vacuum was 

maintained by two KBr windows which are separated from the etching and deposition chemistry 

by gate valves and only opened while obtaining a spectrum. Final spectra were averaged for 100 

scans with a resolution of 4 cm-1 and data spacing of 0.482 cm-1. Backgrounds were collected 

before each experiment was conducted.   

In-situ ellipsometry experiments were done in a home built in-situ chemical reactor 

reported on previously.61 The reactor is a warm walled with a resistive heater which elevates the 

sample temperature above that of its surroundings with a sample temperature limit of ~370⁰C. 

The polarized light hits the sample at a 70 angle from normal and is fixed at this angle. A 

spectroscopic ellipsometer (M-2000, J. A. Woollam) was used for all ellipsometry experiments. 

Wavelengths from 240nm to 1700nm were used in the fitting of the film optical properties. The 

Ψ and Δ parameters were analyzed with the CompleteEASE software package (J. A. Woollam).  

Single crystal aluminum nitride wafers were purchased from Kyma Technologies. The thickness 

of the aluminum nitride ranged from 300nm to 400nm. To fit the wafer with ellipsometry 

models, an ordinary sapphire model was used to model the sapphire substrate. The aluminum 
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nitride layer was fit using an extended Cauchy model with an Urbach coefficients. This gave 

index of refraction which was close to 2.5. This is higher than previously reported for aluminum 

nitride index of refraction regardless of chosen model.63, 93-94 A surface roughness model was 

also applied. The surface roughness has some correlation to top layer formation (such as a native 

oxide). Mean square errors (MSE) were consistently below 10.  

Static exposures in the in-situ ellipsometry reactor were done by the following procedure. 

First the valve connecting the nitrogen carrier gas to the reactor body was closed and the gas of 

the chamber was allowed to be pumped out fully. Then the valve to the vacuum pump was closed 

after which the BCl3 was flowed into the reactor body. Once a pressure setpoint was hit the valve 

to the precursor was closed and the BCl3 was allowed to react within the reactor body for a 

period (the exposure time). Once the dosing time was reached the valve to the pump was opened 

and finally the valve to the nitrogen carrier gas was opened. A carrier gas of UHP N2 was used 

and SE experiments which had a flow of 200 sccm for a transient N2 pressure of 2.0 Torr. 

Quadrupole mass spectrometry was done in a new reactor described previously. The 

volatile etch products were observed using quadrupole mass spectrometer (Extrel, MAX-QMS 

Flanged Mounted System. An electron ionization energy of 70 eV was used for these 

experiments. To minimize exposures to corrosive gaseous species the ionizer and analyzer were 

positioned perpendicular to the incoming molecular beam. AlF3 powder was purchased from US-

Nano Research Materials (99.5%). 

X-ray photoelectron spectroscopy (XPS) (PHI 5600, RBD Instruments) measured the 

film composition.  A monochromatic Al Kα x-ray source (1486.6 eV) was used to collect survey 

scans with a pass energy of 93.9 eV and step size of 0.400 eV.  Casa XPS software (Casa XPS, 

Casa Software) determined the surface concentrations using the peak areas for the C 1s, O 1s, Al 
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2p N 1s F 1s and B 2p XPS signals and the corresponding sensitivity factors.  All peaks were 

calibrated to the adventitious carbon C 1s peak centered at 284.8 eV.  

 

Figure 4-1: FTIR spectra after 40, 80, 120, and 160 ALD cycles of TDMAA and NH3 

shown from 400 to 1400 cm-1 

 

4.4 Discussion and Results 

Aluminum nitride ALD was monitored in-situ with the FTIR apparatus.  Figure 4-1 

shows the growth of aluminum nitride after every 40 cycles for 120 TDMAA and NH3 cycles at 

400⁰C. After 40 cycles of TDMAA and NH3 there is a clear increase of absorbance at 645 cm-1. 

This peak is consistent with the Al-N stretching vibrational band.36-37, 95 After 40 ALD cycles 

there are other peaks which arise as well. The Al-N vibrational band has a shoulder at 850 cm-1 

which is consistent with the LO Al-O stretching vibration.96-97 This is due to the interface with 
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the native oxide of silicon. During initial cycles of aluminum nitride, the Al-O peak grows but 

later cycles show no continued increase of the Al-O band. There is a peak at 1150 cm-1 which is 

assigned to Si-O vibrational mode likely from small H2O contamination in the initial cycles of 

NH3. No shown are small peaks at 3200 cm-1, and 2110 cm-1. The peak at 3200 cm-1
 is due to 

small amounts of N-H during deposition. There is another small peak centered at 2110 cm-1 is 

representative of the AlN-N vibrational mode.36 During the last 40 cycles of aluminum nitride 

deposition there was no detectable increases in Al-O vibrational band. The FWHM of the Al-N 

peak was 315 cm-1. This broadness could be due to an amorphous aluminum nitride film or 

polycrystalline film. 

To monitor the etching behavior of this aluminum nitride film infrared spectra were taken 

after each half-cycle during sequential exposures of HF and BCl3. Figure 4-2 shows the etching 

of aluminum nitride after various cycles of HF and BCl3 at 350C. The peak of the absorbance 

loss was centered at 655 cm-1, very close to the absorbance gain during Al-N growth at 645 cm-1. 

This small change is most likely due to a small amount of aluminum fluoride increase at a 

frequency lower than that of Al-N. This would slightly shift the loss of Al-N to a higher-than-

expected frequency. This Al-F peak at 500-700 cm-1 is not distinguishable due to the Al-N 

adsorption centered at 645 cm-1. There was a linear decrease in the absorption of aluminum 

nitride vibrational mode as a function of HF and BCl3 cycles. There is a slight decrease in the 

etch rate towards the end of the 27 cycles due to decreased amounts of aluminum nitride on the 

silicon powder. There is also a small increase in absorbance around 1240 cm-1 which could be 

some B-N formation during initial BCl3 exposures. 
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Figure 4-2: FTIR spectra every third cycle to 27 cycles of ALE with HF and BCl3 at 

350ºC between 400-1800 cm-1 

 

Figure 4-3: FTIR difference spectra after the HF exposure (red) and the BCl3 exposure 

(blue) at 350ºC 
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FTIR is a useful tool for understanding surface changes between half-cycles. Difference 

spectra are created by referencing a previous spectrum to isolate the change in between spectra. 

Figure 4-3 displays the FTIR difference spectra during the 10th cycle of aluminum nitride etching 

at 350C referencing the previous BCl3 or previous HF exposures for the HF (red) and 

BCl3(blue) exposures respectively. The HF exposure is complicated by the overlap of the Al-N 

and Al-F vibrational features.36, 41, 87 During the HF exposure, there is a small decrease in B-N 

vibrational band. The Al-F and Al-N features are difficult to make conclusions about due to large 

peak overlap. One feature of note is the B-N vibrational band from 1200 cm-1 to 1450 cm-1. This 

increases during the BCl3 exposure but is removed ruing the HF exposure. BCl3 can undergo 

different mechanisms in thermal ALE. BCl3 can undergo conversion reactions where one metal 

oxide or nitride is converted to another metal oxide or nitride.15, 61, 98 Here it seems that there 

may be small amounts of conversion happening on the BCl3 exposure creating BN which is 

removed by the subsequent HF exposure. Figure 4-3 also shows the large decrease in absorbance 

at 650 cm-1. This is likely the removal of aluminum fluoride created in the HF exposure. This 

fluoride is difficult to interpret due to the overlap in Al-N and Al-F vibrational modes.  
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Figure 4-4: Temperature dependence of HF and BCl3 etching of ALD grown aluminum 

nitride showing the change in the integrated absorbance at 200⁰C, 250⁰C, 300⁰C, and 350⁰C from 

400-1000 cm-1. 

 

To try to further understand the etching characteristics of the ALD grown aluminum 

nitride the temperature dependence was investigated. Figure 4-4 shows the change in the 

integrated absorbance per cycle from 400-1000 cm-1. This etching was done at 200⁰C, 250⁰C, 

300⁰C and 350⁰C. The etching rate increased as a function of increasing temperature. At 200⁰C 

there was no clear etching seen but by 250⁰C there was clear losses in the Al-N vibrational band. 

The Al-N vibrational loss rate increased at 300⁰C and 350⁰C. This increase in the etching rate is 

most likely due to increased fluorination and thus there is more AlF3 to volatilize in the BCl3 

exposure. The initial onset of etching at temperatures above 200⁰C is likely due to the 

temperature dependence of the ligand-exchange reaction. This idea is explored more in Figure 

4-13. 
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Figure 4-5: XRD pattern of the single crystal AlN on sapphire substrate 

 

When ALE is employed commercially, it is usually done on high quality substrates. To 

fully understand the ALE of aluminum nitride, the etching of crystalline aluminum nitride was 

also looked at. Figure 4-5 shows the XRD pattern of the single crystal aluminum nitride used in 

these experiments. Aluminum nitride was mostly in the (002) phase with small amounts of (101). 

The crystalline sapphire substrate was also seen in the XRD pattern due to the aluminum nitride 

thickness being 300 nm although this changed from sample to sample. Crystalline materials are 

likely to be harder to fluorinate than their amorphous or polycrystalline counterparts.99-100  
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Figure 4-6: Ellipsometry measurements of HF and BCl3 on aluminum nitride at 298ºC 

using a) viscous exposures of BCl3 and b) static exposures of BCl3 with a setpoint of 2.5 Torr 

and an exposure time of 20 seconds 

 

To investigate crystalline aluminum nitride samples, in-situ spectroscopic ellipsometry 

was employed. This in-situ ellipsometry tool has different thermal limitations than in-situ 

infrared spectroscopic. A maximum temperature of 300⁰C possible was used. Etching was first 

attempted with alternating exposures of HF and BCl3 shown in Figure 4-6a at 298⁰C. Figure 4-6 

shows the thickness after each half-cycle during 30 cycles of HF and BCl3 with the BCl3 

exposure done in viscous flow (a) and in static flow (b) where the BCl3 setpoint was 2.5 Torr and 

the static dose time was 20 seconds. In Figure 4-6b After 30 cycles of HF and BCl3 done in 

viscous flow there was a small thickness increase. This is good evidence that no etching occurs 

on the crystalline aluminum nitride. This was also true of temperatures below this temperature. 



 

76 

This contrasts with etching seen at 300⁰C during HF and BCl3 etching of ALD grown aluminum 

nitride in Figure 4-4. While trying static exposures of BCl3 there was no evidence of etching 

either. While there were small thickness changes during each half-cycle, only an extremely small 

etch rate of 0.02 Å/cycle was observed during static flow. It can be difficult to postulate on the 

etching rate of a material using infrared spectroscopy like in Figure 4-2, but it seems likely the 

etching rate for the ALD grown aluminum nitride is very different than with the single crystal 

aluminum nitride. This lack of etching was determined to be due to the HF not being able to 

fluorinate the crystalline aluminum nitride well. To fluorinate aluminum nitride xenon difluoride 

(XeF2) was explored as a stronger fluorination source. 

The etching of aluminum nitride with XeF2 and BCl3 was conducted at 255C. The 

dosing sequence was first the XeF2 was pulsed into the reactor for one second then purged for 40 

seconds before taking an SE measurement. F or the BCl3 exposure, BCl3 was pulsed into the 

chamber until the partial pressure of BCl3 reached a desired setpoint, normally 2 Torr, and was 

held in the chamber statically for a desired time, usually 20 seconds before being pumped out 

and purged with N2 for 60 seconds before a SE scan. To investigate whether aluminum nitride 

will etch with XeF2 and BCl3, spectroscopic ellipsometry was used to measure any changes in 

thickness of the aluminum nitride film. 
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Figure 4-7: SE measurements of the ALE of AlN over 300 XeF2 and BCl3 cycles at 

255ºC during a) viscous flow of XeF2 and BCl3 and then b) in viscous flow of XeF2 and static 

flow of BCl3 

 

Figure 4-7 shows ellipsometry results of aluminum nitride etching at 255⁰C. In Figure 

4-7a there are visous exposures of XeF2 and BCl3. There was no etching seen over 50 cycles at 

298⁰C. There is good evidence that XeF2 should be able to fluorinate aluminum nitride. This lack 

of etching was likely due to BCl3 not being able to remove the created fluoride. Figure 4-7b 

shows the etching of aluminum nitride when BCl3 is statically exposed to the surface. The 

aluminum nitride thickness decreases linearly as a function of XeF2 and BCl3 over 300 cycles 

with an etch rate of was 0.62 Å/cycle. There is an optical thickness decrease during the XeF2 

exposure with an average thickness decrease of 0.32 Å. This is likely due to the fluorination 

reaction of XeF2 with the aluminum nitride but also a loss of chlorine from the surface. This 

might result in a negative optical thickness change. The fluorination reaction will be discussed 
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more in Figure 4-8. The fluorination of aluminum nitride would have a volume expansion. There 

is a thickness decrease during the BCl3 exposure with an average decrease of 0.33Å. This is 

likely due to the removal of the fluoride created during the previous XeF2 exposure.  

 

Figure 4-8: AlN thickness measurements measured by ellipsometry at 298ºC showing 6 

XeF2 exposures followed by 23 viscous BCl3 exposures 

 

Figure 4-8 shows the fluorination reaction for six exposures of XeF2 on aluminum nitride. 

This is followed by 23 exposures of BCl3. The fluoride that is created in the XeF2 exposure is 

quickly removed by the first few BCl3 exposures. After this sequence there is a net thickness loss 

of 1.3 Å. This thickness loss can be controlled by the XeF2 exposure as well as the BCl3 

exposure. The reaction is not self-limiting as seen by continual thickness increase over six XeF2 

exposures. The average thickness increase per XeF2 exposure was 1.6 Å. The continual thickness 

increase means the XeF2 fluorination reaction with aluminum nitride is not fully self-limiting. To 
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get constant fluoridation reactions only a one second XeF2 exposure is used. This will partially 

fluorinate the surface and keeps the fluorination constant at each temperature. It is expected with 

larger fluoride creation that there is a larger etch rate as the ligand-exchange reaction 

spontaneously etches the entirety of the fluoride.101 This is seen with the 1.3 Å single cycle etch 

rate, in comparison to 0.9 Å/cycle etch rate seen in Figure 4-9. What is also expected is a self-

limiting etching reaction with respect to the BCl3 exposures. With no aluminum fluoride to react 

with BCl3 does not etch, nor add to the surface.  

The temperature dependence of the etching reaction can also help understand the  etching 

pathway. Figure 4-9 shows the etching rate at 213⁰C, 230⁰C, 255⁰C, 263⁰C, 280⁰C, and 298⁰C. 

The process conditions were a 1 second exposure of XeF2 followed by a 20 second static BCl3 

exposure with a pressure setpoint of 2 Torr. At 213⁰C the etch rate was only 0.19 Å/cycle most 

likely due to the weak ligand exchange at that temperature. This is close to the temperature that 

was seen at which the onset of etching is believed to occur. This will be discussed more in Figure 

4-12. This is most likely due to the temperature dependence of the ligand-exchange reaction and 

the volatility of the likely product AlCl3. At temperatures 230⁰C to 298⁰C the etching rate 

increased slightly. This is most likely due to slightly increased rates of fluorination at 230⁰C than 

at 298⁰C. The etch rates were 0.56 Å/cycle, 0.58 Å/cycle, 0.68 Å/cycle, 0.73 Å/cycle, and 0.93 

Å/cycle at 230⁰C, 255⁰C, 263⁰C, 280⁰C, and 298⁰C respectively. It is likely the onset of etching 

would occur around 207⁰C based on fits of the etch rate near the onset temperature.  
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Figure 4-9: Etch rate changes as a function of the substrate temperature during ALE of 

AlN with XeF2 and BCl3 

 

Figure 4-10 shows the etch rate dependence on the total BCl3 exposure from 0 to 130 

Torr seconds. At 4 Torr seconds the etching rate was approximately 0.41 Å per XeF2/BCl3 cycle 

at 255⁰C. This etch rate nearly doubled to 0.81 Å per XeF2/BCl3 cycle when BCl3 was exposed to 

the aluminum nitride substrate for 125 Torr seconds. The long exposure dependence of the etch 

rate on the BCl3 exposure likely means the ligand-exchange reaction on the fluorinated 

crystalline aluminum nitride is kinetically slower than with the ALD grown aluminum nitride. 

