ABSTRACT
SAARE, HOLGER. Investigations of Atomic Layer Deposition and Thermal Atomic Layer
Etching: Nucleation Trends, Areselectivity, and Phase Change Memory Materials. (Under the
direction of Dr. Gregory Parsons).

Atomic layerdeposition (ALD) is a rapidly evolving selimiting vaporphase deposition
method, which enables angstrd@vel control over the resulting thin film thickness. The precise
control along with high uniformity and conformality have made ALD a vital nanofaiit
technology, especially in the semiconductor industry. Along with AaBelflimiting etching
methodatomic layer etching (ALEhas been activelstudied for its ability to remove material at
a highly controllable etch rate in both isotropic andsatnopic mannerA comprehensive
understanding of the mechanisms present during both techniques is necessary as the semiconductor
industry advances towards more complex 3D device architectures and beyond 5 nm technology
nodes.

This dissertation studiesarious fundamental mechanisms and principles present in ALD
and ALE processes. First, we demonstrate the impact precursor structure has on thin film growth
trends during AlOs ALD. We comparetrimethylaluminum [(CH)s3Al], triethylaluminum
[(C2Hs)3Al], and dimethylaluminum chloride(CH3)2AICI] as Al precursors for deposition on
hydroxyl terminated SOH and hydrogen terminated-8i surfaces. We show that while all
precursorstudiedlead to imminent growth on the-8IH substrate and a growth delay on the Si
H, the resulting growth trends greatly differ, providing vital insight into the importance of
precursor selection during ALD on different substrates.

In a similar manner, the importance of tieemical structure of @o-reactant during ALE
of metal oxdes when coupled with WFor a fluorination/liganeexchange process sesented

Boron trichloride (BQ), thionyl chloride (SOG), andtitanium tetrachloride (TiG) are studied



as ceetchants and the resulting etchpaghway are compared for titania and zirconia substrates.
The experimental measurements and thermodynamic simulations indicate that both the etchants
and the substrate studied affect the etch ratetemperature window, and the puriy the
resulting sample. In addition to ALE, it was shown that ;Té@n bechemical vapor etched
individually by WFs or SOC} at temperatures above the ALE temperature winflo2 0 0 A C) .

ALD and ALE can be combined tachieve areaelective deposition, during which the
desired material is deposited onto one substrate, but not the other. We combinad I iwith
TiO2 ALE to achieve deposition on the-SH substrate, with no growth on thet$substrate. We
demonstratehiat the selectivity between the substrates during ALD/ALE scydes can be
significantly enhanced by limiting the precursor exposurearticular, weshow thatthe HO
exposure plays an important role in the seleciligs mechanism on the-Hisubstate.

Finally westudyand characterize an ALD procdes GeTe and SfT ez thin films for phase
change memory (PCM) applications. While PCM cells have been primarily deposited by physical
vapor deposition methods, the conformality of ALD deposited filmabke more advanced 3D

architectures, leading to higher memory densities.
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CHAPTER 1
Introduction and Background
1.1 Atomic Layer Deposition (ALD)

Atomic layer deposition (ALD) is a vapghase thin film deposition method that allows
growth of various materials with monolayer precision. The process follows a cyclical scheme with
each step, also referred to as fw@ltles, consistingf seltlimiting reactions, which are enabled
by the fact that chemical precursors react only with the sample surface and not with the same
molecules. Moreover, the exposure of each reactant is separated by an inert gas purge, preventing
them from reating in the gas phase. As such, a vaedsigned ALD experiment results in a uniform
and conformal film with a desired thickness on both planar substrates and on more complex 3D
structure.

An example of a general ALD cycle, commonly consisting ofadf-cycles, is displayed
in figure 1.1. First the substrate is exposed to a pulse of the first precursor, which chemisorbs onto
the surface, enabling sdifmiting growth as further exposure is inhibited from reacting with the
sample. This pulse is follazd by a purge step, where an inert gas, commonly nitrogen or argon,
is flown through the reactor to remove the resulting reaction byproducts and the unreacted
precursor molecules. The teactant is then introduced, reacting with the surface, and ideally
resulting in a monolayer of the desired thin film material. Once again, the excess molecules and
byproducts are purged, and the cycle can be repeated from the first step until the desired thickness
is achieved. A frequent example and one of the most comynuseld processes is deposition of

alumina on a silicon oxide surface using trimethylaluminum (TMA) and water as precdrsors.



The reaction can be described as follows:

-OH + AI(CHg)3 Y -O-Al(CH3)2+ CHs (1.1
-O-Al(CH3)2 + H2O Y -O-Al(OH)2 + 2CH, (1.2)

As a first step, the pulsed TMA reacts with surface functional groups, in this case hydroxyls,
resulting in precursor ligands left on the surface and @&t is purged from the chamber using

an inert gas. These ligansisbsequently react with a pulsegdHlose, forming &yer of theAl 203

film and restoring theOH surface determination, enabling the cycle to be repéated.

1. Precursor dose 2. Purge /
®

N
b 666 > o0 0 o
A 4. Purge 3. Co-reactant dose
A .0 Y

® & &0 o << ® & 0 o

Figure 11. Schematic representation of one cycle of atomic layer deposition. Each ®allg id
results in a monolayer of deposited material and can be repeated to achieve the desired thin film

thickness.

While an ideal ALD model predicts a monolaysFmonolayer growth of the film, the
experimental data reveals that the typical growth r&iea¥n as growth per cycle, GPC) are less
than a monolayer per cydé Despite the selimiting nature, the growth rate is limited by steric
hindrance of the molecules, incomplete removal, and desorption of the precursor ¥garids.

addition toprecursosstructurethe saturated growth rate is affectedigprocess temperature. A
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typical ALD process is characterized by an
range within which the GPC is affected mildly or not at all by fluctuationghe process
temperaturé®'® Outside that range various phenomena can affect the growth as indicated
figure 1.2. At temperatures below the defined ALD window the reactants can condensate onto the
substrate, leading to enhanced growth rates. In other cases, the growth rate can drop at low
temperatures, as the low reactivity leads to slow reaction kinetics.o8égsing temperatures
above the ALD window the reactants can thermally decompose, leading to chemical vapor
deposition. Alternatively, the GPC might drop due teevaporation of the precursors from the
surface. In addition to affecting the deposition satbese effects may lead to undesirable film
properties, such as increased porosity, impurities and nonuniform growth. As such it is always
beneficial to determine and operate within the ALD temperature window to achieve the benefits

of an ALD process®

A
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o
9
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Deposition temperature

Figure 12. Schematic of ALD process growth rate dependence of deposition temperature

illustrating a temperature window.
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Substrate characteristics, precursor design, and process conditions affect the thin film
growth trends during atomic laydepogtion.!’ Three primary growth trends of an ALD process
are illustrated in figure 1.3. In Frardan der Merwe mode, also referred to as ldyelayer
growth mode, the material is deposited as smooth uniform I&/8ish trend is assumed to be
the ideal ALD growth mode and occurs when the deposited species are more strongly attracted to
the surface than to each other. For example, Fvankder Merwe mode is often observed during
metal oxide or nitride deposition on oxide substraie$.During Volmer-Weber growth mode,
also known as island growth, the thin film deposits as small islands onto the substrate, resulting in
nonconformal film?2 As more ALD cycles are performed, the islands grow and eventually
coalesce into a thin film layer after whithe growth proceeds at a steady sthfhe Volmer
Weber growth mode occurs when the reactants are more strongly attracted to each other than to
the sample surface. This growth mode is of great interest as initiailmfumm nucleation can
cause isses in applications, where ultrathin layer of material is desired, for example, in dielectric
gate oxides in MOSFET4'?” This growth mode can occur during metal oxide ALD on hydregen
terminated Si surface or during metal ALD on a silicon oxide subgft&terhe third growth
mode, StranskiKrastnov mode (layeplusisland growth mode) is the combination of the previous
two and is less commonly reported during ALD procedsésthis mode the growth begins as
uniform layers, just as Frankan der Mewe growth mode. However, as the strain of the film
increases and a critical thickness is reached, the material starts depositing as islands to reduce the
strain® The layerplusisland growth mode have been observed for TiN deposition oa SiO
substrate or during alumina growth on W nanoparticie

Different growth regimes can be deduced by plotting the film thickness growth as a

function of deposition cycles as illustrated in figure W the growth rate is constant throughout



the deposibn process the growth is linear and proceeds at the same rate on the initial surface as it
does on the deposited film. The GPC can also be higher during the initial cycles after which it
slows to a steadgtate growth rate. Such regime is referred taustsateenhanced growth, as it

occurs when the initial substrate has more available reaction sites compared to the deposited film
layer. In contrast, during substratdibited growth, the GPC is lower during the initial cycles
followed by an acceleratioto the steadystate GPC. Two types of substratibited growth

modes exist, in Type 1 the GPC steadily accelerates to the constant value, in Type 2 the GPC goes
through a maximum before settling at the constant Val8ebstrateénhibited growth takes place

when there are less reactive sites on the initial starting surface compared to the deposited material.

(a) Frank — van der Merwe (b) Volmer - Weber (c) Stranski-Krastanov

i i P N | /—.\/-\/-\l

Figure 1.3. Schematic representation of primary ALD growth modes: (a) Fremkder Merwe
(layerby-layer growth) mode; (b) Volméweber (island growth) mode; (c) Strangkiastnov

(layerplusisland) mode.
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Figure 14. Growth rate of the ALD film for various initiggrowth regimes: (a) steaebtate; (b)
substrateenhanced, (c) type 1 substratbibited growth, and (d) type 2 substratéibited
growth. The figure is reproduced froth

1.2 Atomic Layer Etching (ALE)

Atomic layer etching (ALE) is an emergingogess, which enables to remove the top
monolayers of a material at a controlled rate. The process insiglig and uses sequential
reactions, which is why i+ALD®ALE s ooemdnypnetee ref er
step process, with the$t stepmodifying the surface and the second step converting the modified
layer to volatile species, effectively removing the layer. In general, as illustrated in figure 1.5, ALE
processes can be divided into two categories: plasma ALE and thermal Airpat&al to more

commonly used continuous etching methods, such as reactive ion etching (RIE), atomic layer



etching processes have the benefit of less process variability, improved uniformity, and more

control over the etch rate with the drawback of sloweiag3°

Plasma Atomic Laver Etching
1. Precursor dose 2. Purge /
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Thermal Atomic Laver Etching
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% /?; I.‘.\ V/
® ®© 6 o <<< ???9

Figure 1.5. Schematic diagram of a single cycle of plasma atomic layer etching (top) and thermal

atomic layer etching (bottom). While the surface activation step is similar in the two processes,
the plasma ALE uses ion bombardment to rembeestrface layer, while thermal ALE contger
the layer into volatile etching products.



The processes present in plaso@sedALE have been actively studied since 1989 when
articles oncontrolled etchingf synthetic diamond films and GaAs were publisffe8ince then
many more materials been etched, primarily the ones of interest to the semiconductor industry,
including various metals, insulators, and semiconduégefs'144 During the first step of plasma
ALE the top surface layer is modified to make it more readily removable compared to the original
material. The second step includes bombarding the surface with low energy inert ions to remove
the modified layer. In ideal oalitions both steps are separated in time and aréiradihg. This
means that the modification must passivate the surface, limiting further reactions, and that the
removal step must not sputter the material below the modified¥ayer.

