ATOMIC LAYER ETCHING OF METAL
FILMS, METAL NITRIDES, AND METAL
OXIDES WITH BCL3 AND HF/XEF:
by
Nicholas Johnson
A.A., Santa Rosa Junior College, 2011

B.S., UC Santa Barbara, 2013

A thesis submitted to the
Faculty of the Graduate School of the
University of Colorado in partial fulfillment
of the requirement for the degree of
Doctor of Philosophy
Department of Chemistry and Biochemistry

2018



This thesis entitled:

Atomic Layer Etching of Metal Films, Metal
Nitrides, and Metal Oxides with BClz and
HF/XeF

written by Nicholas Johnson

has been approved for the Department of Chemistry and Biochemistry

Professor Steven M. George

Professor Michael Marshak

Date

The final copy of this thesis has been examined by the signatories, and we
find that both the content and the form meet acceptable presentation
standards

of scholarly work in the above mentioned discipline.



Johnson, R, Nicholas (Ph.D., Chemistry)
Atomic Layer Etching of Metal Films and Metal Nitrides

Thesis directed by Professor Steven M. George

The continued miniaturization and increase in architectural complexity of transistor-
based devices require new process methods. One such method is called atomic layer etching
(ALE). ALE is based upon sequential self-limiting or pseudo-self-limiting reactions that remove
materials with atomic level control. Until recently, ALE was based upon halogen adsorption
followed by high energy ion bombardments for isotropic (directional) etching of materials.
However, recently, new thermal based techniques have been developed for anisotropic (nhon-
directional) etching of semiconductor-based devices.

New approaches for thermal ALE have been demonstrated for crystalline AIN, W/WOs,
TaN/Ta20s, MOCVD GaN and Ga,0s. Crystalline AIN was demonstrated to etch with Sn(acac):
and HF as the reactants. WOs, Ta.Os and Ga203 were demonstrated to etch with BCls and HF.
TaN and W were etched with O2/Os in conjunction with BClz and HF. MOCVD GaN was
etched with BClsz and XeFo.

All systems were analyzed with spectroscopic ellipsometry as the main technique for
thickness analysis. Thermal ALE of all systems was shown to be possible in the general
temperature range of 150 to 250 °C. Investigations into the reaction pathway were conducted for
each system. Ga»O3, MOCVD GaN, and AIN proceeded through a fluorination and ligand
exchange. In this process, the surface is fluorinated, and the resulting fluoride is transferred for

the ligand on Sn(acac). or BCls creating volatile complexes. In the case for WOz and Taz0s,



1\
BCl; converts the surface to a B2O3 layer while forming volatile metal chlorides. B2Os is then
spontaneously removed by interaction with HF which does not fluorinate WO3z or Ta;Os. This
pathway is important when a fluorination step would create volatile fluorides leading to non-
controlled spontaneous etching. TaN and W are etched similarly, except that an oxidation step is

required. The thermal ALE of other metal derivatives such as metal phosphides, sulfides,

tellurides and elemental metals can be etched through these two pathways.
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Chapter 1
INTRODUCTION

1.1 History of the Transistor

In the last century there has been many inventions that have brought mankind from the
Stone Age to now, where we are in the Technological Age, or “Silicon Age.” Inventions such as
the assembly line and Model T by Henry Ford, the discovery of penicillin, and the first radios
and televisions have changed how society functions. These inventions deserve their due credit;
however, it can be argued one of the most important inventions that has been discovered is the
computer. Today in society, computers are everywhere. Computers allowed for cellphones to be
invented, computers access the internet, help in education, and computers help run calculations

for a multitude of applications that would take days if not longer to solve by hand.

To appreciate how important ALE methods are to the semiconductor industry, it is
important to know the history of computers. The first digital computers had a large number of
vacuum transistors for calculations. The first experimental digital computers such as the
Atanasoff-Berry Computer used 300 vacuum tube transistors with capacitors used for the
memory. Computers were soon used by the military for cracking codes of enemies, primarily the
Germans in WW2L. This led to the invention of the computer Colossus Mark 1 which contained
1500 vacuum tube transistors for calculations. The Colossus Mark 2 was later invented with
2400 vacuum tube transistors for calculations. The size of these first computers was incredibly

large. The Colossus Mark 2 was 7ft high by 17ft wide and 11 feet deep.

Computer language is based upon 1’s and 0’s, or on/off in colloquial terms. This type of

language uses Boolean algebra to perform calculations. As the language for Boolean algebra is
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“on” or “off” a system can be designed to designate these values with components that have only
two states. This is the primary reason that transistors are used in computers. A transistor is an
electrical switch. At the time, vacuum transistors, which are an electrical switch satisfied the
on/off conditions. The flow of the electrical current during an on state, or the lack thereof was
then used to perform calculations. During this time, the only type of reliable transistor was

vacuum tubes, hence, why they were used, even with their drawbacks (more on that later)

The reason for the size of these computers were the components. Each computer had
thousands of resistors, capacitors and miles worth of wiring. Each vacuum transistor being the
size of a small coke can added up. If we glance at a computer now, the size is miniscule in
comparison, but the processing speed for even low-cost computers is astronomically larger. The
size difference is that the components of computers system have gotten smaller and smaller. One
main difference between the first computers and todays computers is that vacuum tube

transistors aren’t use anymore.
Invention of the Field Effect Transistor and creation of solid state FET computers

In the late 1940’s three scientists at Bell Labs created a working solid-state transistor.
Using germanium as the semiconductor, and gold as the contacts, and a metal base; John
Bardeen, William Shockley, and Walter Brattain discovered the first point contact transistor.? In
doing so they also invented the first Field Effect Transistor. The Bell Labs team noticed that the

potential applied to the gate electrode controlled the current through the contacts.

At the time of the discovery of the solid state transistor, tubes were still in use for early
computers. However, tubes required a significant amount of power to turn on, generated an

immense amount of heat, and broke down frequently®. For computing to continue to become
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more powerful, more tubes would be necessary, however, the constant breakdown and amount of

power needed for run time made these machines expensive to run. A replacement was needed.
When Bell labs discovered the point contact transistor, they also showed that the device required
low power for on/off operation, had a long lifetime of use, and it was significantly smaller than

vacuum tubes?.

It was only a matter of time until transistors replaced computers. In 1953, the first
computer made entirely of solid state transistors was invented at Sussex University by Dick
Grimsdale, a research student in electrical engineering®. This system was far more efficient than
vacuum tube systems, and much faster. Eventually companies started making solid state
transistor computers. In 1955 IBM came out with the first transistor calculator containing 3000
germanium transistors. Companies such as Philco, RCA, Olivetti and IBM then released

transistor-based computers in the following years.

Early computers used germanium as the semiconductor material, however transistor
technology switched to silicon®. This is primarily due to Bell Labs investigating silicon as the
semiconductor material, and single crystal silicon’s ease of development. At this same time,
Texas instruments also created working silicon transistors. With the two largest suppliers of
transistors researching and developing silicon based transistors, the devices switched from

germanium to silicon.

The point contact transistor was the first solid state transistor used in computer devices.
This type of transistor was eventually replaced by a junction gate field-effect-transistor JFET
called the static induction transistor (SIT). A JFET is a type of transistor where the source and
drain are connected and current flows. A schematic of the JFET is shown in Figure 1-1. When a

bias is applied, the conduction channel is changed from n-type to p-type or vise versa stopping



the current and the switch is effectively turned off. This then lead to the invention of the metal-
oxide-semiconductor field-effect transistor (MOSFET) shown in figure 1-2. This device works
in opposite to the JFET. No current is flowing until a bias is applied to the gate. An additional
architectural change was completed as well, the gate is now insulated from the conduction

channel so no current would travel through the conductive gate as shown in figure 1-2
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Figure 1-1. Schematic of a Junction Gate Field Effect Transistor®
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Figure 1-2. Schematic of a MOSFET’



The MOSFET has been the chosen transistor device for the last 50 years in computer
devices. In comparison to other types of transistors such as the bipolar junction transistor, the
MOSFET exhibits better thermal stability. In addition, a MOSFET requires little voltage to open
the conduction channel. In comparison to the JFET, the MOSFET doesn’t have free flowing
current through the channel, making it more efficient in current consumption. MOSFET devices

can also handle higher current loads than BJT’s®.

The transition from Vacuum tubes to point contact transistor to the MOSFET was based
upon a few factors: efficiency, reliability but most importantly size. The decrease of size
correlated to an ability for faster switching of the transistors, lower power consumption and
greater computing ability due to far greater transistor density. With these factors, integrated
circuits were being researched and developed. Initial transistor devices were made individually
and wired together. Integrated circuits removed the individual components from a separate
substrate to the same substrate. This allowed for the packing density of transistors to increase as

well as decrease use of bulky wiring.

The development of integrated circuits led to the decrease of transistor price, and the
increase of transistors per unit area. This observation was famously noticed by Gordon E.
Moore, where he stated that the amount of transistors per unit area would double approximately
every two years®. He also noted that the price per transistor would ultimately drop as the number
of components per unit area increased. This increase of transistors per unit area would also
increase processing speed and decrease price®. From Moore’s paper, it is evident that there will
be a continued increase of components per unit area, or a decrease of transistor size and distance

between each other.



The dimensions of a transistor are important to understand what is meant by a size
reduction of the node. Figure 1-3 shows a schematic of a MOSFET with its components labeled.
The dimensions that are reported for a are the device pitch, gate length, and node length (half
pitch). The device pitch is the physical length between the contacts, the gate length is the gate
width, half pitch is the approximately half the distance of the pitch. When companies report the
dimensions of transistor devices they report the node length. The node length is approximately
Y the pitch length. Why companies do not just report the physical dimensions of the transistor

produced rather than state pitch which isn’t a concrete dimension, is unknown.

In 1971 a MOSFET had a node length of 10,000 nm, or approximately 20,000 nm pitch
length®®. The number of transistors per unit area was 2300. In 2012 the transistor node
dimension was 22nm and the transistors per unit area was 1.4x10° transistors'®. Moore predicted
that the number of transistors on each chip would increase and the size of each would decrease.
For transistor devices to decrease in size, new process technology/steps would have to be
developed. The number of processing steps that go into the creation of one MOSFET is

extensive.



Figure 1-3. Diagram depicting correlation pitch and half-pitch (node)
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1.2 Etching Techniques

There can hundreds of steps to produce a working microchip®®. In figure xx., only a few
steps of a CMOS MOSFET device are shown. This figure excludes steps pertaining to
lithography of which there are several between each shown step. The figure overlays three
important processes for CMOS production: ion implantation, deposition, and etching. Each
technique has been critical for the continued miniaturization of CMOS devices from the 10,000
nm node in 1971 to the 22 nm node in 2012.*13 A thesis could be written on each individually,

however, for this thesis, thermal etching techniques are its focus.
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Figure 1-4. Examples of the steps taken to make a transistor device
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Etching techniques have been critical to device fabrication over the years'® 5, This

section will focus on dry etching techniques. Dry etching can be broken down into two different
subsets: Atomic layer etching (ALE) and continuous etching. Atomic layer etching is a
sequential self-limiting or pseudo self-limiting reaction process based upon thermal or plasma-
based reactionst 15 Continuous etching can be a thermal etch method or a plasma-based
method. Figure 1-5 shows the saturation behavior of ALE and continuous etching methods. a,b

are both saturating, ¢ is pseudo-saturating and d is continuous etching with no saturation.

Each method of etching whether ALE based or continuous based falls into the category of
isotropic (non-directional) etching, or anisotropic (directional) etching. A comparison of
anisotropic and isotropic etching is shown in figure 1-6. Isotropic etching will cut under the
mask, whereas, anisotropic etching will stay in line with the mask. Anisotropic etching is
necessary for FINFET fabrication, or where linear device geometry is importatnt.'® Isotropic

etching will be necessary for etching in a 3D fashion or large aspect ratios®®.
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Saturation Curve

— Al E (c)
------- Continuous

Etch Per Cycle (EPC)

Removal Time or Dosage

Figure 1-5. Saturation curves for ALE processes. (a) and (b) are both self-limiting, (c) is

pseudo-self-limiting as the etch does not stop with increase dosage time but only slows, and (d)

shows no saturation and is a continuous etch
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a) Directional Etching b) Isotropic Etching

Figure 1-6. Depiction of the two types of etching. Directional etching or anisotropic etch has a
greater removal of material in one direction with almost no etch laterally and isotropic etching

where the etch rate is equal in all directions.'*
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1.2.1 Continuous Etching

Continuous etching can be either plasma or thermal based. The most famous type of
thermal based spontaneous isotropic etching is that of Si with XeF,.1® This method is useful as it
causes little damage to the electrical properties and can be used for releasing free standing Si,
Ge, SiGe structures**. This method is always isotropic. The other type of continuous etching is
plasma-based methods. Both useful for releasing free standing structures, however etch rates are
in general faster than thermal based spontaneous methods?®. Additionally, etching only occurs
while the plasma is discharging. The two general types of plasma-based methods are
halogen/gas mixtures etching, or physical sputter etching. Examples of halogen based methods
are SFs, CF2H2/O2, BCls which can be used to etch W, SiN, Si, HfO2, ZrO>, TiN and many
others!* 7. These methods can vary from highly anisotropic to isotropic and also can etch
specific materials selectively. Physical sputter etching is a technique that is in general highly
anisotropic, but not selective. Physical sputter etching is based upon sending fast moving ions
towards the surface and blasting the material away. Examples of physical sputter etching are Pt

with an O,/Cl, mixture!®, and Co, Fe, Ni with a CO/NH3 mixture®®

The continuous etch process although useful, have drawbacks. The control of continuous
etchings can range on the order of nm to microns per second'* 1%, As mentioned earlier, the
dimensions of device structures are on the order of 20 nm as of 2014 and as of 2018 on the order
of 7nm. The control of the etch rate, and overall amount of material etched is incredibly
important. Without this, small device structures could be removed completely. Luckily atomic
layer etching is a new technique that can be used for small device structures. This is a technique

that the semiconductor industry has been in great need of“.
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1.2.2 Atomic Layer Etching

Atomic layer etching is a technique with great etch control; one with etch rates on the
order of an atomic layer. ALE is important for the continued miniaturization of device
structures. The tolerances for devices are now going to be on the order of a few atoms*®. ALE’s
excellent control of etch rates will be able to meet the strict device dimension requirement. In
addition to the control that atomic layer etching gives, another important aspect of this technique
is its selectivity. The amount of materials that have been introduced into the semiconductor
industry has increased with multiple materials on each wafer. Current continuous etching
techniques cannot meet the strict selective etch that is required, but ALE can4*> 20, Another
attribute of ALE that is necessary for the semiconductor industry is its ability to leave a
miniscule amount of impurities on the surface and keeps proper electrical properties for device
function. In contrast, continuous etch processes have been shown to leave impurities 20nm deep

into the etched film altering electrical properties®*.

Atomic layer etching is based upon sequential, self-limiting/pseudo-self-limiting reactant
exposures separated by a purge. The sequence for ALE can be represented as ABABAB where
between A and B there is a purge step. A general scheme for ALE is shown in figure 1-7. The
first step (A) of an ALE process is to modify the reactant surface. This step can range from a
change in oxidation state i.e. Si = SiClx or an adsorption of a chemical species on the surface
that interacts with the underlying surface i.e. CaHs?>?2 or CHF3?L. The next step is to remove any
excess species that were used to modify the surface that could react with the reactant in step B.

Additionally, this removes any further surface modification by residual reactant A during the
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etch step allowing for a greater control of the etch rate. In the second step (B) of an ALE

process, the modified surface is removed by interacting with reactant B leaving a pristine or near
pristine original surface. In the case of SiO- a fluorocarbon layer is removed by Ar or Ozions.?*"
22 Another purge occurs after step B. This can be repeated in a cyclical fashion for continual
removal until the desired thickness is achieved. It should be noted that atomic layer etching is a
misnomer. Etch rates of materials can be, depending on the chemistry, less than or greater than

one atomic layer per cycle, but on the order of one atomic layer.
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Reactant A
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Figure 7. Schematic representing a full ALE cycle. Step 1 is introducing the surface to reactant
A that changes the chemical nature of the initial surface. A purge step to remove excess reactant
A. The modified surface is then interacted with reactant B which etches away that surface

leaving a thinner film. A purge follows to remove reactant B from the chamber.
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The concept and practice of atomic layer etching has been around for nearly 30 years.

Atomic layer etching has been called many names such as: digital etching, monolayer chemical
beam etching, atomic layer removal and many others.** The first atomic layer etching process
published was ALE of diamond?®. This then lead to the ALE of Si%*, GaAs?® and Ge?.
Dielectric materials such as HfO2?7, TiO2?® and Al,03? were also etched through ALE pathways.

Atomic layer etching can go through two different processe:, thermal or plasma.
Plasma Based ALE

In these last 30 years ALE has in general been based upon a surface modification by
halogen adsorption followed by Ar* ion bombardment. In the case of Si etching, Cl. adsorption
onto the surface followed by Ar* ions led to etching of Si?*. What was noticed by studying this
process was the adsorption of Cl, on Si formed SiCly surface on top of the Si. The Si-Cl bond is
stronger than the Si-Si bond, however, due to the electronegativity of the chlorine, the transfer of
electrons towards the surface lowers the Si-Si bond immediately below the chlorinated surface®.
Ar* ion energy is then tuned to an energy that removes only the modified surface but does not
physically sputter the Si surface underneath. This method of halogen adsorption followed by
ions, or neutrals removing the modified surface is the main approach for atomic layer etching. It
also allows for selective etching of one material over the other. This is the case for SiO2 etching

over SisN23! and vice-versa®?

The main application for plasma based ALE techniques is its anisotropic nature. This allows for
near linear trench structures being formed. Steps 7, 10 and 12 show how the anisotropic nature
can be useful for device fabrication. Anisotropic etching is important for MOSFET architecture
as it’s changing from 2D to 3D bringing technology to the finFET shown in figure 1-8. The

change from the gate being in contact with the high k one side to three sides is due to lower
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power consumption for operation and faster speeds®. It’s important for the anisotropic nature of

the ALE to keep fin architecture as its imperative for device function41> 20,
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Figure 1-8. 3D diagram of traditional planar CMOS (MOSFET) and FinFET where the gate has

three sides of contact on the dielectric.®*
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Most plasma based atomic layer etching processes have their limitations. They are

mainly anisotropic, and can induce line edge roughness, surface impurities, and surface defects
that will effect device performance'*> 20, A procedure that can clean up the roughness and
surface defects/impurities from conventional plasma ALE has in general been wet etch based
chemistries. Wet etching is useful as an isotropic etching technique; however, miniaturization of
device structures creates fragile structures that can collapse due to the capillary forces of the wet
etch®®. Wet etching also has issues of reproducibility when aspect ratios are high or spaces are
tight. A gas phase technique that is anisotropic and thermal is of incredible use as a replacement

for wet etching.

In addition to a replacement of wet etching, a gas phase thermal ALE process will be
critical in the formation of gate all around trasistors (GAA)®. A stack of GAA or nanowire
transistor is shown in figure 1-9. The gate wraps completely around the dielectric material and
conductive channel giving the transistor faster on/off switching and lower power consumption.
An issue with GAA transistors using plasma-based ALE is the top of the Si wire receives a
higher flux of plasma based species than the bottom. Further complications for GAA transistor
production with Plasma based ALE techniques is the harsh plasma conditions on nanowires only
a few nm across. The development of a completely thermal etch process that is isotropic with

greater atomic control will be necessary for these types of devices.
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Figure 1-9. Nanowire transistor shown to the left where the gate wraps around all sides of the
dielectric materials. An integrated cuircuit showing a device made out of multiple nanowire

transistors (GAA)
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A last point showing the necessary need for a thermal based ALE process is selectivity.