There is an initial increase in the etch rate at lower BCl3 exposures but takes much more BCl3 to 

remove the rest of the aluminum fluoride created. This is likely due to a gradient of fluoride 

during the first few layers of aluminum nitride. The more fluorinated layer of aluminum nitride 

may undergo ligand-exchange reactions at a higher rate than sub fluorides of aluminum.  
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Figure 4-10: Etch rate changes as a function of the BCl3 exposure during ALE of AlN 

with XeF2 and BCl3 at 255ºC 

 

To investigate the fluoride on the surface ex-situ x-ray photoelectron spectroscopy (XPS) 

was used. The aluminum fluoride peak in XPS is centered somewhere from 76-77.5 eV41-42, 102. 

This is distinctly different when compared to the aluminum nitride peak centered at 73.6 eV or 

the aluminum oxide peak at 74.7 eV.42, 102-103 50 cycles of XeF2 and BCl3 were conducted where 

Figure 4-11a was where etching was finished on a XeF2 exposure and Figure 4-11b where 

etching was finished on a BCl3 exposure. In Figure 4-11a there is clear multiple peaks in the Al 

2p region. The peaks were constrained by their locations and the F.W.H.M that were expected 

for the peak. Two peaks were found at 73.6 eV and 74.7 eV. These are consistent with Al-N and 

Al-O binding energies. The Al-O peak is likely due to air that reacted with the sample during 

transfer from the etching chamber to the XPS analysis tool. Another peak was found at 77 eV 
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which was consistent with Al-F binding energies. This spectrum is consistent with a fluorinated 

aluminum nitride film. The peak located at 78.2 eV is most likely from small amounts of copper 

contamination on the sample as it is close to the Cu 3p XPS peak.104 Figure 4-11b shows the 

sample after ending the etching on a BCl3 exposure. There is only a single peak in this spectrum 

which is consistent with Al-N binding energies. This spectrum argues for only aluminum nitride 

remaining after BCl3 exposures. That means all the fluoride that was created, represented in a 

was removed by the BCl3 exposure. These spectra also argue for fluorination of the aluminum 

nitride followed by the removal of that fluoride by BCl3 via a ligand-exchange process. Peaks 

were held at a FWHM of 2.4 eV and a L/G ratio of 0.7. Other areas of the spectrum will be 

discussed later in this paper. 

 

Figure 4-11: X-ray photoelectron spectra of the Al 2p region after a) XeF2 exposure and 

b) after the BCl3 exposure 
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To help understand the ligand-exchange reaction mass spectrometry was done to look at 

the volatile etch products. Figure 4-12a is the mass spectrum recorded after BCl3 is flown 

through an AlF3 powder. Most of the gaseous species seen are the product of ligand-exchange 

reactions between AlF3 and BCl3. Single ligand-exchange where a BCl3 molecule exchanges a 

single chlorine with a single fluorine from the surface resulting BCl2F. Double and complete 

ligand-exchange is also seen with the products BClF2 and BF3 respectively. Along with the 

boron ligand-exchange product there is the aluminum-based volatile etch product in AlCl3. This 

was the predicted etch product given the melting point of AlCl3 is 192.4⁰C.105 Figure 4-12b 

shows the m/z range from 130 to 139 amu where the parent AlCl3
+ can be found. The spread of 

the BCl3 parent peak is due to the two abundant isotopes of boron (20% 10B, 80% 11B) and the 

two main isotopes of chlorine (76% 35Cl, 24% 37Cl). The red bars indicate what is expected from 

the isotopic signatures of Cl and Al. The peak at 132 amu is the peak with 100% relative 

abundance and the intensity of other lines are 97.2%, 31.5%, and 3.4% of the 132 amu peak for 

134 amu, 136 amu and 138 amu respectively. This is good evidence that the peak at 132 is 

definitively from AlCl3.    

Temperature dependence of the reaction of BCl3 with AlF3 was looked at as well. Figure 

4-13  shows the temperature dependence of the boron containing compounds (a) and the 

aluminum containing compounds (b). As the temperature is increased from room temperature 

there is little deviation from background until around 200⁰C at which point the reactant BCl3 

intensity starts to drop as well at the same time BCl2F and BClF2 begin to increase. This is the 

first indicator that the onset of ligand-exchange reactions has begun. Also, at 200⁰C the AlCl3
+ 

peak begins to rise. This temperature correlates well with the onset of etching seen in Figure 4-4 

as well as Figure 4-9, where there is noticeable etching seen only as the substrate temperature 
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increases above 200⁰C. As the vapor pressure of AlCl3 rises there becomes more AlCl3
+ that 

becomes volatile and the intensity of the AlCl3
+ and AlCl2

+ shown increase.  Interestingly, as the 

temperature approaches 330⁰C the amount of BCl3 that undergoes just one or two ligand 

exchanges decreases and the intensity of the full ligand exchange reaction increases. This likely 

means as temperature increases it becomes more thermodynamically favorable for BCl3 to 

ligand-exchange three times with AlF3. 

 

Figure 4-12: Mass spectrum of the BCl3 exposure on AlF3 powder a) from 40-140 amu 

and b) a close up on the region from 131 to 139 amu 
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Figure 4-13: Mass traces a) for boron containing species and b) aluminum containing 

species as a function of substrate temperature 

 

When studying the fluorination of aluminum nitride with ex-situ XPS, it became evident 

that there was some chlorine and fluorine contaminants which varied from 5-10 atomic percent 

for both fluorine and chlorine. To remove some of those surface contaminants, exposures of 

water were implemented into the cycle. Figure 4-14 shows the aluminum nitride thickness 

change as a function of XeF2/BCl3/H2O cycles. The procedure starts with a one second XeF2 

exposure followed by a 20 second BCl3 static exposure at 2.5 Torr. The cycle ends with a one 

second water pulse of ~80mTorr. At 255⁰C there is linear etching with an etching rate of 0.49 

Å/cycle. This is decreased from 0.62 Å/cycle without water as shown in Figure 4-7. 

 This was proposed to be the result of surface contamination with fluorine and chlorine 

starting to build up on the surface. In Figure 4-14 after a slight decrease in the MSE, the error 
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was completely consistent during 100 cycles of XeF2/BCl3/H2O. This was an indication of 

possible halogen removal from the surface.  

To further investigate the surface contamination during etching XPS was done after 50 

cycles of different etching processes. XPS was taken after 50 cycles of XeF2/BCl3, after 50 

cycles of XeF2/BCl3/H2O, and after 50 cycles of XeF2/BCl3 and ending with one five second 

water exposure. The atomic percentage of Al, N, O, F, and Cl are plotted in Figure 4-15 for the 

three different etching conditions along with a survey spectrum of the aluminum nitride wafer 

with no etching. The adventitious carbon was removed from the atomic percentage. The XeF2 

and BCl3 etching showed 10.5% chlorine and 6% fluorine on the surface after etching. When 

using H2O as the third reactant there was 11% chlorine and 4% fluorine on the surface. This 

showed that although the MSE was more controlled, there was no real effect on the halogenation 

of the surface. After 50 cycles of XeF2 and BCl3 but the etching was ended with a 5 second H2O 

pulse, the chlorine dropped to 0.6% and the fluorine dropped to 3.4%. This showed that water 

can be an effective remover of chlorine and fluorine on the surface but that there was no 

difference if the pulse was done after the etching was done or in the cycling process. In addition 

to the low fluorine and chlorine content, the oxygen remaining was lower than the survey and the 

ABC process at 13.4% oxygen on the surface.  
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Figure 4-14: SE measurements showing the ALE of AlN using XeF2, BCl3 and H2O 

exposures 

 

Figure 4-15: Atomic percentage of various elements measured by XPS after ALE of AlN 

using XeF2 and BCl3 etching (green), XeF2, BCl3 and H2O etching (blue) and XeF2/BCl3 etching 

ending with a 5 second H2O exposure (red) compared to a unetched AlN sample (orange) 
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4.5 Conclusions 

This study presented work showing atomic layer etching of different forms of aluminum 

nitride. First aluminum nitride growth and etching were observed using in-situ infrared 

spectroscopy. The growth was done with TDMAA and NH3 while the etching was observed with 

HF to fluorinate and BCl3 to ligand exchange with the fluoride. The loss in the Al-N vibrational 

band per cycle increased from 200⁰C to 350⁰C, where at 200⁰C there was no observable etching. 

To investigate the etching characteristics of high-quality aluminum nitride, a single crystal 

aluminum nitride on sapphire wafer was used. Etching was first attempted with HF and BCl3 

although no etching was seen in either viscous flow or static flow. Ellipsometry showed linear 

etching over hundreds of cycles when XeF2 and BCl3 was used, but only when long static 

exposures of BCl3 were used. There were slight increases of the etching rate with temperature in 

this system which was attributed to increased fluorination at increased temperatures. The volatile 

etch products were investigated with in-situ quadrupole mass spectrometry where the BCl3 

reaction of AlF3 powder was focused on. AlCl3 was the aluminum etch product, which was seen 

in tandem with BFCl2, BF2Cl and BF3 which is consistent with exchange of the precursor ligands 

with fluorine on the surface. The onset of ligand-exchange was seen at 200⁰C which matches 

well with the onset of etching seen on ALD grown AlN using infrared spectroscopy and single 

crystal AlN using spectroscopic ellipsometry. This process showed fluorine and chlorine 

contamination after the etching was done shown by XPS. These contaminants can be removed 

form the surface with H2O exposures. XPS also confirmed the presence of aluminum fluoride 

after XeF2 exposures and removal of the fluoride after BCl3 exposures.  
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Chapter 5Atomic Layer Etching of Aluminum 

Oxide with HF and BCl3 

Austin Cano, Jonathan Partridge, Steven M. George 

Department of Chemistry, University of Colorado at Boulder, Colorado 80309, USA 

5.1 Abstract 

The atomic layer etching of aluminum oxide with HF and BCl3 is explored. Infrared 

spectroscopy is utilized to observe the growth and subsequent etch of aluminum oxide with HF 

and BCl3. Infrared difference spectra show that the main reaction pathway during etching is of 

fluorination by HF and then removal of the fluoride with BCl3. BCl3 has shown characteristics of 

conversion reactions creating boron oxide from tungsten oxide. BCl3 also shows evidence of 

conversion reactions of aluminum oxide to boron oxide. On initial exposures of BCl3 on 

aluminum oxide there is a conversion of the aluminum oxide to boron oxide shown by a decrease 

in the Al-O vibrational band and increase in the B-O vibrational band. Subsequent HF exposures 

can remove the boron oxide that forms from the BCl3 exposure. Subsequent BCl3 exposures do 

not convert much of the underlying aluminum oxide. Ellipsometry measurements showed 

thickness loss as a function of the number of HF and BCl3 cycles. The volatile products were 

analyzed using mass spectrometry and saw the ligand-exchange product of AlCl3 and BCl2F. 

5.2 Introduction 

Atomic layer etching (ALE) is a technique that can remove sub-angstrom amounts of 

material by using sequential surface reactions.10, 12 Thermal ALE has been a growing field where 

the energy used in the ALE reaction comes from heat instead of a plasma source.1-2, 12 Thermal 
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ALE has been typically done by first modifying a surface with a fluorination agent such as HF, 

SF4 or XeF2.
14-15, 22 This modification can also be done with a fluorine based plasma.106 This 

changes the surface from either a nitride or oxide to a fluoride. These fluoride materials have 

been shown that they can be removed by various precursors via a ligand-exchange, or ligand 

addition reaction.107  

Boron trichloride (BCl3) is a precursor that has been used for thermal ALE reactions in 

the past although the mechanism was not thoroughly studied.15, 61 Previous reports have 

suggested that BCl3 may etch via a conversion reaction where the surface is converted into boron 

oxide and the metal is volatilized. This boron oxide can then be spontaneously etched by a 

fluorine source like HF. BCl3 may also undergo thermal ALE by a ligand-exchange reaction as 

seen in Chapter 4. The removal of a fluoride by a ligand-exchange reaction works because the 

reaction creates products which both have good vapor pressures or volatile dimers of the surface 

fluoride and precursor.23  

Trimethyl aluminum (TMA) is another precursor used in thermal ALE that has also been 

shown to remove surface fluorides by ligand-exchange.16-17, 22, 98 TMA has also been the study of 

the etching of silicon oxide with HF.17 Interestingly when etching silicon oxide, TMA was able 

to convert the silicon oxide into an aluminum oxide by the reaction 𝑆𝑖𝑂2(𝑠)
+ 𝑇𝑀𝐴(𝑔) →

𝐴𝑙2𝑂3(𝑠)
+ 𝑆𝑖(𝐶𝐻3)4(𝑔)

. This made the etching possible as aluminum oxide ALE has been 

performed previously.20, 22 The ability to create both ligand exchange reactions as well as 

conversion type reactions makes TMA a valuable precursor to study. This could also be true for 

BCl3 but more study of the reaction mechanisms needs to be done.  

For this study thermal ALE of aluminum oxide with HF and BCl3 was explored. Infrared 

spectroscopy was used to understand surface compositional change during cycling of HF and 
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BCl3. The bulk Al-O vibrational band was used as a measure of growth and etching of aluminum 

oxide. In-situ spectroscopic ellipsometry measurements were used to understand film thickness 

changes during ALE cycles. Quadrupole mass spectrometry is also explored to understand 

volatile etch products created during both the HF and BCl3 half reactions. 

5.3 Experimental 

In-situ infrared spectroscopy was done in a warm walled viscous flow reactor. A more 

detailed description of this reactor can be found in previous work.92 The reactor is heated by a 

ceramic custom heater from Watlow. The wall temperature was kept at 150ºC during deposition 

and etching experiments. To increase the sample temperature, the sample was resistively heated 

by a HP 626B direct current power supply. This heating was controlled with a 16B PID Love 

controller. The initial substrate was silicon nano powder with an average diameter of 30-50 

nanometers. The silicon particles have a native oxide that can be seen throughout growth and 

etching studies. This silicon powder is pressed into a 3cm by 1.7cm tungsten grid with grid 

spacings of 50 microns with 100 gridlines per inch. This grid has tantalum foil spot welded on 

each side for good electrical contact to the resistive heating lines. A type-k thermocouple is 

attached to the tungsten grid with an insulating epoxy (Ceramabond, Aremco 571).  

FTIR spectrum was obtained with a Nicolet 6700 spectrometer. The light was generated 

with a glow bar light source and used a KBr beam splitter and then was redirected into a viscous 

flow tube where the light passed through the silicon powder sample. The light then was directed 

to outside the reactor to an MCT-B detector. Vacuum was maintained by two KBr windows 

which are separated from the etching and deposition chemistry by gate valves and only opened 

while obtaining a spectrum. Final spectra were averaged for 100 scans with a resolution of 4 cm-1 
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and data spacing of 0.482 cm-1. Backgrounds were collected before each experiment was 

conducted.   

Aluminum oxide deposition in the in-situ FTIR reactor was done with trimethyl 

aluminum (TMA) obtained from Sigma-Alrich (99.5%), and chemical grade water. The 

deposition was done at 150ºC and used 1 second of TMA and 2 seconds of H2O. The etching 

studies were done with HF-pyridine and BCl3. Boron trichloride cylinder was purchased from 

Synquest Chemicals (BCl3, 99%). The HF used in these experiments were derived from HF-

pyridine (70% HF, 30% pyridine) and was purchased from Millipore-Sigma. The HF-pyridine 

was transferred into a bored out stainless-steel bubbler that was gold-plated bubbler to minimize 

corrosion on the stainless-steel container. A carrier gas of UHP N2 was used and FTIR 

experiments which had a flow of 100 sccm for a transient N2 pressure of 1.5 Torr.  