In a thermal AIE process the modified surface layer is removed due to a therniain
reaction resulting in volatile products. The advantages of the thermal ALE process are conformal,
isotropic etchingimprovedselectivity, and no plasma damage, enabling to unifoetdix more
complex 3D structure¥:*

Depending on the chemistry used and the matbealg etched, several atomic layer
etching mechani sms have beenexichamtgief ide dfi:o xfi fdlz
fluorinati o®ta&hid ccvDairrsmoagn t he A f | weoxrci hnaantgi eodn
mechanism the surface is modified through fluorination after which the modified layer is
volatilized through a liganéxchange. This process is commonly used for ALE of metal oxides,
which do not result inolatile metal fluorides, for example &s, HfO,, and TiQ.*¥ %21t has been
shown that AIOs layer can be converted to Alksing HF, after which the fluorinated layer can
be volatilized using Al(Ch)s, Al(CHs):Cl, or Sn(acag)*®>>>*Likewise, ithas been shown that
titania can be etched using WBClIs during which the WEconverts the Ti@into solid TiGQF;,

and WQF, species? The layer is subsequently volatilized by B@kposure, creating volatile



WOCl, TiCls and BR species, however, leang a solid BOs layer on the surface, whictanbe
removed by the following WHexposure. It has been shown that at temperatures below 350 °C the
process selectively etches TBiOver ALOz due to lower volatility of Alk and AICk species.
During the Aoxidation & fluorinationodo ALE mec
layer is volatilized using fluorinating reactafitsThis can be used to etch metals or nitrides by
converting them to metal oxide, which enabldssgguent fluorination. This mechanism has been
demonstrated on W usingAWFs as reactants and on TiN using/@F>®>*®*The fdconver si
etcho mechanism can be used to achieve ALE of
methods. During the pross, a material can be converted to another, that is susceptible to a
different method, for example fluorinatidhFor example, ZnO and Sithave been etched by
exposing the sample to alternating HF and TMA putéé$The TMA converts the top layemto
Al203, which then can be etched through fluorination and ligand exchange.
1.3 AreaSelective Atomic Layer Deposition (ASALD)

Areaselective deposition is a method during which a thin film is grown in one region of
the sample while preventing growth the other. While nanopatterning is commonly done using
lithography and employing masks, 4&.D makes use of the chemical information present on the
surface. As such the great benefit of selective deposition is thaligelihg nature of the process.
During a common lithographic patterning process an error in alignment can occur, also referred to
as edge placement error (EPE). HoweverAA® can be employed to reduce the number of steps
required and to prevent the alignment efiroenabling further dowrtsling of critical device
dimensions?®

To compare the selectivity between different substrates, conditions and experiments, a

selectivity parameter, S, must be defidé8fFor areaselective deposition, it is beneficial to define



selectivity throg h mor e easily measurabl e parameters,
thickness t. Surface coverage describes the fraction of surface that is covered by the deposited
materi al on t he praadoa the preferreg napwa Wt s uslticenfbe c & d
guantified using methods such as scanning electron microscopy, atomic force microscopy or
others® Alternatively, film thicknesses, tand ¢, for thickness on growth and ngmowth

surface, respectively, can be used @stimatethe selectiity S. There are various methods to
guantify the film thickness including spectroscopic ellipsomeXyay reflectometry X-ray
photoelectron spectroscopy, Auger electron spectroscopy, and man§?imbeth cases S can

be estimated as

Y — — (13)

The value of S can vary from 0 to 1. In an ideal case, where the growth occurs only on the preferred
surface @ 0 3;=0) 8 equals 1. When there is relestivity between the two surfaces a4,

then S equals 0. It is important to note that the value of S depends on the number of ALD cycles
performed and generally decreaassmore cycles are performiedan ALD-only process.

In general, ASALD processes can be divided into 2 categories based on the nature of the
substrate: area passivation and area activ&tidhe difference between the two is illustrated in
figure 1.6. During the passivation step a blocking layer of material, such assseibled
monolayers (SAMS), is used to functionalize a specific area to deactivate further growth on that
material. SAMS have been used to achieve-seéective deposition of numerous metals and metal
oxides on wide variety of substrafésor example, aknethiol SAMs have been shown to inhibit
Al203, ZnO and MnO ALD on modified vs nemodified Au surfaces for 20 deposition cycles or
more®® Similarly, it has been shown that deposition of Pt and Pd can be inhibited by using plasma
polymerized fluorocarbm CF layer® Up to ~15 nm and ~20 nm thicknesses with selectivity
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values of ~0.99 were achieved for Pd and Pt, respectively, showing promising results for future
CMOS device fabrication applications. However, there are several factors that limitimghiev
higher selectivity using SAMs. First, SAMs in general have low thermal stability, for example,
alkanethiols can desorb at temperatures as low as 100 °C, exposing the substrate ufti&neath.
Moreover, most SAMs used are not compatible with plasssested or ozonbased processés.

In addition to SAMsrelated damage, the selectivity is limited by reactant physisorption on a SAM

and by precursors diffusion through SAM to the underlying suffate.

Area-deactivation Area-activation
Atomic layer deposition Atmmc layer deposition

Mu

Self-assembled monolayer
removal

Figure 1.6. Overview of two conwvetional approaches to achieve assdective atomic layer
deposition: are@eactivation (left) and areszctivation (right).
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Alternatively, areaselective ALD can be achieved through area activation or by exploiting
inherent chemicahformation present on the substrates. During am&ation a sample can be
locally patterned to enable deposition in certain areas while keeping the rest of the surface inert.
AS-ALD has been achieved using various methods for activation, such asrelsEams, vacuum
ultraviolet light, flash lamp annealing and patterns by eledbeam induceddeposition
patterning’® “*Meanwhile inherent AS\LD utilizes the fact that deposition can occur on different
surfaces at di f f er eunfdcesithadeposition iOumifoimdiredanstantivghileo wt h
on Anongrowtho surfaces there is a delay befo
inhibition. A common example includes metal oxide, such a®sldeposition which proceeds
readily on SiQ, however exhibits a delay on a-Bisurface’™ '’ Conversely, many metals, like
W, exhibit uninhibited deposition on -6 surface, but experience a delay when deposited on
Si02.78’79

Whether the deposition is inhibited or proceeds readily on afgpsdirface can be
estimated by classical nucleation theory as illustrated in figure 1.7. The theory predicts the
probability of nucleation based on surfaaergy minimizationThe total Gibbs free energy can

be estimated as:

30l -“1 30 ¢'i, “i, (1.4)

where r is the radius of the nucleiQ thevolume free energy of the material being deposited,

the surface tension of the material being deposited,,atide surface tension of the interface
between the material and underlying substrate. The first term presumes deposition of
hemispherical nuclei and is always negative s&€e< 0, which dominates at higher r values due

to the P term. The second anditti terms dominate at lower r values, resulting in posii@as

» > 0. As apparent in figure 1.7, this results in a trend where a nucleus radius needs to reach a

12



critical size to form a stable nucleuBeyond the critical size, further growth redudhks free

energy of the nuclei and enables depositiordifsrentsurfaces have giinct interfacial energies,

the critical size varies between surfaces, creating a window of selective growth. Inside the window,

the nucleionthé n ggm o wt h s wunsthbée are will spon@neously decompose, however,

the nuclei on the Agrowth surfaceo exceed the
As the selectivity achieved by inherent ARD processes is usually limited by the

substrates, experimeh conditions and the precursors used, various processes can be integrated

within the ALD cycles to improve the selective deposition. For example, ALD cycles can be

combined with intermittent ALE cycl esrmedt o so

after certain number of deposition cycles, as illustrated in fig8rd he etching step removes the

material deposited on the ngpneferred growth surface, leaving ideally a clean surface, which

inhibits growth in subsequent ALD cyclg%8? While the ALE also etches some of the material

grown on the preferred growth substrate, ridativeamount is much smaller in comparison, due

to the thicker film. By choosing the right cycle combinations and processing conditions, significant

improvements il el ecti vity can be achkyeéedcaseapaiéeédto

steps
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Figure 1.7.Total Gibbs free energy as a function of nucleus rafiusvo different surfaceas

predicted by classical nucleation thedRedrawn fronf®.
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Figure 1.8. lllustration of a combined atomic layer deposition and atomic layer etching supercycle.
As nuclei start to grow on the preferred rgnowth surface during ALD, intermittent AL&ycles
can be performed to remove these nuclei before proceeding. By selecting proper process

conditions, selectivity can be greatly enhanced compared to arofilycase.

1.4 Phase Change Memaes

Phase change memories (PCM) are promising candidategricoming data storage and
processing challenges present in artificial intelligence machines. Phase change memories, usually
made of chalcogenides materials, are based on reversible transitions of crystalline and amorphous
phases and function as rwealatile memories. While in current common use computers there are
separate systems for data transfer (SRAMs and DRAMSs) and storage (HDDs and SSDs), PCMs
have the capability to both store and process data at the same physical f5cgtisrremoves
the needto transfer data baekndforth in the computers architecture, reducing power

consumption and reducing laterfty.
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The basic operating principle of a PCM was proposed back in ¥oa@sd later
commercialized in CDs, DVDs, and Btay disks?’ Howevet it is only in the recent years when
research interest in PCMs increased as a potential improvement for curreat-ttatart DRAM
and NAND fl ash memory. In 2020, I nt el launche
PCM-based technology, promotingccelerated largdata computing and reduced power
consumptiorf® However, despite advancement of commercially launched products, there are
challenges in memory cell integration, material selection and in fundamental understftling.

As illustratedin figure 19, the phase of a PCM can be changed through temperature
control®® The amorphous chalcogenide material can be crystallized by applying a long weak
electrical current pulse (SET pulse) through the cell, annealing it to a temperature between the
crystallization and the melting temperature due to Joule heating. The PQivhésl tback to
amorphous phase (RESET) by rapidly melting and quenching in a short period of time. The low
resistance crystalline phas e-resiskance anorphousplaset t o
is equivalent t o stbhypassingaOwikak cuarentthraughehg Celhthen b e r
optical memory devices, such as CDs, the contrast of reflectivity, not resistivity, is used as an
information source and laser is used for heating in lieu of cuftéxithough the crystallization
process of the PCM material has been widely studied and even utilized in commercial products,
the exact mechanism of the threshold switching is still in a debate. Several models, that can widely

be categorized as either as thermal or electronic, have bemwspd? °*
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Figure 1.9. Diagram illustrating the operation principle of a phase change memory. A low long
pulse is used to revert the material into crystalline phase with low resistance. A short high pulse

brings the PCM to an amorphous state witihiresistance. Figure reproducéd.

The most researched materials for PCM applications are germamitimonytellurium
(GST) alloys with several compositional variations as shown in figut®%1.lt has been
demonstrated that a higher GeTe teT@pratio in a GSThased PCM results in improved data
retention time but decreases the switching speed and vice’v&sauch, GeShTes (GST225)
is commonly used as a compromised between the two properties. However, the applications of
GST225 are lim&d due to its low crystallization temperature and thermal stability. The properties
of the GST material can be improved by introducing dopants. It has been shown that introducing
N, C, O, Bi,or Sb as dopants can increase the crystallization temperattine aiateriaf” 1%

Typically the GST cells are deposited using physical vapor deposition (PVD) due to fast deposition
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rates and high control over the resulting stoichiom®fryiowever, PVD does not result in a
uniform, conformal film in high aspecatio structures and in more complex 3D architecttffes.