Research methods with a plasma-based ALE technique do have selectivity for etching one
material over the other, nonetheless, each material generally etches. A case for this is work on
SiO; and SisN4 using CxFyH /Ar* plasmas.?! 32 One etches faster than the other but they both
etch. The ability to tune the modification step of one material over the other and design specific
ligands thus creating selective etching to only the desired material is probably the largest

application for thermal ALE* 20,

Until recently it seemed that the prospects for a sequential self-limiting would have to
wait as there were no journal publications on thermal ALE until 2015. It was by accident that
the first thermal ALE process was discovered. In 2015 Younghee Lee was investigating the
ALD of SnF, with Sn(acetylacetonate). and HF on an Al,O3 surface. When reaching
temperatures 150 °C and above, the QCM showed a mass decrease corresponding to etching.®®
This first publication sparked a new field of ALE based upon sequential self/pseudo-self-limiting

thermal reactions

The first proposed mechanistic process that was discovered for thermal ALE has been
shown in Figure XX. The initial aluminum oxide surface is converted to an aluminum fluoride
surface. This aluminum fluoride surface is then exposed to Sn(acac). which etches away the
aluminum fluoride layer, leaving an Al,Os surface.®® This process of Sn(acac), and HF has been

used to etch AIF337, HFO,%8, Zr0,%°.
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1.3 Overview of Remaining Chapters

Chapter 2 is the experimental techniques. Chapter 3 is ALN ALE with HF and Sn(acac)..
Chapter 4 is WO3/W ALE with BCIs/HF. Chapter 5 is TaN/Ta20s ALE with BClz/HF. Chapter

6 is MOCVD GaN ALE with BCls/XeF,. Chapter 7 is Ga2O3 ALE with BClz/HF
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Chapter 2

EXPERIMENTAL TECHNIQUES

2.1 Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) is an optical technique measuring changes in polarized
light after reflection from a thin film. S and P polarized light are shown onto a sample: upon
interaction, the polarization of the light changes from linearly polarized to elliptically polarized
light. The change from linear to elliptical is a result of a change in angle and magnitude of
polarization vector for S and P light. The amplitude ratio (V') and the angle between (A) S and P
polarized light, are the two variables measured by ellipsometry. From these two variables,
information such as optical constants, film thickness, roughness, crystallinity and other
properties can be determined. Figure 2-1 is a picture of the S and P polarized light and its

interaction with a thin film.
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Figure 2-1. Diagram depicting linearly polarized light shown onto a sample that is reflected and

changed to elliptical polarization.*
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In order to understand the basics of ellipsometry and how it measures optical properties and

thickness, it is important to understand a few concepts. The concepts that need to be understood
are: light and matter interaction on a macro and atomic level, polarization of light, and optical
constants n, k, €. The following paragraphs will be broken down into those three sections. This
discussion does not cover in depth all the math necessary for deriving equations used in
ellipsometry. A more in depth analysis can be found in Spectroscopic Ellipsometry: Principles

and Applications by Hiroyuki Fujiwara.

2.1.1 Polarization of Light

Shown below in figure 2-2 is examples of two light waves (without the B field shown) and how
they appear with respect to polarization. All of these are poloarized, however, the type of
polarization is dependent upon the angle between the two waves. If the two waves are offset by
45° with respect to (w.r.t.) the sin wave, then they circularly polarized. If they are 0° w.r.t. the
sin wave, they are linearly polarized. Any angle in-between results in elliptically polarized

light.
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wavel

wave2

Figure 2-2. Combinations of orthogonal waves exhibiting polarization. The B field of light is

omitted for clarity.*!



30
2.1.2 Interaction of Light and Materials

Snells law describes the relationship between index of refraction and refracted angles.
Shown below in Figure xx is how incident light refracts and reflects in a medium. It also has the
relationship between the angle of refraction and the index of refraction at an interface of two
media. Incident light is shown unto the medium at an angle of 0;. Part of the light is refracted
and travels into the medium at an angle 6:. The other part of the light is reflected at an angle 6.

The transmitted wave will also reflect and refract at the interface of the bottom of the medium.



n; sin 6; = n, sin 6,

Light reflects and refracts according to Snell’s law.

Figure 2-2. Snell’s law of light reflecting and refracting on a surface.*?

31
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This process continues at each new interface of two or more media. To further understand how

the light is transmitted and reflects out of the medium, the Fresnel equations are used. It should
be noted that the angle of the incident light needs to be taken into account. As S and P polarized
light are parallel and perpendicular to the plane of incident, the Fresnel equations will be slightly
different. Shown below are the Fresnel equations with subscript p and s referring to their

polarization.

Erp  n¢cos®; —n; cos6;

P Ej, ngcos; +n;cosb,
o Eip 2n; cos b;
P E;, nccos6;+n;cos,
E.. n;cosB; —n, cosB;
re=— =
°* Ei; njcosB; + n, cosB;
Eie 2n; cos b;
g = —= =

E;c n;cos0;+n,cosb,

In a thin film, or film stack, there will be multiple reflections and refractions at each one
of the interfaces. To determine the total reflected and transmitted light, each component of
phase for light reflected and transmitted must be tracked. For this, another equation by Fresnel

is used which is dependent upon thickness.

B =2m (%) nq,cos(6;)

A film stack and the resulting reflected and transmitted waves are shown in figure xx
with the Fresnel equations. As can be seen the § term increases with each additional reflection
and transmission through the film. As the number of reflections and refractions increase the

intensity of the transmitted light decreases. This should make physical sense as at each interface
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the light beam is split, i.e. some reflected, some refracted. The overall amount of light reflected

ro12 is used to determine film properties (more on that later) and thickness. Thickness changes
result in the value of B changing the amount of light that reaches the detector.
The representation of a light wave traveling through space in Cartesian coordinates is
represented by the equation:

@ = Asin(Kx — wt + 9)
Where K is the propagation number (index of refraction), x is the wave at position x before
propagation, ot depicts the wave at time t, A is the amplitude of the initial wave and 6
represents the initial phase before interaction with a media. As the index N is defined to be a
complex number, the equation for a light wave should be defined as a complex number as well.
The equation above defined in complex coordinates:

@ = Aexpli(wt — Kx + §)]
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Figure 2-3. Cartoon showing the reflection and refractlon of a smgle incident beam through a

thin film and its infinite summation as ro12.*
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2.1.3 Optical Properties of Films

The index of refraction (N) is a specific property of the material that the light wave is traveling
through. The index of refraction dictates the frequency and speed of light in a media; therefore,
it must be accounted for in the representation of a light wave traveling through any media.
Interaction of light with media can be described the complex index of refraction

N=n-ik
Where n is the is the index of refraction and K is the absorption coefficient.
In the simple case with no absorption, K is defined as 2zn/A and the wave of light in the

transparent media behaves as such:

. 2mn
E = E;y exp [1 (wt - + 6)]

In the second case where k is non-zero, light interaction in the media is represented as such:

—2mk ) 2mn
E = E;exp (T) exp 1(wt X + 6)]

Addition of the absorption coefficient term shows that as light interacts with an absorbing
medium, It loses its initial energy. Light propagation through media for both cases is shown in
Figure 2-4 below

Both n and k are good representations of how light interacts with the films, however, there is
better optical properties that correlate with the atoms themselves. This allows for a better
understanding of the material, and how modeling is used to determine ¥ and A.

The optical constant that better describes atoms and their environment is the complex dielectric
constant. This is a mathematical representation of how the electromagnetic wave interacts with

the electrons and nucleus of an atom. As the light travels into the medium it’s slowed by the
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transition of opposing electric dipoles created by electrons and nuclei. Essentially the dielectric

constant is the ability for electric polarization to occur.
The complex dielectric constant is equal to the square of the complex index. Two terms define
the dielectric constant

E=¢& —1&
Where

g =n%—k?% &, =2nk

As can be seen from these relations, ;1 is related to the index of refraction when k is zero and &2
is related to the absorption. A simple analogy to understand how &> is related to absorption is
this: dielectric polarization (or coulombic force between charged particles) is often describes as
a spring, and when light with the appropriate frequency, it resonates with the spring, losing

energy.
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Figure 2-4. Propagation of electromagnetic waves through two different media. (a) a non-

absorptive film (k=0), (b) an absorptive film (k>0).*
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2.1.4 Ellipsometry Measurement

Ellipsometry measures the change in phase (angle) between of S and P polarized light (A) as
well as the amplitude change between the two (W). Application of the Fresnel equations to ¥
and A, can solve for n and k. Ellipsometry can be run in two modes: transmission, or reflection.
Dependent upon the mode used, the values of psi and delta are equal to the ratio of P polarized

light over S polarized light, whether it is reflectance or transmittance.

. £
p = tan¥ exp(id) = -

N

The Fresnel equations defining reflectance is a ratio of the reflected E field divided by the

incident field. Applying this, the equation above can be rewritten as

Erp/ E E
r P
tan ¥ exp(id) = L= La—

R rs / £ Eys
is

This equation proves that A is related to the phase difference between the reflected waves, and
that tan('V) is related to the amplitude (remember that Erp is the equation for an electric field in
space) . Thus the equation can be broken up into polar coordinates. Knowing that

Tk = |7 |exp(i6rk)
Where Iril is the magnitude of S and P polarized light and 6« is the angle of S or P polarized

light. Using this we arrive at

_|rp| _
tan'zU—lr—SI A=6,— &

A physical representation of the transformation into polar coordinates is shown below in figure

2-5.
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Figure 2-5. Transformation of the electromagnetic wave (E;) from cartesian to polar

coordinates.*®
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Figure 2-3 shows how an incident beam of light interacts with the thin film and substrate. The
total amount of reflection roz2 is the equivalent of rp. The total reflected waves, have the
summation of the infinite series

y =a+ax+ax* +ax3 -
Which can be reduced to y=a/(1-x) to

t1oto1T12€Xp(—i2p) _ T + riexp(—i2p)
1 —71o1r2exp(—i2f) 1+ 1y rexp(—i2p)

To12 = To1

The last relation comes from rio=-ro1 and tiotoa= 1-ro1 from the Fresnel equations. Everything
together leads to the relation below, which is a film stack in ambient on an infinite substrate.
The representation of rp/rs for a film stack with a thickness on an infinite substrate is given in

the equation below:

To1p T T12,p€XP(—i23)
o~ _To [ 1+ 7o pTi2pexXp(—i2f)
tan() expia) =7 = Tove F T125€Xp(=126)
1+ 191pT12peXp(—i2)

This equation is used to determine n and k from the values of psi and delta. The information
needed is how many layers are in the film stack to correctly integrate the correct Fresnel

equations into the computer software.

2.1.5 Modelling with Ellipsometry

After a measurement of a film is taken, it is important to translate the information of Psi and
Detlta to &1 and €2 (or n and k). For this process to occur, a model is built to help describe the
dielectric constants. A variety of models can be used if the film is absorptive, but mainly, the
Lorentzian is used. For the case that it is transparent, a Cauchy or Sellmeier model is used.

Lorentz

40
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The Lorentz model is a classical model of an electron connected to the nucleus by a spring (the

bond). When light is illuminated, the electric field of light [E=Ecexp(iot)] will induce
oscillations in the X direction. A physical representation for a Lorentz is shown in figure 2-6.
The equation of motion for an electron fixed to a non moving nucleus is

d?x dx 5 _
me ok —meFE —mywjx — eEyexp(iwt)

where I' is the damping coefficient, the second term is electron movement when connected to a
spring, and the last term is the electrostatic force of an electron in an oscillating electric field.
Now if it’s assumed that the electron is moving at time t, we can express this as x(t)=aexp(iot).
As there are many electrons, we can then state the polarization as P= -eNeaexp(iot). Also, we
can use o as the photon energy En. Using these equations we arrive at the dielectric function of

the Lorentz model

AjEan
e=1+ Z 5 N
— Eng; — En® +il;En
]
This model is useful for crystalline absorptive materials.

Modelling with the program CompleteEase, the Lorentzian is defined as:

_ Amp,Br,E;,
Elorentz = g2 g2 _ippy,

n denotes oscillator number, Amp is the amplitude of 2 at its highest point, Br is the full width

at half-max, E is the electric field energy, and E, is the energy position of the lorentzian.
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Figure 2-6. (a) Physical representation of the Lorentz model and (b) calculation of the dielectric

constants vs angular frequency from the Lorentz Model.*3
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Cauchy

If the material is a dielectric, then €2=0 or approximately zero. For this model, we use the

lorentzian model and assume that I is zero. The Sellmeier model can then be expressed by

where A and B;represent fitting parameters and Ao is o. In the case of the Cauchy model, it is a

taylor expansion of the Sellmeier model where

B Cc
n=A+ﬁ+F+---

The parameters A, B, C are the same parameters fit with the CompleteEase software

2.2 X-Ray Photoelectron Spectroscopy
2.2.1 Photoemission Process

X-ray photelectron spectroscopy (XPS) is a technique used to investigate the chemical
composition and chemical environment of materials. XPS uses the principle of photoemission
on core electrons to determine the chemical environment of materials. Figure 2-7 shows the
basic principle of photoemission. A monochromatic photon with large kinetic energy
penetrates the core orbitals of the atoms and excites the core electron. During this process, the
electron is ejected from the core, through the valence band, Fermi level and into vacuum where

it can be analyzed.
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Figure 2-7. Photoemission process: incident x-ray causes core electron ejection.**
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The analyzed constant is the kinetic energy of the ejected electron. The kinetic energy can be

related to the binding energy by the equation:

Ex= Em-Ey-EB
En is known as it’s the photelectron energy, Ex is the analyzed kinetic energy, E, is the
correlation factor for solid effects during ejection (i.e. work function). The remaining unknown
is the binding energy of the analyzed electron. This gives information on the orbital the
electron was ejected from and its chemical environment.

2.2.2 Chemical Environment

Binding energy for all electrons in atoms shift to higher or lower binding energies depending on
the chemical environment. For materials that are oxidized, the binding energy of the orbitals
will be shifted higher. A simple illustration is to think of the oxidized molecule as a cation.
The extra nuclear charge will cause a contraction of the core electrons and increase of the
coulombic force between the electron and the nucleus. The greater coulombic interaction needs
more energy to remove the core electron (i.e. the core electrons binding energy is higher). The
converse is the opposite. A higher reduction state of an atom correlates to an expansion and
less coulombic force between the nucleus and core electron. XPS’ ability to differentiate

oxidation states of the atoms in their chemical environment is a strength of this technique.

2.2.3 XPS Apparatus and X-Ray Generation

A schematic of an XPS apparatus is shown in the figure below. X-rays are generated by
shooting an electron beam into a metal target. As the electrons interact with the electric field of
the atomic nucleus, they lose energy giving off high energy photons. This type of radiation is

called Bremsstrahlung radiation. The generated X-rays are not all the same wavelength and
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must be for analysis. The X-ray photons are put through a material, typically quartz, that makes

them monochromatic. The X-rays are then introduced to the sample ejecting core electrons.
The ejected core electrons are then put through a retarding field that will reduce their energy,
and then into an energy analyzer. Electrons of too high an energy will crash into the walls of
the circular energy analyzer. Electrons that make it to the MCD have a specific kinetic energy
and, generate a current which is analyzed by a detector. The retarding field varies the KE of the
electrons into the electron analyzer. This allows for analysis of a spectrum of different Kinetic

energies
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Figure 2-8. Apparatus of an XPS machine.*®
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CHAPTER 3

Thermal Atomic Layer Etching of Crystalline Aluminum Nitride Using Sequential, Self-
Limiting HF and Sn(acac)2 Reactions and Enhancements by H2 and Ar Plasmas

3.1 Introduction

Atomic layer etching (ALE) is a sequential, self-limiting thin film removal technique that
can etch materials precisely with Angstrom-level precision. ALE is needed for future
semiconductor manufacturing processes.*® Until recently, most ALE processes have been
conducted using halogen or halocarbon adsorption followed by energetic ion or atom
bombardment to remove material.*-* This approach has been demonstrated for a variety of
materials including Si,*® Ge,>® GaAs,* Si0,,% HfO, and graphene.> Etching with energetic
ion or atom bombardment produces anisotropic material removal, but can also damage the
underlying substrate.>

Recently, new ALE methods have been developed based on sequential, self-limiting
thermal reactions.®™ Thermal ALE has been demonstrated for Al,Os ALE and HfO, ALE using
hydrogen fluoride (HF) and tin(11) acetylacetonate (Sn(acac).) as the reactants.®” °-" Al,03
ALE has also been performed using HF and trimethylaluminum (TMA) as the reactants.>®
During the thermal ALE reactions, HF fluorinates the metal oxide and forms a metal fluoride
layer on the surface.®® The metal precursors, Sn(acac), and TMA, then accept fluorine from the
metal fluoride and transfer their ligands to the metal fluoride in a ligand-exchange reaction.®
This transmetalation®® or redistribution® process can form volatile species such as AlF(acac), or
Al(acac)s.

The fluorination and ligand-exchange reactions have etched amorphous metal oxides

such as Al,O3 and HfO- films that were grown using atomic layer deposition (ALD).*" 6" A
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related study also described the thermal ALE of amorphous AlFs films.5* In contrast, there

have been no reports for the thermal ALE of crystalline material. There also have been no
previous demonstrations of the thermal ALE of a metal nitride, such as AIN, or any 111-V
semiconductor. However, the continuous dry etching of crystalline 111-V metal nitrides, such as
AIN, has been previously documented using different halogen plasma sources.®%* To extend
the development of atomic layer processing methods, this letter presents the thermal ALE of
crystalline AIN films using sequential, self-limiting exposures of HF and Sn(acac). and the
enhancement of the etching rates using plasma exposures. AIN ALE should be useful for the
processing of AIN in high power and high temperature transistors, MEMS acoustic resonators

and photonic devices.52-%4

3.2 Experimental

3.2.1 AIN Films

AIN samples were grown epitaxially on Si(111) wafers by Kyma Technologies using
their plasma vapor deposition of nanocolumns (PVDNC™) crystal growth process. The AIN
films are in the wurtzite crystalline phase with the (0001) plane parallel to the surface. The
initial AIN films had a thickness of ~500 A. Etching of the AIN films was analyzed using in
situ spectroscopic ellipsometry (SE) in a reaction chamber that has been described elsewhere.®>
% This reaction chamber is very similar to plasma atomic layer deposition (ALD) reactors
equipped for in situ ellipsometry measurements.®” The chamber was pumped by a rotary vane

pump (Alcatel 2010). The chamber was also equipped with a capacitance manometer for



50
pressure measurements and a differentially-pumped mass spectrometer for gas analysis. The

base pressure of the reaction chamber was ~10 mTorr.

3.2.2 Reaction Conditions

The AIN films on the Si(111) wafers had dimensions of 1.5 cm x 1.5 cm. These samples were
placed on a heated sample stage inside the reaction chamber. The temperature of the samples
was held constant at 275°C for all of the experiments. The walls of the chamber were held at
~170°C. Sn(acac): (99.9%, Sigma-Aldrich) and HF-pyridine (70 wt% HF, Sigma-Aldrich)
were used as the reactants.3” %557 Each reactant was separately dosed into the chamber and held
statically for 10 seconds. After each reactant exposure, the reaction chamber was purged with
80 sccm of ultrahigh purity (UHP) N2 gas at a pressure of 840 mTorr for 130 seconds

3.2.3 Spectroscopic Ellipsometry

AIN films were analyzed with in situ SE to allow analysis after each full AB cycle or A/B half
cycle. AIN samples were analyzed with a Sellmeier model with Complete Ease software. Due
to the high bandgaps of AIN (6.15eV) it behaves as a dielectric in the SE spectral range and can
be modeled as such in our spectral range (0.73-5.18eV). This allows for accurate thickness
measurements without a complex model accounting for light absorption.