In-situ ellipsometry deposition and etching experiments were done in a home built in-situ 

chemical reactor reported on previously.61 The reactor is a warm walled with a resistive heater 

which elevates the sample temperature above that of its surroundings with a sample temperature 

limit of 300⁰C. The polarized light hits the sample at a 70 angle from normal and is fixed at this 

angle. A spectroscopic ellipsometer (M-2000, J. A. Woollam) was used for all ellipsometry 

experiments. Wavelengths from 240nm to 1700nm were used in the fitting of the film optical 

properties. The Ψ and Δ parameters were analyzed with the CompleteEASE software package (J. 

A. Woollam).  Silicon substrates with a native oxide were used as the substrates for aluminum 

oxide ALD. The aluminum oxide Cody Lorentz model was used to fit the aluminum oxide 

deposition. Aluminum oxide was deposited in the ellipsometry tool with trimethyl aluminum 

(TMA) and ozone. The ozone was generated by an Ozonia ozone generator. TMA was purchased 
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from Sigma-Alrich (99.5%). The etching with HF-pyridine and BCl3 was done with the same 

chemicals used in the  

Quadrupole mass spectrometry was done in a new reactor described previously.101 The 

volatile etch products were observed using quadrupole mass spectrometer (Extrel, MAX-QMS 

Flanged Mounted System. An electron ionization energy of 70 eV was used for these 

experiments. To minimize exposures to corrosive gaseous species the ionizer and analyzer were 

positioned perpendicular to the incoming molecular beam. AlF3 powder was purchased from US-

Nano Research Materials (99.5%). 

5.4 Results and Discussion 

 

Figure 5-1: Infrared spectra between 1600 and 400 cm-1 showing the growth of aluminum 

oxide over 9 ALD cycles with TMA and H2O at 200C taken after H2O exposures. 

 

To study the etching of aluminum oxide using infrared spectroscopy first aluminum oxide 

must be deposited on the silicon substrate. Figure 5-1 is the growth of ALD aluminum oxide 
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with TMA and H2O. The spectra show the growth of the Al-O stretching mode at 850 cm-1.20, 82 

This vibrational mode increases with increasing number of cycles over the course of 9 ALD 

cycles. The peak at 1130 cm-1 is assigned to the Si-O-Al vibrational mode that is formed during 

the initial stages of growth between the interface of the silicon native oxide and the aluminum 

oxide deposited.  The spectra shown are all after H2O exposures. After the TMA exposures peaks 

at 1215 cm-1 and 2900 cm-1 can be seen which are assigned to the Al-CH3 deformation peak and 

the C-H stretch respectively.17, 22 

 

Figure 5-2: Infrared spectra of aluminum oxide ALE using HF and BCl3 at 300C after 8 

cycles. 

 

Infrared difference spectra taken after HF and BCl3 cycles referenced to the aluminum 

oxide ALD film are shown in Figure 5-2. Here there is clear evidence of etching shown by the 

decrease in the Al-O vibrational band at 850 cm-1. Initially there is a large decrease in the Al-O 

vibrational band. This absorbance loss continues as the cycles of HF and BCl3 continue. There is 
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a small increase in the B-O vibrational mode seen at 1370 cm-1.108 This decrease in the Al-O 

vibrational band has the largest decrease in the initial cycles as compared to later cycles. This is 

likely due to there being less aluminum oxide on the nanoparticle substrate. This could be due to 

inconsistent deposition during aluminum oxide growth. No peaks were seen with a higher 

frequency than the B-O vibrational mode.  

 

Figure 5-3: 37 BCl3 exposures at 300ºC in viscous flow showing the loss of the Al-O 

vibrational band happen concurrently with the gain in the B-O vibrational band 

 

There has been recent literature on BCl3 possibly being used as a conversion reagent for 

the etching of WO3 as well as GaN.15, 61 For that reason the BCl3 half reaction was important to 

focus on to see if there was similar chemistry driving the etching reaction of aluminum oxide. 

Figure 5-3 shows the difference spectra of 37 BCl3 exposures referenced to the last TMA 

exposure after aluminum oxide atomic layer deposition. A methylated surface was used in order 

to remove the side reaction of BCl3 with hydroxyl groups which would also produce B-O 
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stretching vibrations. In Figure 5-3 there is a clear loss of Al-O absorbance and a clear gain in B-

O absorbance. This loss of one metal oxide and gain of another is evidence of the conversion 

reaction depicted in previous literature. Importantly the reaction does not seem to initially self-

limit. Continued BCl3 exposures simply removes more aluminum oxide from the surface and 

creates more boron oxide. There is a negative feature at 1215 cm-1 which is assigned to the 

aluminum methyl deformation stretch which is due to the surface being methyl terminated. Not 

shown is the loss of the C-H stretching vibrations during the first BCl3 exposure which indicates 

that the terminal methyl groups are immediately volatilized. 

 

Figure 5-4:Integrated absorbance in IR difference spectra from 400 to 1050 cm-1 (blue) 

and 1050 to 1800 cm-1 red showing the increase of the B-O vibrational band in blue and the Al-O 

vibrational band in red during many BCl3 viscous and static exposures. 
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To visualize how the BCl3 converted the aluminum oxide into boron oxide the integrated 

absorbance was monitored for the Al-O and B-O bands shown in Figure 5-4. The result of the 56 

BCl3 exposures can be found in Figure 5-3a. Initial exposures showed a decrease in the Al-O 

band and increase in the B-O band. The conversion of the Al-O to B-O happens within the first 

few BCl3 exposures. The amount of Al-O converted into B-O slowed as the number of exposures 

continued. After 40 viscous exposures of BCl3 there were 16 more BCl3 exposures that were with 

a setpoint of 1 Torr of BCl3 statically for 5 seconds. When there were static exposures of BCl3 

the increase of the B-O and decrease of the Al-O accelerated. The Al-O showed continued loss 

during the 16 static BCl3 exposures. This is likely due to increased conversion of the aluminum 

oxide surface to boron oxide. The B-O did not increase after the first 8 exposures. After 8 static 

BCl3 exposures there showed a loss in the B-O vibrational mode as well. This is likely due to 

volatilizing some of the B-O on the surface to BCl3 or other volatile compounds such as 

B3O3Cl3. This may make it easier for the conversion of aluminum oxide to occur since it may 

decrease the length that the AlCl3 product may need to diffuse to reach the surface to volatilize. 

This could indicate that BCl3 might be able to spontaneously etch aluminum oxide although this 

reaction was not investigated. 
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Figure 5-5: Infrared difference spectra of 37 BCl3 exposures on aluminum oxide ALD 

ending on a TMA exposure. 

 

The BCl3 reaction with aluminum oxide was further studied by doing many consecutive 

exposures of BCl3 on aluminum oxide. The initial exposures of BCl3 and HF where slightly 

different than etching in later cycles. Figure 5-5a and Figure 5-5b shows the difference spectra of 

the next cycle after the first BCl3 exposure on Al2O3 shown in Figure 5-3. On the first BCl3 

exposure there was a clear loss in absorbance at 900 cm-1 and a gain in absorbance at 1370 cm-1. 

This is consistent with conversion reactions seen previously.16-17, 98 On the subsequent HF 

exposure, the boron oxide is removed seen by the large decrease from 1200-1600 cm-1 which is 

close to the amount of B-O formed in the previous BCl3 exposure. While the HF removed most 

of the B-O formed, there was still a small vibrational mode which persisted throughout 20 HF 

exposures. This is consistent with previously studies on the HF reaction with B2O3 as well in 
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Chapter 6.61 There is also an increase in the Al-F peak increase seen at 680 cm-1. This comes 

from the fluorination of the aluminum oxide under the boron oxide converted layer. There is also 

evidence of the loss of aluminum oxide during the HF exposure as well at 850 cm-1. These 

spectra would be consistent with the removal of the boron oxide converted layer, then the 

fluorination of aluminum oxide.  

The subsequent 20 BCl3 exposures are shown in Figure 5-5b. This spectrum is quite 

different than the BCl3 exposure shown in Figure 5-3. Firstly, the amount of B-O created is much 

smaller than the B-O formed during initial exposures of BCl3. This comes in conjunction with 

small change in the Al-O vibrational modes. There is still some loss of Al-O and small gain in B-

O, but it is diminished from the first exposure. The main feature in the difference spectra is the 

loss of a mode at 690 cm-1 which is assigned to Al-F loss. This is consistent with the formation 

of Al-F created during the previous HF exposure. This fluorination of aluminum oxide in the HF 

exposure and then subsequent removal in the BCl3 exposure is consistent with fluorination and 

ligand exchange reactions.  
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Figure 5-6: Infrared difference spectra after the HF exposure (red) and the BCl3 exposure 

and after one complete cycle (orange). 

 

Difference spectra were looked at after the HF and BCl3 exposures. Figure 5-6 shows the 

difference spectra after the HF exposure (red) and the BCl3 exposure (blue) each referenced to 

the previous exposure. The overall change in the spectrum over one cycle is also shown in 

orange. During the HF exposure there is an increase in absorbance at 680 cm-1. This is the Al-F 

formation. This same Al-F feature is then lost during the subsequent BCl3 exposure. This would 

be consistent with fluorination and then ligand-exchange, removing the fluoride form the surface. 

After the BCl3 exposure there is a loss in absorbance which is consistent with the Al-F 

vibrational band. This is due to the removal of the aluminum fluoride in the BCl3 exposure. A 

similar reaction can be seen in the BCl3 exposure during aluminum nitride etching in Figure 4-3. 

Additionally, both the HF and BCl3 exposures show little change in the B-O vibrational mode. 

Only a small change occurs during the BCl3 exposure. This could mean that while there is 
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conversion happening on the surface of the film, the dominant pathway to etching is by 

fluorination and removal of that fluoride. Other peaks at 900 cm-1 and 1130 cm-1 are tentatively 

assigned to Al-F and B-F-Al respectively. 

 

Figure 5-7: Ellipsometry thickness measurments of aluminum oxide etching at 230ºC, 

255ºC, 280ºC and 298ºC with HF and BCl3 

 

Ellipsometry measurement of aluminum oxide etching with HF and BCl3 were also done. 

Figure 5-7 shows the thickness measurements after each cycle for 50 ALE cycles. At 230ºC there 

was no discernable etching seen with an etch rate of only 0.03 Å/cycle. Over 50 cycles that was 

just a decrease in aluminum oxide thickness of 1.5 Å. When the substrate temperature was 

increased to 255ºC the etch rate increased to 0.31 Å per cycle. This trend in increased etch rate 

with increasing temperature was true at 280ºC and 298ºC with an etch rate of 0.65 Å per cycle 

and 0.92 Å per cycle respectively. This trend of increased etching was likely due to increased 
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fluorination with increasing temperature which has also been seen previously.21-22, 55 Linear 

etching was seen at each temperature. These results show that temperature can be used to control 

the etch rate.  

 

Figure 5-8: Mass spectrum during the 5th cycle of HF and BCl3 cycling on aluminum 

oxide powder. 

 

To study the ligand exchange reaction, mass spectrometry was used.107 The substrate was 

aluminum oxide powder and alternating exposures of HF and BCl3 was pulsed through the 

powder bed. This simulates the chemical exposure of the aluminum oxide films used during IR 

and SE experiments. The mass spectrum after an HF exposure is shown in Figure 5-8a with the 
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spectrum after a BCl3 exposure shown in Figure 5-8b. After the HF exposure a few peaks are 

seen including H2O, HF, and HCl. HF is expected in the spectrum as it’s the precursor used in 

this step. H2O seen is likely due to the fluorination reaction: 𝐴𝑙2𝑂3(𝑠)
+ 6𝐻𝐹(𝑔) → 2𝐴𝑙𝐹3(𝑠)

+

3𝐻2𝑂(𝑔). This fluorination reaction has the byproduct of H2O and is the main reaction 

responsible for creating aluminum fluoride on the aluminum oxide substrate.20 HCl seen in the 

spectrum likely means that there is residual chlorine left on the surface after the BCl3 exposure. 

This is consistent with chlorine contamination after aluminum nitride etching with XeF2 and 

BCl3 as seen in Chapter 4. Interestingly, there was no boron containing species seen in the HF 

exposures. This would have been evidence that there was a conversion of the surface aluminum 

oxide to boron oxide which would be spontaneously etched during the HF exposure. This 

reaction is the focus of Chapter 6. This would suggest that the reaction goes by fluorination and 

then ligand-exchange. 

Figure 5-8b shows the mass range from 95-107 amu. In this region there is the AlCl2
+ and 

BFCl2
+ peaks. AlCl2

+ is the most intense peak of the AlCl3 parent. This makes the AlCl2
+ a good 

region to see if there is any AlCl3 being volatilized during cycling of HF and BCl3. AlCl3 is the 

expected by product of both the conversion reaction: 𝐴𝑙2𝑂3(𝑠)
+ 2𝐵𝐶𝑙3(𝑔)

→ 𝐵2𝑂3(𝑠)
+

2𝐴𝑙𝐶𝑙3(𝑔)
 and the ligand exchange reaction: 𝐴𝑙𝐹3(𝑠)

+ 3𝐵𝐶𝑙3(𝑔)
→ 𝐴𝑙𝐶𝑙3(𝑔)

+ 3𝐵𝐹𝐶𝑙2(𝑔)
. The 

proposed by product is BFCl2 which would be a single ligand exchange with the aluminum 

fluoride surface. The ligand exchange reaction may lead to the boron byproducts of BF3 and 

BF2Cl which would be a complete and double ligand exchange reactions with aluminum 

fluoride. This was seen in the reaction of BCl3 with AlF3 studied in Chapter 4. The BCl3 

exposure shows peaks representative of AlCl2
+ and BFCl2

+. This would align with the expected 
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byproduct of AlCl3 and the ligand exchange product of BFCl2. Small peaks that were consistent 

with BF2Cl were also seen in the spectrum. The intensity of the AlCl3 peak is also seen but with 

a weak signal. During BCl3 exposures, there was also small amounts of B3O3Cl3 present with an 

intensity of ~0.5 mV.  

5.5 Conclusions 

Thermal ALE was done on aluminum oxide using HF and BCl3. The reaction was 

monitored by in-situ FTIR and showed a reaction mechanism close to fluorination and ligand-

exchange. Initial exposures of BCl3 on aluminum oxide were consistent with a conversion of 

aluminum oxide to boron oxide. This reaction seemed to be more prominent on the initial 

aluminum oxide film and not as prominent on subsequent cycles. This boron oxide was then 

removed by an HF exposure. During the HF exposure the underlying aluminum oxide was also 

fluorinated. Difference spectra showed evidence of fluorination and ligand-exchange reactions 

happening once the surface was etched. Ellipsometry measurements showed there was linear 

etching of the aluminum oxide film. The ALE etching rate was also controllable by changing the 

substrate temperature. Etch rates of aluminum oxide with HF and BCl3 0.03, 0.31, 0.65, and 0.92 

Å/cycle. Quadrupole mass spectrometry showed the expected aluminum product in AlCl3 and the 

ligand-exchange product BFCl2. 
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6.1 Abstract 

The spontaneous etching of B2O3 (boron oxide) by HF (hydrogen fluoride) gas is 

important during thermal atomic layer etching (ALE) after BCl3 converts the surface of various 

metal oxides to a B2O3 layer.  In this study, the chemical vapor etching (CVE) of B2O3 by HF 

was monitored experimentally using Fourier transform infrared spectroscopy (FTIR) and 

quadrupole mass spectrometry (QMS).  The spontaneous etching of B2O3 by HF gas was also 

analyzed using density functional theory (DFT).  The B2O3 films were grown using B2O3 atomic 

layer deposition (ALD) with BCl3 and H2O as the reactants at 40C.  FTIR spectroscopy then 

observed the CVE of B2O3 by HF at 150 C.  The B2O3 etching was monitored by the loss of 

absorbance for the B-O stretching vibration in B2O3 films.  The FTIR spectroscopy studies also 

observed B-F stretching vibrations from BFx species on the B2O3 surface after HF exposures.  In 
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addition, QMS analysis was able to identify the etch products during the spontaneous etching of 

B2O3 by HF gas at 150 C.  The QMS studies observed the main volatile etch products as BF3, 

BF2(OH) and H2O.  Secondary volatile etch products were also detected including B3O3F3 and 

other boroxine ring compounds.  The DFT predictions were consistent with the spontaneous 

etching of B2O3 by HF gas.  DFT confirmed that CVE was likely because the energetics of the 

spontaneous etching reaction B2O3(s) + 6HF(g) → 2BF3(g) + 3H2O(g) were more favorable than 

the self-limiting reaction B2O3(s) + 6HF(g) → BF3(s) + 3H2O(g).  The spontaneous etching of 

B2O3 was predicted at temperatures above -163C for a HF reactant pressure of 0.2 Torr and BF3 

and H2O product pressure of 0.01 Torr.  