As such, ALD of chalcogenide materialsslgamined significant interest due to tkelflimiting

nature and high conformalityf the processCompared to the 2D crossbar structure presahkin
current PCM cells, ALD enables deposition of 3D architectures that have been shown to lower the

required operation power and fabrication co&t$%°
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Te 10 20 30 40 50 80 70 80 El) 100 Ge
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Figure 1.10. Ternary phase diagram of aGé-Te phase change memory materials system. The
color map indicates the crystallization temperature of the specific composition. The black lines
represent the Sbes-GeTe tie line on which GST225 is located and thad &GeTesline, which

represents thiewest crystallization temperatures. Figure reprodiéed.
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1.5 Scope and Organization

The primary objective athis dissertation is to investigate various aspects of atomic layer
deposition and thermal atomic layer etching processes. The main focuthefundamentals of
film nucleation, areselectivity, impact of deposition and etching precudssignsand on ALD
of phase change memory materials.

While the first chapter provided a summary of the processes used in this work, the
following chapter describes the experimental tools used for thin film processing and
characterization, while also providing the reader with a cursory background of the physical
phenomenon enabling the measuremelBteh of the following chapters discusses a specific
projed along with novel contributions that were achieved.

In chapter 3, the effect of precursor structure oniriteal growth trends on SODH and
Si-H is studied using trimethylaluminunfAI(CH3)3], triethylaluminum [AI(GHs)s], and
dimethylaluminum chloride [Al(CE)2Cl] as Al precursors. Using various-situ methods, the
measurements indicate that the precursor choice has a significant impact on the growth trends on
the two different substrates and an appropriate precursor shawgddddepending on the preferred
application.

In chapter 4 the impact of the-etchant selection in a metal oxide ALE process withs WF
is demonstrated. Boron trichloride (B¥;Ithionyl chloride (SOQ), and titanium tetrachloride
(TiCla) were used as eetchants for ALE of titania and zirconidbove 200 °CWFs and SOC
were showrto lead to chemical vapor etching BfO2, while none of the chemicals etched ZrO
individually. For atomic layer etching, each of the chlorinating reactants, when pulsethafte

WFs exposure etched both Ti@nd ZrQ at different temperatures, resulting in different etch
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behaviors. The study illustrates the importance of choosing an appropriate A¢fEhents
depending on the material being etched.

In chapter 5 isothermalreaselective deposition of Tigs being studied by using super
cycles of TiQ ALD using TiCL/H>0 and TiQ ALE using WR/BClz at 170° C. Using SODH and
Si-H as growth and negrowth surfaces, respectively, it is shown that significant selectivity can
be achieved by limiting reactant exposure during thex ROD cycles. In particular, by limiting
the HO exposure, 32.7 nm thick Titayer was deposited on Si@ith no significant deposition
on Si on a Si/Si@patterned wafer.

In chapter 6 ALD of phase change memory materials GeTe affa:3b studied using
trichnlorogermandHGeCEk), bis(trimethylsilyl)telluride((MesSi).Te), and antimony(lll)ethoxide
(Sb(OEt}) as precursorsThe growth characteristic and the ALD growth regiare analyzed
using in-situ ellipsometry, atomic force microscopy (AFMX-ray photoelectron spectroscopy
(XPS), andX-ray diffractometry (XRD)While the study confirms the feasibility of the ALD of
GeTe and Sffes using precursors tried, it also raiseveral challenges, creating opportunities

for future research
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CHAPTER 2
Experimental Instrumentation

2.1 Thin Film Processing and Characterization System

The thin film processes andh-situ characterizations in the following studies were
performed in a hombuilt warmwalled cluster tool illustrated in figure 2.1. The system consists
of 3 chambers: the processing chamber, the load lock and the analytical chambeoc&bsi my
sample is equipped with a Pintrolled sample heater equipped with two halogen lamps. The
reactants are introduced into the chamber through 4 separate lines using argon (Arc3 Gases,
99.999% purity) as a carrier and purge gas. Both the linethamdalls are heated to 100 °C with
heat tape to prevent condensation. The gases are pumped out by a turbo pump and a rotary vane
pump. The processing pressure, usually held between 400 to 600 mTorr, was achieved by
regulating a butterfly valve before the&bo pump to control the pump rate and by limiting the Ar
flow through the lines using mass flow controllers (MFCs). The total flow rate of Ar was kept at
95 sccm. Foin-situ thin film characterization the processing chamber is equipped with-multi
wavelength ellipsometer (Film Sense A$

The samples are clamped onto a chuck, which can be transferred freely between the
chambers using magnetic arms. While samples can be loaded directly into the processing chamber,
the load lock is necessary to load s#spo the analytical chamber and to prevent the analytical
chamber from being contaminated. The load lock is pumped down to ultrahigh vacuum using a
turbo pump and rotary vane pump before sample transfer. The analytical chamber is equipped with
Auger eletron spectroscopy (AES, Perkin Elmer PHI-185). For proper characterization
conditions the chamber is pumped down t3d%Torr by an ion pump (Digitel 500 220 I/s) and a

turbo pump (Edwards EXT501).
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Figure 2.1. Diagram and a photo of the muthambe cluster tool used in this work. The chamber
is capable of both thermal and plaseranced atomic layer deposition and atomic layer etching.
It is equipped with Auger electron spectrosc@md multi-wavelength ellipsometry fon-situ

procesharacteriation.
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2.2 Spectroscopic Ellipsometry
The deposition rates and optical constants of thin films processed in this work were
analyzed using-situ ellipsometry. A FilmSense F$fourwavelength ellipsometer was usad
sity, installed onto the procesgithamber at a 65°£5° angle. Tinetrumentcollects data at 465
nm, 525 nm, 595 nm, and 635 nm wavelength. A single data point for each wavelength is collected
in 10 ms and the resulting output is averaged over a 10 s period, resulting in 1000 datgepoints
single output. Software integrated into the ellipsometer was used for acquiring and modeling data.
Ellipsometry is a nomestructive surface sensitive method, which utilizes polarized light
to characterize the sampfE8 A common experimental setup for an ellipsometry measurement is
illustrated in figure 2.211 A light source emits an electromagnetic wave, which is converted
a linearly polarized light by a polarizer, consisting of bepiokrized and ypolarizedcomponents.
Upon reflecting off surface of the sample, the polarizations have a different change in their
amplitude and phase, due to interactions with electric dipoles in the sample. The resulting
elliptically polarized right is passed through an analytpethe detector, which measures the

complex reflection ratio, defined as:

no Y v 0 o (2.1)

The R and R are Fresnel reflection coefficient for pnd spolarized light (light oscillating

parallel and perpendicular to the plarfiéncidence, respectively). The measurement is performed

close to the Brewster angle, to maximize th&RR at i o. The resul ting el |l
m, describe the amplitude r at-iaod spolazationd)ase d
respectivy and can be derived from equati®ad:

w AOAGK Iy s (2.2)

s AO¢ AOY 1 (2.3)
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Figure 2.2. Simplified configuration of an ellipsometer with a rotating analyzer. The polarizer
produces linearly polarized ligkat 45° angle. The elliptically polarized light, resulting from
interaction with the sample, is transmitted through an analyzer. The detector records a sinusoidal

signal with periodichity of 2U. Figure reprodu
To obtain thin film thickness valgseand optical constants a model must be constructed.

The model needs to consider all individual layers and parameters that need to be extracted, such

as layer thickness, optical constants, surface roughness and material mixture fractions. To extract

thesevalues, regression analysis is commonly performed as demonstrated in figdf&ar3his,

the predicted] and @ are calculated from the model u

thin film interference equations for each wavelenldgtiThe model output is compared to the

experimentally measured values and the resulting mean square error (MSE) is calculated:

MSE= —B  — —_— (2.4)

A smaller MSE value indicatesdhbetter fit was achieved. The unknown parameters in the model
are then varied to improve the fit and lower the MSE value to a global minima, commonly

MarquardtLevenberg algorithm is used to efficiently reach the best fit in few iteratténs.
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Figure 2.3. Schematic of the modelling and data analysis procedure for spectroscopic

ellipsometry. Figure reproducétf.

The model applied depends on the type of material being studied. For transparent materials

(k(~0) Cauchy relationship is typically used:

€1 6 — — E (2.5)

The n represents the refractive index at waveleegth T h e f i r setms érevisualtyr t hr
considered sufficient for practical applications and the coefficients A, B, and C are obtained
through fitting the model to measured results. In addition to transpaegatials, the model can

also be applied to a transparent wavelength regiamotherwise absorbing material.
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TaucLorentz dispersion formula is commonly used to describe amorphous
semi conductor s. The model , d e v etheodpnsity of istates 1 9 9 6 ,
with the Lorentz oscillatot***>The real and imaginary parts of the dielectric function are given

as
- oprofomw goO O — 3 (2.6)
- oproomh B - b - —Q@ (2.7)
where A is the Tauc coefficientp s the central energy of the oscillatog,iEthe bandgap energy,
and C is the oscillator width. Both A and C are the fittiagametersg represents the Heaviside
step function, which i if the photon energy E is larger than the bandgamé O otherwise. This
means that the model does not account for Ho@rad absorption and has resulted in several
improvements being suggested to improve the modélfit® The - is derived from - via
KramersKronig relation with an additional fitting parameter Hb included to prevent
converging to zero.
2.3 Auger Electron Spectroscopy

In-vacuoAuger electron spectroscopy (AES) measurements were performed to determine
the elemental composition of thin films. For this, a Physical Electronics system was used,
composed of PHI 2010 electron gun, @55 cylindrical mirror analyzer, 3250 digital aalyzer
control, 96A VI/f preamplifier, and 3200 electron multiplier power supply. RBD Instruments
software AugerScan was used to collect and analyze the spectra.

Auger electron spectroscopy was the first widely used technique used for surface analysis

of thin layers'*®It is based on a phenomen named Auger effect, which is illustrated in figdré 2.4.

Electron beam is used to create a core hole by ejecting-devetelectron. To stabilize the state

53



an electron from a higher energy state wahsition to the core level state, releasing energy equal

to the energy difference between the two levels. For heavier elements this energy is more
commonly released as a photon, which is a basis-faryXluorescence measurements. For lighter
elements iis more likely that the relaxation is noadiative, resulting in excitation of another
electron in the same atom. The measurement of the kinetic energy of this tertiary electron, also
referred to as Auger electron, is the basis of Auger electron spegtyos¢or historical reasons

X-ray notion is used to describe the electron transitions. Inilhgsko stransition example shown

in figure 2.4, the Krepresents the initially ionized electron shell, the firgithe initial state of

the relaxing electm, and the lastd3 the state of the Auger electron being emitted. The kinetic
energy of the Auger electron is given by

% % % %. 0N (2.8)

The X, Y, and Z* represent the binding energies of appropriate electron levels in XYZ* transition,
where * notates the energy change in an ion,iargthe analyzer work function correction. The
measured energykls characteristic to atomic species prasa the sample and can be used to
identify both the species as well as chemical shifts. In addition, the intensity of the measured peaks

can be used to determine atomic concentrations of each element present.
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Figure 24. Diagram of th@uger effect ilustrating an emission process for gL 3 Auger

electron. Figure reproducééf’

An example of an acquired AES spectra is shown in figuré?2 Since the measured
Auger signals are weak relative to the strong background resulting from backscattered and
secondary electrons, the spectra is commonly differentiated for clearer presentation. In the
derivative mode the peaks are identified by theiriménposition and the peak shape used to

characterize the oxidation state of elements.
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Figure 2.5.Auger spectrum of Cu (a) as measured and (b) in a differentiated mode. The derivative

mode is used to remove the noisy background and emphasize Augerfigaiesreproducetf?