3.2.4 X-Ray Photoelectron Spectroscopy

X-ray photoemission spectroscopy (XPS) analysis was performed using a PHI 5600 X-
ray photoelectron spectrometer using a monochromatic Al Ko source. The XPS depth-profiling
was obtained using Ar ion sputtering. The XPS data were collected using Auger Scan (RBD

Instruments) and analyzed in CASA XPS (Casa Software Ltd.). The x-ray reflectivity (XRR)
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scans were recorded by a high resolution x-ray diffractometer (Bede D1, Jordan Valley

Semiconductors) using Cu Ko (A = 1.540 A) radiation. The analysis software (Bede REFS,

Jordan Valley Semiconductors) fitted the XRR scans to determine film thicknesses.

3.2.5 Inductively Coupled Plasma

The reactor was equipped with a remote inductively coupled plasma (ICP) source. The ICP
plasma source was positioned with the opening roughly 3-4 cm above a heated sample stage.
The ICP source was a quartz tube (6 cm inner diameter x 25 cm long) surrounded by a copper
helical coil. The ICP was generated using a 13.56 MHz RF generator (Paramount RF Power
Supply, Advanced Energy) and 50 ohm impedance matching network (Navigator Digital

Matching Network, Advanced Energy).

3.3 Results & Discussion

3.3.1 Thermal ALE

3.3.1.1 ALN ALE Under Self-Limiting Conditions

Figure 3-1 shows the etching of a typical AIN sample for 600 reaction cycles at 275°C
under self-limiting reaction conditions with an HF exposure of 1270 mTorr-s and a Sn(acac):
exposure of 900 mTorr-s. The slow etch rate over the first 300 reaction cycles is attributed to
an AlOxNy layer on the surface of the AIN film. The etch rate in this AIOxNy region is ~0.07
Alcycle. After a thickness change of ~30 A corresponding with ~300 ALE reaction cycles,

there is an increase in the etch rate. This increase is attributed to reaching a purer AIN film with
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less oxidation. After a thickness change of ~50 A corresponding with ~400 ALE reaction

cycles, the etch rate increases to ~0.36 A/cycle in the pure AIN region.

3.3.1.2 Film Composition Determination by XPS

To confirm the presence of an AIOxNy layer on the AIN film, the film composition was
evaluated using x-ray photoelectron spectroscopy (XPS). Figure 2 displays the results of an
XPS depth-profile experiment versus sputtering time. Figure 2 indicates that there is a large
concentration of oxygen on the surface that decays as a function of sputtering time. The oxygen
concentration in the bulk of the AIN film is only ~1.5-2.0 at%. Using the sputtering time and
the Si XPS signal as a marker for the removal of the entire AIN film with an initial thickness of
~500 A, the thickness of the AIOxNy layer is estimated to be ~40 A. This AIOxNy layer
thickness agrees with the etching results in Figure 1. The thickness of the AIOxNy layer is also
consistent with x-ray reflectivity (XRR) experiments that yield an oxide thickness of ~44 A on
the AIN film. The AlOxNy layer thickness is slightly higher than the typical oxide thicknesses
of ~20-30 A reported on AIN samples exposed to ambient air at room temperature.58-% Figure
2 also observes that the AIN films are Al-rich in agreement with previous XPS characterization
by Kyma Technologies. Similar Al-rich AIN films are reported by XPS depth-profiling studies

of AIN films grown using various techniques.’®"?



53

275°C

0 100 200 300 400 500 600
Cycle Number

Figure 3-1. Film thickness measured by spectroscopic ellipsometry vs number of AIN ALE
reaction cycles at 275 °C. The etch rate increases after removing the AIOXNy layer on the AIN

film.
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3.3.1.3 Self-Limiting Experiments

Figure 3 investigates the self-limiting nature of the HF and Sn(acac). reactions during
the AIN ALE reactions at 275°C. Etch rates were determined by varying one reactant exposure
while keeping the other reactant exposure constant. Figure 3a depicts the self-limiting behavior
of the HF reaction with a Sn(acac). exposure of 900 mTorr-s defined by a Sn(acac). exposure
time of 10 s and a Sn(acac). pressure of 90 mTorr. The HF exposures were changed from 254
to 1730 mTorr-s using an HF exposure time of 10 s and different HF pressures. The reaction
chamber was purged with 80 sccm of UHP N2 gas at a pressure of 840 mTorr for 130 seconds
after each reactant exposure.

Figure 3a shows that small etch rates were observed for low HF exposures when the
surface has not yet formed a saturated fluoride layer thickness. After an exposure of 966
mTorr-s, the fluorination by HF has reached self-limiting conditions and the etch rate is ~0.36
Alcycle. The slight increase of the etch rate at an HF exposure of 1730 mTorr-s is likely caused
by chemical vapor etching (CVE). HF has a long residence time in the reaction chamber and
purge times over 10 minutes are needed to remove HF completely from the reactor after large
HF exposures.

Figure 3b demonstrates the self-limiting nature of the Sn(acac). reaction. Sn(acac):
exposures were varied while HF exposures were held constant at an exposure of 1270 mTorr-s
defined by a HF exposure time of 10 s and a HF pressure that varied between 140-110 mTorr.
The Sn(acac). exposures were varied from 300 to 1200 mTorr-s using an exposure time of 10 s
and different Sn(acac). pressures. The etch rate slowly increases with Sn(acac). exposure until

reaching an etch rate of ~0.36 A/cycle at an Sn(acac). exposure of 900 mTorr-s. At this point,
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the Sn(acac)z reaction is self-limiting. Both Figure 3a and 3b show self-limiting behavior with

an AIN etch rate of ~0.36 A/cycle.

3.3.1.4 AIN ALE at 275 °C

Figure 4 shows an expansion of a section of Figure 1 for 21 AIN ALE reaction cycles
corresponding to reaction cycles #471-491 under self-limiting reaction conditions. The change
in AIN thickness versus number of ALE reaction cycles is linear. The measured etch rate of
0.38 A/cycle is consistent with the etch rate of ~0.36 A/cycle determined by the self-limiting
studies displayed in Figure 3. Numerous experiments were performed for AIN ALE at 275°C.
The measured etch rates varied from 0.34 A/cycle to 0.38 A/cycle and the majority of the
individual measurements yielded an etch rate of 0.36 A/cycle.

3.3.1.5 AIN ALE Mechanism Proposal

Figure 3 investigates the self-limiting nature of the HF and Sn(acac). reactions during
the AIN ALE reactions at 275°C. Etch rates were determined by varying one reactant exposure
while keeping the other reactant exposure constant. Figure 3a depicts the self-limiting behavior
of the HF reaction with a Sn(acac). exposure of 900 mTorr-s defined by a Sn(acac). exposure
time of 10 s and a Sn(acac). pressure of 90 mTorr. The HF exposures were changed from 254
to 1730 mTorr-s using an HF exposure time of 10 s and different HF pressures. The reaction
chamber was purged with 80 sccm of UHP N2 gas at a pressure of 840 mTorr for 130 seconds
after each reactant exposure.

Figure 3a shows that small etch rates were observed for low HF exposures when the

surface has not yet formed a saturated fluoride layer thickness. After an exposure of 966
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mTorr-s, the fluorination by HF has reached self-limiting conditions and the etch rate is ~0.36

AJcycle. The slight increase of the etch rate at an HF exposure of 1730 mTorr-s is likely caused
by chemical vapor etching (CVE). HF has a long residence time in the reaction chamber and
purge times over 10 minutes are needed to remove HF completely from the reactor after large
HF exposures.

Figure 3b demonstrates the self-limiting nature of the Sn(acac). reaction. Sn(acac). exposures
were varied while HF exposures were held constant at an exposure of 1270 mTorr-s defined by
a HF exposure time of 10 s and a HF pressure that varied between 140-110 mTorr. The
Sn(acac)2 exposures were varied from 300 to 1200 mTorr-s using an exposure time of 10 s and
different Sn(acac) pressures. The etch rate slowly increases with Sn(acac). exposure until
reaching an etch rate of ~0.36 A/cycle at an Sn(acac). exposure of 900 mTorr-s. At this point,
the Sn(acac). reaction is self-limiting. Both Figure 3a and 3b show self-limiting behavior with

an AIN etch rate of ~0.36 A/cycle.
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Figure 3-4. Film thickness vs number of AIN ALE reaction cycles at 275 °C in pure AIN region

of AIN film. Change of thickness vs number of AIN ALE reaction cycles gives an etch rate of
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3.3.2 Plasma-Enhanced Thermal ALE of AIN

3.3.2.1 H2 Plasma

The effect of H, plasma exposure on thermal AIN ALE was also examined using in situ
SE analysis. Plasma exposures are known to enhance ALD and similar plasma effects may be
beneficial during thermal ALE.” During the H plasma experiments, the reactant exposures
and purge times were the same as the reactant exposures and purge times used for thermal ALE.
The H plasma exposure was added after each Sn(acac). exposure. The Hz plasma with a power
of 100 W was generated at a H> pressure of 40 mTorr and exposed to the surface for 15
seconds. After the H2 plasma exposure, the chamber was purged for 60 seconds with the same
conditions as used for the HF and Sn(acac). reactants.

Figure 5a shows the effect of adding the H> plasma exposure after the Sn(acac)2
exposure during each thermal ALE reaction cycle. These thickness measurements were
performed in the pure AIN region of the AIN film. The etch rate increases from 0.36 A/cycle
for thermal ALE to 1.96 A/cycle for H, plasma-enhanced thermal ALE. This large increase in
the etch rate is attributed to the removal of acac surface species by H radicals from the H>
plasma. Earlier experiments have shown that acac surface species may block surface sites and
limit the etching during thermal Al,O3 ALE with HF and Sn(acac), as the reactants.®” Removal
of these blocking species may allow for more HF to fluorinate the surface and, subsequently,
for more ligand-exchange with Sn(acac).. Additionally, heat released by recombination of H
radicals may facilitate desorption of the acac surface species.”* The Hz plasma by itself did not
etch the AIN film unless the H, plasma was used in conjunction with the thermal ALE reaction

cycles.
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3.3.2.2 Argon Plasma

Recent studies have explored the effect of plasmas on ALD processing.”® ™ Plasmas are
believed to enhance ALD reactions primarily through reactive radical species. However, ions
and radiation produced by plasmas can also influence surface reactions.” The enhancement of
the etch rate for AIN ALE by the Ar plasma indicates that ions or radiation may be playing a
role. The ions from ICP sources typically have energies <50 eV and could desorb the acac
surface species that may limit the etching.”™ ™ Ar plasmas also have a variety of optical
emission lines at wavelengths <200 nm that have photon energies larger than the AIN bandgap
at ~6.2 eV.”® These photons may be able to photodesorb acac surface species or excite
electron/hole pairs by bandgap excitation that may lead to desorption. Optical emission from
the Hz plasma may also be adding to the effect of H radicals on thermal AIN ALE.”

The plasma enhancement effects on thermal ALE are very promising. Thermal ALE
will be valuable for etching three-dimensional nanostructures, such as semiconductor
nanowires, because thermal ALE is expected to be isotropic and conformal.*® The plasma
enhancement effects on thermal ALE from ions can facilitate anisotropic etching that will be
useful for fabricating high aspect ratio nanodevices.> In addition, the plasma enhancement of
thermal ALE will also lower the required processing temperatures for semiconductor

nanofabrication.

3.3.2.3 Explanation of Plasma Enhancement

| Recent studies have explored the effect of plasmas on ALD processing.” ™ Plasmas

are believed to enhance ALD reactions primarily through reactive radical species. However,
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ions and radiation produced by plasmas can also influence surface reactions.” The

enhancement of the etch rate for AIN ALE by the Ar plasma indicates that ions or radiation may
be playing a role. The ions from ICP sources typically have energies <50 eV and could desorb
the acac surface species that may limit the etching.”> ”® Ar plasmas also have a variety of
optical emission lines at wavelengths <200 nm that have photon energies larger than the AIN
bandgap at ~6.2 eV.”® These photons may be able to photodesorb acac surface species or excite
electron/hole pairs by bandgap excitation that may lead to desorption. Optical emission from
the H, plasma may also be adding to the effect of H radicals on thermal AIN ALE.”

The plasma enhancement effects on thermal ALE are very promising. Thermal ALE
will be valuable for etching three-dimensional nanostructures, such as semiconductor
nanowires, because thermal ALE is expected to be isotropic and conformal.*® The plasma
enhancement effects on thermal ALE from ions can facilitate anisotropic etching that will be
useful for fabricating high aspect ratio nanodevices.>® In addition, the plasma enhancement of
thermal ALE will also lower the required processing temperatures for semiconductor

nanofabrication.

3.4 Conclusion

The thermal ALE of crystalline AIN was performed using sequential, self-limiting HF and
Sn(acac)2 reactions. This is the first demonstration of the thermal ALE of a metal nitride and
the first report of the thermal ALE of a crystalline 111-V material. At self-limiting reaction
conditions, the etch rate for AIN ALE was 0.36 A/cycle at 275°C. These results suggest that
other similar crystalline I11-V metal nitrides, such as GaN and InN, should also be etched using

HF and Sn(acac)z. H2 or Ar plasma exposures increased the AIN etch rate to 1.96 A/cycle or



0.66 Alcycle, respectively, at 275°C. The plasma enhancement of thermal ALE should be
useful for introducing anisotropic etching and also for lowering the temperatures required for
etching. Thermal ALE and plasma-enhanced thermal ALE have great promise for etching a
number of important materials and expanding the tool set for advanced semiconductor

manufacturing.
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Chapter 4

WOs and W Thermal Atomic Layer Etching Using “Conversion-Fluorination” and

“QOxidation-Conversion-Fluorination” Mechanisms

4.1 Introduction

The continued miniaturization of advanced semiconductor devices requires atomic layer control
in both growth and etching processes.*® Atomic layer deposition (ALD) and atomic layer
etching (ALE) techniques can provide the necessary atomic level precision.”” ALD techniques
have been developed for a wide range of materials over the past few decades and have been
extensively adapted by the semiconductor industry.”®® In contrast, the need for ALE
techniques has emerged more recently and ALE methods are still in an early stage of
development.*®

Initial plasma ALE methods have been based on surface activation by halogenation
followed by ion bombardment to remove surface material.*® Plasma processes have been
developed for a variety of materials including Si,*® & compound semiconductors,® & metal
oxides®?> 82 and carbon materials.238* The plasma ALE method can achieve anisotropic
etching. Thermal ALE techniques have also been demonstrated with fluorination and ligand-
exchange reactions.®® Thermal ALE methods have been developed for Al,Q3,% %8 8586 HfQ, 57
Zr0,,8" AIN, and AlIF3.6* Thermal ALE is able to provide isotropic etching.

Materials with volatile metal fluorides do not have thermal ALE pathways using
fluorination and ligand-exchange reactions because their fluorides are gases. Other materials,
such as elemental metals, may fluorinate readily and produce fluoride layers too thick for ALE.

For these materials, alternative pathways are required for controlled atomic layer etching.
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Some new strategies in thermal ALE have recently been introduced based on “conversion-etch”

mechanisms.2°° In the conversion-etch procedure, the surface layer is converted to a different
material that can be fluorinated and removed by ligand-exchange. Conversion-etch approaches
also have the potential to provide pathways for the ALE of materials with volatile fluorides.

In this paper, “conversion-fluorination” and “oxidation-conversion-fluorination”
mechanisms are demonstrated for thermal ALE. The conversion reactions utilize BCls as the
reactant. BCls has the ability to convert many metal oxides to B.O3z. B20s has a volatile
fluoride and can be easily removed spontaneously as BFz and H.O by HF exposures. The
example of “conversion-fluorination” is WO3 ALE using BCls and HF as the reactants in an AB
sequence. The example of “oxidation-conversion-fluorination” is W ALE using O3, BCl3 and

HF in an ABC sequence.
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Figure 1 shows the various reaction steps for W and WO3 ALE. In reaction A, W is

oxidized to WOs3 using ozone (O2/O3). In reaction B, BClz is used to convert the surface of
WOz to a B2Os3 surface layer. During this conversion, the chlorine ligands are transferred from
BCls to the surface to form volatile WOxCly products. In reaction C, the B.Ogz surface layer can
then be etched spontaneously by HF to form H20 and BFs products. The conversion of WOs3 to
B.O3 is necessary because HF cannot spontaneously etch WO:s.

Reactions A, B and C in Figure 1 based on oxidation, conversion and fluorination are all
thermochemically favorable.®* The reaction and standard free energy changes for the oxidation
of W to WOz using Oz or O are:

W + O3(g) - WO3 + O2(q) AG®°(200°C) = -296.7 kcal/mol 1)

W + 3/20,(g) = WO3 AG®°(200°C) = -171.7 kcal/mol )

Proposed conversion reactions of WO3 with BCls to yield various possible WOCly reaction

products and their standard free energy changes are:

WOs + 2BCl3(g) — B203 + WCle(Q) AG°(200°C) = -7.7 kcal/mol 3)
WO3 + 4/3BCl3(g) — 2/3B203 + WOCI4(g) AG°(200°C) = -4.3 kcal/mol (4)
WOs3 + 2/3BCls(g) — 1/3B203 + WO2Cla(g) AG°(200°C) = -7.8 kcal/mol (5)

In addition, the reaction for the fluorination of B>Oz3 to volatile BFs and H20 reaction products
and the standard free energy change is:

B20s + 6HF(g) > 2BF3(g) + 3H20(Q) AG°(200°C) = -17.3 kcal/mol (6)
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After removal of the B2O3 surface layer, a new W or WOs3 surface remains. The reactions can

then be repeated to etch either W or WOs. W ALE uses reactions A, B and C. WO3 ALE uses
reactions B and C.