6.2 Introduction 

Etching has been important to fabricate images and patterns for many centuries.2  Dry 

etching has been particularly important in semiconductor processing.5  The fabrication of three-

dimensional device structures uses successive steps of deposition and etching in the presence of 

masks to control the areas for deposition and etching.  Much of the previous dry etching has been 

performed using reactive radical and ionic species from plasmas.4  Some dry etching has also 

utilized plasmaless thermal chemistry.109-110  A prominent application of dry etching using only 

thermal chemistry is micromachining and feature release during MEMS processing.111-113 

Compared with plasma etching, there are not many examples of dry thermal etching.  The 

main demonstrations of dry thermal etching involve the formation of volatile halides using 

various halogenation reactants.  For example, the dry thermal etching of silicon can occur 

spontaneously using XeF2, F2 or ClF3 as the reactants.109-110, 114  Many metals can also be etched 

by exposure to halogenation reactants.  Tungsten and niobium can undergo dry thermal etching 
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by XeF2.
112-113, 115-116  Other metals, such as copper and aluminum, can also be spontaneously 

etched by Cl2.
116-117 

Many metal oxides can also be spontaneously etched using ligand addition or 

halogenation reactions.  Copper oxide, iron oxide and other metal oxides can be spontaneously 

etched by exposure to ligands that can coordinate to the metal and produce volatile products.118-

120  The dry etching of SiO2 can also occur with HF in the presence of H2O vapor at H2O 

pressures sufficient to form a H2O multilayer on the SiO2 surface.121  Other examples of dry 

thermal spontaneous etching involve a variety of ligand-exchange reactions between metal 

fluorides and precursors that transfer ligands to the metal fluoride that volatilize the metal 

fluoride.10, 13, 22, 86-87, 101  

Spontaneous etching is also involved in thermal atomic layer etching (ALE).10, 85  Two 

sequential reactions typically define thermal ALE.  One reaction modifies the surface layer of the 

material and the second reaction leads to the volatile release of this modified surface layer.10  For 

example, the surface modification of metal oxides and metal nitrides during thermal ALE can be 

performed using fluorination to form a metal fluoride.10, 56  The metal fluoride can then be 

volatilized using ligand-exchange reactions.  Other mechanisms for thermal ALE can employ 

oxidation reactions to change the oxidation state of the metal or conversion reactions to convert 

the initial metal oxide to a different metal oxide that has an etching pathway.10, 17, 61  If at least 

one reaction in the thermal ALE reaction sequence is self-limiting, the other reactions in the 

sequence may involve spontaneous etching.   

Spontaneous etching in thermal ALE reaction sequences has been identified in several 

systems.  WO3 ALE using BCl3 and HF as the reactants involves conversion of WO3 to B2O3 and 
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then the spontaneous etching of B2O3 by HF.61  TiN ALE using O3 and HF as the reactants is 

defined by the oxidation of TiN to TiO2 and then the spontaneous etching of TiO2 by HF.57  In 

addition, Al2O3 ALE using HF and TMA as the reactants proceeds by the fluorination of Al2O3 

to AlF3 and then the spontaneous etching of AlF3 by TMA.57, 86  In these examples, the 

conversion, oxidation or fluorination reactions are self-limiting, and then the removal of the 

modified surface layer occurs by spontaneous etching.   

The reaction of HF with metal oxides plays a pivotal role in many thermal ALE 

systems.68, 122  HF can either remove the initial material or the modified surface layer as a 

volatile fluoride by chemical vapor etching (CVE).  Alternatively, HF can fluorinate the initial 

material leading to the formation of a stable self-limiting (SL) metal fluoride layer.  The CVE or 

SL pathways are determined by the energetics and volatility of the reaction products.  Having a 

better knowledge of HF reactions with metals and metal oxides will help improve the 

understanding of spontaneous etching and its role in thermal ALE.   

In this paper, the spontaneous etching of B2O3 by HF gas is examined using FTIR 

spectroscopy, quadrupole mass spectrometry (QMS) and density functional theory (DFT).  The 

FTIR analysis confirms the spontaneous etching of B2O3 by HF gas and reveals the species 

remaining on the B2O3 surface after HF etching.  The QMS measurements identify the volatile 

etch products that leave the B2O3 surface during etching.  The DFT investigations examine the 

energetics of the CVE and SL reactions between B2O3 and HF gas and predict the expected etch 

products versus temperature and reactant and product pressures.   
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6.3 Experiment and Methods 

6.3.1 FTIR Spectroscopy 

The Fourier transform infrared (FTIR) spectroscopy studies of B2O3 etching by HF were 

performed in a reactor reported previously.92  Prior to B2O3 etching, the boron oxide was 

deposited using B2O3 ALD using sequential exposures of BCl3 (≥99.9% trace metals basis, 

Sigma-Aldrich) and deionized (DI) H2O at 35 C.61  The BCl3 reaction was a 2 s exposure in 

viscous flow, followed by 90 s purge.  The FTIR scan was then recorded for 60 s.  The water 

reaction consisted of a 1 s exposure, followed by a 60 s purge.  The FTIR scan was then again 

recorded for 60 s.   

The B2O3 ALD film was deposited on silicon nanoparticles (>98 % US Research 

Nanomaterials).  The silicon nanoparticles had a diameter of ~30-50 nm.  The use of silicon 

nanoparticles ensures a good signal-to-noise ratio when using transmission FTIR spectroscopy to 

identify surface species.17  The silicon nanoparticles were pressed into a tungsten grid.  The 

FTIR spectroscopy was then conducted by passing the IR light through the tungsten grid.82  The 

tungsten grid was ~1.7 x 3.0 cm, 50 microns thick with 100 grid lines per inch.  The tungsten 

grid was resistively heated with a DC power supply (6268B, 12 V/40 A, HP).  The power supply 

was controlled by a PID temperature controller (Love Controls 16B, Dwyer Instruments).  To 

monitor the temperature, a type K thermocouple was connected to the tungsten grid with a 

nonconductive epoxy (Cermabond 571).  

The B2O3 spontaneous etching experiments were performed using HF-pyridine (70 wt% 

HF, Sigma-Aldrich) as the HF source.  Each HF exposure was a 2 s static exposure of HF at 200 

mTorr followed by a 90 second purge.  Subsequently, the FTIR scan was recorded for 60 s.  
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Longer purges than necessary were used to eliminate the possibility of HF contact with the KBr 

windows during the FTIR scan.  

6.3.2 Quadrupole Mass Spectroscopy (QMS)  

The QMS investigations employed a new reactor that has been described earlier.101  This 

reactor is different than a previous reactor that employed static exposures and then sampled the 

gas phase products using a pulsed valve.101  The new reactor studies volatile etch products 

produced by flowing reactant gases through powder samples.  The volatile etch products and 

background gas were expanded through an aperture to form a molecular beam.  The beam of 

background gas and volatile etch products were then passed through a skimmer and entered a 

differentially pumped region for QMS analysis.   

The skimmer aperture diameter was 1.4 mm and the skimmer was positioned 41 mm 

from the sample aperture.101  The volatile etch products were observed using a high sensitivity, 

high mass quadrupole mass spectrometer (Extrel, MAX-QMS Flange Mounted System).  Each 

spectrum monitored mass intensities from 2 amu to 300 amu and was recorded in 1 s.  An 

average of 100 scans were collected during HF exposures to help eliminate noise.  Electron-

impact ionization of gas-phase etching products was achieved with a circular thoriated iridium 

filament in the ionization volume inside the ionizer housing.  An electron ionization energy of 70 

eV was used for these experiments.   

HF was first introduced into a reservoir at a pressure of 9 Torr to have a consistent HF 

partial pressure during the reaction.  HF was leaked into the flowing N2 background gas.  The HF 

pressure in the sample holder containing the B2O3 powder was 5.2 Torr.  The background N2 

pressure was 2.8 Torr.  B2O3 nano powder was purchased from US Research Nanomaterials 
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(99.9%, 165 nm diameter) and added to a sample holder.  The mass of the B2O3 nano powder 

was recorded before and after the etching experiments.  The mass of the B2O3 nano powder 

before the spontaneous etching was 50.5 mg.  

6.3.3 Density Functional Theory (DFT) 

The computational approach is similar to the approach employed in previous studies.68, 122  

In these earlier investigations, the energetics and thermochemistry of self-limiting (SL) and 

chemical vapor etching (CVE) reactions are compared to reveal their competition.  In the CVE 

reaction, the HF precursor gas molecules etch B2O3 to form gaseous products.  In the SL 

reaction, the HF precursor gas molecules interact and passivate the material surface by forming a 

non-volatile fluoride layer.  

This computational study considered the following CVE and SL reactions: 

CVE1:  B2O3(b)   + 6 HF(g) →   2BF3(g) +3H2O(g)    (1) 

CVE2:  4B2O3(b)+14HF(g) → 5H2O(g)+BF3(g)+4B(OH)F2(g)+B3O3F3(g) (2) 

SL:  2B2O3
*+12H(g) → 4 BF3

*+6H2O(g)     (3) 

In these reactions, b indicates bulk, g refers to gas and the asterisks designate surface 

species. 

This computational approach revealed that there is a “minimum thermodynamic barrier” 

that must be overcome to allow etching from the passivated surface.  Based on the value of this 

“minimum thermodynamic barrier” and the respective energies of the CVE and SL reactions, the 

HF precursor gas pulse can be in one of the four following states: purely self-limiting, preferred 
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self-limiting, preferred etching and purely etching.  These states are discussed in detail in 

previous studies.122 

All the DFT calculations performed in this study were based on spin polarized 

generalized gradient approximation using the Perdew-Burke-Ernzerhof (PBE) exchange-

correlation (XC) functional123 as implemented in the Vienna ab initio simulation package 

(VASP).124  In this approach, the valence electrons are treated explicitly by expanding their wave 

functions in a plane wave basis up to an energy cutoff of 400 eV, whereas the core electrons are 

treated by projector augmented waves.125-126   

The enthalpy and entropy contributions of the bulk and surface geometries are computed 

with the help of the Phonopy code,127 which requires accurate interatomic force constants 

obtained from density functional perturbation theory (DFPT) calculations in VASP.  The total 

electronic energies of gas phase molecules, BF3 and H2O, are computed in VASP by placing 

their molecular geometry in a large periodic box of dimensions 15.0 x 15.5 x 16.0 and relaxing 

them. However, the enthalpy and entropy contributions of the gas phase molecules are obtained 

from the free enthalpy (freeh) code of Turbomole suite10 using the PBE XC functional and triple 

zeta basis set (def-TZVPP).  

To model the bulk B2O3 geometry, a trigonal lattice geometry is employed from the 

materials project database.128  The geometry is reoptimized simultaneously for the ionic 

positions, cell shape and cell volume with an increased plane wave energy cutoff of 550 eV and a 

Monkhorst-Pack K-point mesh of 4 x 4 x 2.  The converged lattice parameters are found to be 

a=b=4.4027 Å, c=8.8174 Å, α=β=90°, γ=120° as shown in Figure 6-1a  
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 A 9.4 Å thick slab of trigonal B2O3 sliced along the (1 0 1) surface plane with 15 

Å of vacuum separating the periodic images along the surface normal was then chosen to 

represent the surface model in the self-limiting reaction.  This surface slab model consists of 3 

layers of 6 B2O3 units (B36O54) as shown in Figure 6-1b.  To model the fluorinated surface, 6 

surface O atoms are removed as H2O and 12 F atoms are introduced such that the F atoms bind 

to surface boron atoms as shown in Figure 6-1c.  The geometry was optimized to obtain the 

ground state electronic energy.  Only the top most layer of these surfaces was considered for the 

DFPT calculations.   

 The reaction free energy (ΔG) discussed in this paper is computed as: 

  ΔG = ΔH – TΔS + RTln(Q), where     (4) 

  ΔH = ΔE + ΔZPE + ΔW(T)      (5) 

  Q = ∏pμ
products / ∏pμ

reactants      (6) 

In these equations, ΔH and ΔS are the enthalpy and entropy change, respectively.  ΔH is 

computed as the sum of the electronic reaction energy (ΔE), zero point energy change (ΔZPE) 

and a temperature dependent contribution (W(T)).  R is the gas constant, Q is the reaction 

quotient which allows for changes in reactant and product pressures, and μ is the stoichiometric 

coefficient of the respective reactant and product species. 
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Figure 6-1: (a) Reoptimized trigonal lattice geometry for B2O3 bulk; (b) Bare (1 0 1) 

surface of trigonal B2O3.  (c) Fluorinated B2O3 surface from Figure 1b after removing 6 surface 

O atoms. 

 

6.4 Results and Discussion 

6.4.1 FTIR Spectroscopy 

The etching of B2O3 films was studied using transmission FTIR spectroscopy.  To study 

the etching of B2O3 films, B2O3 was first deposited on silicon nanoparticles.  FTIR studies of 

B2O3 ALD are shown in Figure 6-2.  B2O3 ALD was performed with BCl3 and H2O as the 

reactants at a low deposition temperature of ~40C.61  The overall reaction is 2BCl3 + 3H2O → 

B2O3 + 6HCl.  The BCl3 exposure was conducted for 1 s at 500 mTorr.  The H2O exposure was 

conducted for 1 s at 80 mTorr.  B2O3 ALD with BCl3 and H2O is similar to B2O3 ALD using 

BBr3 and H2O.129  Earlier studies of B2O3 ALD films using BCl3 and H2O have also been 

performed and found to have the correct B2O3 stoichiometry by XPS.61   

Figure 6-2 shows the FTIR spectra referenced to the original silicon nanoparticle 

substrate.  After the first BCl3 and H2O cycle, absorbance gains are measured at 1450 cm-1 and 

1315 cm-1 and a smaller absorbance loss is observed at 1250 cm-1.  These absorbance features 
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can be identified as a gain of B-O stretching vibrations and a small loss of Si-O-Si vibrations, 

respectively.35, 108, 130-131  The loss of absorbance for Si-O-Si vibrations likely results from boron 

being slightly soluble in silicon.132  Three main vibrational modes grow at 1450 cm-1, 1315 cm-1 

and 730 cm-1 with increasing number of B2O3 ALD cycles up to 15 cycles.  These vibrational 

features are assigned to different boron-oxygen stretching modes and ring stretching modes in 

boric acid and borate.108, 130-131, 133  

 

Figure 6-2: Infrared absorbance spectra from 400 – 1800 cm-1 during B2O3 ALD using 

BCl3 and H2O as reactants after 1, 5, 10 and 15 B2O3 ALD cycles at 40⁰C. 

 

Difference spectra recorded during the 13th BCl3 and H2O exposures during B2O3 ALD 

are displayed in Figure 6-3.  These difference spectra are consistent with the sequential AB 

reactions during B2O3 ALD as: 
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(A)  BOH* + BCl3(g) → BOBCl2* + HCl(g)      (7) 

(B)  BCl* + H2O(g) → BOH* + HCl(g)      (8) 

In these equations, the astericks indicate the surface species.   