2.4 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) is a surfmesitive chemical characterization
method similar to AES. In XPS, the sample is irradiated WHtays, which interact with core

electrons,leading to the emission of photoelectrons due to the photoelectric effect. From the
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incidentX-ray energy and the measured kinetic energy, the binding energy of the emitted photon

can be calculated. As given by equati@r

% QO % 0 (2.9)

wheregi s the el ectron bi nd-rapenergy,nc¢he measurechkinetit h e i r
energy of the photoelectron, and « the work f
number of photoelectrons detected for each bindingggrie the measurement range. The peaks

in that spectra can be used to identify the elements and their chemical states. Compared to AES,
XPS spectra is easier to interpret and is preferred for measurirgpnduoctive surfaces, however,

AES is more surfacgsenstive and has a higher spatial resolution.

In the studies two different XPS system were used. Kratos Axis Ultra DhiayX
Photoel ectron Spectr omet gaysowcetard a SPE@Q® Sysiemnitwitho ma t |
PHOIBOS 150 Analyzer, equipped with/Mg X-ray sources. In both cases the measured spectra
were calibrated based on the C 1s peak at 284.5 eV as a reference.

2.5 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is used to identify the chemical bonds
present in a sample. The technique produces an infrared adsorption spectrum by shining a
broadband light at the sample and measuring the resulting signal intensities at various wavelength
throughout the measurement range. The adsorption peaks in the spaetspand to resonant
frequencies of specific chemical bonds which can be identified.

A homebuilt custom warrrwalled reactor was used for-gitu FTIR studies as shown in
figure 2.622 The FTIR was operated in transmission mode using Thé&ister Ntolet 6700

spectrometer with an external M@V detector. The IR measurement were performed through two
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Csl IR windows, which were sealed with gate valves during precursor exposure to prevent

deposition on the windows.

IR Windows &

Precursors

Figure 2.6.1llustration of the ALDreactor equipped witim-situ FTIR capability used in this work.

Figure reproducetf?

2.6 Scanning Electron Microscopy

Scanning electron microscopy (SEM) utilizes a focused beam of electron to produce a high
resolution image of the sample by scanning the surface. Backscattered and secondary electrons
resulting from the interactions of the electron beam with the sampldeteeted and provide
information about the composition and the surface topography, respectively. In this work field
emission scanning electron microscope FEI Verios 460L was usedmvétrerhartThornley low
energy electron detector in a secondary elaatnode.
2.7 Transmission Electron Microscopy

In transmission electron microscopy (TEM) electrons that pass through the sample are

analyzed, providing information of the structure of the sample in very high magnification (up to

58



50 million times). As suchignificant sample preparation is usually needed to create thinner
samples compared to SEM measurements. In this workseati®nal images were acquired using
JEOL JEM20000FX scanning transmission electron microscope (STEM) along with energy
dispersive gectrometer (EDS) for chemical identification of the samples.
2.8 Atomic Force Microscopy

Atomic force microscopy (AFM) allows to collect information about the morphology of
sample surfaces. The information is collected by scanning a cantilever tip twasample and
measuring the force between the tip and the sample surface. Depending on the approach, the
cantilever can be held at a constant deflection while the force between the tip and the sample is
held constant (contact mode), or the cantilevertmaoscillated at its resonant frequency and the
amplitude of the oscillation is measured (tapping mode). In both methods, the deflection of the
cantilever is measured by a laser beam reflecting off its surface, enabling resolution up to atomic
level. Inthe studies, Asylum MFBD classic AFM was used in tapping mode in air using silicon
probes with cantilever length of 125 um and force constant of 400N m
2.9 X-ray Diffraction

X-ray diffraction (XRD) is a method used to characterize the crystal structure of a sample.
The method utilizeanincidert X-ray beam, which interacts with a sample of interest, resulting in
diffracted beams. A spectra is acquired by measuring the itiésrel the beams at various angles.
The resulting peaks in the spectra give information about the crystal orientation, unit cell
dimensions and sample purity. In this work Rigaku SmartLalbyxDiffractometer was used in a

grazing incidence (GIXRD) mode.
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CHAPTER 3
Comparative In-situ Study of the Initial Growth Trends of Atomic Layer Deposited AbO3
Films
Holger Saare, Golnaz Dianat and Gregory N. Parsons
3.1 Reface
Aluminum oxide thin films are utilized inumerous applications, such as gate oxides, heat
sinks, barrier materials, and more. Atomic layer deposition (ALD) 0fOAlusing
trimethylaluminum (TMA) asthe Al precursor is one of the most extensively studied ALD
processes, owing to its high vapor m@w®, high reactivity, and seklrminating reactions.
However, for areaelective deposition (ASD) applications, such as -gexteration
nanopatterning, this reactivity leads to poor selectivity as TMA rapidly reacts with most surfaces.
Thus, alternativerecursors for the selective deposition of@d which result irhigherselectivity
between different surfaces while maintaining film quality, need to be considered. In this work we
compare initial growth trends of ADz ALD on hydrogerterminated Si (SH) vs hydroxy}
terminated Si (SOH) surfaces using three different Al precursors agd bk the oxygen source.
Triethylaluminum (TEA), dimethylaluminum chloride (DMAC), and TMA are chosen as the Al
precursors due to comparable variations between theatstes. This enables the determination
of effects that alkyl ligand length and the presence of chloride groups have on the gioevth
growth trends are studied in the temperature range 62260C and characterized usimgsitu
ellipsometry,in-situ Auger electron spectroscopy (AES), anekitu Fourier transform infrared
spectroscopy (FTIR). Measured thickness evolution exhibits similar behavior for all three
precursors with initially accelerated growth during the first cycle on tHerSstarting suace

due to higher precursor uptake which then proceeds in a steady manner characteristic to ALD. The
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lower uptake in subsequent cycles is shown to be due to unsuccessful removal of the methyl or
ethyl ligands on the surface. While at 200°C both TEA and\T¥&acts with 98% ofOH ligands
present on the initial SDH substrate, the subsequenOHlose reacts with 50% of theHCgroups.
The resulting growth rates are 0.13, 0.11, and 0.10 nm/cycle for TMA, TEA, and DMAC,
respectively. Meanwhile, the growth dine SiH surface exhibited a delay due to the lack of
hydroxyl groups, leading to formation of-Bie or StEt groups. While TMA results in the highest
growth rates, it leads to the lowest selectivity, while the highest selectivity is achieved using TEA
dueto low rate of nucleation non the-Bi While the effect of precursor design in ASD using
masking layers have been previously studied, this is the first study comparing Al precursors for
ASD utilizing inherent substrate selectivity. These results proaidkinsight into the importance
of precursor selection for arsalective ALD applications and open the pathway to realizing
selective A0z deposition based on inherent substrate selectivity.
3.2Introduction

Atomic Layer Deposition (ALD) is a vapgrhase deposition technique that has been an
enabling technology for a wide array of nanoelectronic applications. Thensélig nature of
ALD enables precise control over thin film thickness and compositione abllieving conformal
coatings even on highspectratio structures at relatively low temperatufésWhether the
deposition occurs uniformly on a substrate is largely determined by the chemistry of the
precursor ’ the termination of the surfaéé,and the interactions present between the two at set
processing conditiond''2 When the reaction is energetically unfavorable the material can still
deposit as nuclei on surface defects, either present initially or generated during the!pfdcess.
During an ALD process, this effect is called

growth until the nuclei coalesce and uniform laiggrayer growth is achievet®:'® For example,
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it has been demonstrated that various metal oxidash sas AJOs!" TiO.%1"1° and
HfO,>717:2023 |ead to uniform deposition on silicon dioxide and island growth on hydrogen
terminated silicon surfaces. In contrast, many metal ALD processes, such*a¥ &féand Ca’
grow unifomly on the hydrogetterminated silicon but display a nucleation period on silicon
dioxides surfaces.

To date, AlOz is one of the most extensively researched thin films deposited by ALD,
owing to its high permittivity, chemical and thermal stability, gamthesion, and chemical
compatibility with semiconductor proces<€s! This has led to AlDs thin films being utilized in
various applications, such as barrier materials, optical coatingsphighl i el ectri ¢ f or
and more?38 ALD of Al O; was developed in 1970s by Suntola and Antson for
electroluminescent flat panel displays andswarformedusing AlICk and HO as precursor®.

Over the years various other 8k precursors have been developed, with trimethylaluminum
(TMA) being the besknown example, owing to its high reactivity, sedfminating reactions, and
high-quality films even at low deposition temperatuf®®. Costminimization and pyrophoric
nature of TMA has led researchers to investigate substitui®s;Aprecursors, including
AlMe:Cl,*T45 AI(NEt2)s, %651 Al(NMe2)3,>? Al(OEts),>® Al(O"Pr)s,>%* AlMeO'Pr %558 and many
moref18,59'65

While the steadiystate growth of AlOs thin films is well studied, there is limited research
on the initial growth phase, where the starting substrate chemistry plays a crucial role in the growth
regime and properties the deposited film. For example, the nucleation aiCilon Si using
TMA/H 20 has been previously studied for their potential application as gate oxides, while the
research of initial nucleation using other Al precursors is minifitagre is a rising neefbr

understanding the growth of sun thick films due to emerging applications, such as-area
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selective deposition (ASD), where differences between initial growth on different substrates can
be exploited to achieve deposition on only one of the surfawksi@ on the othé® However,
due to the high reactivity of TMA towards most surfaces, ASD gdAlhas been largely achieved
through the use of blocking layers such as PMMZPVPS7:%9 "1 and PS?"3For example, there
have been several r@qts on the effect of precursor selection on the selectivity achieved using self
assembled monolayef$’> On blanket substrates it has been demonstrated that the growth rate of
Al0O3 exhibited a noticeably smaller degree of selectivity betweearidinated and oxidized
Si(001) surfaces than TiDattributing the difference to highchemisorption probability of the
TMA molecule compared to Ticl’ Density functional theory (DFT) has been actively employed
to investigate the energy barriers, mechard and reactions in ALD by TMAAD on Si(001)
surface with varying terminatiort$./98 Recently experimental results analyzing the initial
growth regime of TMA/HO process on H/Si(111) and Si®ubstrates using broadband sum
frequency generation (BBFG) were publishetl. The results demonstrated that while:®d
grows immediately on both surfaces, theédrminated surfaces has a reduced growth rate during
the initial 20 cycles, indicating lited selectivity between the two surfaces. To expand the
understanding of the initial growth regime and to achieyerovedselectivity between starting
substrates, needed for area selective deposition applications, differentustuypnatursors need
to bestudied.

In this work, the initial growth behavior of ADs ALD on OH-terminated and Herminated
Si(100) were compared using trimethylaluminum [¢I3AI, TMA], triethylaluminum [(GHs)3Al,
TEA], and dimethylaluminum chloride [(GRAICI, DMAC)] as precusors and HO as a
coreactant. TEA and DMAC were chosen due to their similar structure to TMA, with the methyl

groups replaced by ethyl groups for TEA, resulting in a larger molecule size. Compared to TMA,
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DMAC has one of the methyl ligands replaced byodhk, leading to lower reactivity. The
resulting growth trends, film compositions and surface functional groups at various temperatures
were characterized using-situ ellipsometry,in-situ Auger electron spectroscopy (AES) and
situ Fourier transforninfrared spectroscopy (FTIR).
3.3Methodology

Trimethylaluminum (Strem Chemicals, 97% purity), dimethylaluminum chloride (Sigma
Aldrich, 99% purity), triethylaluminum (Stre@hemicals, 93% purity) were used asphécursors
as received. Deionized water was used as the oxygen source. TMA and DMAC were kept at room
temperature, while TEA was heated to 75 °C due to its lower vapor pressure. Blanket silicon
substrates used in thstudy were singisided ptype borordoped Si (100) wafers with resistivity
of510 q cm. The wafers were cut PpSO:HsQyaléahedl x 1 c |
to remove the organic contamination from the substrate and form a hydrophilic ylydrox
terminated SOOH surface. To obtain a hydrophobic hydrogemminated SH surface, the
substrates were dipped into 5% HF solution for 30 seconds. The porous silicon samples used for
FTIR measurements were dousidepolished ptype (100) wafers withesistivity of 366 0 q
cm. They were prepared by electrochemical etching in 50% aqueous HF and 99.8% ethanol 1:1
solution for 20 minutes atcurrent density of 14 mA/cTo obtain hydroxyterminated porous
Si substrates, the resultipgrouswafers wereheld in hydrogen peroxide ¢8., 30% in water) at
room temperature for 60 minutes.