HF alone should not etch or react with the WO3s or W surface. Likewise, BClz should
not react with the W surface. The expectations for these reactions are based on their positive

standard free energy changes:

WO3 + 6HF(g) — WFs + 3H20 (g) AG°(200°C) = +32.6 keal/mol ©)
W + 6HF(g) — WFs(g) +3H2(q) AG°(200°C) = +19.0 keal/mol (8)
W + 2BCl3(g) — 2B + WCls(g) AG°(200°C) = +95.0 kcal/mol 9)

W and WOs can also be etched spontaneously using various dry etching techniques. Methods
for spontaneous tungsten etching utilize plasmas containing various halogens such as fluorine®*
% or chlorine.® %% Tungsten etching occurs through formation of volatile chlorides or
fluorides. Tungsten can also be etched by Cl, or XeF, gases.? %% \WOj3 can be etched
spontaneously with halogen-containing plasmas using NFs or SFe.%-191 WFs is also known to
etch WOz spontaneously at >180°C from WO3z ALD studies using WFe and H2O as the
reactants.'%-1% This spontaneous etching of WO3 by WFg suggests a pathway for W ALE
based on sequential reactions with W oxidation followed by WFs exposures to remove WOs.
W ALE and WO3 ALE may have applications in a variety of areas. In the
semiconductor industry, W is employed as a conductor in contact holes and vias.'®* W is also
utilized for fabricating gates in 3D NAND memory devices.!® Outside the semiconductor
industry, W has application in MEMS and NEMS structures. %197 WQj3 also is a useful

material for water splitting'% and gas sensing.’®® The atomic layer controlled etching of W and



70
WOz may be needed for device fabrication. The isotropic etching of W may be particularly

useful for the lateral etching required to fabricate W gates in 3D NAND flash memory.1%

4.2 Experimental

421 W Films

W samples were deposited on Si wafers with a 500 nm thermal oxide layer. The SiO; layer
improves the sensitivity of the in situ spectroscopic ellipsometry (SE) analysis by providing
interference enhancement.*® Al,O3 ALD films were first grown on the SiO thermal oxide
layer at 130°C using 15 AlOs ALD cycles. These Al,03 ALD films provided an adhesion layer
for W ALD growth.!'* W ALD films with a thickness of 250 A were then deposited at 130°C
with sequential self-limiting reactions of WFg and Si,Hg.!!? These Al,O3 ALD and W ALD
films were deposited in a separate hot-wall viscous flow reactor. Upon exposure to atmosphere,
an oxide thickness of 12-30 A is formed on the W film as determined by x-ray photoelectron

spectroscopy (XPS) and x-ray reflectivity (XRR) analysis, 13114

4.2.2 Oxidation

The Si wafer was then diced to produce W coupons with dimensions of 1.6 x 1.6 cm. These W
coupons were placed in a reaction chamber that has been described previously.!*® This reaction
chamber is similar to other plasma atomic layer deposition (ALD) reactors equipped for in situ
SE measurements.®” The chamber walls were coated with ~500 cycles of Al,O3 ALD using
Al(CHz3)3z and H20 as the reactants at the chamber wall temperature of 170°C. WO3 films were

prepared by the oxidation of the W ALD films at 280°C using an O plasma at 600 W using an
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O2 pressure of 100 mTorr. The Oz plasma exposures produced a WOs film thickness of 130-

150 A on the W ALD films.

A remote inductively coupled plasma (ICP) provided oxygen radicals for the oxidation
of W to WOz. A quartz tube (6 cm inner diameter x 25 cm long) encircled by a helical copper
coil was the ICP source. A 13.56 MHz RF generator (Paramount RF Power Supply, Advanced
Energy) and 50 Q2 impedance matching network (Navigator Digital Matching Network,
Advanced Energy) were used in conjunction to generate the ICP plasma. The distance between

the ICP source and the W coupon was ~4 cm.

4.2.3 Spectroscopic Ellipsometry

Etching of the WO3 and W films was monitored by in situ SE using a J.A. Woollam
M-2000D ellipsometer. This ellipsometer has a spectral range of 240 to 1700 nm and utilized
an incidence angle of 70°. The WOz and W films were analyzed to obtain film thicknesses after
each reaction cycle or each individual reaction. A schematic showing the film stack and
ellipsometer optical beams is shown in Figure 2. Note that the individual layer thicknesses are
not to scale. SE has the ability to measure the thicknesses of each individual layer in the film
stack. This allows for simultaneous determination of the WOz and W film thicknesses.

The WOs films were analyzed using the Complete Ease software package from J.A.
Woollam. The model employed a Tauc-Lorentz oscillator and a Gaussian oscillator.** Only the
parameters of the Tauc-Lorentz oscillator model were varied from the starting parameters to
increase the accuracy of the model. The metal W layer underneath the WOs layer was
measured by a B-Spline model.}® n & k values for bulk W were used as the initial parameters

and were varied to fit the experimental data.
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Figure 4-2. Schematic showing ellipsometer beam interacting with film stack comprised of

WO3, W, Al203, SiO2, and underlying Si substrate.
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4.2.4 Precursors and Dosing Parameters

Boron trichloride (99.9%, Synquest Laboratories) and HF-Pyridine (70 wt. % HF,
Sigma Aldrich) were used as the reactants. The reactants were separately dosed into the
reaction chamber together with a constant stream of ultrahigh purity (UHP) nitrogen. The
reactants were introduced using two pneumatic valves (Swagelok-HBVVCR4-C for BCls or
Swagelok-6LVV-DPFR4-P-C for HF) on either side of a conductance limiting valve (Swagelok

SS-4BMG-VCR). The pneumatic valves were actuated using LabView.

4.25 Ozone Generation

In between each reactant exposure, the reaction chamber was purged with UHP nitrogen
gas for 130 s at a pressure of 1180 mTorr. The Os for the oxidation reaction during W ALE
was produced by an O30NIA ozone generator with oxygen [Airgas, 99.999%]. The gas flow
from the ozone generator contained ~10% of Oz in O2. The Oz pressure used for the oxidation
reaction was 70 mTorr. Therefore, the Oz pressure was ~7 mTorr. The HF and BCls purge
times were 130 s during W ALE using the O2/Os exposures. The purge time after the O2/O3
exposures was 60 s.

Samples were heated on a sample stage inside of the reaction chamber. A constant
temperature of 207°C was used for all of the ALE experiments performed to determine the self-
limiting conditions. The temperature was initially targeted to be 200°C. A temperature
calibration revealed that the temperature was 207°C. The temperature of the sample stage was
varied during the studies of WOz ALE etch rate versus temperature. The chamber walls were

held constant at 170°C. A rotary vane pump (Alcatel 2010) was used to pump the chamber to a
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base pressure of ~20 mTorr. A capacitance monometer measured the chamber base pressure

and pressure transients from each reactant.

4.3 Results and Discussion

4.3.1 WOs3 ALE Using “Conversion Fluorination” with BClz and HF

Figure 3 shows the WOz layer thickness measured using in situ SE during the etching of the
WOs3 layer on the W film. These results were obtained using an AB exposure sequence with
BCls and HF as the reactants. Figure 3 displays results for 40 reaction cycles at a substrate
temperature at 207°C. The initial WOs film thickness is ~150 A. The WOs film thickness
decreases linearly until reaching a WOs film thickness of ~10 A. The etching of the WOs layer
is linear over this range of thicknesses with an etch rate of 4.18 A/cycle. The SE measurements

confirmed that there was no change in the underlying W film thickness during WOs etching.

4.3.1.1 WOs Etching and W Etch Stop

The WOs etch rate is reduced dramatically when the WOs layer reaches a thickness of
~10 A. At this point, the WOs/W interface is nearby and the WO3 layer may undergo a
transition to WOy oxides where x<3 before reaching the underlying W film. These WOy oxides
may not be amenable to the “conversion-etch” procedure using BCls and HF. As a result, the
etch rate slows down when the tungsten oxide layer thickness reaches a thickness of ~5 A. The
underlying W film acts as an etch stop because the W film is not etched by the sequential

exposures of BCls and HF.



1601 207°C
p— 1=
< 1404 "=
=~ 0] M WO, ALE
Q1001 ", /
X ' n
o 807 ", W acts as
— [ |
S 601 “s, etch stop
]
©  40- .
5 o . |
< 20- "
0- gLl T T T ee—
0O 10 20 30 40

Number of Cycles
Figure 4-3. WOs thickness versus number of cycles showing WOs ALE at 207 °C using BCl3

and HF as reactants. W film under WOz layer acts as an etch stop.

75



207°C

- -
N e
o o
1 N

Etch Rate:
4.18 Alcycle

WO, Thickness (A)

40 | M ] M | M | v |
10 15 20 25 30

Number of Cycles
Figure 4-4. WOs thickness versus number of cycles showing WOs ALE at 207 °C using BCl3

and HF as reactants. Etch rate during WO3 ALE is 4.18 A/cycle.



4.3.1.2 WOs Etching Under Self-Limiting Conditions

Figure 4 shows the WO3 thickness versus number of BCls and HF cycles at 207°C for
20 cycles. The BCls exposures were 325 mTorr s. The maximum BCls pressure during these
exposures was ~40 mTorr. The HF exposures were 200 mTorr s. The maximum HF pressure
during these exposures was ~60 mTorr. Each dose was followed by an UHP N2 purge lasting
130s. The data points in Figure 4 show the individual SE measurements of the WOs3 thickness
after each reaction cycle. The etching of WOs is linear with an R-squared value of 0.999. The
WO3 etch rate is 4.18 A/cycle. Multiple measurements of WOz ALE at 207°C yielded etch
rates that varied from 3.98 — 4.44 A/cycle. Crystalline WO3 has a monoclinic structure with
cell dimensions a=7.306A, b=7.540A, c¢=7.692 A Y The WO; etch rate is slightly more than

one-half of the WOs unit cell lengths.

4.3.1.3 B20s3 Etching With HF

The etching of WOz by BClz and HF occurs by the “conversion-fluorination”
mechanism where BClz converts the WOz surface layer to a B.Oz layer. During the conversion
of WOs to B2Og, the likely reaction product is a volatile WOxCly compound. HF can then
spontaneously remove the B2Os layer by forming BF3 and H2O as reaction products. The
removal of B2Os regenerates the original WO3 surface and completes one BCIs/HF reaction
cycle. The conversion of WOs3 to B2Os is driven by the higher stability of B.Os compared with
WO3.%t The etching of B2O3 by HF occurs because both BF3 and H2O are volatile reaction

products.
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To prove that B,O3 can be spontaneously etched by HF, B2Os films were grown with BCl3 and

H20 at 20°C. This method was adapted from the previously reported B.Os ALD process with
BBrs3 and H-0 as the reactants at 20°C.*® B,0s films were grown using 600 cycles of BCls and
H.0 at 20°C. This B,O3 ALD process led to B,Os films with a thickness of ~580 A. X-ray
photoelectron spectroscopy (XPS) analysis of these films was consistent with stoichiometric
B2Os films. The B2O3 films were then heated to 207°C for the HF exposures.

The B203 ALD films were exposed to HF pressures of 100 mTorr for 1s. SE
measurements were performed 60 s after the initial HF exposure. The SE measurements were
then repeated 12 minutes after the first measurements to verify that no further etching occurred
without additional HF exposures. Figure 5 shows the B>Ogz film thickness versus the number of
HF exposures for six HF exposures. Each HF exposure removes ~2 A of the B2Os film. The
second scan recorded after 12 minutes confirms that no additional etching is observed in the
absence of HF exposures. These experiments demonstrate that HF can spontaneously etch the
B.O3 film. The B20s etching is dependent on the HF pressure and the HF exposure time. The

spontaneous B20Os etching will continue for at least 20-30 HF exposures.

4.3.1.4 Self-Limiting Experiments

The self-limiting behavior for the WO3 etch rate versus the BCls exposure is shown in
Figure 6a. The BCls exposures were varied from 0 to 492 mTorr s. The HF exposures were
held constant at 200 mTorr s. Increasing the BCls exposure to >225 mTorr s did not produce
significantly more WOs3 etching. The BCls reaction with WOz is self-limiting at the larger BCls

exposures with an etch rate of ~4.2 A/cycle.
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The self-limiting behavior of the HF exposure is shown in Figure 6b. The HF exposure

was varied from 0 to 318 mTorr s. BClz exposures were held constant at 327 mTorr s. The
WOz etch rate increases progressively versus HF exposure. Increasing the HF exposure to >200
mTorr s did not produce significantly more WOs etching. The HF reaction with WOs is self-

limiting at larger HF exposures with a etch rate of ~4.2 A/cycle.
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4.3.1.5 Determination of Etch Pathway

Figure 7 shows SE measurements that were recorded after each BClz and HF exposure
during WOz ALE at 207°C for 26 half-cycles. The WO3 thickness decreases linearly with the
number of half-cycles. An expansion of the WOs3 thickness versus number of half-cycles for
four half-cycles is displayed in Figure 8. The SE model assumed that the entire film was WO3.
Adding a Cauchy layer to account for the B.O3 layer on the WOs3 film after the BClz conversion
reaction did not improve the SE fitting. Figure 8 indicates that the WOs3 thickness etched in one
BCls/HF cycle is 4.29 A. The thickness loss after the BCls exposure is 2.99 A. The thickness
loss after the HF exposure is 1.30 A.

The WOs thickness loss of 4.29 A during one complete cycle represents 1.32 x 10
WO3 mol/cm? based on a WO3 density of 7.16 g/cm® and a WO3 molar mass of 231.8 g/mol.
During the WO3 etching, WOs3 can be converted to various amounts of B2O3 depending on the
possible BCls conversion reactions given by Equations 3-5. The thickness loss of 2.99 A after
the BCl3 exposure leaves a B2Os thickness of 1.30 A on the surface. The SE modeling assumes
that the B2O3 thickness can be modelled as indistinguishable from a WOs3 thickness. This B203
thickness is then removed by the subsequent HF exposure.

The B20s thickness of 1.30 A on the surface prior to removal by HF is in agreement
with the BCl3 conversion reaction given by Equation 5. This BClz conversion reaction yields
WO-ClI; as the volatile reaction product. Based on Equation 5, the predicted B>O3 thickness
remaining on the surface after the conversion of 4.29 A of WO3 or 1.32 x 10° WOz mol/cm? is
1.25 A. The predicted B,Os thickness of 1.25 A agrees well with the measured B,O3 thickness
of 1.30 A. Mass spectrometry studies are needed to confirm WO,Cl, as the volatile reaction

product.
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Figure 4-7. WOs thickness versus number of half-cycles during WOz ALE at 207 °C under self-

limiting conditions.
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4.3.1.6 Etch Dependence on Temperature

The WOs film thicknesses versus number of BCls and HF reaction cycles at different
substrate temperatures are shown in Figure 9. The self-limiting reaction conditions at 207°C
were used for all of the various temperatures. The self-limiting conditions were a BCl3
exposure of 325 mTorr s and a HF exposure of 200 mTorr s. All of the initial WO3 thicknesses
were referenced to a starting value of 140 A to compare the results at 128, 160, 196, and 207°C.
For all of the temperatures, the WO3 etching is linear with the number of reaction cycles. The
etch rate also increases at higher temperatures. The etch rates are 0.55, 2.04, 2.95 and 4.19

AJcycle at 128, 160, 196, and 207°C, respectively.

4.3.1.7 Arrhenius Plot

Figure 10 shows an Arrhenius plot of all the etch rates at different temperatures acquired
from the SE measurements. The approximately linear plot of In (etch rate) versus 1/T shows
that the etch rates are nearly exponentially dependent on temperature. The temperature
dependent WOs etch rate exhibits an activation energy of 8.6 kcal/mol. The temperature

dependence of the WOz etch rate provides a means to control the WOs etch rate.
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4.3.2 W ALE Using “Oxidation-Conversion-Fluorination” with O3z, BCls and HF

4.3.2.1 W Etching Under Self-Limiting Conditions

The development of WO3 ALE opens a pathway to W ALE. Tungsten can first be
oxidized to WOs. Subsequently, WO3 can be etched using sequential BClz and HF exposures as
described above in Section Il1.A. The oxidation of W to produce WO3 must be self-limiting to
obtain atomic layer control of W etching. This requirement is demanding because oxidation of
metals is generally very favorable and often the oxidation can extend deep into the initial metal.

Tungsten oxidation has been studied extensively over a variety of temperatures and
oxidation conditions. Many investigations have been reported at high temperatures >500°C
where tungsten oxidizes readily to form WO3 and other tungsten oxides.!*%1%0 At temperatures
>800°C, these oxides can also desorb into the gas phase.!?! At temperatures between 300-
400°C, tungsten is oxidized by O to form a WOj3 layer with thicknesses of 10-50 nm. 122124
The WOs layer acts as a diffusion barrier that limits further oxidation.?

At lower temperatures <300°C, the tungsten oxidation is limited to thin WOs3 films on
the W substrate.'? 124126 Oxide thicknesses of 10-16 A have been reported after O, exposures
on polycrystalline W substrates for 1 hour at 23-200°C.1>* Somewhat thicker oxide thicknesses
have been measured when using O, plasmas to oxidize tungsten at lower temperatures.*?’-128
Tungsten oxidation at these lower temperatures is compatible with the temperature for WO3
ALE and also is self-limiting at thin film thicknesses that are required for an ALE process.
Figure 11 shows results for the tungsten thickness versus number of ABC reaction cycles during
W ALE at 207°C. In these experiments, the surface of the W film was oxidized to WOs3 using

0,/03 pressures of 70 mTorr. The WO3 layer was then etched using the next BCls and HF
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exposures. The W ALE was conducted under self-limiting conditions for the O3z, BCl3, and HF

reactions at 207°C as discussed below. The O2/O3 exposure was 3150 mTorr s, the BCl3
exposure was 329 mTorr s and the HF exposure was 2800 mTorr s.

Figure 11 reveals that the tungsten film thickness decreases linearly versus number of
cycles. The etch rate is 2.56 A/cycle and the R-squared value of the linear fit is 0.996. Multiple
SE measurements of W ALE at 207°C yielded etch rates that varied from 2.35 — 2.56 A/cycle.
XRR measurements confirmed the SE measurements. The W etch rate at 207°C is slightly less

than one unit cell length. W has a body-centered cubic structure with a unit cell length of 3.19

A

4.3.2.2 Analysis of WOz and W Films During Etching

The WO3 and W layer thicknesses could be determined simultaneously using SE
measurements during W ALE. Figure 12 shows the concurrent SE measurements of the WOs3
and W film thicknesses versus number of half-cycles at 207°C. The half-cycles are the O2/O3
oxidation reaction and the BCls/HF etching reaction. The O2/O3 exposure was 3150 mTorr s,
the BClz exposure was 329 mTorr s and the HF exposure was 2800 mTorr s. The ellipsometry
measurements were performed after each half-cycle. The SE measurements were able to
monitor both the growth and etching of the WOs layer and the concurrent removal of the
underlying W film.

With an ABC exposure sequence, the WOs thickness is increased during W oxidization
by O2/03 and then decreased during the BClz and HF etching reactions. The oxidation and
etching leads to an oscillatory WO3 thickness in Figure 12a versus the number of half-cycles.

The increase in the WOj3 thickness from oxidation is 7.2 A/half-cycle averaged over five
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random half-cycles after 12 half-cycles. The decrease in the WO3 thickness from the BClz/HF

etching is 7.7 A/half-cycle averaged over five random half-cycles after 12 half-cycles.

The WOs3 thickness loss of ~7.7 A after the BCls/HF reactions during W ALE at 207°C
is larger than the WOj3 thickness loss of ~4.2 A/cycle during WO3 ALE at 207°C. WO3 ALE is
performed with BClz and HF as the reactants. W ALE is performed with O2/O3, BCl3 and HF
as the reactants. The addition of the O./O3 exposure may alter the surface species and affect the
BCIs/HF reactions. Additional experiments were conducted where O,/O3z was removed from
the ABC exposure sequence and WOs ALE was performed on WOs films produced using
02/03. These experiments observed a WOs etch rate of ~4.2 A/cycle that is the same as the etch
rate of ~4.2 A/cycle for WO; films produced using an Oz plasma. The WOj etching is not
dependent on the oxidant used to form the WOs3 film.

Figure 12a also observes an increase in the WO3 thickness from ~30 A to ~40 A during
the first 10 half-cycles. This increase is followed by a reduction to an oxide thickness of ~20 A
after 60 half-cycles. The change in the WO3 thickness results from the competition between
WOs3 growth during the O2/O3 exposures and WOs etching during the BCls/HF reactions.
Higher or lower O2/O3 exposures were observed to result in more or less WO3 growth. The
presence of a maximum WOz thickness after 10 half-cycles in Figure 12a may be related to
nucleation effects combined with the competition between WO3 growth and WO3 etching.
Concurrent ellipsometry measurements of the W thickness are shown in Figure 12b. While the
WOs thickness is oscillating during the oxidation and etching half-cycles, the W thickness is
reduced linearly versus number of half-cycles. The W etching rate is 2.44 A/cycle. A small

oscillation of the W thickness was observed over the first 30 half-cycles. The decreases in the



91
W thickness during the half-cycles occur after the O2/O3 exposures when W is oxidized to WOsa.

This slight oscillation may be an artifact from the ellipsometric modeling.