In Figure 6-3a, positive vibrational absorbance peaks are observed at 1530, 1362, 1273, 

and 950 cm-1 after the BCl3 exposure.  The absorbance peaks at 1530, 1362 cm-1 and 1273 cm-1 

are attributed to different boron oxide vibrations such as ring-stretching boroxol vibrations and 

B-O stretching vibrations.108, 130-131, 133  The absorbance peak at 950 cm-1 is attributed to B-Cl 

surface vibrations left on the surface after the BCl3 exposure.134  There are also B-Cl vibrations 

found between 1300 and 1500 cm-1 that are largely obscured by the absorbance from B-O 

vibrational modes.134  Negative vibrational absorbance peaks are also observed at 750, and 500 

cm-1 after the BCl3 exposure.  These peaks are assigned to BO2 bending vibrations.130-131, 133  A 

small loss at 1450 cm-1 is assigned to B-OH and is likely lost resulting from BCl3 reaction with 

BOH species.108   

Positive vibrational absorbance peaks are also observed in Figure 6-3a at 1440 cm-1, 730 

cm-1 and 530 cm-1 after the H2O exposure.  These vibrational features result from the reaction of 

H2O with BCl surface species.  These are likely B-OH stretching vibrations and the bending 

modes of BO2.
131  In addition, there are also negative absorbance peaks at 1530, 1362, 1273, and 

950 cm-1 after the H2O exposure.  These negative absorbance peaks after the H2O exposure 

mirror the reverse of the positive absorbance peaks monitored after the BCl3 exposure.  There is 

also a negative vibrational absorbance peak at 1250 cm-1 after the H2O exposure.  This negative 

absorbance peak is attributed to the removal of B-Cl surface species.134   
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Figure 6-3b shows the change in the O-H vibrations after H2O and BCl3 exposures.  After 

H2O exposures there is an increase at 3700 cm-1 that is consistent with isolated O-H groups in 

boric acid like films.135  There is also a very broad peak at 3600-3000 cm-1 that is attributed to 

hydrogen-bonded BOH species on the surface.135  The positive absorbance features observed 

after the H2O exposure are then almost exactly reversed when the BOH species are removed 

from the surface by reaction with the BCl3 exposure.   

 

Figure 6-3: Infrared difference spectra recorded after BCl3 and H2O exposures during 

14th B2O3 ALD cycle at 40⁰C.  (a) Difference spectra between 400 - 1800 cm-1.  (b) Difference 

spectra between 400 - 2500 cm-1. 

 

The spontaneous etching of B2O3 by HF gas was then examined using the B2O3 ALD 

films.  FTIR spectra were recorded after each 2 s static exposure of HF at 200 mTorr at 150 C.  

These FTIR spectra were referenced to the initial B2O3 ALD film on the silicon nanoparticles.  
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The progressive FTIR spectra versus number of HF exposures for 9 HF exposures on B2O3 are 

shown in Figure 6-4.  Each consecutive HF exposure removes a fraction of the absorbance from 

the B2O3 ALD film.  This absorbance loss corresponds with CVE of the B2O3 film.  The 

vibrational modes at 1450 cm-1, 1315 cm-1 and 730 cm-1 are attributed to B-O vibrations as 

discussed earlier during the growth of the B2O3 ALD films.108, 130-131, 133  The first HF exposure in 

Figure 6-4 only removes a small fraction of the B2O3 film.  Perhaps the first HF exposure is 

required to fluorinate the surface and condition the B2O3 film.  The largest absorbance losses are 

observed during the second, third and fourth HF exposures in Figure 6-4.  The absorbance losses 

are reduced during the subsequent HF exposures.  By the eighth HF exposure, the B2O3 film has 

been completely removed by the CVE reaction.   
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Figure 6-4: Infrared difference spectra between 400 -1800 cm-1 recorded after 

consecutive HF exposures on B2O3 ALD film at 150⁰C using original B2O3 ALD film as 

reference.  Original B2O3 ALD film is nearly completely removed after 5 HF exposures. 

 

The spontaneous etching of B2O3 by HF at 150C is consistent with earlier results for 

B2O3 etching by HF at 207C observed by spectroscopic ellipsometry studies.61  These previous 

studies were conducted to confirm that HF could spontaneously remove B2O3 films after using 

BCl3 to convert the surface of WO3 to B2O3 layers.  The conversion of WO3 to B2O3 was an 

important step in the thermal ALE of WO3 using BCl3 and HF and also the thermal ALE of W 

using O2/O3, BCl3 and HF.61  The earlier study etched B2O3 ALD film grown using BCl3 and 

H2O as the reactants and then etched the B2O3 ALD films using HF exposures of 100 mTorr s.  

Each HF exposure removed 1.8 Å of B2O3 at 207C.61  In contrast, approximately 5 HF 
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exposures were required to remove the B2O3 ALD film in Figure 6-4 where each HF exposure 

was 400 mTorr s.  Based on a B2O3 ALD growth rate of  1 Å/cycle using BCl3 and H2O,61 the 

etch rate in Figure 6-4 for the B2O3 film grown using 15 B2O3 ALD cycles is 3 Å/HF exposure.  

There is reasonable agreement Figure 6-5 shows difference spectra from 3350-3850 cm-1 

referenced to the initial B2O3 film during HF exposures on B2O3.  There is an absorbance 

increase at 3740 cm-1, an absorbance loss at 3700 cm-1, and another broad absorbance loss from 

3400-3700 cm-1.  The positive absorbance feature at 3740 cm-1 is attributed to H-F stretching 

vibrations from adsorbed HF on the surface.136-137  Figure 6-4 shows that most of the B2O3 film 

has been etched after the 4th HF exposure.  Before the 4th HF exposure, HF was presumably 

consumed by the B2O3 etching reaction.   

Figure 6-5 shows that the peak at 3700 cm-1 decreases and is constant after the first HF 

exposure.  This peak is attributed to terminal BO-H vibrational stretching vibrations.135  

Terminal BOH species were also present during B2O3 ALD after the H2O exposure as shown in 

Figure 6-3b.  These terminal BOH species are consumed by the first HF exposure.  The broad 

absorbance loss from 3400-3700 cm-1 is also assigned to the loss of hydrogen-bonded BOH 

groups on the B2O3 film.135  However, these hydrogen-bonded BOH groups are not removed 

until after the 4th HF exposures.  The removal of these hydrogen-bonded BOH groups coincides 

with the growth of absorbance assigned to HF on the B2O3 surface.  
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Figure 6-5: Infrared difference spectra between 3300 - 3900 cm-1 recorded after 

consecutive HF exposures on B2O3 ALD film at 150⁰C using original B2O3 ALD film as 

reference. 

 

Figure 6-6 shows the change in the FTIR spectra during the 1st HF exposure and during 

the last (9th) HF exposure.  The 1st HF exposure is referenced to the initial B2O3 ALD film and 

the 9th HF exposure is referenced to the 8th HF exposure to understand the change of each 

individual HF exposure.  For comparison, this difference spectrum is contrasted with the inverted 

absorbance for the B2O3 ALD film over the same frequency range.  The FTIR difference spectra 

after the first HF exposure shows apparent absorbance loss peaks at 1242 cm-1 and 1517 cm-1.  

These two apparent absorbance loss peaks result from removal of B-O vibrations together with 

an absorbance gain at 1440 cm-1 resulting from another vibrational feature.  The absorbance gain 
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at 1440 cm-1 does not appear as a positive absorbance peak because this absorbance gain occurs 

concurrently with a larger absorbance loss resulting from the B2O3 spontaneous etching.   

If the first HF exposure was only removing B2O3, then the FTIR difference spectra after 

the first HF exposure and the absorbance from the B2O3 ALD film should be similar in Figure 

6-6.  The discrepancy between the first HF exposure and ninth HF exposure can be explained by 

the growth of absorbance from B-F vibrational modes of BFx surface species at 1440 cm-1.138-141  

This new positive absorbance partially offsets the absorbance loss resulting from B2O3 etching.  

Subsequent HF exposures lead to the loss of more B2O3 and the comparison between the FTIR 

difference spectra and the absorbance from the B2O3 ALD film is more similar as shown in 

Figure 6-4.  This behavior is expected if the BFx surface species stay constant during subsequent 

HF exposures while the B-O absorbance losses continue to increase with more HF exposures.   

Further confirmation for the assignment of B-F stretching vibrations from BFx surface 

species centered at ~1430 cm-1 is derived from the evolution of the difference spectra with each 

HF exposure.  The FTIR difference spectra after the 9th exposure shows only an absorbance loss 

centered at 1430 cm-1.  This absorbance loss is again consistent with the B-F stretching 

vibrations from BF3 surface species.138-141  In this case, nearly all the B2O3 has been etched away.  

The 9th HF exposure then removes the last of the B-F surface species.    
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Figure 6-6: Infrared difference spectra showing absorbance after 1st HF exposure 

referenced to the initial B2O3 ALD film and 9th HF exposure referenced to the absorbance after 

the 8th HF exposure.  Inverted absorbance for original B2O3 ALD film is also shown for 

comparison 

 

The B2O3 also was easily etched by HF at lower temperatures than 150C. Figure 6-7 

shows the etching of B2O3 during HF exposures at a lower temperature of 40C.  This 

temperature was the lowest temperature examined in this study.  The B-O vibrational feature at 

1200-1600 cm-1 decreases in intensity during the first and second HF exposures.  The absorbance 

loss is faster than the absorbance loss observed for B2O3 etching at 150C shown in Figure 6-4.  

However, the B2O3 etching rate was not quantified versus temperature.   
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Figure 6-7: Infrared difference spectra between 400 -1800 cm-1 recorded after 

consecutive HF exposures on B2O3 ALD film at 40⁰C using original B2O3 ALD film as 

reference.  Original B2O3 ALD film is nearly completely removed after 2 HF exposures. 

 

6.4.2 QMS 

Quadrupole mass spectrometry (QMS) was used to identify the volatile etch products 

during the spontaneous etching of B2O3 by HF.  The QMS observed that the main volatile etch 

products were BF3, BF2(OH) and H2O.  Figure 6-8 shows a portion of the mass spectrum from 

40-70 amu during the 1st and 5th HF exposures at 150⁰C on B2O3.  In this spectral range, the main 

peaks are assigned to BF3 and BF2(OH).  The largest masses at m/z =68 and 67 amu are assigned 

to the BF3
+

 molecular ion.  The shapes of the clusters are determined by the 80:20 isotopic ratio 

between 11B and 10B.  The ratio of the signal intensities at m/z = 68 and 67 is consistent with the 

natural isotopic abundance of boron.   
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The largest mass intensity is observed for a fragment of BF3
+ corresponding to BF2

+ at 

m/z =49 amu for 11B.  There is also a signal at m/z = 48 amu based on the isotopic abundance of 

10B.  This peak also has the correct signal intensity relative to the signal at m/z = 49 amu.  In 

addition, there are other peaks at m/z = 66 and 65 amu that are assigned to BF2(OH).  The 

fragmentation of BF2(OH)+ also produces a signal for BF(OH)+ at m/z= 47 and 46 amu.  The 

species BF2(OH)+ and BF(OH)+ have been observed and characterized previously by reacting 

BF3 with B(OH)3 at room temperature.142  This etching of B2O3 can also be confirmed by the 

mass loss of B2O3 powder.  The initial mass of the B2O3 powder was 50.5 mg.  After multiple HF 

exposures, the B2O3 powder mass was reduced to 24.8 mg.   

Figure 6-8a shows that there are more BF2(OH) species observed during the 1st HF 

exposure compared with the 5th HF exposure displayed in Figure 6-8b.  In particular, the signals 

for BF2(OH)+ and BF(OH)+ both drop dramatically versus the signal for BF2
+ when comparing 

Figure 6-8a and Figure 6-8b.  The initial B2O3 powder was loaded into the chamber from 

ambient air.  The air exposure likely hydrated the B2O3 surface to form a boric-acid like surface.  

This surface yields more OH species during HF etching.  
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Figure 6-8: Mass spectrum of products monitored in range from m/z = 40-75 amu during 

spontaneous etching of B2O3 by HF at 150⁰C during the (a) 1st HF exposure and (b) 5th HF 

exposure.  Observed products are BF3 and B(OH)F2. 

 

Figure 6-9 shows the mass signals at higher mass from m/z =75 - 140 amu.  This portion 

of the mass spectrum corresponds to boroxine ring compounds.  The existence of gas phase 

B3O3F3 boroxine rings has been previously reported and characterized using mass 

spectrometry.143  Figure 6-9 reveals that clusters of mass peaks are observed around m/z= 136 

amu, 118 amu, 92 amu, and 79 amu.  The peaks located from m/z = 131-140 amu are shown on 

an expanded scale in Figure 6-10.  These peaks are attributed to the parent B3O3F3, B3O3F2OH 
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and B3O3F(OH)2 boroxine rings.  The identity of these peaks is confirmed by the predictions for 

their masses based on the isotopic abundance of 11B and 10B shown in Figure 6-10.   

The next grouping of peaks is observed around m/z =118 amu in Figure 6-9.  These peaks 

are consistent with B3O3F2
+ and B3O3F(OH)+.  These peaks are assigned to fragments of the 

B3O3F3 and B3O3F2OH boroxine ring compounds.  The grouping of peaks around m/z =92 amu 

are also fragments of the parent boroxine rings and are attributed to B2OF2OH+ and B2OF3
+.  

Likewise, the grouping of peaks around m/z = 79 amu are assigned to the fragments B2F3
+ and 

B2F2(OH)+.  The signals for the boroxine rings with hydroxyl groups in Figure 6-9 are much 

larger during the 1st HF exposure compared with the 5th HF exposure.  The larger hydroxyl 

content during the 1st HF exposure is again attributed to the initial boric acid-like surface of the 

B2O3 powders.  This hydrated B2O3 surface is removed by the 5th HF exposure. 

 

Figure 6-9: Mass spectrum of products monitored in range from m/z = 70-140 amu 

during spontaneous etching of B2O3 by HF at 150⁰C during the (a) 1st HF exposure and (b) 5th 

HF exposure.  Observed products are B3O3F3, B3O3F2OH and B3O3F(OH)2 boroxine rings. 
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Figure 6-10: Mass spectrum of products monitored in range from m/z = 131 - 140 amu 

during spontaneous etching of B2O3 by HF at 150⁰C.  Parent peaks of B3O3F3, B3O3F2(OH), 

B3O3F(OH)2 boroxine rings are observed during 1st HF exposure. 

 

The etch products evolve versus number of HF exposures on the B2O3 powder.  Figure 

6-11 shows the evolution of the main volatile etch products during the first five HF exposures on 

the B2O3 powder.  Figure 6-11a shows the mass intensities for BF2
+ and BF(OH)+.  These species 

are the highest mass intensities corresponding to the BF3 and BF2(OH) volatile etch products.  

Figure 6-11b displays the mass intensities for H2O
+ corresponding to the same first five HF 

exposures.   

A comparison between the signals for BF2
+ and BF(OH)+ for the first five HF exposures 

in Figure 6-11a reveals that the intensity for the BF(OH)+ drops significantly with HF exposures.  
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In contrast, the intensity for H2O
+ in Figure 6-11b is very constant for the 2nd-5th HF exposures.  

The decrease in the signal for BF(OH)+ is consistent with the HF etching through the initial 

surface of the hydrated B2O3 powder.  After removing this boric acid-like surface of the B2O3 

powder, the HF exposure yields primarily BF3 as the volatile etch product.    

 

Figure 6-11: Mass traces of (a) BF2
+ at m/z =47 amu and BFOH+ at m/z = 49 amu and 

(b) H2O
+ at m/z = 18 amu versus time during the first 5 HF exposures on B2O3 powder. 