Two different reactor systems with-situ characterization capabilities were used in this
study. The AIOs films on blanket substrates were deposited in a Hoailewarm-walled reaction
chamber equipped with an-situ ellipsometer and connected with a loadlock and an ultrahigh

vacuum (UHV) analysis chamber with Auger electron spectroscope. The schematic of the reactor
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system is shown in Figure 3.1. The sample stage imethetor chamber was heated using two
halogen lamps controlled by a PID and kept at a constant temperatu2508C) during the
process. The samples were attached teirecl2 diameter stainless steel puck, which could be
transferredn-vacuobetween theeaction chamber and the UHV analysis chamber using magnetic
transfer arms. The deposition was carried out at 400 mTorr base pressure, using Ar (Arc3 Gases,
99.999% purity) as a carrier gas at a total flow rate of 95 sccm. The dosing times for wese 0.1s f
TMA, DMAC, and HO and 0.4s for TEA. The reactant dose was followed by an argon purge for
15 second, a pump down step for 10 seconds, during which the chamber was evacuated to 10
Torr and a pressurization step for 15 second to bring the chambemolthekdperating pressure

of 400 mTorr.

The film thickness and optical parameters of the sample were monitored usimgitan
multi-wavelength spectroscopic ellipsometer (Film Sensel)F&tached to the chamber. The
ellipsometer was at a 67° +1° angtelgerformed measurements at 465 nm, 525 nm, 580 nm, and
635 nmwavelengthaising LEDs. This measurement was done after every-twafe or full cycle
and data was collected for 9 seconds for each data point. Due to its high sensitivity to ultrathin
fimlayers, o parameter, which characterizes the
used to characterize surface changes duringdyalés. To acquire optical film thickness values,
in-built Cauchy model was used.

The sampl esd eibnewag characterized asimp-sita Auger electron
spectroscopy (AES) in the UHV analysis chamber. AES was performed using a coaxial cylindrical
mirror analyzer (Perkin EImer PHI4D55) wi t h a 100 em beam si ze
The spectrometer \gaoperated at a base pressure SfT@r, achieved using an ion pump (Digitel

500 220 I/s) and a turbo pump (Edwards EXT501).
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In-situ Fourier transform infrared spectroscopy (FTIR) measurements on porous silicon
substrates were performéa monitorvibrational modes of chemical species at the surface in a
homemade reactor described previotfalising Thermo Fisher Nicolet 6700 spectrometer and an
MCT-A external detectoDuring the deposition anthie measurement, reactor walls and delivery
lineswere held at 90 °C. Porous silicon substrates were mounted on a sample holder with mounted
cartridge heaters to hetite samples to 200 °C. Nitrogen was used as a carrier and purging gas,
resulting in an operating pressure of 500 mTorr. The measuremestasgeired with a resolution
of 6 cmt in a range of 65@000 cm! and averaged over 512 scaRach FTIR spectrum was

acquired after five 1 s doses of a reactant, followed by 90 s of nitrogen purge.
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Figure 3.1. Simplified scheratic of the chamber system used in this work, including the reaction
chamber equipped witih-situ spectroscopic ellipsometry and analysis chamber with Auger
electron spectroscopy.

3.4Results and Discussion
3.4.1 Film Thickness Evolution

Based onin-situ ellipsometry data, all three Al precursors (TMA, TEA, and DMAC)
exhibit similar growth modes on -85 and SiOH starting substrates as plotted for 200 °C
processing temperature in figure 3.2. Tihesitu ellipsometrydatafor the temperature range
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15071 250 °Careshown in figure S3.1. On $®)H the first ALD cycles show an accelerated growth

per cycle (GPC), which slows down to a constant stasalg growth rate, characteristic to ALD.

On SiH however, the GPC starts out slow and then steaditelerates to achieve the same rate

as on SiOH during steady growth. In the steashate regimef ALD by TMA/H20 leadto GPC

of 0.13 nm/cycle, TEA/HO to 0.11 nm/cycle,andDMAC/H20 to Q1 nm/cycleat 200 °CIn the
temperature range of 15@50 °Cthe GPC varied in range of 0-0113 nm/cycle for TMA/HO,
0.080.12 nm/cycle for TEA/LO, and 0.08.1 nm/cycle for DMAC/HO. All precursors
exhibited the lowest GPC at 250 °C, while the GPC was highest at 150 °C for TEA and at 200 °C
for both TMA and DMAC. The calculated GPC values and their dependence of temperature using
TMA and DMAC are in good agreement with previously ghed results, while the GPC of TEA

at 200 °C is slightly higher than previously reported 0.08 nm/&jéfe’>

4.0 : : . . : .
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.. —A—SIOH, TMA
£25F  _—a—SiOH, TEA 1
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0.0 : - : '
0 10 20 30
ALD cycles

Figure 3.2.The thickness of ADs thin film on SFOH and SiH surfacesleposited byALD using
TMA/H 20, TEA/HO, and DMAC/HO at200 °Cas measured hp-situ ellipsometry.
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3.4.2 Proces$electivity

To compare the effectiveness of various processes fosateetive deposition purposes a
guantitative parameter needs to be defined. Typically, the selectivity frgmi@meter S is
defined through suarnfdéoafe desiced growta gnd nguowth sudases, d
respectively. In this work we estimate the selectivity fraction S values using thicknemsses t

as they can be more easily obtained thhoeljpsometry measurements:
"Ye —_ (3.1)

When growth proceeds only on the preferred growth surface and not on the prefergedwibn
surface S obtains value of 1. When the deposition exhibiseleativity then the value of S'is 0.
The preferred growth and nagmowth surfaces in this work are-OH and SiH surfaces,
respectively. The selectivity fractions as a function efOAlfilm thickness on the SDH substrate
were calculated for all thrggocesses and are representdtbimres3.3 at 200 °C. The selectivity
fractions in temperature range 16@50 °C are plotted ifiguresS3.2and S3.3 as a function of
ALD cycles and as a function of ADs thickness on SDH, respectivelyThe values wex plotted
as a function of film thickness on-8H instead of as a function of cycles to factor for the lower
growth rate of DMAC vs. TMA and TEA. For all conditions studied, the selectivity fraction starts
out at a high value in range of €08® and degss exponentially as more ALD cycles are performed.
The high value of S after the first cycle is due to initial accelerated growth on-@id Surface
and inherent growth delay on thel$isurface, leading to a highwalue and a comparably low t
As more ALD cycles are performed the value of S approaches zero as more nuclei are generated
on the SiH surface, eventually leading to coalescence and to loss of selectivity.

Comparing the selectivity of the ALD processes at temperature rangeo2580C here

is an apparent correlation between the selectivity and the deposition temperature as the selectivity
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fraction islowest for the lower temperature of 150 °C. Moreover, the calculated selectivity fraction
at various temperaturés more spread out foné DMAC and TEA compared to TMA, enabling

to improve the selectivity by choosing an optimized process temperature. This difference is due to
both the change in steadggime growth rates for TEA and DMAC, and the length of nucleation
delay on the SH subsrate. For areaelective deposition purposes, it is preferable for the S value

to remain high for larger film thicknesslueson StOH substrate. As sucht 200 °C TEA seems

to be advantageous Al precursor for area selective deposition purposest MAilend DMAC

exhibit similar selectivity between the two surfaces. However, while DMAQ/eixhibited the

lowest GPC at 250 °C as determinedrbgitu ellipsometry, it also shows the longest growth delay

on SiH substrate, leading to highest selectivigction values of the conditions measured.

1.0 T T T T T T T T T T T
A
08 8, - 4 - TMA/H,0 1
- - TEA/H,0
2 06 4 DMAC/H,0
= v
=
S 33,
© 04 X H T
w x\ \E\
a0 w
0.2 o B .
A, B .g
A - y 9 “i -:?_ ‘_ﬂ: EE‘ A
OO L 1 L ] L 1 L 1 L ] . ] L 1

00 05 10 15 20 25 30 35 40
Al,O4 thickness on Si-OH (nhm)

Figure 3.3.Calculated selectivity fraction S as a function of@dfilm thickness on SOH. Data
were collected for TMA, TEA, and DMAC ALD processes at 200 °C.
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3.4.3. Elemental Analysis byn-situ Auger Electron Spectroscopy

In-situ Auger electron spectroscopy (AES) was used to further charactesi2e gkbwth
on SiH and SiOH surfaces at 200 °C as a function of number of ALD cycles. The benefit of using
AES for nucleation studies is the high surface sensitivity of the method, enabling the observation
of minute changes in the film composition. In addition, as tleetspmeter is connected to the
chamber system, the measurements can be performed without exposing the sample to atmosphere,
preventing contamination. The resulting survey spectra and the Al to Al+Si atomic percentage
ratios are shown in figure 3.4 and figu3.5, respectively. The data were obtained by moving a
sample backandforth in-vacuo between the processing chamber and the-blgh vacuum
analysis chamber for ALD cycles and AES measurements. There is a clear distinction between the
Si-OH and SiH darting substrates. The-8iH surface shows distinct peaks at 90 eV and 76 eV
belonging to LMM transition of elemental Si and Si@spectively. For the $i starting surface
there is no detectable SiGignal present, indicating the lack of@H bonds It is important to
note thatadventitious carbon and oxygen present on the starting suréa@s to cleaning steps
being performeaxsitu prior to loading the sample into the chamber. Likewise, there is a clear
shift in the O 1s peak at ~502 eV as it shifts to lower energies compared to the starting substrate
as AbOs is deposited. For quantitative understanding of the measurement rewsulte a
percentages of the elements present in dagositioncondition were calculated and are shown
table S3.1. As the atomic percentages were calculated using published relative sensitivity factors,
larger uncertainties are expected in the values divétevertheless, the resulting atomic
percentages are good indicators of the surtaadution,and the growth trends present. Data
indicates a growth delay on thelSistarting substrate for all Al precursors, with a weak Al peak

appearing at the 184D cycle for TMA and at the™ cycle for TEA and DMAC. Meanwhile
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there is a sharp increase of Al at.% orO&i after the very first ALD cycle. Subsequent cycles
increase the concentration of Al on the sample for both starting substrates. The Al at.%sncreas
faster on the SDH surface compared to the-Sidue totheinitial nucleation delay on the latter.
Likewise,the growth is faster for ALD using TMA and TEA, compared to DMAC, consistent with
the higher GPC determined by ellipsometry. As the film grthvicker and the amount of Si
detected reduces, the Al:O stoichiometric ratio approaches 2:3 as expecte®idilmk. At 25

cycles no Si is detected on the@H substrate for ankl precursorstudied On StH the Si signal
disappears completely afteb cycles for TMA and after 50 cycles for TEA and DMAC. There is

a weak C signal present throughout the runs, presumed to be from unreacted methyl or ethyl
groups, either on the surface, or incorporated into the film. Moreover, it is vital that no €hlorin
was detected in samples deposited at 200 °C using DMAC at any cycle number, as chlorine residue
might have a negative impact on device performance and thus limit the applicability of the

precursof?
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Figure 3.4.Auger electron spectroscopy spectra of@lthin films deposited at 200 °C on-Bi
and StOH using TMA (top row), TEA (middle row), or DMAC (bottom row) as Al precursors.