4.3.2.3 Expansion of WO3 During “Oxidation-Conversion-Etch”

An expansion of the oscillation in the WOz thickness in Figure 12a is shown in Figure
13. The increase of the WO3 thickness during oxidation and the reduction of the WO3 thickness
during etching for 6 consecutive half-cycles are dramatic. Values of the individual WO3
thickness increases and decreases are given in Figure 13. In addition, the increase in the WOs3
thickness from oxidation is 7.2 A/half-cycle averaged over five random half-cycles after 12
half-cycles in Figure 12a. The decrease in the WO3 thickness from the BCls/HF etching is 7.7
A/half-cycle averaged over five random half-cycles after 12 half-cycles in Figure 12a.

The ratio of the WO3 thickness gain per half-cycle and the W thickness loss per cycle
should be equal to the ratio of the WOz and W molar volumes. This expectation is based on
conservation of tungsten mass where a W loss must equal a WO3 gain. The ratio of the WO3
gain and W loss is 7.2 (A/half-cycle)/2.44 (A/cycle) = 2.95. In comparison, the ratio of the
molar volumes for WO3 and W is (32.4 cm®/mol) / (9.5 cm®/mol) = 3.4. The ratio of the molar
volumes is only slightly higher than the ratio of the etch rates. This reasonable agreement is
confirmation that W ALE occurs by conversion of W to WOs3 followed by the etching of WO3.
The slight differences in the ratios may also be explained by some WO in the tungsten oxide
layer. Compared with WO3, WO, has a smaller molar volume of 20.0 cm®/mol. The molar
volume of a mixture of WO3/WO> would lower the ratio of the molar volumes for WO3/WO>

and W.
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4.3.2.4 Self-Limiting Conditions for W ALE

The self-limiting nature of the O2/Os, BClz and HF reactions is critical to establish a W
ALE process. Self-limiting BCls and HF reactions have already been established during the
characterization of WO3 ALE as shown in Figure 6. The self-limiting behavior of the O2/Og,
BCl3z and HF reactions during W ALE also needs to be verified to confirm a self-limiting
procedure for W ALE.

Figure 14 displays the W etch rate versus O2/O3 exposure during the ABC reaction
sequence at 207°C. The pressure of the O2/Oz exposure was 70 mTorr for the different
exposure times of 15, 30, 45 and 60 s. HF and BCls exposures were held constant at 2800
mTorr s and 500 mTorr s, respectively. The HF and BCls pressures were 535 and 60 mTorr,
respectively, during these exposures. Figure 14 shows that the W etch rate increases with O2/O3
exposure and reaches a maximum etch rate of 2.45 A/cycle at an O,/O3 exposure of 3150 mTorr
s. The line fitting the data points is meant to guide the eye.

Results for the W etch rate versus BClz or HF exposure during W ALE at 207°C are shown in
Figure 15a and 15b, respectively. These measurements were performed by varying one reactant
exposure and holding the other two reactant exposures constant. BCls and HF were dosed into
a stream of UHP N that was at a pressure of 1180 mTorr. A purge of 130 s was employed after
each reactant exposure. The O2/Oz exposure was 3150 mTorr s conducted at a O2/O3 pressure
of 70 mTorr. A purge of 60 s was used after each O2/O3 exposure.

Figure 15a shows the results for varying the BCls exposure while holding the HF and
0,/03 exposures constant at 2800 mTorr s and 3150 mTorr s, respectively. The BCls exposures
were varied from 0 to 500 mTorr s. The BClsz exposure converts the WOs3 surface to a B2Os

surface layer. The B20Os surface layer is then spontaneously etched by HF. The W etch rate
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increases rapidly with BCls exposure. With a BClz exposure of 329 mTorr s, the W etch rate

reaches the self-limiting W etch rate of 2.45 A/cycle.

Figure 15b shows the results for varying the HF exposure while holding the BClz and 02/O3
exposures constant at 500 mTorr s and 3150 mTorr s, respectively. Higher HF exposures
progressively remove the B2Os surface layer as volatile BFz and H,O. With HF exposures of
2800 mTorr s, the W etch rate reaches the self-limiting W etch rate of 2.45 A/cycle.

4.3.2.5 Oxidation of W by O2/O3

Additional experiments examined the oxidation of the W ALD films by successive
02/03 exposures at 207°C. The O2/03 exposures were 3150 mTorr s resulting from O2/O3
pressure of 70 mTorr for 45s. This is the same O2/O3 exposure that was employed in the W
ALE experiments. The W ALD films had been exposed to atmosphere prior to loading into the
reactor. The WOsthickness on the W ALD film was then measured by SE after each O2/O3
exposure. The WOs thicknesses versus number of O2/Os exposures are displayed in Figure 16.

The initial WOs3 thickness in Figure 16 is ~33 A. This thickness is close to the native
oxide thicknesses on tungsten that have been measured earlier with XPS and XRR analysis.*'*
114 The WO; thickness is nearly constant at ~33 A after the first three O,/O3 exposures. This
constant oxide thickness may be related to the O2/O3 exposure cleaning residual carbon from
the surface. Figure 16 then shows that the WOj3 thickness increases consistently after the 3™
0,/03 exposure. However, the increase is progressively reduced after each O2/O3 exposure.
This behavior is suggestive of diffusion-limited oxidation when the surface oxide acts as a
barrier for oxidation of the underlying W metal. Similar behavior is also observed for the

diffusion-limited oxidation of silicon described by the Deal-Grove model.1® The WOs3



98
thickness is ~66 A after 34 O,/O3 exposures. XPS analysis of the WO3 film produced by these

0,/03 exposures was consistent with stoichiometric WO3z with W in the 6+ oxidation state.
The larger WO3 thicknesses produced by greater number of sequential O2/O3 exposures
may lead to W etch rates that are higher after larger O./Oz exposures. However, Figure 14
shows that the W etch rate is self-limiting versus O2/Os exposure. This behavior suggests that
the W ALE is self-limiting because of the self-limiting BClz and HF reactions. Larger O2/O3
exposures may lead to larger WOs film thicknesses. However, the WO3 removal is still limited
by the self-limiting BCls and HF reactions. The BClz and HF reactions may only remove a
fraction of the WQOs film. After partial removal of the WOs film, the next O./O3 exposure
would then reestablish a larger WO3 film thickness that is consistent with the O2/O3z exposure.
Additional experiments were performed at 207°C by varying the O./O3z exposure times
with an O2/O3 pressure of 70 mTorr under self-limiting conditions for the BClzand HF
reactions. O2/O3z exposure times of 45 s and 60 s both produced W ALE etch rates of 2.45
Alcycle. However, the WOs film thickness was ~20 A for the 45 s O,/O3 exposures (3150
mTorr s) and ~30 A for the 60 s O2/O3 exposures (4200 mTorr s) after >20 reaction cycles. The
consequence of larger O2/O3 exposure times at constant O2/O3 pressures is thicker WO3
thicknesses during W ALE. However, the W ALE etch rates remain the same. These results

argue that W ALE is self-limiting because of the self-limiting BCls and HF reactions.



99

E 25
o
o 2.0-
u 1-5'
m
o 1.0-
L
-]
w 0.5- 207°C
; HF Exposure: 2800 mTorr s
0.0- 0,/0, Exposure: 3150 mTorr s
0 100 200 300 400 500
BCI, Exposure (mTorr s)
3.0

{b) HF

r
=
el

W Etch Rate (A/cycle)
o

0.5- gl
) BCl, Exposure: 500 mTorr s
0.0- 0,/0, Exposure: 3150 mTorr s
0 500 1000 1500 2000 2500 3000 3500
HF Exposure (mTorr s)

Figure 4-15. W etch rate versus reactant exposure during W ALE. (a) BCI3 exposure was varied
with HF and 02/03 exposures held at 2800 and 3150 mTorr s, respectively. (b) HF exposure

was varied with BCI3 and 02/03 exposures held at 500 and 3150 mTorr s, respectively.



a OO OO
g O 01 O
A BEPE NPRE SRR |

WO, Thickness (A)
w W A b~ O
e

207°C
0,/0, Exposure: 3150 mTorr s

0

4

8

12 16 20 24 28 32 36

Number of O,/O, Exposures
Figure 4-16. WO3 thickness versus number of O2/O3 exposures for initial W ALD film. Each

0/03 exposure was 70 mTorr for 45 s.

100



101
4.3.2.6 WO3 Removal After W ALE

Figure 12a shows that the WO thickness is reduced to a thickness of ~20 A after 60 half-cycles
during W ALE with an O2/O3 pressure of 70 mTorr and O2/O3 exposure time of 45 s under self-
limiting conditions for the BClz and HF reactions. Removal of this WO3 layer on W may be
important for applications where no oxide is desired for proper device function. This WOs3
layer can be removed by stopping the O2/O3 exposures and utilizing an AB reaction sequence
with BClz and HF exposures. Figure 17a displays the removal of the WO3 layer after W ALE
versus the number of BCIs/HF reaction cycles using the self-limiting reaction conditions for
WOj3 ALE at 207°C. The WOg layer thickness is reduced in thickness from 20 A to a limiting
thickness of ~3 A after >12 reaction cycles.

The corresponding W film thickness during the removal of the WO3 layer is shown in
Figure 17b. While the WOs layer is removed during the AB reaction sequence, the W film
thickness is nearly constant. The initial W film thickness is ~218 A. The W film thickness
reaches 215-216 A after >12 reaction cycles. These results indicate that the WO3 layer on W
can be removed with almost no effect on the W thickness. There are also alternative methods to
remove the WOj3 layer based on hydrogen reduction using Hz or Hz plasma exposures. 12 127: 129

The self-limiting conditions for the BCls and HF exposures during WOz ALE at 207°C
were 325 mTorr s and 200 mTorr s, respectively. In comparison, the self-limiting conditions
for the O2/03, BCl3 and HF exposures during W ALE at 207°C were 3150 mTorr s, 325 mTorr s
and 2800 mTorr s, respectively. The self-limiting conditions for the HF exposure are very
different for WOsz and W ALE. The inclusion of the O2/O3 exposure in the ABC reaction
sequence for W ALE leads to a much larger self-limiting HF exposure. The chamber walls are

coated with
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Al,03 ALD and HF is known to adsorb on Al.Os at the chamber wall temperature of 170°C.°

The O2/0O3 exposure may remove HF from the chamber walls. Larger HF exposures may then
be required during the subsequent BCls/HF reaction to replace the adsorbed HF and obtain self-

limiting behavior.

4.3.3 Extension to additional materials

The “conversion-fluorination” and “oxidation-conversion-fluorination” mechanisms can
be useful for the ALE of a variety of additional metal materials. These mechanisms will be
valuable because some metal materials cannot be etched using the fluorination and ligand-
exchange mechanism.>>® Fluorination of many metal materials is not thermodynamically
favorable with HF. However, stronger fluorination reactants, like SF4 and XeF», can lead to
volatile metal fluorides and spontaneous etching. The highly exothermic reaction of stronger
fluorination reagents with metal materials can also lead to fluoride layers too thick for ALE.
Some metal materials are also difficult to fluorinate because they do not have stable fluorides in
the same oxidation state as the initial metal material. Other metal materials can be fluorinated

but do not easily yield volatile products during the ligand-exchange reaction.

4.3.3.1 Conversion Etch with BCIs

BCls is important for the conversion of many initial metal oxides to B.O3 because B203
is a stable metal oxide and many metals have volatile chlorides or oxychlorides. Metals with
volatile chlorides or oxychlorides include W, V, Nb, Ta, Cr, Mo, Fe, Au, Ga, Ge, Sn, As, Sb, Zr
and Hf. The spontaneous etching of B2Os by HF also plays a key role in the new conversion

etching mechanisms. HF can spontaneously etch B.Os. However, HF cannot spontaneously
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etch many other metal oxides. Consequently, if the initial metal oxide can be converted to

B20s, then HF can spontaneously etch B2Os and the underlying initial metal oxide will serve as
an etch stop.

Table 1 explores the thermochemistry of a variety of conversion reactions for various
metal oxides. Most of these metal oxides will have difficulty achieving self-limiting ALE using
fluorination and ligand-exchange reactions. The reasons for the difficulty include: (1)
formation of volatile fluorides that lead to spontaneous etching (WQO3, MoOs3, VO2, V20s,
Ta20s, GeO2, As203, Auz03, SbO2, Sh.03, NbO>); (2) lack of volatile products after ligand-
exchange reaction with various metal precursors (Fe203); and (3) absence of fluoride with the
same oxidation state as the initial metal oxide (CrOz). All of these metal oxides have volatile
chlorides or oxychlorides and should be converted to B.O3 using BCls based on
thermochemical calculations. SnO2, Ga203, ZrO, and HfO2 ALE are possible using fluorination
and ligand-exchange reactions.®” 8 These metal oxides are included in Table 1 because they
have volatile chlorides or oxychlorides and could be etched using the “conversion-fluorination”

mechanism as an alternative.
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Table 4-1. Thermochemistry of a Variety of Conversion Reactions for Various Metal Oxides

AG" at 150 °C
(lecal)
BCl; Conversbon Reacthons
As, 0 + ZBCL(g) —+ B0, + 28sCh(g) —k1.3
Any0y + 2BCL(E) — B0, + 2AuCl(g) —1345
Cr0; + 23001, — /38,0, & Cri,Clig) —93.7
Fey (), + 2BCL () — B0y + 2FeCl(g) —423
Gay0y + 2BCl(g) — B0y + 2GaCly(g) —61.6
Gely + 4/3BCL(g) — 2/38,0, + Gelly(g) —76.7
HIO, + 4/3BCL(g) — 2/3B,0, + HICL(g) —15.6
Mol ¢ 2/ABCKL(g) — 17380, + MoLCl(g) =191
NBO, + 2/3BCL(g) — 1/38,0; + NbCl,(g) _136
Shy(y; + 2RCL(g) — B0, + 25O (g) =836
Snldy + 4/3BCL(E) — 238,00, + STl () —474
Ta,0, + 10/3BCL(g) — $/3B,0, + 2TaCl,(g) —424
VIO, + 4F3B0L (g) — 238,00, + VOL(g) —260
Vi0y + 2BCL(g) — B0, + 2V0CL(g) —67.1
FrOy + 4/3RCL(E) — 27300y + LrCl(g) =159
Tl Conversion Reaclions
Asy0y + HITICL(g) = 3/2TIO, + 2AsCl(g) —41.7
Cr0y + 1RO () — 1270y + CriyCh(g) —180
Fey 0, + 3/2TICL(g) — 3/2TI0, + 2PeCl(g) =27
Gay0y 4 3 2ATICL () — 3/2TR0y 4 206, (g) ~12.0
GeDy, + TiCL(g) — Tiy, + GeCl(g) —24.7
Mo, + 1/ATICL(E) —= 1/2Ti0y, + Mol (g —59
Shy0y, + BETCL{g) — 372150, + 25601(g) —540
Snly + T (g) — T¥D, + SnCl(g) =11.1
B{CH,); Conversion Reactions

Ay + IJ:"-{(:H_,],[';} — By + I.Ih{!:Hang:I —83.0
GayOy 4 2B(CH,),( ) = B0, 4 2GalCH (g 1341
Gey + 4/38(CH, ), (g) — LAB0, + Ge(CH,),(g) — 4546
Iny 0y + 2B(CH)s(g) — ByOy + 2In{CH,)y(g) =1273

Sny + 4/3B(CH,),(g) — 2/38,0, + Sn{CH,),(g) —268
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4.3.3.2 Conversion Etch with TiCls

The conversion of metal oxides to other metal oxides besides B2Os is also possible. One
possibility is the conversion of metal oxides to TiO> using TiCls. Fluorination of TiO> using
HF exposures would then spontaneously etch TiO by producing volatile TiFs and H2>O reaction
products.*® TiCls may not be as useful as BCls for conversion etch. The thermochemistry of
conversion of metal oxides to TiO2 using TiCls is not as favorable as the thermochemistry of
conversion of metal oxides to B2Os using BCls. However, the conversion of the surface of a
metal oxide to a TiO, surface layer may be useful for device applications to avoid a TiO2 ALD

processing step.

4.3.3.3 Conversion Etch Ligand Effects and Selectivity

The thermochemistry of most of these reactions in Table 1 is favorable as measured by
the standard free energy changes. The examples in Table 1 use either BClz or B(CHj3)s for the
conversion reaction to form B20s. The choice of BClz or B(CH3)s depends on the volatility of
the reaction products. In addition, the ligand on the boron center can also lead to selective
ALE.®" The thermochemical calculations reveal that Ga2Os cannot be converted to B,Os using
B(CHa)s. Consequently, B(CH3)s could be used to etch In203, GeO2, As20z and SnO; without

etching Ga20a.

4.4 Conclusions

The thermal ALE of WO3 and W were demonstrated with new etching procedures using

“conversion-fluorination” and “oxidation-conversion-fluorination” mechanisms. These
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procedures are important because earlier thermal ALE processes have utilized fluorination and

ligand-exchange reactions that require the formation of a stable metal fluoride. In contrast, the
new mechanisms are applicable for metal materials with volatile metal fluorides. Some
elemental metals also require initial oxidation reactions because fluorination is very robust and
leads to fluoride layers too thick for ALE.

The “conversion-fluorination” mechanism using an AB exposure sequence with BCls
and HF as the reactants was employed for WO3 ALE. BCls converts the WO3 surface to a B2Os
layer and is believed to form volatile WO-ClI; as a reaction product. The B2Os layer is then
spontaneously etched by HF to produce volatile BFs and H>O. The BClIs and HF reactions were
both self-limiting versus exposure. The WOz ALE etch rates were temperature dependent and
increased from 0.55 A/cycle at 128°C to 4.19 A/cycle at 207°C. The W film acted as an etch
stop because BCls and HF could not etch the underlying W film.

The “oxidation-conversion-fluorination” mechanism using an ABC exposure sequence
with O2/03, BCl3 and HF as the reactants was employed for W ALE. O»/O3 first oxidizes the W
surface to a WOz layer. The WOs layer is then etched with BCls and HF. The SE
measurements could monitor simultaneously the W and WO3 thicknesses during W ALE. The
WOs thickness is oscillatory and increases during W oxidation and decreases during WOs3
etching. Concurrently, the W film thickness decreased linearly with number of ABC reaction
cycles. W ALE was self-limiting with respect to each reaction in the ABC process. The etch
rate for W ALE was ~2.5 A/cycle at 207°C. The residual WOs thickness of ~20 A after W ALE
could be removed with BCls and HF reaction cycles without affecting the W layer.