 

6.4.3 DFT 

DFT was used to determine the reaction energies and “minimum thermodynamic 

barriers” to etch.  The CVE1 reaction is B2O3 + 6 HF(g)  →  2 BF3(g)+ 3 H2O(g).  This reaction 

needs 6 HF molecules to etch a unit bulk of B2O3 and form 2 BF3 and 3 H2O gas phase 

molecules.  The BF3 and H2O reaction products are consistent with the results from the QMS 

studies.  The CVE1 reaction is determined to be exoergic with a reaction energy of -1.6 eV.  The 
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SL reaction is also exoergic with a reaction energy of -0.8 eV.  This reaction energy is less 

exoergic than the CVE1 reaction by 0.8 eV.  Consequently, the spontaneous etch reaction is 

more favorable than the self-limiting reaction and there is a negative “minimum thermodynamic 

barrier” for spontaneous etching. 

The CVE2 reaction is 4 B2O3 + 14 HF(g)  → 5 H2O(g) + BF3(g) + 4 B(OH)F2(g)  + 

B3O3F3(g).  This reaction was considered to study the formation of the B(OH)F2 and B3O3F3 

reaction products.  These reaction products were also identified by the QMS investigations.  The 

CVE2 reaction is exoergic with a reaction energy of -1.1 eV.  However, this reaction energy of   

-1.1 eV is only -0.27 eV per each B2O3 unit.  Therefore, this reaction energy is much less than 

the reaction energy of -1.8 eV per each B2O3 unit for the CVE1 reaction.  The “minimum 

thermodynamic barrier” to etch B2O3 and form these B(OH)F2 and B3O3F3 products is also 

negative.  The much larger reaction energy for the CVE1 reaction is consistent with the QMS 

observation of primarily BF3 etch products after removing the hydrated layer on the B2O3 

powder.   

Figure 6-12 displays the free energy profiles (FEPs) of CVE1, CVE2 and SL reactions in 

the temperature range of 0 – 1000 K at a constant HF reactant pressure of 0.2 Torr and a product 

pressure of 0.01 Torr.  The SL reaction is exergonic at 0 K and increases in free energy with 

temperature.  The SL reaction crosses the zero line at 110 K and becomes endergonic at higher 

temperatures.  In comparison, the free energies of CVE1 and CVE2 reactions are exergonic at 0 

K.  The free energies of CVE1 and CVE2 reactions decrease with temperature albeit with a small 

negative slope.  The FEP of the CVE1 reaction has a comparatively slightly larger negative slope 

than the FEP of the CVE2 reaction.  The CVE1 and CVE2 reactions never cross the zero line.   
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The region up to 110 K in Figure 6-12 is labelled as “preferred etching” since the CVE 

reactions are more favorable than the SL reaction and both CVE and SL reactions are exergonic 

in this temperature range.  The region at temperatures greater than 110 K in Figure 6-12 is 

labelled as “purely etching”.  In this temperature zone, the SL reaction is endergonic.  The stable 

surface B-F bonds at T<110 K (163⁰C) are not favorable in the presence of a continuous supply 

of HF gas at T> 110 K.  The experimental FTIR and QMS observations of spontaneous etching 

of B2O3 by HF exposure at 150C (423 K) are in the “purely etching” region and consistent with 

these computational results.  The FTIR results of spontaneous B2O3 etching by HF at 40C and 

the earlier spectroscopic ellipsometry measurements of spontaneous B2O3 etching by HF at 

207C are also in agreement with these theoretical predictions.61   

 

Figure 6-12: ΔG free energy profiles of CVE1, CVE2 and SL reactions versus 

temperature at a constant HF reactant pressure of 0.2 Torr and a product pressure of 0.01 Torr.  

SL reaction becomes endergonic at 110 K. 
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The FEPs of the CVE1 and SL reactions were then examined at different reactant HF 

pressure from 0.01 Torr to 2.0 Torr at a constant product pressure of 0.01 Torr in the temperature 

range of 0 – 1000 K.  The resulting free energy changes for CVE1 and SL reactions and the 

difference between the reactions, CVE1-SL, are shown in Figure 6-13.  The CVE1 reaction is 

favorable at all pressures and temperatures.  An increase in the reactant HF pressure decreases 

the slope of the CVE1 FEP and makes the reaction slightly more favorable at any given 

temperature.  In agreement with Figure 6-12, the SL reaction displays a zero crossing at 

approximately 110K (163⁰C) at all pressures.  The plot of CVE1 – SL does not show significant 

change versus reactant pressure.  The spontaneous etching reaction becomes only slightly more 

favorable relative to the self-limiting reaction as the reactant pressure increases. 

The FEPs of the CVE1 and SL reactions were also explored at different product pressures 

of 0.01 Torr, 0.2 Torr, 1 Torr and 2 Torr for reactant HF pressures from 0.01 Torr to 2.0 Torr in 

the temperature range of 0 – 1000 K.  The resulting free energy changes for CVE1 and SL 

reactions and the difference between the reactions, CVE1-SL, are displayed in Figure 6-14.  The 

free energy of CVE1 increases with increase in the product pressure and the reaction becomes 

unfavorable at high temperatures.  The free energy of SL also increases with product pressure.  

The temperature for the zero crossing for the SL FEP also decreases, although a very small 

change, at higher product pressures.  The unfavorability of both the CVE1 and SL reactions at 

high product pressure leads to the white region for CVE1-SL in Figure 6-14.  In this region at 

high product pressure, the reaction may reverse and lead to B2O3 deposition by BF3 + H2O → 

B2O3 + HF.    



 

134 

 

Figure 6-13: 2D heat maps of ΔG free energies of CVE1 and SL reactions and 

corresponding “minimum barrier” to etch given by CVE1 – SL at different reactant HF pressures 

from 0.01 Torr to 2.0 Torr at a constant product pressure of 0.01 Torr. 

 

 

Figure 6-14: 2D heat maps of ΔG free energies of CVE1 and SL reactions and 

corresponding “minimum barrier” to etch given by CVE1 - SL with respect to change in HF 

pressure from 0.01 Torr to 2.0 Torr for product pressures of 0.01 Torr, 0.2 Torr, 1 Torr and 2 

Torr. 
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6.5 Conclusions 

The reaction of HF on B2O3 was investigated using FTIR to demonstrate the spontaneous 

etching and understand the surface chemistry, QMS to identify the etch products and DFT to 

predict and understand the CVE reaction.  Using B2O3 films grown using B2O3 ALD, FTIR 

spectroscopy observed the CVE of B2O3 by HF at 150 C.  The B2O3 etching was monitored by 

the loss of absorbance for the B-O stretching vibration in B2O3 at 1200-1600 cm-1.  The FTIR 

spectroscopy studies also observed B-F stretching vibrations from BFx species on the B2O3 

surface at 1440 cm-1 after HF exposures.   

The volatile etch products during the spontaneous etching of B2O3 by HF at 150 C were 

identified by QMS studies.  The main etch products were BF3, B(OH)F2 and H2O.  During the 

initial HF exposures on B2O3 powders that had been exposed to air, boroxine ring etch product 

were also detected including B3O3F3, B3O3F2(OH) and B3O3F(OH)2.  After etching through the 

initial hydrated B2O3 powder, the later HF exposures produced mostly BF3 and H2O and fewer 

B(OH)F2 and boroxine rings products.   

DFT studies investigated the energetics of the CVE reactions and SL reactions.  The 

spontaneous etching of B2O3 was predicted at temperatures above -163C for a HF reactant 

pressure of 0.2 Torr and BF3 and H2O combined product pressure of 0.01 Torr.  The DFT 

calculations confirmed that BF3 is the preferred etch product.   In addition, the energetics of the 

reaction was affected slightly by the pressure of the reactant and products.  
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7.1 Abstract 

A combined computational and experimental study is employed to understand the 

competition between self-limiting (SL) and chemical vapor etch (CVE) reactions to design an 

atomic layer etch (ALE) process.  The pulses in an ALE process have to be self-limiting, i.e. the 

reactions should reach saturation after sufficient pulse time.  By comparing the reaction free 

energies of corresponding SL and CVE reactions using density functional theory (DFT), the 

temperature and pressure conditions can be predicted that favor the SL or CVE reactions.  The 

etching of TiO2 when exposed to HF gas is utilized as a test case.  Simulations reveal that when 

TiO2 is exposed to reactant HF at a pressure of 0.2 Torr, the SL reaction removing H2O at 0.01 

Torr and fluorinating the surface is preferred up to 87ºC (360 K).  At higher temperatures, 

continuous removal of TiO2 by CVE occurs according to the reaction TiO2 + HF → TiF4 + H2O 

subject to kinetic activation barriers.  Experimental results from in situ Fourier Transform 

Infrared (FTIR) spectroscopy and quadrupole mass spectrometry (QMS) are compared with the 
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theoretical predictions.  In good agreement with theory, the FTIR spectroscopy studies revealed 

an onset of spontaneous etching (CVE) at temperatures around 80-90ºC.  In addition, the QMS 

analysis observed TiF4 and H2O as the etch products, further validating the calculations.  The 

calculations also predicted that an increase in the reactant gas pressure would enhance etching at 

high temperatures.  The low computational cost of this theoretical approach allows for rapid 

screening of etch reagents and prediction of the temperature/pressure windows where the 

reactions will be in the SL or CVE regimes.   

 

7.2 Introduction 

Materials may be processed reliably and uniformly with atomic level control by 

exploiting self-limiting gas-surface reactions.  For instance, atomic layer deposition (ALD) is a 

process in which a precise fraction of a monolayer of material is deposited in each cycle of gas 

pulses via a sequence of self-limiting (SL) surface reactions.9, 144  ALD has become an 

indispensable step in the fabrication of modern semiconductor devices.9, 144-147  Alternatively, 

materials may be deposited faster, but with less control, by means of chemical vapor deposition 

(CVD), which is a spontaneous and continuous process.  

A sequence of SL reactions is also the basis for atomic layer etch (ALE) process.1, 22  

ALE is expanding in scope to become a key enabling technology for the fabrication of next 

generation semiconductor devices.1, 8, 22, 89, 148-149  In some cases, combining ALD and ALE will 

be advantageous for the production of ultra-smooth thin films only on selected substrates.150  

This area-selectivity could reduce the number of lithographic steps and allow further size 

reduction in semiconductor devices.22, 150  The challenge is to identify SL chemistries, or more 
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precisely, to identify reagents and reaction conditions for the desired SL reaction.  This paper 

presents a combined experimental and computational approach for meeting this challenge.  

In the ALE concept, the target material surface is first chemically modified by exposure 

to a pulse of a suitable gas reactant that self-limits after forming a non-volatile surface layer.1, 10, 

88  The modified layer is then volatilized by the action of the second reactant pulse.  Plasma ALE 

employs directional (i.e. anisotropic) high energy ion bombardment in the second pulse to 

remove the modified surface layer .1, 151  Thermal isotropic ALE processes have also recently 

been introduced where the modified layer is removed by chemical reaction with another gas 

phase reactant.10, 85, 88  The second reactant may then remove the entire modified layer in a 

continuous, unlimited way, but self-limits upon reaching the unmodified material underneath.   

Modification of the surface by the first reactant is the subject of this study.  The first 

reactant is introduced into the etch chamber as a gas and adsorbs onto the substrate material by 

binding with the surface atoms.  A volatile by-product may be produced at this stage.  If some 

fragment of the reactant passivates the surface and causes the surface to become inert towards 

further reactant adsorption, then this is an SL reaction, as required for ALE.152  On the other 

hand, the adsorbate could continue to react with the substrate by diffusing into and reacting with 

sub-surface layers.  This process would result in continual formation of volatile by-products that 

desorb and regenerate active sites on the surface.  This spontaneous reaction would be a CVE 

process.152  

Thermochemical calculations of model reactions have been performed by researchers 

investigating ALD and ALE processes.13, 88-89, 153-157  One popular approach is to model the 

reactions using thermochemical tables from databases such as NIST-JANAF157 with the help of 

software packages such as the HSC Chemistry.120  Alternatively, reactions can be modelled from 
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first principles using density functional theory (DFT) calculations.  Such calculations have been 

used to investigate ALD mechanism in detail8, 145, 153 and recently also to study thermal ALE 

with HF.152, 158  One advantage of using first principles calculations is that any specific phase of a 

solid system or any gas phase molecule of interest, however exotic, can be modelled explicitly 

by ab initio methods.  In addition, databases typically include only bulk materials, and so the 

calculated thermochemistry is valid only for bulk deposition or etching, and not for the surface 

reactions.  

Applying DFT to a slab model is the standard computational procedure for investigating 

material surfaces, including their interaction with gas phase molecules.152, 158  This approach can 

be used to model the SL reaction.  By comparing the free energy profiles (FEPs) of CVE and SL 

reactions using the ’Natarajan-Elliott’ analysis,152 the nature of a reactant pulse can be 

understood.  From this analysis, a ‘minimum thermodynamic barrier’ to etch is computed, which 

is the difference between the corresponding reaction free energies of the CVE and SL reactions.  

Four distinct reaction states are identified based on the value of this ‘minimum thermodynamic 

barrier’.  These states are purely self-limiting, preferred self-limiting, preferred etching and 

purely etching.  A detailed description of this analysis methodology is given elsewhere.152  

TiO2 has significant applications in a variety of technological fields.159  For example, 

TiO2 is an important photocatalyst and has been explored for the production of hydrogen and 

self-cleaning surfaces.160  TiO2 is also a key material in semiconductor devices such as metal-

oxide resistive random access memory (RRAM).161  Thin films of TiO2 are also used in mirror 

coatings, orthopedic implants and pharmacological applications.  A great number of examples 

are available where thin films of TiO2 have been deposited using the ALD approach.162-163   
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HF has been used as the fluorinating agent in the thermal ALE of several metal oxides 

such as Al2O3, HfO2 and ZrO2.
88-89, 154  However, HF was found to be unsuitable in the thermal 

ALE of TiO2 where the Ti atoms are in an oxidation state of +4.164  TiO2 is spontaneously etched 

by HF at temperatures greater than 200◦C, probably forming gaseous TiF4 and H2O.164  

However, when WF6 was used as the fluorination reactant at lower temperatures below 170 C, 

TiO2 ALE was possible using WF6 and BCl3 without the spontaneous etching of TiO2.
13  

Therefore, HF exposure on TiO2 presents an excellent test case for investigating the competition 

between self-limiting and spontaneous etch reactions.   

The purpose of this paper is to demonstrate and validate a combined computational and 

experimental approach for the design of new ALE processes.  The main design steps are: (1) 

choosing reactant molecules for each pulse, (2) optimizing the process conditions in terms of 

temperature and reactant gas pressure, and (3) identifying and treating the exhaust gases.  In a 

purely experimental approach, each design choice is evaluated by trial and error in the 

laboratory.  This is a time intensive process that limits the number of options that can be 

considered.  On the other hand, purely computer-based design can consider a much larger range 

of molecules.  However, the computational model may not be able to include all the variables.  A 

closely-coupled combination of computations to narrow down the design choices and 

experiments to optimize the reaction conditions may provide the best strategy.  
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7.3 Methods Section 

7.3.1 Computational Methods 

The calculations described in this paper were performed within spin-polarized density 

functional theory (DFT) using the Vienna ab initio simulation package (VASP, version 5.3).124  

The calculations were based on the generalized gradient approximation (GGA) using the 

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional.123  The core electrons were 

described by projector augmented wave potentials 125, 165 and the valence electrons were treated 

explicitly using plane wave basis sets up to 400 eV of energy.  

The reaction free energies reported in this paper were computed as follows  

∆G=Gp−Gr+RTln(Q) 

with 

Gp|r=Hp|r−TSp|r 

Hp|r=Ep|r+ ZPEp|r+W(T)p|r 

Q=∏pμp/∏pμr 

Here, ∆G is the reaction free energy, p and r in the subscript refer to products and 

reactants, respectively, H is enthalpy which includes the DFT electronic energy E, zero point 

energy (ZPE) and S is entropy.  The temperature dependent enthalpy W(T) is simply RT for 

molecules and  Σqνℏω(qν)/(exp(ℏω(qν)/kBT) − 1) for solids where q is wave vector, ν is 

phonon mode index and ω is the phonon frequency.  Q is the reaction quotient, which measures 

the relative amounts of product and reactant molecules participating in the reaction, and μ is the 

stoichiometric coefficient for the reaction.  The quantities H and S for bulk and surface models 
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were obtained from phonon frequencies using the Phonopy code.127  Accurate force constants are 

a prerequisite for this, and they were obtained from density functional perturbation theory 

(DFPT) calculations in VASP using a strict energy convergence threshold of 1.0e
−8 eV.   