The data are presented in derivative mode.
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Figure 3.5. Al to Si+Al atomic percetage ratios of AlOs deposited SH and SiOH starting
substrates at 200 °C as measurethksitu Auger electron spectroscopy.

3.44 Ellipsometry Trends During Initial Half-cycles

The changesin film properties after each haltycle were analyzed using-situ
ellipsometry for each Al precursor. Despite the complexity of modelling ultrathin films due to their
non-conformality and the refractive index being a functiontleé film thickness, the raw
parameters acgyed by ellipsometry can be used to extract information about the film growth and
nucl eation. Specifically, the @ parameter, de
reflection, is exceedingly sensitive to small changes in ultrathinflnlse @ par amet er m
after each haitycle for ALD at 200 °C on SDH, SiH, and native Si surfaces are shown in figure
3.6, while the data for the process temperature range from 150 °C to 250 °C is shown in figure
S34. To illustrate the growth behanrs, the data is plotted to show the change in the delta
parameter after each dose and averaged over 3 measuredretite SiOh and native silicon
oxide surfaces the trends show clgaitecrease after the Al precursor dose and an increase after
theH>0 dosesOnboth surfaces thgrocesss exhibit an increased decrease ingiadter the first

Al precursor exposure compared to the subsequent exposures. This drop is more significant on the
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Si-OH compared to the native oxid®n the SiH substrate, thechgne s i n  malerdee mu c h
to the growth inhibition for all/l three Al pr e
also decreases withy8 exposure, indicatingptical thickness increaskele to generation of nuclei
Asmorecyclesagper f or med, resulting in more growth si

it is apparent that the growth does not reach steady regime in 5 cycles, the ;OVipubtess

exhibits | argest changes in o —resulting from
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Figure 3.6. Ellipsometric delta parameter changes at 465 nm wavelength duringybkd$ of
Al>03 ALD using TMA, TEA, or DMAC as Al precursor on (a)-8H, (b) native Si oxide, and
(c) SHH surfaces. All data were collectadsitu at 200 °C deposition tgmerature.

3.45 In-situ Fourier Transform Infrared Spectroscopy Analysis

In-situ Fouriertransform infrared spectroscopy (FTIR) was used to study nucleation and
growth of ALD deposited ADs films at 200 C onto hydroxylated andydrogenterminated
porous silicon surfaces, through reaction between one of the three Al precursors with water as an
oxygen source. A FTIR spectrum was obtained after eackcyel reaction. Since each ALD
precursor exposure leaves at most a monolayerthe surface, the silicon wafers were
electrochemically etched to form pores in order to enhance absorbance intensity. This allows to
monitor the chemical compositi@mmangesfter each ALD haltycle

First, the reaction of TMA and water onGH surfae was studied. The difference FTIR

spectrum, shown in figure 3.7a, contains a sharp negative peak at 3¥a@enthe first dose of
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TMA and a broad negative OH absorption peak between-3380 cn, indicatingremoval of

initial surface hydroxyl groupthrough reaction with TMA moleculeshe FTIR spectrum also
shows the appearance of positive-@Hl; peaks at approximately 2960 ¢rand 1212 cm,
indicating the formation of methyl groups at the surface of the subsTitaepositive peak at
~1270 cm' shows the formation of STH; bond, originating from the reaction with siloxane
bridges Difference FTIR spectrum after subsequent dose of water shows a positive peak at 3350
3780 cm! and negative peaks at 2960tm212 cm', and 1270 cmwhich suggest formation of

OH group and elimination of Gistretch, CH deformationand SiCHz groups, respectively,
consistent with literatur® Integrated peak area values were measured after each cycle for further
process quantification as plottadfigures 3.8a and 3.8b. Integrated OH peak area at 3350

cm! suggests that 98% of hydroxyl groups available at the starti@HSsurface reacted with

TMA molecules which led to high TMA uptake during the first cycle. Integrated area under CH
peak & 28803010 cm' shows that only 50% of surface methyl groups reacted with water
molecules, resulting in a decreased OH group density at the suffade.the Al>Os film was

shown to grow at a constant rate orRC#H, the absorbance intensity of-8Hs pe& starts to
decrease after the fourth cycle due to filling of the pores within the silicon that drastically decreases
the available surface area.

As the growth initiation of ALD deposited film depends on the chemical nature of the
substrate, the experimewas repeated on a porous hydretgnminated silicon wafer. The
difference FTIR spectrum, shown in figure 3.7b, shows similas @dks as on SDH surface
after the first dose of TMA, however, no negativead OH peak is observed due to absence of
OH groups on the initial surface. The difference FTIR spectrum after the first dose of water shows

the StCHs peak on hydrogen terminated surface remained on the surface as no negative signal is
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observed. This SCH3 termination has been previously reportedatt as a passivating layer,
inhibiting film growth on the surfac®.Data also shows slight ATHs peak shift in 288010
region. Integrated peak area value of the methyl group at-28BD cm' is lower on SiH
compared to the SDH surfacewhich is indicative of lower AlOz growth rate on SH surface.
The trend confirms initial accelerated growth of@d on StOH, which reaches steadyowth for
the following cycles, while the growth is inhibited on theHSsurface.

The difference FTIR@ectrum for the TEA/ED process is plotted in figures 3.7c and 3.7d
for SFOH and SiH, respectively. The first dose of TEA on porousO®i, similar to first dose of
TMA, shows that the TEA molecules react with surface hydroxyl group as indicated bya shar
negative peak at 3736 chand a broad negative OH absorption peak between-3350 cm'.

The FTIR spectrum also shows positigHs, -CH>, and SICH=CH, peaks at 2950, 2875, and
1408 cmt, respectively. The difference FTIR spectrum afféddse of wéer shows the formation

of OH group and elimination of surface CH. As shown in figures 3.8c and 3.8d, the integrated area
under OH peak at 3358780 cm' and GH peaks at 285@995 cmt' for the first four cycles of

TEA and water shows similar trend asffiigur cycles of TMA and water on both-OH and Si

H. On StOH, 95% of the OH groups reacted with the TEA, while 50% of #@Hz and-CH;
remained on the substrate after the subsequent waterTdesdifference FTIR spectrum for the

first dose of TEA orSi-H shows similar @H peaks as on SDH surface After the subsequent
dose of water, the SiH=CH. peak on hydrogen terminated surface remained unreacted. Data also
shows thatCHs peak at 2950 crhslightly shifts after a dose of water. Similar to TMA®] for

the TEA/HO process the integrated peak area trends confirm initial accelerated growidof Al

on StOH, which reaches steadyowth in the following cycles, while the growth is delayed on

the SiH surface.
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Figure 3.7. Difference FTIR spectra of the hatfactions of the Land 29 ALD cycles of
TMA/H20 (a,b) and TEA/EO (c,d) on porous SDH and SiH substrates.
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Figure 3.8.Integrated area unde®H peak between 3358780 cmt for (a) TMA/H.O and (c)
TEA/H20 and umder GH peak between 2852295 cmt for (b) TMA/H20 and (d) TEA/HO on
porous silicon.

3.5Discussion

A comparison of initial growth behavior of &bz films shows that while all three Al
precursorsstudiedresult in similargeneraltrends on SH and SiOH surfaces, the growth and
nucleation rates, and the selectivity values vary due to differences in molecule size and reactivity.
The growth rates and selectivitsaluesmeasured byn-situ ellipsometry and Auger electron
spectroscop at 200 °Care in great agreemeimdicating the highest selectivity values obtained

by TEA precursor. Both measurements show that while the DMAC exhibited the longest

105



nucleation delay on $il, the selectivity was limited by lower GPC on the(#i substate, due to
lower reactivity of the precursolNevertheless, both TEA and DMAC exhibited improved
selectivity compared to more commonly used TMA in the temperature ranggb05.

In-situ ellipsometry andn-situ FTIR demonstrate accelerated growth idieng the first
Al precursor exposure followed by steady growth on th@ISisubstrate and a growth delay on
the StH substrateThe accelerated growth rate during the first cycle can be attributed to the
increased Al precursor uptake during the firdfdoay c | e as apparent by | arg
ellipsometry data and a larger decreasthénumber oC-H bonds compared to the later cycles
according td-TIR data. The subsequent slower growth rate is caused by lower number of available
reaction sies present due to subsequent water doses incompletely removing the surface ligands at
200 °C, and due to less availab@H bonds on the deposited-@H substrate compared to the
starting SiOH surface. Basedn the integrated peak areas t group dengy on the surface
is roughly 75% less after a single ALD cycle compared to the startt@HSsurface for both
TMA/H 20 and TEA/HO processesVhile methyl groups remain on the surface for the TM@H
and ethyl groups for the TEAAD, they exhibit the sameactivity towards EHO as only 50% of
both react. It has been previously shown that increasing processing temperature or using more
reactive oxidant, such ag@lasma, is more effective at removi@@Hs ligands present after TMA
exposuré® Comparinghe change ithepparameteafter the first Al precursor dose on chemical
vsS. native Si oxide, it is apparent that the uptake is larger on the former due to the larger
concentration of hydroxyl bonds present. The subsequenty@#s on these surfacpsoceed in
asteady egi me, wi t h O exposuree indicatimggopticalf thickness tecrease as
surface ligands arereplacedby#®eH and @ decreasing with the AI

with the surface, increasing the optical thicknd@$ge changes are smaller for DMAGBiprocess
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compared to TEA and TMA due to the lower precursor reactivity leading to a lower growth rate.
Based on this data, the reaction kineticslimited by the reactivity of the water molecules toward
methyl and ethyl groups at the surface resulting in lower concentration of surface hydroxyl groups.

The nucleation period exhibited by all precursors on thHd Substrate can be explained
by the lak of hydroxyl groups on the surface. In lieu of formi@AIMe2 groups, TMA has been
shown to react with the #krminated Si to form SWle groups® Likewise, the FTIR results
confirm that TEA exposure forms bothMe and SiEt groups on the Si surface. These groups
passivate the surface in the thermal ALD process, leading to the growth delay etethertdted
Si surface, visible in the ellipsometry and FTIR data. The subsequent increase in GPC with
following cycles is due to deposition of nucleidatihe growth of these nuclei. Their growth is
initiated by unwanted defects or reactive sit€3H) on the surface; the presence of background
H-O during the precursor exposure; and dissociative chemisorption of the Al preééiiser.
steadystate growt is reached when the nuclei islands coalesce into a uniform film and the growth
proceed similar to thaton®H st arting surface. The good agr
and the integrated FTIR peak areas confirms the effectiveness of studyingudtéstion trends
using raw ellipsometric parameters, despite the complexity of modeling ultrathin films or nuclei.
3.6 Conclusion

A detailedin-situ studies of initial growth mechanisms o8t ALD using TMA, DMAC,
or TEA as Al precursors and.8 as aco-reactant on SODH and SiH substrates were presented.
While all precursors exhibited initial accelerated growth, followed by stgiamyth on the SOH
surface and a nucleation delay characteristic to island growth onthsusface, the growth rates,
the extehof the growth delay and threactionmechanisms varied. The GPC was determined as

0.13 nm/cycle for TMA, 0.11 nm/cycle for TEA, and 0.10 nm/cycle for DMAC at 200 °C. The
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lower growth rate of the latter is due to larger molecule size and l@aetivity, respectively.
Despite the lower growth rates, both TEA and DMAC resulted in better selectivity betw@®éh Si
and SiH surfaces.In-situ AES measurements confirmed the results, indicating the slowest
increase of Al:Si at.% ratios using DMAC astAl-precursor and the fastest for TMA. The
mechanisms present during hejicles were characterized usiimgsitu ellipsometry andn-situ
FTIR. The higher growth rate during the first cycle orO&l was shown to be due to ineffective
removal of methybr ethylligands present on the surface by th©txposureWhile the first Al
precursor dose for both TMA and TEA onr@H reacted with 98% of th€@OH bonds present, only
50% of the resulting €1 bonds reacted with the subsequent water exposure. The agreement
between FTIR data and the measured raw ellipsontptripp a r a m e ¢ofirmsthercapabiity
to characterize the itmal growth trendsusing ellipsometrydespite the complexity of modelling
low thickness films. The trends presented in this work provide insight into the impact of precursor
structure on the initial growth trendsalfiminathin films and indicate the iportance of precursor
selection during areselective deposition utilizing inherent selectivity of the substrates.
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Table S3.1.Atomic percentages of elements detected firmvacuoAuger electron spectroscopy
data as a function of ALD cycles at 200 °C. The measurements were performeH am&iSi

OH substrates using TMA, TEA, or DMAC asAl precursor and ED as an oxygen soce.