These new etching mechanisms based on “conversion-fluorination” and “oxidation-

conversion-fluorination” should be useful for the thermal ALE of a variety of materials. The
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conversion and fluorination reactions using BCls and HF can be applied to many metal oxide

materials including the oxides of W, V, Nb, Ta, Cr, Mo, Fe, Au, Ga, Ge, Sn, As, Sb, Zr and Hf.
The metals in these metal oxides can be converted to B>Os by BCls and have metal chlorides
and metal oxychlorides that are volatile. The new “conversion-fluorination” and “oxidation-
conversion-fluorination” mechanisms will be particularly valuable for providing ALE pathways

for metals and metal oxides that have volatile metal fluorides.
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Chapter 5

Thermal Atomic Layer Etching of Ta205 and TaN by “Conversion-Etch” and
“Oxidation-Conversion-Etch

5.1 Introduction

The concept of Moore’s law has been a result of the drive to continue to increase the number of
transistors per unit area.® The increase of transistors per unit area has relied on etching
techniques to precisely remove material at dimensions that are becoming increasingly smaller
with more complicated 3D geometries.!t 14175 Devices that are now approaching 5 and 7 nm
nodes require precision in the removal of material for proper device function.*

Thermal Atomic layer etching (ALE) is a new method based upon sequential thermal reactions
for precise removal of material at the atomic scale. The future of semiconductor manufacturing
needs ALE to help with the miniaturization of devices.!** The concept of ALE has, in general,
been thought of as a plasma process only. Literature searches of ALE give plasma etching of
compounds such as SiO2*3, W2 Ge, GaAs™3, graphene®®* and InP8 . Though very useful for
etching in the semiconductor manufacturing, plasmas have issues with high aspect ratio
structures , and can lead to surface damage'®.

Thermal ALE is a relatively new field of isotropic etching. This type of ALE proceeds first by a
surface modification to an appropriate oxidation state followed by a reactant that removes the
modified surface. Thermal ALE has been demonstrated this way by two different methods:
Ligand-exchange and conversion etch. Ligand-exchange ALE has been demonstrated with HF
and Sn(acac) 2 on AIN3, Al,04% , HfO,*® , and AIFs* . The conversion etch method is useful

where the initial modification of the surface to the correct oxidation state creates volatile
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compounds, however this is not always necessary. Conversion etch has been shown by HF and

TMA on Zn02'¥, Si0,'* and BCls on W% and WO3'*°.
Tantalum oxide stacks in a memory cell were shown to be excellent candidates in high-density
and high-speed non-volatile memory due to its charge trapping abilities.'*® HfO,-Ta;0s-HfO2
stacks were shown to outperform conventional Oxide-nitride-oxide memory stacks!*!,
Amorphous TazOs is used as a copper diffusion barrier.14?*3 Ta,0s can be used as a dielectric
material for organic thin film transistors'** TaN is a conductive nitride which is used as a gate
metal in NMOS devices!* and memory devices**!. TaN is an excellent diffusion barrier
between copper and silicon.4®
Etching techniques for Ta2Os and TaN have been widely demonstrated in literature. Unwanted
etching of tantalum oxide was seen by halogenated TaXs compounds and water at high
temperatures, alluding to other ALE methods of Ta2Os using metal halogen complexes.47-148
Halogen containing plasmas such as NFz, CF4 and mixtures of SFe and Cl. can be used to etch
Taz0s and TazN.141520ther carbon halogen plasmas such as CFsCl, CHF3 can be used to etch
Ta,0s%1%4, TaNy compounds can be etched from a gas mixtures of SiCls-NF3!*, Cl,-HBrt®
and Clo-SFe-ArY’. BCls plasmas were aslo used to etch TaN compounds, 158160
This work demonstrates thermal ALE utilizing conversion-etch reactions and oxidation-etch
reactions. Gaseous BClsz was used as the conversion reactant. BCls can be used convert many
oxides to its stable B203.1% Ta,Os is thermodynamically favorable to be converted to B2O3
while forming volatile TaCls as shown in equation 1.

(1) Ta20s + 10/3 BCl3(g) — 5/3 B203 + AG at 250°C: -37.18 kcal

2TaCls(g)
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B.0O3 can then be removed spontaneously by formation of its volatile fluoride BF3 through

interaction with HF as shown in previous work®*°. The thermodynamics of the reaction is
shown in reaction 2.

(2) B2O3 + 6HF(g) = 2BF3(g) + 3H20(9) AG at 250: -16.87 kcal

HF from a HF-Pyridine solution was the fluorination source and spontaneous etch reactant.
Ta>Os ALE is demonstrated and investigations into the pathway using BClz and HF are
conducted in this paper. TaN ALE is shown through an oxidation-etch process, where TaN is

oxidized and the oxide is then removed by BCls and HF.

5.2 Experimental

5.2.1 Ta20s5and TaN Films

Ta>Os samples were grown by ALD on Si wafers with a native oxide. Ta2Os films were grown
at 190 °C by tert-butylimido-tris-ethylmethylamido-tantalum (TBTEMAT, Strem 99.99%) and
H,0. Thicknesses of Ta,Os films were 340 A for all experiments except XRR analysis where
the film was 700 A. TaN films were deposited on Si wafers with a 500 nm thermal oxide. TaN
films were grown at 200 °C in a separate hot walled viscous reactor with tert-butylimido-tris-
ethylamido-tantalum (TBTEAT Strem, 99.99%) and N2H (Rasirc) to a thickness of 250A. TaN

films were then exposed to air after cooling down room temperature.
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5.2.2 Samples, Precursors and Dosing Parameters

A native oxide thickness of 10-16 A formed on TaN samples when exposed to atmosphere upon
transfer between reactors. Si wafers with Ta,Os and TaN were diced into squares with
dimensions of 16 x 16 mm. The square coupons were then set onto a 304 stainless steel sample
holder and placed into a reaction chamber that has been described previously.%! Samples were
heated on the sample stage to a temperature of 250 °C. The reactor walls were heated to 170 °C
and were coated with 500 cycles Alumina ALD using trimethyl aluminum and H>O. HF-
pyridine (70 wt. % HF, Sigma Aldrich) and BCl3 (99.9%, Synquest Laboratories) were used as
the reactants. Reactants were separately dosed into the reaction chamber into 120 mTorr of ultra
high purity (UHP) N2. Reactants were introduced by a pneumatic and needle valve setup
described previously®*®. Between reactants exposures, the chamber was purged with 1270
mTorr of UHP N2. For repeated exposures of BCls a purge time of 30 seconds was used
between doses, followed by a 70 second purge time before HF exposures. HF purge times were

constant at 70 seconds. LabView was the program used for dosing and purging parameters.

5.2.3 Spectroscopic Ellipsometry

An in-situ M-2000 Ellipsometer with a 239.2-1687.2 nm spectral range was used for analysis of
Ta>0s and TaN films during ALE. Psi and Delta data was analyzed by Complete Ease software
from J.A. Woollam. A Tauc-Lorentz model was used as the optical model for Ta>Os films.
Tauc-Lorentz parameters were fit to the Ta2Os films and held constant for ALE experiments as

the films exhibited bulk properties in the thickness range etched.
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5.2.4 Ozone Generation

20% O3 in Oz by weight was the oxidizing source for TaN. Ozone cleaning was also conducted
for Ta,0Os samples exposed to atmosphere for XRR analysis. O30ONIA ozone generator
produced 20% O2/O3 from UHP oxygen (Airgas 99.999%). For TaN oxidation, an O2/O3

pressure of 120 mTorr was used. A temperature of 250 °C was used for all ozone experiments.

5.2.5 X-Ray Reflectivity

XRR analysis was performed ex-situ by a high resolution X-Ray diffractometer (Bede DI,
Jordan Valley Semiconductors). Cu Ka radiation produced the X-rays(A=1.540A). In the X-ray
tube, filament current was held at 35 mA with a voltage of 40 kV. A step size of 10 arcsec with
an acquisition time of 10 seconds were conditions used for all XRR scans. XRR scans were fit
with the Bede Refs analysis software (Jordan Vally Semiconductors) in order to determine

thickness, density and surface roughness.

5.3 Results and Discussion

5.3.1 Ta20s ALE using BCls and HF

5.3.1.1 Ta20s ALD

Ta20s films were grown by TBTEMAT and H20 at 190 °C in an AB reactant sequence. The
change in Ta20s thickness for 385 ALD cycles is shown in figure 1. Data points are shown

every 10 cycles for clarity, except for the last point which is 5 cycles from the previous. There
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is nucleation period for this ALD process which agrees with literature.'®? Growth is linear with

an etch rate of 1.0 A/cycle. These ALD films are amorphous

5.3.1.2 Ta20s ALE with BCIls/HF at 250°C

In Situ SE measurements of the Ta>Os film thickness during etching cycles are shown in figure
2. Figure 2 exhibits etching of a Ta20s film at 250°C for 100 cycles. SE measurements were
obtained through an AB exposure sequence with BClz and HF as the reactants. Data points are
shown every 5 cycles for clarity. Linear etching is observed with an R? value of 0.99 and an
etch rate is 1.05 A/cycle. Etch rates for Ta,0s ALE at 250 °C varied from 0.96 to 1.09 A/cycle.
Conditions used were 3 consecutive 30 second static exposures of 130 mTorr BCl3 followed by
a viscous 0.25 second HF dose of 120 mTorr. After each reactant dose, the chamber was purged

in UHP N2.
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Figure 5-2. Ta20s thickness versus number of cycles during Ta,Os ALE with BClz and HF at

250 °C. Etch rate during Ta20s ALE is 1.05 A/cycle.
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XRR measurements were collected ex situ to corroborate thickness measurements for SE.

Figure 3 shows Ta»Os thickness vs number of ALE cycles. SE measurements were carried out
in situ through all 400 ALE cycles. XRR measurements were taken ex situ for initial thickness
and thickness measurements after 100, 200 and 400 ALE cycles. After each exposure to
atmosphere, samples were cleaned at 250 °C with O./Oz. There is good thickness agreement
between XRR and SE. Thickness measurements for XRR after 0, 100, 200, 400 ALE cycles
were 691.3, 593.6, 493.0 and 288.5 A. SE measurements after 0, 100, 200, 400 ALE cycles

were 707.6, 612.7, 515.04, and 319.6 A, respectively.

5.3.1.3 Self-Limiting Conditions

Figure 4. examines the self-limiting nature of BCls and HF reactions on Ta2Os ALE. ALE rates
were determined by holding one reactant exposure constant and varying the other. Between HF
and BCls reactant exposures, the chamber was purged with UHP nitrogen at a background
pressure of 1260 mTorr. Figure 3a. analyzes the effect of BCls reactant exposure on the Ta>Os
etch rate at 250°C. Consecutive BClIs exposures were held statically for 30 seconds with
pressure transients of 130 mTorr. Viscous HF doses were held at a dosing time of 0.25 seconds
with pressure transients of 120 mTorr. Unlike an ALD process, the etch rate has no self-
limiting BCls exposure. Etch rate vs exposure follows a diffusion like curve similar to Deal-
Grove Kinetics for oxidation?®. This diffusion like condition is likely a result of boron and/or
chlorine intercalation into the film. An increase in exposure results in a larger modified layer
thickness that can be spontaneously removed through exposure to HF.

Figure 4b depicts the effect of varying HF exposures on the Ta>Os etch rate. BClzwas held at 3

consecutive 30 second static doses at 130 mTorr. One exposure of HF at 120 mTorr reaches
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saturation and produces an average etch rate of 1.03 A. Under these conditions etch rates ranged

from 0.95 to 1.09. Consecutive HF exposures do not increase the etch rate of Ta2Os ALE. HF
is self-limiting because the etch is constrained to the thickness of the modified Ta,Os layer.

This is a result from no etching occurring during interaction of Ta2Os with HF alone.

5.3.1.4 Roughness Measurements During Ta2Os ALE

XRR was employed to see if roughening or smoothening of the surface occurred during Ta2Os
ALE. XRR scans of the initial film and 100, 200, and 400 ALE cycles are shown in figure 5. 3
consecutive 30 second BCls doses at 130 mTorr and a 0.25 second 120 mTorr viscous HF dose
were the conditions used. Initial Ta;Os films had a roughness of 8.68A. Roughness of the films
were decreased with increasing number of ALE cycles. Roughness of 0, 100, 200, and 400
ALE cycles were 8.68, 8.41, 8.16 and 7.26A, respectively. The decrease of roughness for

Ta»O0s is consistent with Thermal ALE of TiN3, Al,05% and HfO»%.
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5.3.1.5 Temperature Dependence of Ta2Os ALE

The Ta20s thickness versus cycle number for a variety of temperatures is shown in figure 6. 3
consecutive 30 second BCls doses at 120 mTorr with one viscous 0.25 second 120 mTorr HF
dose were the conditions used for each temperature. All temperatures initial thickness was
normalized to 340 A to show the difference of temperature on the etch rate. The etching of
Tax0s is linear throughout the temperature range. Etching increases with increasing
temperature. The etch rates of 0.36, 0.65, 1.08, 1.30, and 1.96 A/cycle are for 200, 225, 250,

275, and 295 °C, respectively.

5.3.1.6 Arrhenius Plot of Temperature Dependence

An Arrhenius plot of the natural log of the Ta>Os etch rate versus 1000/T is shown in figure 7.
The linear graph of the In(etch rate) versus 1000/T shows that the etch rate is exponentially
dependent on the temperature. The activation energy for Ta2Os ALE is 8.7 kcal/mol. The etch

rate can be controlled by a temperature change for Ta2Os ALE
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Figure 5-6. Ta>Os thickness versus number of ALE cycles at 200, 225, 250, 275, and 295 °C.
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5.3.2 Pressure Dependence of Ta2Os ALE

5.3.2.1 BCl3 Pressure Dependence

Results from the investigation of BClz exposure on the etch rate led to the conclusion that the
BCl3 effect on Ta2Os ALE is exposure dependent. Therefore, increasing pressures should result
in an etch rate increase. The result of varying BCls pressures on the etch rate versus number of
cycles is shown in figure 8. A single 30 second BCl3 dose with varying BClz pressure transients
along with one visous 0.25 second 120 mTorr viscous HF dose, were the conditions used.
Linear etching is observed regardless of BCls pressure chosen. An increase in BClz pressure
results in an increase in the etch rate, alluding to a diffusion barrier on the etch rate. Similar
experiments increasing HF pressure showed no pressure dependence on the etch rate for that
reaction. With pressures of 130, 250, 500 and 1000 mTorr pressures, etch rates of 0.48, 0.56,
0.86, and 1.46 A/cycle were observed. The pressure dependence allows for much higher etch

rates to be achieved.
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5.3.2.2 Pressure Dependent Self-Limiting Studies

Figure 9 investigates the self-limiting nature using different BClz pressures at 250 °C with HF
conditions from figure 6b. Figure 9a shows the comparison of 130 and 250 mTorr consecutive
BCl3 exposures on the etch rate. As expected, the increase in BClz pressure results in a higher
etch rate. The higher BCls pressures result in a difference exposure dependence curve. 3
consecutive 30 second doses of 250 mTorr BCls resulted in an etch rate of 1.59 A/cycle as
opposed to 1.03 A/cycle with 130 mTorr BCls. 2 HF doses at 120 mTorr were used for all
higher BCls pressure studies to ensure removal of the modified Ta2Os surface. The increase of
etch rate allows for conditionally dependent etch rates. Figure 9b shows the self-limiting nature
of HF exposures with varying BCls pressures using 3 consecutive 30 second static exposures.
As with lower pressures of BCls, HF is self-limiting, however, it takes 2 120 mTorr doses to

reach complete removal of the modified surface on Ta>Os.

5.3.2.3 Ta20s5 ALE at 250°C using 250 mTorr BCls

Figure 10 shows the change of Ta20s thickness versus cycle number for BCls pressures of 250
mTorr at 250 °C. 3 consecutive 30 second static 250 mTorr BClz exposures with 2 consecutive
0.25 second 120 mTorr HF doses were the reaction conditions. The etching is linear with an R?
value of 0.99 as with figure 10, however, the etch rate is higher at 1.59A/cycle. Regardless of
the pressure used, the etching is linear. This allows for the user to pick the conditions and
concurrently the rate that Ta>Os will etch. This diffusion dependence should be applicable to

other conversion etch systems.
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5.3.2.4 Pathway Determination

The anticipated interaction of BCls with Ta2Os should form a volatile TaCls complex and a non-
volatile BoOs layer. This is similar to WOs etching with BCl3 and HF. The reaction pathways
that Ta2Os may undertake to form TaCls is shown in equations 1 respective Gibbs energy. A
thickness loss of 1.05A per cycle for Ta,Os produces 1.91E° mol/cm? of Ta,Os set by a Ta,Os
density of 8.2 g/cm® and a molar mass of 441.89 g/mol. Based on equations 1 and the etch rate
in moles, the formation of B,O3 should have a thickness of 0.90 A using a B2Os density of 2.46
g/cm? and a molar mass of 69.61 g.mol. Ellipsometry can be used to measure the thickness
changes after each reaction cycle.

Ellipsometry measurements that were taken after each BClz and HF reactions are shown in
figure 11. With a Ta20s etch rate of 1.05A, and a predicted B,O3 thickness of 0.90 A after
Ta>0s removal, there must be a thickness decrease for Ta2Os ALE to proceed through eq 1.
Figure 3 shows an increase in thickness after BCls reacts with the Ta>Os surface. This
information shows that Ta20s ALE does not proceed through eq 1. The thickness increase is
likely a result of boron and chlorine intercalation into the film. Although the pathway for
etching is not as anticipated, the interaction of the modified surface with HF results in etching.
The volatile species removed from the surface is unknown but could be a TaOwCIxFyB;
complex. Future mass spectrometry experiments will deduce the volatile compounds

Using the information from figure 11, the Ta2Os ALE process is shown in figure 12. Upon
initial interaction of the Ta>Os surface, Boron and chlorine intercalate into the film resulting in a
thickness expansion. This forms a TaOxClyB; complex. This complex can then be etched
spontaneously by HF forming an unknown compound. Conversion of Ta;Os is needed as Ta>Os

is not etched by HF alone and stronger fluorination sources result in spontaneous etching.
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Figure 5-11. Ta2Os thickness versus number of half-cycles during Ta2Os ALE at 250 °C under

self-limiting conditions.
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5.3.3 TaN etching with Oz, BClz and HF

5.3.3.1 TaN Oxidation

Another heavily used tantalum complex other than tantalum oxide is tantalum nitride. The
conversion etch process of Ta>Os can be extended to TaN. TaN can first be oxidized to Ta>Os.
This process will be diffusion limited but can be controlled to a specific thickness. Once the
TaN is oxidized to the determined thickness, the Ta>Os can then be removed by BCls and HF.
The TaN film will then act as an etch stop. This process is similar to W etching with O2/O3,
BClz and HF.1%

Tantalum nitride oxidation has been studied over a broad temperature range. TaN oxidized
under a dry atmosphere oxidized at 600 °C. The TaN films completely converted into Ta20s
with little nitrogen impurities.’®* Ta;N films heated in air at 300 °C showed parabolic oxidation
with an Ta20s oxide thickness of 80A after a 4 hour exposure time.'®® TaN sputtered films
oxidized in air at 350 °C showed a 24 A reduction of the TaN film thickness to form the
oxide.'®® No study was found for the oxidation of TaNx ALD films using ozone, or using an
oxygen plasma above room temperature.

Oxidation of TaN ALD films consecutive cycles of O2/Oz at 250 °C is shown in figure 13. A
native oxide of 1-1.6 nm on the TaN films was seen via XRR. No native oxide thicknesses
were found in literature for ALD TaN films, however, sputtered TaN films had a native oxide of
3 to 10A. The oxidation conditions were a 20 seconds exposure at a O2/O3 pressure of 120
mTorr. The oxidation of TaN with O2/O3 shown in figure 13 follows oxidation with an oxide
film growing rapidly, followed by a linear increase in the overall oxide thickness vs number of

exposures. 6 cycles of O,/O3 resulted in a 46.1 A thick Ta.Os film on the TaN surface. TaN
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films were determined to have a film density of 60-65 % , and the Ta>Os surface oxide had a

film density of 95-100% as determined by XRR.