’Natarajan-Elliott’ analysis was used to study the competition between CVE and SL 

reactions via free energies from a modest number of DFT calculations.  In this analysis, each 

precursor pulse is designated to one of four possible cases depending on the reaction free 

energies of the SL and CVE reactions (negative free energy means the reaction is favorable ):152 

(a) preferred self-limiting (∆GCVE, ∆GSL < 0 ; ∆GSL < ∆GCVE),  

(b) purely self-limiting (∆GCVE > 0; ∆GSL < 0 ; ∆GSL < ∆GCVE),  

(c) preferred etching (∆GCVE, ∆GSL < 0 ; ∆GSL > ∆GCVE) and  

(d) purely etching (∆GCVE < 0; ∆GSL > 0 ; ∆GSL > ∆GCVE).  

The bulk and surface models of TiO2 in the calculations were constructed from its rutile 

crystalline phase (space group P42/mnm) and the corresponding relaxed geometries are shown in 

.  The bulk unit cell consists of two TiO2 units, which is optimized by simultaneously relaxing 

the ionic positions, cell volume and cell shape with a higher energy cutoff of 550 eV and a 

Monkhorst-Pack K-point mesh of 6×6×6.  For the surface calculations, a 15 Å thick slab of (2×4) 

supercell of the rutile-TiO2 (1 1 0) surface (Ti80O160) with a surface area of 1.57 nm
2 and relaxed 

surface energy of 0.91 J/m
2 was constructed with 15 Å of vacuum separating the periodic images 

in the surface normal direction.  This supercell consists of 5 Ti16O32 layers, out of which the 

bottom two layers were kept fixed.  A K-point mesh of 2×2×1 was used for geometry 

optimization of this slab.  The (1 1 0) surface of rutile TiO2 was chosen for this study as its 

signature was found from the XRD spectra of TiO2 ALD at high film thicknesses.166   
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To model the surface geometries resulting from the SL reactions, preserving 

stoichiometry, 8 surface O atoms are removed from the bare surface of TiO2 (1 1 0) followed by 

the adsorption of 16 F atoms as shown in Figure 2a.  Moreover, to represent the reduced TiO2-x 

surface, just 12 F atoms are adsorbed following the removal of 8 O atoms as shown in Figure 2b.  

For these surface slabs, H and S are computed by considering only the top layer of surface atoms 

highlighted in the figures. 

 Gas phase calculations of the reagent molecules and by-products were performed 

using VASP with a large periodic box of dimensions 15.0 Å × 16.0 Å × 15.5 Å with an energy 

cutoff of 400 eV.  However, for convenience, H and S values for these gas phase molecules are 

obtained from the free program of the Turbomole suite167 at a constant pressure of 1 atm.  All gas 

phase calculations in Turbomole were performed with the PBE functional and a valence triple 

zeta basis set (def-TZVPP).  
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Figure 7-1(a) Equilibrium bulk geometry of rutile TiO2; (b) Relaxed surface slab of 

TiO2(1 1 0); Ti and O atoms are displayed in cyan and red, respectively. 
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Figure 7-2: (a) Relaxed surface slab model of self-limited fluorination of TiO2(1 1 0) as 

"TiF4"; (b) Relaxed surface slab model of self-limited fluorination of TiO2(1 1 0) as "TiF3". 

 

7.4 Experimental Methods 

For the FTIR studies of etching, TiO2 ALD films were first deposited on silicon nano-

powder covered with native oxide (>98 % US Research Nanomaterials) that had an approximate 

diameter of 30 nm.  This nanopowder was used to achieve a high TiO2 surface area for greater 

signal-to-noise for the FTIR experiments.82  The powder was pressed into a 1.5 × 3 cm tungsten 

grid that was 50 microns thick with 100 grid lines per inch.82  The tungsten grid was resistively 

heated with a dc power supply (6268B, 12 V/40 A, HP) to heat to the temperatures needed for 
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the ALD and spontaneous etching experiments.  The power supply was controlled by a PID 

temperature controller (Love Controls 16B, Dwyer Instruments).  To monitor the temperature, a 

type K thermocouple was connected to the tungsten grid with a nonconductive epoxy 

(Cermabond 571).  

TiO2 ALD was performed in a home-built warm-walled ALD reactor equipped for FTIR 

studies as described previously.168-169 For sample temperatures greater than 150C, the chamber 

walls were held at 150ºC and the sample was heated using the DC power supply. For sample 

temperatures below 150ºC, the chamber walls maintained the sample temperature. TiO2 ALD 

was accomplished with sequential exposures of TiCl4 (≥ 99.995% trace metals basis, Sigma-

Aldrich) and H2O at 200◦C.162-163, 169-170  The TiCl4 and H2O reactants produce a TiO2 ALD 

growth rate of 0.4 Å/cycle at 200 C.163, 170  The resulting TiO2 ALD films are amorphous by 

x-ray diffraction analysis and known to have low chlorine concentrations of 1 at% by x-ray 

photoelectron spectroscopy measurements.163, 170  

During the TiO2 ALD process, the TiCl4 half-cycle was a 2 second exposure at 50-100 

mTorr in viscous flow with the N2 carrier gas.  The TiCl4 exposure was followed by purging with 

the N2 carrier gas for 90 seconds.  Then the FTIR spectrum was acquired during a scan for 60 

seconds.  The H2O half-cycle consisted of a 1 second exposure at 50-80 mTorr in viscous flow 

with the N2 carrier gas.  The H2O exposure was followed by purging with the N2 carrier gas for 

60 seconds.  Then the FTIR spectrum was acquired during a scan for 60 seconds.   

For HF exposures on TiO2, each HF exposure was a 2 s exposure at 200 mTorr in viscous 

flow with the N2 carrier gas.  The HF exposure was followed by purging with the N2 carrier gas 

for 90 seconds.  Then the FTIR spectrum was acquired during a scan for 60 seconds.  Longer 

purges than necessary for ALD were used to try to eliminate the possibility of HF contact with 
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the KBr windows during the FTIR scan. Spectra were recorded with a spectral resolution of 4 

cm-1. During temperature dependent reactions, the reactor was equilibrated at each temperature 

for 30 minutes.  

The QMS investigations employed a new reactor that has been described earlier.171  This 

reactor allows the study of etch products produced by flowing reactant gases through powder 

samples.  The etch products and background gas are then expanded through an aperture and form 

a molecular beam.  The beam of background gas and etch products are then passed through a 

skimmer and enter a differentially-pumped region for QMS analysis.  The details of this 

apparatus have been given previously.171 

The skimmer aperture diameter was 1.4 mm and the skimmer was positioned 41 mm 

from the sample aperture.  The volatile etch products were observed using a high sensitivity, 

high mass quadrupole mass spectrometer (Extrel, MAX-QMS Flanged Mounted System).  Each 

spectrum was recorded in 1 second and monitored mass intensities from 1 amu to 512 amu.  

After the position of the products was determined, the mass spectrum was recorded from 30 amu 

to 300 amu using optimized ionization energy and electron multiplier gain.  An average of 100 

scans were recorded during HF exposures to eliminate noise.  Electron-impact ionization of gas-

phase etching products was achieved with a circular thoriated iridium filament in the ionization 

volume inside the ionizer housing.  An electron ionization energy of 70 eV was used for these 

experiments.   

HF was first introduced into a reservoir at a pressure of 9 Torr to have a consistent HF 

partial pressure during the reaction.  HF was leaked into the flowing N2 background gas.  The HF 

pressure in the sample holder containing the TiO2 powder was 5.2 Torr.  The background N2 

pressure was 2.8 Torr.  TiO2 nanopowder was purchased from US Research Nanomaterials 
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(99.9%, 165 nm diameter) and added to a sample holder.  The mass of the TiO2 nanopowder was 

recorded before and after the etching experiments were done.  The mass of the nano powder 

before etching was 40.58 mg.  
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7.5 Results  

7.5.1 Computed Energetics of HF Reactions with TiO2 

The possible CVE and SL reactions representing the HF pulse on TiO2 are listed in Table 

1 along with their corresponding reaction energies computed with DFT.  Three sets of CVE and 

SL reactions are postulated for the TiO2 and HF interaction.  In the CVE1 reaction of TiO2, 4 HF 

molecules are needed to etch away one unit of bulk as TiF4 and H2O, whereas in the CVE2 

reaction, 2 HF molecules are assumed to be enough to etch a unit of TiO2 by forming TiOF2 and 

H2O. These two reactions are of non-redox type since the Ti ion in the product species retains the 

oxidation state of +4.  On the other hand, in the CVE3 reaction, the Ti4+ 
ion in TiO2 is reduced to 

Ti3+ 
by forming TiF3.  The CVE2 and CVE3 reactions are computed to be unfavorable at 0 K 

with positive reaction energies while the CVE1 reaction is exoergic.  

 

Table 1: Reaction energies (ΔE) of the postulated CVE (Y) and SL (X) reactions 

representing the HF pulse on TiO2 along with the corresponding ‘minimum thermodynamic 

barrier  ’ (Y-X) to etch.  The energy values are normalized per unit bulk (u.b.) material. 

 

Surface-limited versions of these three reactions are also postulated.  The SL1, SL2 and 

SL3 reactions of TiO2 are found to be energetically more favorable than the CVE1, CVE2 and 

CVE3 reactions, respectively.  This behavior can be interpreted as the TiF units bonded on the 
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surface being much more favorable than TiFx molecules in the gas phase at 0 K.  CVE1 and SL1 

are the most favorable reactions for TiO2 since the minimum thermodynamic barriers 

(differences between CVE and SL reaction energies) of the other reaction sets are significantly 

larger.  Therefore, the energy profile of the HF pulse at T=0 K falls under the ‘preferred self-

limiting’ category as both SL and CVE are energetically allowed, but with CVE facing a 

minimum thermodynamic barrier of 1.1 eV/TiO2.  

7.5.2 Reaction Free Energy Profiles for Etching of TiO2 

FEPs of the candidate etching reactions in Table 1 are computed with a reactant pressure 

of 0.2 Torr and product pressure of 0.01 Torr in the temperature range 0 to 1000 K.  The various 

contributions to the free energy of the CVE1 reaction of TiO2 are plotted in Figure 7-3.  ∆E and 

∆ZPE do not change with temperature and are represented as horizontal lines.  The entropy term, 

T∆S, dominates the FEP of this reaction by spanning from 0 eV at 0 K to -0.73 eV per bulk unit 

at 1000 K.  The entropy decreases primarily because four gaseous molecules react to produce 

only three product molecules, which indicates that the relative entropies of reactant and product 

gases play a crucial role in the temperature-dependence of the etch process.  The RTln(Q) and 

∆W terms contribute relatively little in magnitude compared with the entropy term at this 

pressure.  However, these terms do have the effect of offsetting some of the entropic increase in 

free energy at high temperature for CVE1.  At these reactant and product pressures, the FEP 

shows that the CVE1 reaction is exergonic (∆G <0) up to at least 1000 K.  



151 

151 

 

Figure 7-3: Various contributions to the reaction FEP for the CVE1 reaction of TiO2 + 

HF → TiF4 + H2O at an HF reactant pressure of 0.2 Torr. 

 

The FEPs of CVE and SL reactions for TiO2 can be compared as shown in Figure 7-4. 

The CVE2 and CVE3 reactions have almost identical FEPs and are endergonic even though their 

FEPs have a negative slope.  In contrast, the CVE1 reaction is fully exergonic even though its 

FEP has a slightly positive slope.  At some very high temperature, the ∆G profiles of CVE1 and 

CVE2 may cross over each other.  In that case, CVE2 producing TiOF2 would become the most 

favorable etch reaction.  However, judging from the slopes of their FEPs, CVE2 and CVE3 will 

not cross each other.  Consequently, the formation of volatile TiF3 will never be more favorable 

than the formation of volatile TiOF2.  
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The SL reactions are comparatively more exoergic than the CVE counterparts at low 

temperatures up to 360 K (87ºC).  The HF molecules passivate the TiO2 surface and form 

surface-bound products in the SL reactions.  As a result, there is a significant entropic penalty 

that is evident in the strongly positive slope of the FEPs of the SL reactions.  The SL3 reaction is 

unfavorable at all temperatures above 70 K, which indicates that reduction by HF of surface Ti 

atoms to TiO2-x is unlikely.  

 

Figure 7-4: FEPs for the CVE1, CVE2, CVE3, SL1 SL2 and SL3 reactions for HF 

interacting with TiO2 versus temperature. The labels X and Y correspond to the values listed in 

Table 1. 

 

Considering only the most favorable reactions, CVE1 and SL1, the graph in Figure 7-5 

can be divided into three regions.  The FEPs of the CVE1 and SL1 reactions cross at 360 K 

(87ºC).  The region between 0 K and 360 K is labelled as ‘preferred self-limiting’, since the SL1 
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reaction is the most favorable in this region and the ‘minimum thermodynamic barrier’ for SL1 

to CVE1 is positive.  HF etching of the bulk by CVE1 is possible in this region if the energetic 

barrier, including kinetic requirement, can be overcome at the reactor conditions.  The ‘minimum 

thermodynamic barrier’ drops from a value of 1.1 eV per bulk unit at 0 K to zero at 360 K where 

the CVE1 and SL1 reactions become equally favorable for producing by-products at pressure of 

0.01 Torr.  

 

Figure 7-5: FEPs of CVE1 and SL1 showing three regions  : preferred self-limiting, 

preferred etching and purely etching.  SL1 and CVE1 line crossing occurs at 360 K (87⁰C). 
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The region between 360 K (87⁰C) and 700 K (427⁰C) is called ‘preferred etching’, since 

fluorination of the surface by reaction SL1 is possible, but the CVE1 reaction to volatile TiF4 is 

more favored.  The actual etch pathway may face kinetic barriers that have not been computed in 

this study.  The SL1 reaction becomes endergonic beyond 700 K and this temperature region is 

labelled ‘purely etching’.  This label suggests that, at these high temperatures, the surface may 

resist fluorination via SL1, which may constitute a barrier towards the formation of volatile TiF4 

(for CVE1), though we have no data on such details of the mechanism.   

7.5.3 Influence of Reactant and Product Pressures  

The etch reactions have been considered above at a constant reactant (HF) pressure of 0.2 

Torr and a by-product pressure of 0.01 Torr.  The reactant gas pressure can be controlled in the 

reactor.  However, the product pressure is not an experimentally adjustable parameter.  Any 

change in the reactant and product pressures will alter the slope of the FEPs due to the 

contributions from the RT ln(Q) term, and will hence change the process window.  This is now 

shown for the CVE1 and SL1 reactions of TiO2 under changes in reactant (HF) pressure from 

0.01 Torr to 4 Torr at a constant by-product pressure of 0.01 Torr.  

Figure 7-6a and Figure 7-6b display color maps showing the free energy changes of the 

CVE1 and SL1 reactions of TiO2 along with the minimum thermodynamic barrier for etching 

(CVE1-SL1) in Figure 7-6c.  The CVE1 reaction shown in Figure 7-6d is mostly favorable in the 

entire reactant pressure range.  CVE1 also becomes more favorable at high temperatures and 

high reactant pressure.  Consequently, an increase of the reactant pressure decreases the slope of 

the FEP of the CVE1 reaction.  In the SL1 reaction shown in Figure 7-6b, the favorable region is 

pushed to higher temperatures at higher reactant pressure.   
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From the minimum thermodynamic barrier map in Figure 7-6c, the SL1 reaction is 

computed to be preferred up to 360 K (87◦C) for the entire reactant pressure range.  This means 

that the temperature at which the FEPs of the CVE1 and SL1 reactions cross over is constant 

with respect to increase in the reactant pressure, under the assumption of a constant product 

pressure.  This behavior occurs because the number of reactant HF molecules per unit TiO2 is the 

same for both CVE1 and SL1 reactions.  In the ‘purely etching’ region (∆G(SL1) > 0 and 

∆G(CVE1) < 0), the minimum thermodynamic barrier to etch decreases at higher reactant 

pressure.   