Number of ALD cycles Number of ALD cycles

TMA, TMA, Si

SiH 0 1 2 3 5 10 25 50 OH 0O 1 2 3 5 10 25 50
Al(at%) 0 0 1 2 6 28 43 42| Al(at%) 0 11 17 22 30 41 41 42
Si(at%) 96 94 90 88 80 38 0O O | Si(at%) 61 49 36 30 20 3 0 O
O(@t%) 4 3 4 5 7 26 57 58| O(at%) 39 40 40 42 45 51 59 58
C@@aw) 0 3 5 5 7 8 0 O|C@a%w) 0 0 4 6 6 5 0 O

TEA, TEA, Si

SiH 0 2 3 5 10 25 50 ou 0O 1 2 3 5 10 25 50
Al(@a%) 0 0 4 7 14 23 41 46| Al(at%) 0O 6 11 22 35 46 45 46
Si(at%) 91 87 86 82 65 47 7 O | Si(at.%) 73 60 49 40 21 4 0 O
O(@t%) 7 7 7 7 15 23 47 54| O(at%) 7 7 7 7 15 23 47 54
C@@aw) 2 5 3 3 6 7 6 O|C@%w 2 5 3 3 6 7 6 O
DMAC, DMAC,

SiH 0 1 2 3 5 10 20 SiOH 0O 1 2 3 5 10 20
Al(at%) 0 0 3 4 6 16 33 Alat%) 0 5 8 9 12 21 30
Si(at%) 75 69 65 60 49 38 11 Si(at%) 57 27 23 21 18 6 2
O(t%) 13 9 9 11 14 20 39 O(at%) 33 35 39 36 40 41 48
C(at%) 12 3 26 25 30 26 17 C (at.%) 10 33 30 33 30 32 20
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Figure S34. Delta parameter change at 465 nm wavelength duringchelés of AbOsz ALD

using TMA/HO, TEA/H0, or DMAC/H20 on StOH (top row), native Si oxide (middle row),

and SiH (bottomrows ur f aces at 150 AC, 200AC, anate 250 A
change upon polarized light reflection and is correlated with the thin film optical thickness change

Tinthecurrent regime, the film thickness increas
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CHAPTER 4
Comparison of Chlorinating Co-Reactants for Atomic Layer Etching of Metal Oxides
Using Tungsten Hexafluoride
Holger Saare, Wenyi Xiand Gregory N. Parsons
4.1 Preface
Recent advancements in semiconductor industry have created an exigency for processes
that allow to deposit and etch material in conformal matter in -tiraensional devices. While
the former is commonly achieved usimgomic layer deposition (ALD), the latter can be
accomplished by thermal atomic layer etching (ALE), which similarly is astep seHimiting
method. In this study the effect of-ceactant design is elucidated in ALE of Bi@nhd ZrQ using
WFs as a fluorinating agent and BCTiCls, or SOC} as cereactants. Atomic force microscopy
(AFM), in-situellipsometry, andh-vacuoAuger electron spectroscopy (AES) measurements were
coupled with thermodynamic modeling to study the ALE processes. Ade thereactants
exhibited exposure saturation, characteristic to ALE, and etch rates linearly increasing with
temperature. At 170 °C, TiQvas etched at 0.24, 0.18, and 0.20 nm/cycle usingWith BCls,
TiCls, or SOC}, respectively. Zr@was etched at25 °C at rates of 0.96, 0.74, and 0.13 nm/cycle
correspondingly. The higher temperature needed fop ALE&E was attributed to lower volatility
of resulting ZrC} vs TiCl. In addition, the model predicted a formation of a solid Zgfs@h the
ZrO; surfaceby SOCh, which was not removed by Wat TO300 AC. 1t was
BClz or TiCls resulted in solid BOs or TiOz residue on both metal oxide surfaces, which was
removed by subsequent \&/Exposure. In contrast, using SQ@sulted in a clean Ti3urface.

In addition, it was demonstrated that bothd/eRd SOC] lead to chemical vapor etching of HO
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at T O 200 AC. Thi s st ud-gtchénts ok dueny thermahdE and d e r s

expands the range of reactants that can be used for etmhing of metal oxides.
4.2 Introduction

An etching step is an essential procedure in semiconductor manufacturing to remove
unwanted materials from the sample substrate. This is done, for example, to etch trenches, shape
via holes, or create pattex. While wet etching methods were historically used for
microfabrication, the continuous device miniaturization has limited their use due to their isotropic
nature and hard to control etch rate&s such, dry etching technologies are mainly used in
advanced processes due to their more precise feature size control and capability to achieve higher
aspect ratios? Dry etching technologies include processes that employ physical etching (such as
reactive ion etching, sputter etching, or ion milling), or chemical etching (chemical vapor etching,
atomic layer etching).

Vapor etching is conventionally used in semiconductor industry to etch the sacrificial layer
present in a device. For example, xexdtuoride (Xek) or HF vapor combined with water as a
catalyst are employed to remove a silicon oxide layer in a silicon MEMS dé\idesddition to
SiO,, chemicalvapor etching CVE) of other materials, such as TiQAI20s, and Cu have been
repored using WE, HF/Sn(acae) and Q/hfach, respectivel§.}! However, chemical vapor
etching of many materials is limited due to formation of metal fluorides or other species that are
nonvolatile at the reaction temperature. This has enabled the devetagfratomic layer etching
(ALE) process, which is a sdifniting two-step proces¥ * A surface modification step is
followed by a removal step, where the modified layer is either removed through bombardment by

inert ions or by introducing a reactantvolatilize the layer. While the mechanisms of the first
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have been studied for more than 30 years, the latter, called thermal atomic layer etching, is gaining
traction due to its isotropicity and conformality, required for complex nanopattefhs.

Thermal ALE processes have been successfully developed for various materials, including
Al 03,1720 §j 21.22 50, 2324 HO,, 2527 Zn0,,28:2% Cu 30732 \y 3334 TjN, 10353650 many mora7i46
Several mechanisms have been developed for, Ah8luding fluorination/liganeéexchange,
conversion/etch, oxidation/fluorination, and oth&r<ZrO, has been etched using HF as a
fluorinating agent and Sn(acacPICI(CHs)2, or SiCh to volatilize the fluorinated surface layer
through liganeexchange? Similarly, a TiG ALE process has been developed using alternating
doses of WEand BC4.° In this process the WHluorinates the surface, creating W& TiOVF,
layer that is voldle at temperatures above 200 °C, enabling chemical vapor etching (CVE) of the
TiO2. At lower temperatures ALE can be achieved by :B&posure, which leads to ligand
exchange, producing volatile Ticdnd WOCI products and a solid-Bs surface speciesyhich
is subsequently etched by \W@&xposure.

In-situ analysis techniques allow the monitoring of the etching process under the practical
conditions, without exposing the sample to atmosphere or interrupting the expetmrsid.
spectroscopic ellipsontry can be employed to actively monitor the etch rate or changes in the
optical properties of the material being etched. It has been previously utilized to analyze ALE of
various materials, including GaN Ga03,%® Zn02° Cu° and W*. To confrm the conversion or
removal of an elementin-situ chemical analysis methods, such asax photoelectron
spectroscopy (XPS) or Auger electron spectroscopy (AES) are often used. For exaisifie,

XPS has been used to study the efficiency of acac vs. hfacH for ALE when combined with chlorine
gas? andto study the mechanism of Fe ALE, when etched usingi@l acaé! Similarly, in-situ

AES has been utilized to study the ALE of GaAs when etched usingx@bsure followed by
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flash heatingf and to investigate both thermal and plasma enhanced Al& .66 and HEO
films.>3

In this paper the etching characteristics of thionyl chloride (Q@anium tetrachloride
(TiCl4), and boron trichloride (B@) when coupled with W§in a fluorination/liganeexchange
atomic layer etchingprocess are compaat The processes are characterized usmgitu
ellipsometry,in-vacuoAuger electron spectroscopy (AES), and atomic force microscopy (AFM).
The results indicate that while all three chlorinating precursors lead to ALE eBAdOTiQ, the
reaction bypoducts differ, leading to distinct etch rates and temperature windows. While SOCI
has been previously shown to etch PiNhis is the first ALE process utilizing SOCis a ce
reactant. Although W#BCIs; combination has been shown to lead to ALE of;JiBe drawback
of using BC4 is that the reaction results in a solid3 layer, which has to be removed by
subsequent Wexposuré. In contrast, SOGIreactionon TiO; resultsonly in volatile species,
leaving a clean oxide surface. In addition, we show that at higher temperatures (>190 °C) the
exposure of SOGleads to vapor etching of Ti®y converting the metal oxide to volatile TiCl
and SQ species, while Zreis not etbied due to the low volatility of Zr@&lThese results improve
our understanding of the importance ofreactant selection during atomic layer etching processes
and expand the range of reactants and materials that can be used for vapor etching otde®tal oxi
4.3 Experimental Details
4.3.1 Reactor Design

The etching processes were carried out in a RHouile warmwalled chamber system as
shown in Figuret.1. The system consists of a processing chamber, equipped witsiginmulti-
wavelength ellisometer, a load lock and an ultrahigh vacuum analysis chamber, equipped with

Auger electron spectroscope (AES). The samples are introduced into the systemirawh a 2
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stainless steel puck, which can be transferred between the chambers using linearamagsfer
During processing the sample was heated to a constant temperature using {eantRiled

halogen lamps. Argon (99.999% purity, Arc3 gases) were used as a carrier and purge gas at a flow
rate of 95 sccm, as set by mdiesv controllers. The procesgy chamber was pumped out using a
turbo pump (Seikeseiki STR300C) and a backing pump (Alcatel 2021a) with a throttle valve

located before the turbo pump used to control the operating pressure, which was set at 400 mTorr.

SE

— ES Source F Detector
ANALYSIS ~ PROCESSING '

[ CH%/IBER \[{ cHAMBER 5

Heater

Figure 4.1 Schematic view of warrwvalled chamber system. The system consists of a processing
chamber, equipped with-situ spectroscopic ellipsometer (SE) and of an analysis chamber with

in-situ Auger electron spectroscope.