5.3.3.2 TaN ALE and Roughness Measurements by X-Ray Reflectivity

Figure 14 shows XRR measurements before and after etching through an oxidation etch
process. 6 cycles of 120 mTorr O2/O3 were the conditions used to oxidize the TaN films. To
remove the oxide, 60 AB etch cycles of 1000 mTorr 30 second static BCls exposures, followed
by 120 mTorr HF were the conditions used. Samples were removed from the chamber at 110
°C. A control showed no increase in oxidation thickness when TaN samples were removed at
110 °C. Samples had a native oxide of 10-16 A. TaN thicknesses are 254.5, 205.8, 168.8, 134.8
and 101.3 A, respectively. Roughness measurements were 8.38, 8.4, 8.9 and 9.8 A showing
that the film roughness may slightly roughen with consecutive etching supercycles.

The TaN thickness changer vs number of supercycles at 250 °C is shown in figure 15.
The data in figure 15 is the same as figure 14. The etching is relatively linear with an R? value
0f 0.99. The amount of TaN lost per each supercycle is 37.74 A. Different oxidation

conditions would result in difference etch rates per supercycle.
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5.4 Conclusion

Thermal ALE of Ta,Os was demonstrated with BClz and HF. Investigations into the
reaction pathway showed that BCls results in a thickness increase of the Ta>Os film. The
thickness increase is likely a result of boron and chlorine intercalation or reaction of the Ta>Os
surface. The modified surface is then removed by interaction with HF. HF reactions were self-
limiting vs exposure however, BCl3z exhibited an exposure dependence of the etch rate. Using
conditions of 3 consecutive 30 s BCls exposures at 130 mTorr and a viscous 0.25 s 120 mTorr
HF exposure, the Ta20s etch rate varied from 0.95-1.09 A/cycle. Ta20s ALE did demonstrate
temperature dependence having an etch rate of 0.36 A at 200 °C and an etch rate of 1.96 A at
295 °C. Most notably, there was a pressure dependence of the Ta>Os etch rate with BCls.
Keeping HF exposures constant, a BCls pressure of 130 mTorr resulted in an etch rate of 0.48
Alcycle, whereas, a BCls pressure of 1000 mTorr resulted in an etch rate of 1.46 A/cycle. With
the pressure dependence of BCls, it was shown that different self-limiting curves were
dependent upon pressure. Lastly, films were shown via XRR to smoothen as more Ta,Os ALE
cycles were conducted.

TaN ALE was shown to be possible through and “oxidation-conversion-etch” by first oxidizing
TaN films with O2/O3 and then removing the oxide layer with BCl; and HF. The TaN films
were shown to be etched linearly through this process with an etch rate of 38 A/supercycle. The

TaN film roughness did increase slightly from 8.4 to 9.8 A over 5 supercycles.
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Chapter 6

Thermal Atomic Layer Etching of MOCVD GaN by Fluorination and Ligand-Exchange

Pathways with BCls and Fluorination Sources

6.1 Introduction

Atomic layer etching processes that only use heat to drive reactions is a relatively new
field of etching techniques. ALE processes are based upon sequential self-limiting or pseudo-
self-limiting reactions. Thermal ALE processes can remove material on the atomic scale with
repeatable control. It is the reverse of ALD. Thermal ALE techniques are in need for the
Semiconductor industry to assist with line edge roughness, gate all around structures and
more.*

ALE process are in two categories: Plasma and Thermal. Regardless of the category
chosen, ALE processes proceed through two steps: surface modification followed by the
removal of the modified surface. For plasma ALE, a halogen or halocarbon film is adsorbed
onto the surface changing the bond strength of the material just below the adsorbed surface.'*
After adsorption, ions are accelerated toward the surface at a specific energy which results in
etching of the adsorbed surface, but not the underlying bulk material. Plasma based techniques
following this process have etched Si?*, metal oxides®® 3 3% carbon materials!3* 167168 and
compound semiconductors such as GaAs'® and InP¢°,

Thermal based ALE techniques were shown to be based upon a variety of pathways.
The early work of thermal ALE employs fluorination as the modification step followed by a
ligand transfer as the removal step. This process was demonstrated to work for Al2Os, ZrO,

HfO., AIF3 and AIN using Sn(acac)z, Al(CHs)s, AICI(CHs). and SiCl;%-3% 17011 The second



140
pathway for thermal ALE is called conversion etch. This process converts the initial surface to

a new surface which can be etched away by fluorination or fluorination and ligand exchange
reactions. This pathway demonstrated etching for WO3'%®, Zn0,'72 TiN'6® and SiO,'".
Oxidation can be combined with conversion to etch materials such as, Si, SisNa, and W*°,
Oxidizing the film changes the oxidation state of the initial surface to one that can be etched.
Oxidizing metal film and then removing the metal oxide with organic reactants has etched Co,
Pt, Pd, and Fe'’*. Other W and TiO; etching are based upon the formation of metal oxyfluorides
or metal oxychlorides'’>76,

Multiple different dry etch techniques are employed to etch GaN. GaN etching uses
chlorine containing plasma to produce volatile GaCls.’” Chlorine gas along with with HBr, A,
or BCls plasmas can also be used to etch GaN’8, SiCl4 has been used with SFs and N2 to
etch GaN.'®! GaN can be etched spontaneously in a hydrogen environment at temperatures
upwards of 800 °C!82 GaN ALE has recently been published by chlorination of the surface
followed by low energy argion ions to remove the GaClz 18318 To date there exists no strict
wet-etch chemistry for MOCVD GaN.*®®, nor is there a thermal ALE approach for GaN.

GaN is an important direct semiconductor used in optoelectronics such as lasers and
light-emitting diodes.!8%-188 |n addition to its optoelectronic properties, GaN has a high thermal
stability, is chemically inert, with a high piezoelectric constant, and high electron mobility,
making it very useful for high temperature and high power electronics.'®%1%° GaN nanowire
GAA transistor devices have exhibited better properties than Si or GaAs based devices!®!
Thermal etching techniques can be useful for GaN devices, especially nanowire devices as it is
difficult to etch the nanowire structure without damage!®*. In addition very thin films of GaN

exhibit large amounts of dislocations which affect material properties.’®> Growth of larger films
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with an etch back may be useful. Lastly, as there is no isotropic etch for GaN below 800 °C,

therefore, new device structures could be constructed with GaN ALE, or ALE could be used to
remove surface impurities.
This work investigates thermal ALE of MOCVD GaN with XeF; and BCls. SFs4, HF, and a NF3
plasma were also used with BCls to investigate other fluorine sources for GaN ALE. In situ
spectroscopic ellipsometry (SE) was used to determine etch rates and self-limiting conditions
for GaN ALE. Pressure studies were conducted to help determine the reactions pathway.

BCls has been shown to etch in a conversion-etch pathway with WO3**°. We reported
earlier that BCls interacts with the WOs surface transferring chlorine for oxygen. This forms a
B.O3 layer on the surface while forming gaseous WO2Cl,. The remaining B2Os surface is then
etched by HF forming BFs, and H2O. This paper investigates whether a metal nitride could go
through a conversion etch process, similar to WOs3 etching with BClz. The conversion of GaN
with BCls to solid BN and forming gaseous GaCls is thermodynamically favorable and shown

ineq 1.

(1) GaN + BCls — GaCls(g) + BN AG at 200: -42.89 kcal/mol

After BN is formed, it could be spontaneously etched by HF, SF4, XeF. and an NFs plasma
shown in the equations below. NF3 is shown as a fluorine radical.

(2) BN + 3HF(g) — BF3(g) + NH3(g) AG at 200: -16.40 kcal/mol

(3) BN + SF4(g)— BF3(g) + NSF(Q) AG at 200: -57.83 kcal/mol

(4) BN + 3XeF2(g)— BF3(g) + NFs3(g) +  AGat 200: -192.27 kcal/mol

3Xe(9)
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(5) BN + 6F(g)— BF3(g) + NF3(Q) AG at 200: -305.34 kcal/mol

With BN removed, the newly formed GaN surface then could interact with the residual fluorine
source which may fluorinate the surface to GaFs. HF, SF4, XeF, and NF3 plasmas are
thermodynamically favorable to convert GaN to GaFs as shown in the equations below. GaN
fluorination with XeF, has been demonstrated experimentally.!%

(6) GaN + HF(g) — GaFs + NH3(qg) AG at 200: -39.99 kcal/mol

(7) GaN + SF4(g) —GaF3z + NSF(g) AG at 200: -81.41kcal/mol

(8) GaN + 3XeF2(g) — GaFs(g) + NF3(g) AGat 200: -215.86kcal/mol

+ 3Xe(9)

AG at 200: -328.94kcal/mol
(9) GaN + 6F(g) —GaFs + NF3(g)

. The newly formed GaFs surface is then etched spontaneously by BCls as shown in the

equation below

(10) GaFsz + BCls — GaCls(g) +BFs(g)  AGat 200: -19.30 kcal/mol

Residual BCls will further convert the newly formed GaN surface to BN. This process is

repeated for GaN etching. Investigations into the actual reaction pathway are presented in the

paper.
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6.2 Experimental

6.2.1 GaN Samples and Reactor

3000A thick MOCVD GaN films on sapphire were provided by NRL. Samples were cut
into 1/2” square coupons and cleaned by a hot (85 °C) HCI bath to remove oxide followed by
sonication for 10 minutes in acetone, then ethanol, and lastly isopropanol. Samples were then
added to the reactor and heated on a sample stage in a reactor described previously.%! The
reactor walls were coated with 1500 cycles of Al2O3 ALD using trimethyl aluminum AI(CH3)s
and H0 followed by 100 cycles of AlFs ALD with Al(CHs)z and HF. The reactor walls were

heated to 170 °C, whereas the sample stage temperature was varied for experiments.

6.2.2 Spectroscopic Ellipsometry

Etching experiments were analyzed by SE using an in-situ M-2000D ellipsometer from
J.A. Woollam. The incident angle for all experiments was 70° with a spectral range of 239.2-
1687.2 nm. GaN film thicknesses were measured after each full cycle or each reaction.
Changes in GaN film thickness was analyzed by the complete ease software from J.A.
Woollam. A GaN oscillator model provided by the Complete Ease software consisting of a
PSemi-MO, two PSemi-Tri, and a Gaussian oscillator was used for thickness determination.
Due to the large thickness of the GaN films, exhibiting bulk characteristics, no parameters were

changed during ALE as there was no increase in lowering modelling error.
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6.2.3 Precursors and Dosing Parameters

Boron trichloride (99.9%, Synquest Laboratories), Xenon difluoride (99.5%, Strem
Chemicals), HF-pyridine (70 wt% HF Sigma-Aldrich), SF4 (94% Synquest Laboratories) and
NF3 (99.9% Airgas) were used as the reactants. Reactants were dosed separately into the
reaction chamber under a stream of Argon (Pre-Purified), unless held statically for a defined
amount of time. The reactants were dosed using two pneumatic valves (Swagelok-HBVVCR4-
C for NF3, BCL3, and XeF, or Swagelok-6LVV-DPFR4-P-C for HF) on either side of a
conductance limiting valve (Swagelok SS-4BMG-VCR). LabView was used for pneumatic
actuation.

Between reactant doses, a stream of argon (pre-purified) was used to flush out excess
reactant at a pressure of 1270 mTorr. For repeated exposures of XeF2, a purge time of 60
seconds was used between doses. SF4, NF3, and BCls purge times were 60 seconds regardless of
viscous or static dosing. HF purge times were larger at 70 seconds due to its long residence
time in the chamber. The chamber was pumped by a dual rotary Alcatel Adixen Pascal 2015

SD pump.

6.3 Atomic Layer Etching of MOCVD GaN with BClz and XeF2

6.3.1 MOCVD GaN Etching Using BCls and XeF:

Figure 1. shows GaN thickness measured by in situ SE during etching. The resulting
etching was an AB exposure sequence using BCls and XeF: as the reactants. Figure 1 shows the
change of GaN thickness during GaN ALE for 30 cycles at 195 °C. The AB reaction sequence

was 40 mTorr of XeF held statically for 20 seconds followed by a 0.5 second viscous BCls at
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50 mTorr. Between each reactant exposure, the chamber was purged by PP argon for 60

seconds. Each data point in figure 1 represents a thickness measurement after one complete
etch cycle. GaN etching is linear with an R? value of 0.999. The etch rate for GaN ALE at 195
°C is 0.55 A/cycle. The etch rate at 195 °C under these conditions varied from 0.50 to 0.59
Alcycle. Crystalline GaN grown on sapphire have lattice constants a=3.18 A and ¢=5.18 A.*%

The GaN ALE etch rate at 195 °C is roughly a ninth of a monolayer per cycle.

6.3.2 Self-Limiting Studies with BCls and XeF2 at 195°C

Both BCls and XeF, were required for etching to occur. No changes in thickness or
optical properties were seen with repeated BClz exposures. XeF» alone did not etch GaN, rather
it fluorinated it. Figure 2 examines the self-limiting reaction of BCls during GaN ALE at 195
°C. XeF2 was held constant at 40 mTorr static doses with the number of consecutive BClz doses
varied to determine the etch rate. Between each reactant dose, the chamber was purged with
1260 mTorr PP Ar for 60 seconds. The first dose of BClz corresponded to an etch rate of 0.55
Alcycle. More consecutive BCl3 doses does not result in a higher etch rate. At 195 °C, the etch
rate varied from 0.50 to 0.59 A/cycle. The lack of an exposure dependence of BCls argues for a
ligand-exchange based reaction.

XeF> fluorinates materials by adsorption on to the surface followed by dissociation into
Xenon gas and fluorine radicals.’®® The formed GaFs surface is stable until 550 °C.1% Fluorine
radicals that oxidize the surface resulting in a GaFz film should be observable by SE at 195 °C.
The thickness of formed GaFs from one XeF2 exposure is below the detection limit of the
ellipsometer as no change in psi and delta were observed. 60 repeated XeF, exposures of 40

mTorr for 20 seconds did not result in a GaFs layer detected by ellipsometry, or any observable
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change in psi and delta. Therefore, the fluorination of GaN with XeF; at 195 °C is surface

limited.

Figure 3 displays the self-limiting behavior of the XeF, reaction for GaN ALE at 195
°C. BClz exposures were held constant at a 0.5 second viscous doses of 50 mTorr. The number
of consecutive XeF> doses was varied, however, exposures were 40 mTorr held statically for 20
seconds. Figure 3 shows that there is not a self-limiting exposure for XeF2. However, the XeF>
reaction exhibits diffusion like characteristics. This is a result of the fluorination of GaN by
XeF2. XeF, dissociates on the GaN surface and then fluorinates by diffusing through the GaN
surface. The increase in etch rate is a result of a thicker GaFs formed due to increased time for
diffusion to occur. One XeF, exposure resulted in an etch rate of 0.55 A/cycle whereas, 6
consecutive XeF, exposures had an etch rate of 1.03 A/cycle. These results show the etch rate
is dependent upon XeF exposure and that the BClz reaction only removes the GaFs surface that
is formed. The right of Figure 3. is the average GaFs thickness as determined by the etch rate
assuming only ligand-exchange occurs. After 6 exposures of XeF an average fluoride thickness

of 2A is formed which is below the model error when assuming a surface fluoride is formed.
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Figure 6-1: GaN thickness versus number of GaN ALE cycles at 195 °C. At 195 °C the etch
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Figure 6-2: GaN etch rate versus number of BCls exposures. Saturation is reached after 1 BCls

exposure.
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6.3.3 Temperature Dependence of MOCVD GaN ALE

The change in GaN thickness vs number of reaction cycles at varying temperatures is
shown in Figure 4. One 20 second 40 mTorr XeF; static exposure and one 0.5 second viscous
50 mTorr BCIs were the conditions used for all temperatures. All thicknesses were normalized
to the same thickness of 3093 A to show variations in etching at 170, 182.5, 195, 250 and 300
°C. Etching is linear at all temperatures for 30 reaction cycles. For the temperatures of 170,
182.5, 195, 250, and 300, the etch rates are 0.17, 0.31, 0.55, 0.63, and 0.71 A/cycle,
respectively. The increase in etch rate is a result of a thicker GaFs/GaNxFy surface layer formed

by interaction with XeF, which is then removed spontaneously by BCls.

6.3.4 MOCVD GaN ALE at 250 °C

GaN ALE was also studied at 250 °C. Figure 5 depicts the change of GaN thickness vs
number of cycles at 250 °C. The same conditions used at 195 °C were used at 250°C. the
etching is linear with an R? value of 0.999. The etch rate at 250 °C is 0.67 A/cycle. The etch

rate is roughly one eighth of a full GaN atomic layer.
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6.3.5 Self-Limiting Studies at 250 °C

The self-limiting nature of the BClz reaction was investigated at 250 °C. Figure 6 shows
the change in etch rate per cycle vs number of BClz exposures. The number of BCls exposures
was varied while XeF, was held constant at a 20 s exposure of 40 mTorr. The BCls exposure
was the same here as at 195 °C. One exposure of BCls resulted in an etch rate of 0.63 A. An
increase in the number of consecutive BCls exposures did not result in a change in the etch rate,
arguing for a ligand-exchange pathway. At 250 °C the etch rate using one BCls and XeF>
exposure varied from 0.63-0.67 A/cycle.

The fluorination of GaN with XeF> was studied with SE at 250 °C. However, no model
was able to de-couple the optical properties of GaN and GaFz. A thickness increase was seen
with SE, however, due to the optical coupling, no accurate thickness measurement could be
made. Psi and Delta did change with repeated exposures of XeF,. The change showed that a
film of large thickness was being formed with repeated XeF2 exposures. This is the result of a

non-passivating GaFs/GaNxFy layer being formed at high temperatures.
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Figure 6-6. GaN etch rate vs number of BClz exposures at 250 °C. Saturation is reached with

one BCl3 exposure showing that regardless of temperature, the BCls reaction is self-limiting.
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6.3.6 BCls Pressure Dependence on The Etch Rate

ALE of Ta20s with BClz and HF showed higher pressures of BClz resulted in larger etch
rates. This was a result of greater conversion of the Ta>Os surface. Figure 7 investigates the
pressure dependence of BCls on the etch rate for GaN ALE at pressures of 250, 500 and 1000
mTorr held statically for 5 seconds. XeF, conditions were held at 40 mTorr for 20 seconds. At
195 °C etch rates were 0.56, 0.57, 0.62 A/cycle for 250, 500, 1000 mTorr which is in good
agreement of the range of 0.5-0.6 A/cycle. At 250 °C etch rates were 0.63, 0.68, and 0.63
AJcycle for 250, 500, and 1000 mTorr respectively.

At both 195 °C and 250 °C the etch rates show no dependence on pressure. Etch rate
increases were only observed with changing XeF. conditions. Based upon this evidence, BCl3
does not convert the surface of GaN to BN while forming GaCls. If conversion were to occur,
there should be a pressure dependence on the etch rate. It is likely that the mechanism follows
through ligand exchange. Rather than conversion to BN from BCls, XeF; fluorinates the GaN

to GaFs which is then spontaneously etched by BClz (eq 10).