 

Figure 7-6: ‘Heat’ maps showing the change in free energy of (a) CVE1 and (b) SL1 

reactions for HF exposure on TiO2.  (c) Change in corresponding minimum thermodynamic 

barrier with respect to reactant pressure and temperature. 

 

7.5.4 FTIR Spectroscopy 

Figure 7-7 shows the progressive growth of a TiO2 film during 36 ALD cycles on silicon 

nanoparticles measured by the infrared absorbance.  TiCl4 and H2O were employed as the 

reactants at 200°C for TiO2 ALD.  The spectra are referenced to the original silicon nanoparticle 

sample that has a thin native oxide of the silicon surface.  The absorption peak at 400 - 960 cm-1 
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corresponds to Ti-O stretching vibrations.  The Ti-O stretching vibrations yield a peak at 722 cm-

1 that increases linearly with number of TiCl4 and H2O cycles. 

The initial cycles of TiO2 ALD also give rise to several other absorption peaks at 1209 

cm-1, 1048 cm-1 and 940 cm-1.  The vibrational band at 1209 cm-1 is assigned to Si-O vibrations 

that arise due to the oxidation of the silicon powder with H2O exposures.  This peak grows 

rapidly during the first 10 TiO2 ALD cycles and then the growth slows at higher TiO2 ALD film 

thicknesses.  The bands at 940 cm-1 and 1048 cm-1 are assigned to Si-O-Ti vibrations resulting 

from the mixing of TiO2 and SiO2 at the interface.  These vibrational bands also do not increase 

further as TiO2 ALD continues past 30 cycles.  

 

Figure 7-7: FTIR absorbance during TiO2 ALD on silicon nanoparticles at 200⁰C versus 

number of ALD cycles using TiCl4 and H2O as the reactants. 
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The etching of the TiO2 ALD films by HF was studied by monitoring the changes to the 

FTIR spectrum.  Another TiO2 ALD film was grown using multiple TiO2 ALD cycles. Figure 

7-8 shows the difference spectrum after the first exposure of HF at 200 mTorr for 2 s at 280◦C.  

This difference spectrum is referenced to the infrared spectrum from the last 20 cycles used to 

grow the TiO2 ALD film.  The vertical axis for this reference spectrum has been scaled and 

shown in Figure 7-8.  The comparison between the difference spectrum and the reference 

spectrum reveals that the HF exposure removes the TiO2 ALD film.  The difference spectrum 

displays a broad decrease in absorbance at 400 - 960 cm-1 that is consistent with the spectrum for 

the TiO2 ALD film. 

There is also a new feature in Figure 7-8 that is not in agreement with the loss of the 

absorbance from the Ti-O stretching vibration.  This feature is observed as an absorption peak at 

777 cm-1.  This absorption feature is assigned to a Ti-F stretching vibration.  The difference 

spectrum is consistent with the HF exposure spontaneously etching TiO2 and leaving the TiO2 

surface terminated with Ti-F species after the HF exposure.  This Ti-F surface species may be 

viewed as an intermediate on the way to volatile etch species.  The expected possible volatile 

etch products from the spontaneous etching of TiO2 by HF may be TiF4 or TiOF2, which is 

checked by QMS measurements and DFT calculations.   
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Figure 7-8: FTIR difference spectrum for the first HF exposure on TiO2.  Difference 

spectrum was obtained using the FTIR absorbance spectrum for TiO2 ALD after 36 cycles as a 

reference.  Absorbance for TiO2 ALD film after 36 cycles is also shown for comparison 

 

Figure 7-9 shows the difference spectra after 1, 3, 5, and 10 HF exposures at 200 mTorr 

for 2 seconds at 280⁰C.  The starting sample was a TiO2 ALD film deposited after 60 ALD 

cycles.  The difference spectra are referenced to the absorption spectrum for this TiO2 ALD film.  

The decrease of the absorbance for the Ti-O stretching vibration between 500 cm-1 and 900 cm-1 

in Figure 7-9 is linear with respect to the HF exposure.  The continuous loss of TiO2 indicates 

spontaneous etching (CVE) during each HF exposure. 

Figure 7-9 also provides confirmation that the absorption feature at 777 cm-1 corresponds 

to a Ti-F surface species.  This absorption peak at 777 cm-1 persists through the 1st, 3rd, 5th and 

10th HF exposures.  The size of this absorption feature also remains constant during the ten HF 
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exposures.  These results are expected since the surface area of Ti-F surface species stays 

constant as the TiO2 ALD film is progressively removed by spontaneous etching.   

 

Figure 7-9: FTIR difference spectra after 10 sequential HF exposures at 280ºC on TiO2 

ALD films.  Absorbance feature at 777 cm-1 is assigned to Ti-F stretching vibration. 

 

The spontaneous etching of TiO2 increases at higher substrate temperature.  To quantify 

the spontaneous etching rate, experiments were performed at 14 different temperatures between 

80◦C and 300◦C.  The change in FTIR absorbance was integrated over the frequency range 400 

to 960 cm-1 after each HF exposure for 10 HF exposures at each temperature.  This change in the 

integrated absorbance during each HF exposure is proportional to the TiO2 etch rate, which is 

shown in Figure 7-10.  There is a small but measurable integrated absorbance loss at 

temperatures as low as 80ºC (353 K), but not at lower temperatures.  The TiO2 etching starts to 

increase more noticeably at approximately 150ºC (423 K).  The etch rate increases progressively 

with temperature up to 300ºC (573 K).  These results for the spontaneous etching of TiO2 are in 
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agreement with previous experiments that revealed the spontaneous etching of TiO2 ALD films 

by HF exposures at 200, 250 and 300ºC using quartz crystal microbalance (QCM) 

measurements.  A central question in this paper is whether this temperature window for etching 

can be predicted computationally.  

The change in the integrated absorbance during each HF exposure can also be related to 

the thickness of the TiO2 ALD film.  From the results in Figure 7-7, an integrated absorbance 

(units of absorbance x cm-1) of 118 cm-1 is obtained from 400 cm-1 to 960 cm-1 after 36 TiO2 

ALD cycles at 200ºC.  Previous TiO2 ALD studies have measured a TiO2 ALD growth rate of 

0.4 Å/cycle using TiCl4 and H2O as the reactants at 200ºC.  Using this growth rate, the integrated 

absorbance of 118 cm-1 after 36 TiO2 ALD cycles can be equated to a TiO2 ALD film thickness 

of 14.4 Å.  Using this correlation between integrated absorbance and TiO2 film thickness, the 

TiO2 film thickness removed for the HF exposure of 200 mTorr for 2 s at 300 C is estimated to 

be 0.5 Å. 
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Figure 7-10: Etch rate as measured by change in integrated absorbance of the Ti-O 

vibrational modes from 400-960 cm-1 for each HF exposure.  Temperature is varied from 80⁰C to 

300⁰C. 

 

Figure 7-11 shows the Arrhenius plot of the temperature-dependent etch rates.  This plot 

of the logarithm of the etch rate versus 1/T is approximately linear.  The slope of the Arrhenius 

plot yields an activation energy of Ea = 42 kJ/mol.  This activation energy is presumably 

associated with the kinetics of the rate-limiting mechanistic step during HF etching of TiO2. 
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Figure 7-11: Arrhenius plot obtained from etch rates versus temperature presented in 

Figure 7-10.  Slope of the plot yields an activation barrier of Ea = 42 kJ/mol. 

 

7.5.5 QMS Spectrometry 

Quadrupole mass spectroscopy was used to investigate the volatile etch species produced 

when HF interacts with TiO2 at 300⁰C.  Figure 7-12a shows the mass spectrum from 46 amu to 

110 amu that reveal the peaks for TiF3
+, TiF2

+, TiF+ and Ti+.  The TiF3
+ fragments have the 

highest intensity.  The main fragment for TiF3
+ is at m/z = 105 amu.  These titanium fluoride 

species are assigned to the cracking fragments of TiF4
+.  The small peaks found at 55 and 57 amu 

correspond to hydrocarbons that are often observed during heating of the filament for electron 

impact ionization.  
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Figure 7-12b expands the mass spectrum around 105 amu.  The TiF3
+ fragment can be 

confirmed by the Ti isotopic ratios.  Due to the isotopes of titanium, there are expected peaks at 

103, 104, 105, 106, and 107 amu with intensities of 10.8%, 9.9%, 100%, 7.5%, and 7.3%, 

respectively.  These expectations accurately match the intensities of the peaks observed for the 

TiF3
+ fragment.  TiF3

+ could be a fragment of TiF4
+.  However, TiF4

+ was not observed in the 

mass spectrum.  TiF4 would be consistent with the CVE1 reaction (see section XX) where the 

expected product is TiF4(g).  There also could be small contributions from the CVE3 reaction if 

the product was TiF3(g).  TiF3 is not likely as the parent because TiF3 is a solid with a very high 

melting point of 1200⁰C.  In contrast, TiF4 has a much lower melting point of 377⁰C.   

 

Figure 7-12: (a) TiFx
+ mass species observed during HF exposure on TiO2 powder at 

300ºC.  (b)  Expansion of the mass range around the main TiF3
+ fragment at m/z = 105 amu 

showing the measured signals and the predicted signals based on the Ti isotopes. 
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Figure 7-13 shows the intensity of the TiFx fragments during the HF exposure with a 

duration of 2 minutes.  All TiFx fragments rise and fall with the HF exposure.  The intensity of 

the TiF+ peak has a higher background intensity resulting from small hydrocarbons desorbing 

from the filament at 86 amu.  All the TiFx
+

 fragments are attributed to TiF4.  The absence of the 

TiF4 parent may result from its complete fragmentation during ionization.  

Figure 7-14a shows the increase in the H2O
+ intensity at 18 amu and Figure 7-14b shows 

the increase in the HF+ intensity at 20 amu during the HF exposure with a duration of 2 minutes.  

The H2O
+ signal rises and falls with the HF exposure.  H2O is an expected product of both the 

CVE1 and CVE3 reactions where TiF4(g) and TiF3(g) are the respective products.  The mass signal 

for O2 at 32 amu did not have an increase during the HF exposure.  After the etching 

experiments, the mass of the powder was measured to investigate the mass decrease resulting 

from etching.  The final mass was 31.26 mg compared with 40.58 mg before etching.  The 

etching resulted in a 23% decrease in the mass of the TiO2 nanopowder.  

 

Figure 7-13: Mass spectrometry scans for TiF4
+, TiF3

+, TiF2
+, TiF+ and Ti+ during an HF 

exposure lasting 2 minutes.  All TiFx
+ species rise and fall with the HF exposure. 
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Figure 7-14: Mass spectrometry scans for (a) H2O
+ and (b) HF during an HF exposure 

lasting 2 minutes.  The H2O
+ intensity rises and falls with the HF exposure. 

 

7.6 Discussion 

The FEPs of postulated SL and CVE reactions for HF exposure on TiO2 were calculated 

over wide temperature and pressure ranges of interest.  Experimental results were also obtained 

for the etch onset, etch rate versus temperature and etch products.  The onset temperature was the 

first temperature where the change in the integrated FTIR absorbance of the Ti-O vibrational 

band was found to be non-negligible.  The FTIR measurements showed that the spontaneous etch 

of TiO2 (a CVE-type reaction) was favorable from an onset temperature of 80-90 C, which 

agrees with the theoretical prediction that the continuous etching of TiO2 by reaction CVE1 

dominates at temperatures greater than 360 K (87◦C).  In this case, the predicted onset 

temperature is based on crossover of the computed thermodynamics of the candidate etching 
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reactions.  The correlation between the experimental and theoretical onset temperature counters 

the common assumption that onset temperatures are exclusively a reflection of reaction kinetics. 

The calculations show that the surface remains completely passivated with Ti-F species 

due to the self-limiting SL1 reaction at temperatures below the onset temperature.  The FTIR 

difference spectra in Figure 7-8 also show a persistent Ti-F signal and the loss of Ti-O signal 

after each HF pulse on the TiO2 surface at 280 C (553 K).  At this temperature, the HF pulse is 

predicted to be in the ‘preferred etching’ state where both SL1 and CVE1 reactions are favorable 

and compete with each other, but with CVE1 more thermochemically favorable .  The 

favorability of CVE1 explains why spontaneous etching and loss of Ti-O signal is observed in 

Figure 7-8.  The Ti-F signal at the surface is observed because the FTIR measurement takes 

place after the HF exposure.  The F-covered TiO2 surface from the SL1 reaction is preserved 

because Ti-F is a favorable surface intermediate at this temperature.  

The mass spectrometry measurements identify TiF4 and H2O as the volatile etch products 

during HF exposure on TiO2.  These volatile etch products are consistent with the reaction 

products of the CVE1 reaction pathway that is computed to be favorable, i.e. TiO2 + HF  TiF4 

+ H2O.  There were no observed TiOF2 products in agreement with a thermodynamically 

unfavorable CVE2 reaction.  There was also no detection of an O2 etch product in agreement 

with the thermodynamically unfavorable SL3 pathway.   

This computational model generates thermodynamic information from a few DFT 

calculations on relatively small systems (i.e. bulk crystal, gas-phase molecules and idealized 

surface slabs), which makes the model suitable for screening large numbers of candidate 

chemistries and designing new ALE processes.  To look at the mechanism and kinetics 

underlying the process would require more time-consuming calculations.  We expect that such 
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calculations would show which individual steps in the CVE1 reaction are responsible for the 

measured activation energy (Ea=42 kJ/mol, Figure 7-11).  This activation energy may be the 

barrier for diffusion of Ti and O atoms from sub-surface layers to the fluorinated surface, prior to 

desorption as TiF4 and H2O respectively. 

 

7.7 Conclusion 

A combined computational and experimental approach has been presented to understand 

the competition between self-limiting and continuous etch reactions in an ALE process using HF 

exposures on TiO2 as an example.  In situ FTIR spectroscopy was used to study etch rates and 

surface species during the etching of TiO2 with HF exposure.  In situ mass spectrometry was also 

employed to identify the volatile etch products.  The HF exposure was predicted to continuously 

etch TiO2 in the temperature window 360-770 K (87-497◦C).  There was excellent agreement 

between the onset temperature for the TiO2 spontaneous etching of 87ºC calculated by the 

simulations and threshold for absorbance change at 80-90ºC measured by FTIR spectroscopy. 

The calculations also determined that an increase in the reactant pressure did not alter the etching 

onset temperature of the preferred etching pathway. 

HF was predicted to passivate the TiO2 surface with Ti-F species in a self-limiting 

reaction at temperatures up to 360 K (87ºC) and FTIR spectroscopy confirmed the presence of 

Ti-F surface species after HF exposures.  The calculations predicted that TiO2 was more 

favorably etched as TiF4 rather than TiF3 or TiOF2, and this was confirmed in the observation of 

cracking fragments of TiF4 in mass spectrometry.   

This study illustrates that the competition between self-limiting and continuous reactions 

can be predicted with straightforward DFT calculations and used to determine the temperature 
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window for ALE processes.  In addition, theory can predict the expected volatile etch products 

and surface species resulting from the self-limiting reactions.  This theoretical approach has also 

been experimentally validated using HF exposures on TiO2.  These theoretical predictions can 

therefore guide experiments to more efficiently develop viable ALE processes.  This method of 

understanding the competition between self-limiting and continuous reactions should be useful 

for rapid high-throughput screening of precursors and various substrates to design new thermal 

ALE processes.   
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