6.3.7 Reaction Pathway Determination

Figure 8 shows the GaN thickness change as determined by SE after each BClz and HF
exposure amidst GaN ALE at 250 °C for 9 half-cycles. The film was assumed to be GaN by SE
modelling as adding a Cauchy layer for the dielectric GaFs increased modelling error. The
thickness for GaN decreases over the number of half-cycles; however, a thickness increase

occurs after interaction with BCls, along with a thickness decrease after each XeF, exposure.
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The GaN thickness loss of 0.63 A during a full ALE cycle represents 4.4 X 1020

mol/cm? based on a GaN density of 6.15 g/cm? and a molar mass of 83.73 g/mol. With a
thickness gain of 0.79 A per half cycle, or 1.42 A for the overall cycle, the BN layer would have
a density of 0.76 g/cm? assuming a BN molar mass of 24.8 g/mol. This density is much less
than either wurtzite BN at 2.1 g/cm? or cubic BN at 3.45 g/cm?. It is highly unlikely a film of
BN with such a low-density exists on the surface, rather the thickness increase is likely from
residual chlorine on the surface. The diameter of chlorine is ~ 1.75 A which is close to the 1.42
A increase after each BCls dose. This evidence argues for ligand-exchange, not conversion-
etch.

Based upon presented evidence, it is likely that GaN ALE proceeds through a ligand
exchange process rather than a conversion etch. The proposed reaction pathway is shown in
figure 9. In the first reaction, XeF> fluorinated the GaN surface, removing the nitrogen as NFa.
In step B, the GaFs is removed spontaneously by BCls forming volatile GaClz and BFz. The

process can be repeated for removal of GaN.
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Figure 6-7. GaN etch rate versus BCl3 pressure at 195 and 250 °C. At 195 °C, the etch rate is
independent of BCls pressure at ~0.57 A/cycle; at 250 °C the etch rate is again independent of

BCls pressure at ~0.65 A/cycle.
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Figure 6-8. GaN thickness versus number of half-cycles during GaN ALE at 250 °C under self-
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Figure 6-9. Fluorination and ligand exchange reactions. (A) Fluorination of GaN to GaFz by

XeF»; (B) removal of the GaFs surface layer by BClz forming volatile GaCls and BF3.
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6.4 MOCVD GAN Etching with SF4, HF, NF3 Plasma

6.4.1 MOCVD GaN Etching with HF/SF4

Figure 10 and 11 shows the thickness change of MOCVD GaN vs number of ALE
cycles with BClz and HF or SFsat 250 °C. BClIs pressures transients were 50 mTorr for a 0.5
second viscous dose. HF or SF4 doses were held statically for 20 seconds at 300 or 500 mTorr
pressures. There is no thickness change over the 20 cycles of GaN ALE with BClz and HF or
BClz and SF4. Although HF and SF4 are thermodynamically predicted to fluorinate GaN to
GaFs (eq 2,3), this does not occur. MOCVD GaN has been shown to be chemically resistant a
variety of hot acids!®, and it is likely to be chemically resistant. This may explain its resistant
ability to certain fluorination sources. This likely could change for films that are amorphous or

polycrystalline.

6.4.2 MOCVD GaN Etching with NF3 Plasma

The GaN thickness vs number of ALE cycles using a NF3 plasma as the fluorination
source is shown in figure 12. BCls was dosed viscously into the chamber for 0.5 seconds at a
pressure of 50 mTorr. NFz was dosed into the chamber at a pressure of 40 mTorr for 25
seconds. The plasma was arced after 5 seconds at a power of 75 watts for the remaining 20
seconds. Over the 20 cycles, the etch rate is 2.85 A/cycle. The etching linear with an R? value

of 0.999. The use of an NF3z plasma would allow for isotropic etching of GaN devices.
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Figure 6-10. GaN thickness vs number of cycles for GaN ALE at 250 °C using BClz and HF.

No etching is observed using HF as the fluorinating agent.
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Figure 6-11. GaN thickness versus number of cycles during GaN ALE at 250 °C using BCl3

and SF4. No etching is observed when using SF4 as the fluorination source



3030-
& 3020
o 3010-
< 3000-
£ 2990-
©
= 2980
F 2970-
=
@ 2960 -
29504

2940

250°C

Etch Rate:

.. _ 2.85 Alcycle

5

10

15 20 25 30

Number of cycles

163

Figure 6-12: GaN thickness versus number of cycles for GaN ALE at 250 °C using BCls and a

NFs plasma. With a NF3 plasma as the fluorinating agent, the etch rate is 2.85 A/cycle
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6.5 Extension of Ligand Exchange to Various Fluorides with BCls, B(CHz3)3

The ligand-exchange process, or spontaneous etch of a metal fluoride through
interaction with BCls can be useful for other materials. Many semiconductor relevant materials
are in the form of metal phosphides, sulfides, arsenides, carbides, selenides, and tellurides.

Each compound semiconductor can be fluorinated to non-volatile fluoride and etched
spontaneously with boron compounds. Metals with volatile chlorides or methylated complexes
include Fe, Sb, Te, Sn, Zr, Hf, Pb, Ti, and In. Table 1. contains the AG values for a variety of
ligand exchange reactions of metal fluorides with BCls and B(CHz3)s. Materials such as InP
GaAsP, or SnS would first be fluorinated by using a fluorination source such as HF, SF4, XeF>
or a fluorine containing plasma. The metal fluoride will then undergo a ligand transfer with BFs3
or B(CHa)z. The ligand transfer reactions with BCls and B(CHs)s are important as the
byproduct, BFs is a gas. No unwanted depositions will occur if the walls are at a lower
temperature than the sample. The metal chlorides and methyl metals are all volatile at 200 °C.
The exception is Titanium which is shown at 100 °C due to TiF4 being a gas at 150 °C and
above.

We reported earlier that selectivity could occur with the selection of different ligands.

In the case of Ga vs In, BClz could etch Ga complexes, but not In complexes as InCls is not
volatile. With B(CHa)s, formation of Ga(CHzs)s is thermodynamically unfavorable to undergo a
conversion-etch or ligand transfer, but In(CHz)s formation is thermodynamically favorable. A
complex such as InGaN or InGaOs could be etched with a with a bi-ligand complex such as

B(CHz3)2Cl. The methyl ligands will etch In and the CI will etch Ga.



Table 6-1. Thermodynamic data of various fluorides interaction with BCls or B(CHz)3

BF3(g)

BCls(g) + FeFs = BF3(g) + FeCls (g) AG at 200: -20.26 kcal/mol
BClIs(g) + SbFz > BF3(g) + SbCls () AG at 200: -50.64 kcal/mol
BCl3(g) + % TiFs - BF3(g) + % TiCls (g) AG at 100: -27.89 kcal/mol
BCl3(g) + % TeFs = BF3(g) + %2 TeCls (g) | AGat 200: -70.13 kcal/mol
BCls(g) + % SnF4 = BF3(g) + %2 SnCls (g) | AGat 200: -65.02 kcal/mol
BCls(g) + % ZrFs > BFs(g) + % ZrCla (g) | AGat 200: -5.72 kcal/mol
BCls(g) + % HfF4 > BF3(g) + % HfCls (g) | AGat 200: -6.52 kcal/mol
BCls(g) + % PbFs > BF3(g) + %2 PbCls (g) | AGat 200: -82.64 kcal/mol
B(CHs3)3(g) + % SnFs > % Sn(CHa)4(g) + AG at 200: -49.69 kcal/mol
BFs(9)

B(CHa)3(g) + InFs = In(CH3)3(g) + BF3(g) | AGat 200: -28.20 kcal/mol
B(CHs3)3(g) + ¥% PbFs > % Pb(CHa)4(g) + AG at 200: -66.92 kcal/mol

165



166
6.6 Conclusions

Thermal ALE of GaN with BClz and multiple fluorination sources were investigated. The ALE
of GaN used an AB sequence of XeF, and BClz. Etch rates at 195 and 250 °C were on average
0.55 and 0.65 A/cycle. GaN ALE proceeds through a ligand-exchange pathway, where GaN is
fluorinated to GaFs. The GaFs is then spontaneously removed by BClIs likely forming GaFxCly
and BF«Clx. BClz was shown to have no pressure or exposure dependence on the etch rate,
whereas, varying XeF, exposures resulted in different etch rates. GaN ALE was conducted
over a temperature range of 170 to 300. At 170, GaN etch rates were 0.18 A/cycle, and at 300
°C etch rates were 0.75 A/cycle. HF, SF4 and an NFs plasma were employed as alternative
fluorinating sources for GaN ALE. HF and SF4 did not result in ALE of GaN, likely as they do
not fluorinate MOCVD GaN. At 250 °C, an NF; plasma had an etch rate of 2.43 A/cycle,
allowing for anisotropic etching of GaN to occur. The ligand exchange process using with BCls
and B(CHz3)s with a variety of metal fluorides was shown to be thermodynamically favorable

allowing for many metal derivatives with stable fluorides but volatile chlorides to be etched.
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Chapter 7

Thermal Atomic Layer Etching of Ga2O3 with BCls and HF

7.1 Introduction

Thermal atomic layer etching (ALE) is a new field of isotropic etching using heat and surface
reactions as the reactive driving force. This method is similar to atomic layer deposition in that
it is based upon sequential, self-limiting reactions in an AB sequence. In general ALE proceeds
through modification of the initial surface to a surface that can be etched by an incoming gas
that creates two volatile species. Several different pathways of thermal ALE have been
documented in literature. Thermal ALE has been demonstrated by fluorination of HfO,, ZrO3,
AIN, ZnO, followed by a ligand exchange reaction with Sn(acac)2, AI(CHs)s, AICI(CHs3)2 and
SiCl,. 353,170, 19519 Thermal ALE has also been demonstrated through a conversion etch
pathway as well. In this pathway, the initial surface is converted to a different metal oxide
which can then be etched away by fluorination or ligand-exchange reactions. WO3™°, Zn0O,"?,
TiN®3 and SiO,'" etching has been shown to etch with this pathway. Oxidation in combination
with conversion to etch Si, SizsN4 and W**°.

The thermal etching of Ga2O3s may be important for future high electron mobility devices
(HEMT) devices. Ga20s is of high interest for electronic device applications due to it high
breakdown voltage!® and large bandgap of 4.5-4.9 eV, The breakdown voltage is two time
greater than SiC and GaN*® allowing for more than triple the power performance.®® The
saturation velocity of Ga,Os is estimated to be 2E-72%, which is double that of Si.2%! Physical
devices with Ga,Os are being reported. Vertical FETs comprised of Ga>,O3z were shown to be
suitable for high power and voltage applications.?> Ga,0s MOSFETSs were constructed having

stable device performance up to 300 °C, with large on/off ratios larger than ten orders of
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magnitude.?® Recently, ALD grown Ga,Os films were used as the gate dielectric showing gate

leakage two orders of magnitude lower than normal HEMTs, and had an efficiency
enhancement of 9%.2%4
This work presents the thermal atomic layer etching of Ga.O3 with BClz and HF through
“conversion-etch” and/or ligand-exchange reactions. BCls has been shown to etch through
conversion etch'® and is thermodynamically expected to etch certain metal fluorides. The steps
based upon “conversion-etch” and ligand exchange are all thermodynamically favorable for
Ga2032%®. The expected interaction of Ga,03 with Ga203 makes B,O3 and volatile GaCls. The
standard free energy change and reaction of BCls and Ga>Os at 200 °C are shown in eq 1.

(1) Ga203 + 2BCl3(g) = B203 + 2 AG at 200 °C =-62.00 Kcal

GaCls(g)

The B,0s layer is spontaneous removed by HF and was shown previously!®. Residual fluorine

will react with the Ga>O3 surface forming GaFs and HO . The standard free energy change at

200 °C of HF interaction with Ga>O3 are shown in eq 2.

2) Gay03 + 6HF(g) > 2GaFs + 3H20(g)  AG at 200 °C = -40.73 Kcal
( g g

Once GaFs is formed, it can be spontaneously etched by BClz as shown in eq 3.

(3) GaFs + BCls(g) > BFs(g) + GaCls(g)  AG at 200 °C = -19.30 Kcal

Residual BCls will then convert the Ga>Oz surface to B>Os. These steps are repeated for Ga,0O3

etching. Investigations into the reaction pathway are presented in this paper.
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7.2 Experimental

7.2.1 Ga203 ALD Reaction Conditions

Ga203 samples were grown onto a 5000 A thick thermal oxide on silicon. Ga20s films were
grown with trimethylgallium (Sigma-Aldrich 99.9999%) and an O> (Airgas UHP) plasma at
200 °C. Ga.0s films were grown in a reaction chamber that has been described previously*®?.
The chamber was pumped with an Alcatel Adixen Pascal 2015 SD pump. A capacitance

manometer was used for pressure measurements.

7.2.2 ICP Plasma Generation

An ICP plasma source created the oxygen radicals used for Ga,O3 ALE. The ICP source was a
helical copper coil with a quartz tube of dimensions 6 cm inner diameter by 25 cm long as the
ICP source. A 50 Q impedance matching network (Navigator Digital Matching Network,
Advanced Energy) and a 13.56 MHz RF generation (Paramount RF Power Supply, Advanced

Energy) we used together to generate the plasma.

7.2.3 Ga203 ALE Reaction Conditions

Ga03 films were set upon a heated sample stage inside the reactor chamber. The samples were
then heated to the desired temperature. The chamber walls of the reactor were heated to 170 °C
for all experiments. BCls (Synquest Laboratories, 99.9%), and HF-Pyridine (Sigma-Aldrich 70
wt. % HF) were used as the reactants for etching. Each reactant was dosed separately and

statically into the chamber with a background Argon pressure of 1220 mTorr. After BCls, the
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chamber was purged for 60 seconds with; after HF the chamber was purged for 70 seconds due

to its long residence time in the reactor. Each reactant was purged with Argon at a base

pressure of 1270 mTorr.

7.2.4 Spectroscopic Ellipsometry

Etching was analyzed by an in situ M-2000D spectroscopic ellipsometer provided by JA
Woollamm. The incident angle for all SE experiments was 70°. The ellipsometer had a spectral
range from 239.2-1687.2 nm. The Ga»Os films were analyzed with the Compleate Ease
software from JA Woollam. A Cauchy dispersion model was used for film thickness
measurements as Ga»Os has a large bandgap of ~4.5-4.9 eV. All parameters of the Cauchy
model were varied for accurate film measurements. The index of refraction for the films

remained ~1.85-1.86 throughout etching.

7.3 Results and Discussion

7.3.1 Gax0sALD

The growth of Ga>03 as measured by SE at 200 °C is shown in figure 1. The ALD of Ga>0Os was
done through an AB sequence of Trimethylgallium (TMGa) and an Oz plasma. TMGa was
dosed statically in the chamber for 5 seconds at a pressure of 120 mTorr. O» was dosed into the
chamber for 25 seconds. The plasma at 400 watts was arced after 5 seconds for the remaining
20 seconds. The growth rate is linear with an R? value of 0.999 and a growth rate of 0.75

lcycle. This growth rate is slightly higher but in good agreement with literature values of 0.53
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Alcycle.?%® Gay0s films had an index of refraction of ~1.85-1.87 which is close to p-Ga203 at

1.89.207

7.3.2 Ga0sALE

Figure 2 shows the change of Ga2Os ALD films versus number of ALE cycles. An AB
exposure sequence of BClz and HF was used for etching. An 8 second static dose of 500 mTorr
BCls and a 0.75 second static dose of HF at 400 mTorr were the conditions used. The etching is
linear with an R? value of 0.999. At 200 °C, the etch rate is 1.38 A/cycle. The etch rate at 200
°C and these conditions varied from 1.34-1.44 A/cycle. p-Ga20O3 has a monoclinic crystal
structure with lattice constants a=12.23 A, b=3.04 A and ¢=5.80 A.2% Ga,0s under these

conditions is roughly an fourth of a monolayer
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Figure 7-1. Ga20s thickness versus number of ALD cycles using TMGa and an O, plasma at

200 °C. GapO3 ALD at 200 °C has a growth rate of 0.75 A/cycle
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Figure 7-2. Gaz0s3 thickness versus number of ALE cycles using BClz and HF at 200 °C. At

200 °C, Gay0s has an etch rate of 1.38 A/cycle.
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7.3.3 Ga20s3 Self-Limiting Studies

The self-limiting behavior for Ga2O3 ALE were investigated using BCls and HF as the
reactants. Figure 3a shows the change in the etch rate for Ga.Os vs BCls pressure. BCls
pressures were varied from 140 mTorr to 1000 mTorr with constant static times of 8 seconds.
HF conditions were 120 mTorr pressure for 0.75 seconds. The etch rate per cycle increases
slightly as BCls pressure is increased until 500 mTorr. After 500 mTorr no noticeable increase
in the etch rate is seen with increasing BCl3 pressure. The BClIs reaction for Ga,O3 ALE is self-
limiting at 0.99 A/cycle.

The self-limiting behavior for the HF half reaction is shown in figure 3b. BCl3z was held
constant at 500 mTorr held statically for 8 seconds. HF pressure was varied from 120 mTorr to
750 mTorr held statically for 0.75 seconds. Higher HF pressures result in a large increase in the
etch rate until 300 mTorr. After this a slight increase in the etch rate is seen. The fast increase
in the etch rate followed by a very slow increase is similar to Deal-Grove oxidation?®. At 300
mTorr the etch rate is 1.38 A/cycle but at 750 mTorr, the etch rate is 1.50 A/cycle.

The self-limiting nature of BCIs alludes to no conversion of the surface. We reported
earlier that an increase in BCls pressure results in an increased etch rate for Ta,Os. However,
with that system, no truncation of the etch rate was observed as it proceeded through a
conversion etch pathway. The saturation of the BCIs etch rate is a result of fluorination to GaFs
and then removal of GaFz forming BFs and GaCls gases. In addition, we showed earlier that
100 mTorr of HF will spontaneously etch B,Os at an etch rate of ~2 A/cycle. The maximum
etch rate assuming 2 A of B203 formed would be 2.40 A/cycle for Ga,03. As the etch rate
truncates, and the etch rate is much lower than the expected maximum, the pathway for Ga;O3

ALE with BCls and HF is fluorination and ligand exchange.
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pressures were varied while HF conditions were held constant at 120 mTorr held statically for
0.75 seconds. (b) HF pressures were varied while BClz conditions were 500 mTorr held

statically for 8 seconds.
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7.3.4 Temperature Dependence of Ga:03 ALE

Ga>03 ALE was conducted at various temperatures for 30 ALE cycles is shown in figure 4.
An 8 second static dose of 500 mTorr BClz and a 0.75 second static dose of HF at 400 mTorr
were the conditions used. All Ga,0s thicknesses were normalized to the thickness of 145 A to
show variation in etching at 150, 175 and 200 °C The Ga»0s etch rate for 30 cycles at 150, 175
and 200 is 0.59, 0.88, and 1.35 A/cycle, respectively. The increase in etch rate is a result of an

increase in the GaFs surface layer formed.

7.4 Conclusions

Thermal etching of Ga»0s films grown by ALD were demonstrated by interaction with
BCls and HF. An AB exposure sequence of BClz and HF were used for Ga2O3 ALE. The BCls
half-reaction was shown to be self-limiting, however, the HF half reaction had a diffusion like
dependence. At conditions of 500 mTorr BCls held statically for 8 seconds and 400 mTorr HF
held statically for 0.75 seconds, the etch rate was 1.42 A/cycle. Ga20Os ALE using BCl; and HF
was temperature dependent with etch rates of 0.59, 0.88 and 1.34 A/cycle at 150, 175 and 200

°C. The thermal ALE of Ga>0s should be useful for next generation HEMT devices.
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