4.3.2Substrate Preparation and Etching

The TiQ substrates used in this study were deposited in the same chamber immediately
before the etching process using Li(@9% purity, Strem Chemicals) and deionizegDHThe
titania was deposited on chemical Si oxide at 170 °C. The zirconia thinvidresdeposited on
alumina thin films using Ultratech Fiji G2 system. The deposition was carried out at 250 °C using

TDMA-Zr and DIH20 as precursors. All substrates were purged in argon and held at processing
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temperature for 30 minutes to allow the coiotis to stabilize before etching. Tungsten
hexafluoride (99.99% purity, Galaxy Chemical), boron trichloride (99.9% purity, Matheson),
thionyl chloride (99% purity, MilliporeSigma), and titanium tetrachloride (99% purity, Strem
Chemicals) were used as etotea The ALE cycles followed a dosing sequence of
WFs/purge/pump/pressurize/x/purge/pump/pressurize with timings of 0.08/15/10/15/x/15/10/15 s,
where x stands for B TiCls, or SOC} with dosing times of 0.08s, 0.1s, or 0.2s, respectively.
During the pmp step the throttle valve to a turbo pump is opened completely to evacuate the
chamber to a base pressure of Torr. The subsequent pressurization step is necessary to bring
the system back to the stable operating pressure of 400 mTorr. The vapng gidtesses
followed the same sequence, but without thes\6sing step.

4.3.3 Process Characterization

The changes in film optical thicknesses during etching processes were monitoreéd-using
situ multiwavelength ellipsometer (Film Sense-ES The eipsometer was set at 70° £1° incident
angle and a data point was obtained after every etching cycle. For greater accuracy, the
measurement lastekD seconds and output an average of measurement results over that period.
The optical film thicknesseswera¢ cul ated by fitting the obtaine
model.

In-vacuoAuger electron spectroscopy (AES) measurements were performed to monitor
the elemental composition changes of the metal oxides during etching. The AES system employs
a coaxidcylindrical mirror analyzer (Perkin Elmer PHI 1i35) and a 3 kV electron beam. The
ultrahigh vacuum analysis chamber was kept at pressure 8 a6 using an ion pump (Digitel

500 220 I/s) and a turbo pump (Edwards EXT501).
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The morphology of sampdewas examined using atomic force microscopy (AFM). The
surface roughness data were acquired using Asylum-8IFElassic AFM in tapping mode. A
silicon probe with cantilever length of 125 um and force constant of 40 Was used at ambient
conditions.

4 4 Resultsand Discussion
4.4.1 Thermodynamic Modeling of Reactions on TiQ and ZrO:2

Thermodynamic modelirtg was used to predict the effect of exposure by individual
reactants (W& BCls, SOCh, and TiCh) on the chemical composition of Ti@nd ZrQ in the
temperature range of 25 to 400 °C. The model outputs the resulting equilibrium composition by
minimizing the systembés free energy. 't i s 1 mj
it does not include kinetic effects and pnees a closed system. The calculations were done at a
pressure of 1.5 Torr with the molecular ratios of Ji®@WFs, BCls, SOC}, and TiChkbeing 1:1,
0.75:1, 1:1, and 0.5:1, respectively. Figut&$a,b,c,d) show the expected outcome fors\EE 3,

SOCb, and TiClk reacting on TiQ. The model predicts that Tieacts with Wk, BCl, and
SOCb. Exposing TiQ to WFs forms a solid Tikand WQ layers at temperatures below 200 °C,
at higher temperatureshey volatilize as gaseous Fiend WQF,, enabling ckmical vapor
etching While both SOGland BC} are both predicted to form volatile TiZthe former results
in gaseous Sfxpecies, while the latter leaves a soli®DBlayer on the surface, hindering further
reactiors with BCls. The predtted reactions with individual etchants on TLi®urface can be
summarized as follows:

1.1.WFs (<200 °C) 3TiOx(s) +2WFs( g ) 2WDs3(s) +3TiF4(g)
1.2.WFs(>200 °C)} TiO2(s) + WR( g ) FYO(§y+ TiFa(Q)
2.BCls: 3TiOz(s) +4BCl3(g) Y 2B20s(s) +3TiCla(g)

3.SOCh: TiOz(s)+2SOCk Y 2S0Oy(g) + TiCla(Q)

4. TiCls: TiO2z(s) + TiCk(g) Y No reaction
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Figures4.2(e,f,g,h) show the expected outcome fore\BCls, SOC}, and TiCk reacting
on ZrQ. The calculations were done with molecular ratios of2Z0Q0VFs, BCls, SOC}, and TiCk
being 1:1, 0.75:1, 1:1, and 0.5:1, respectively. OnZit@ WF reaction proceeds similarly as on
TiO2, fluorinating the zirconia and resulting in solid \&/& temperatures below 200 °C and
volatile WQF2 at higher temperatures. However, in contrast ta, Tife resulting Zrkis predicted
to remain solid at all temperatures studied. Similar to,TiEOth BCk and SOC chlorinate the
zirconia surface. The formed ZiG$ predicted to be volatile at tempéures above 175 °C. The
reaction with BJ inhibits further reaction of the surface due to the creation oiGs Byer,
preventing chemical vapor etching by BGlhile enabling atomic layer etching of Zz&xposure
of zirconia to SOCIforms a solid Z{S(Cs)2 layer at temperatures below 225 °C, while only volatile
SO and ZrC} are predicted to form at higher temperatures. In lieu of chlorinating the zirconia,
exposure to TiGlis expected to convert the Zr@to TiO, and ZrOC} at lower temperatures
(<125 °C), while no reaction takes place at higher temperatures (>1ZEh&})redctedreactions
with individual etchants on Zrsurface can be summarized as follows:

1.1.WFs (<200 °C) 3ZrOx(s) +2WFs( g ) 2WD3(s) +3ZrF4(s)
1.2.WFs(>200 °C)  ZrOz(s) + WR( g )  FYO§Y+ ZrFa(s)
2.BCls: 3ZrOsx(s) +4BCls(g) Y 2B20s(s) +3ZrCl(g)

3.1 SOCh (<200 °C): 2ZrOz(s) +2SOCk Y Zr(SOs)zA(s) + ZrCh(s)
3.2 SOCh(>200 °C): ZrOz(s) +2SOCL Y 2S0Ox(g) + ZrCla(g)

4. TiCla (<125 °C)  2ZrOz(s) +TiCla(g) Y TiO2(s) +2ZrOClx(s)

133



(a) T|02 + WF6

gﬂo gﬂo (6) 2102+ Wi
= TiF 4 ™\ WF05) | T ZrF )
o 2
'E:‘ 08} B *@ 08} B
5 g
© 06t {1 g2 o6 g
8 3
§ 0.4t 4 5 0.4t 4
2 S
S 02¢ 4 S 02t g
o o
w w
0.0} E 0.0} E
0 100 200 300 400 o} 100 200 300 400
Temperature (°C) Temperature (°C)
= (b) TiO, + BCl3 = (f) ZrO, + BCl3
E 10 4 E 10 .
5 5
% 08f TiClyg { B 08F  ZiClyy ZrCly ) .
5 5
S 06} {1 S o6} .
§ B')Oi_ﬂsll § Byo:;‘l'ﬂ’"
E 04+t 1 S 04t 4
5 8
S 02¢ 1 302 g
i) i
0.0} B 0.0 B
0 100 200 300 400 0 100 200 300 400
Temperature (°C) Temperature (°C)
= (c) TiO, + SOCI, = (9) ZrO, + SOCl, SO,
£ 10 1 E 10t : .
5 S §
‘E:' 08} 1 *@ 0.8 B
5 g
€ 06 1 g o6 E
8 : 8
E o4t TiClyg) 1 Eoat 1
S 8
S 02¢r 1 S 02¢ 1
i) i)
0.0} A 0.0} E
0 100 200 300 400 0 100 200 300 400
Temperature (°C) Temperature (°C)
= (d) TiOg + TiCly Ticl = (h) ZrO, + TiCl,
£ 10} 49 1 g 10 ZQChL . 1
5 M09 1 g ZrOy
B 08f 1 ® 08 g
5 &
2 06 1 g 06F TiCly, ]
8 ] ‘
TiOgg |
g 0.4 B 5 0.4 Q2 / B
2 S
S 02+ 4 3 02 E
i) i)
Zr;04Clyg,
0.0F - 0.0F .
0 100 200 300 400 0 100 200 300 400
Temperature (°C) Temperature (°C)

Figure 4.2. Expected equilibrium species determined by thermodynamic modeling in the
temperature range from 25 °C to 400 °C for (a/e) 1 mob/B@, & 1 mol Wk, (b/f) 0.75 mol
TiO2/ZrO2 & 1 mol BCh, (c/g) 0.5 mol TiQ/ZrO2 & 1 mol SOC}, and (d/h) 1 mol Ti@ZrOz &

1 mol TiCl.
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4.4.2 In-situ Ellipsometry Study of Reactions on TiQ and ZrO2

The effect of exposure of individual reactants GMBCls, SOC), TiCls) on the thickness
of the titania and zirconia thin films were confirmedibysitu ellipsometry. Before etching, the
TiO2 film was deposited on a silicon wafer by ALD at 170°C using 4&ld HO in the same
reactor. The results of all exposures onzla@ plotted in figureg.3(a,b,c,d). The data shows that
TiOz is etched by WFe x posure at temperatures 0200 AC,
results’ At temperatures below 200 °C the optical thickness shows small decrease during initial
doseswhich stops with subsequent exposukhile the chlorinating reactants B@nd TiCk do
not show any apparent thickness changes after the first dose in the temperature figvfe 150
the SOC] doses lead to thickness decrease at temperatures above 32Dif&.to WFs, the etch
rates using SOGlincrease as the temperature increases. The etching of bliONVFs at
temperatures above 200 °C confirms the modeling results, as it predicted the formation of solid
WO:3 layer at temperatures below 200 &@d voldile WFO- and Tik species above 200 °C
Likewise, TiQ: was etched by SOght temperatures above 200 fZedictedby the model to be
due to conversion to volatile S@nd TiCk species. However, while the thermodynamic modeling
predicted the etching to happen throughout the temperature range studied, the etching is kinetically
limited at temperatures below 200 °C.

The ZrQ films were deposited on alumina thin film at 250 °Chgsi DMA-Zr and HO.
The alumina layers were necessary as Ye&cts with underlying Si after Zp@as been removed
by ALE, resulting in constant W growth at temperatures above 339 TBe deposition was
carried out in a separate reactor #mel samplavastransferred before etching. The results of all
individual exposures on ZrPare plotted in figured4.3(e,f,g,h). In contrast to titania, exposing

zirconia to Wk lead to thickness decrease which stopped after a few initial cycles. Doses,of BCI
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SOCW, or TiCls do not cause significant changes in the film thickness. The initial decreasexof ZrO
thicknessy WFs dosess consistent by model predicting formation of volatile ¥W§species and

a solid Zrk, which inhibits further reactions with WFDespitethe model predicting etching of
ZrO- by SOCY}, the reactioms kinetically limited, or a solid Zr(S¢)}. layeris present on the surface

in the measured temperature range. As such, vapor etching by iS6i@2lwn to beealizable for

a limited number of ®tal oxides films.
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4.4.3 Thermodynamic M odeling of ReactionsDuring ALE

While individually only exposure of WFand SOC] were shown tdead to CVE ofTiO>
at higher temperatures, the formation of solid surface species at lower temperatures can be
exploited for a more controlled etch by forming a istep atomic layer etch process. As AWF
reacts with the metal oxide film in the first step, a Wayer is fomed for TiQ and a Zrk layer
for ZrO,. Thermodynamic modeling was used to predict the species created during the atomic
layer etching procasThe resulting reaction productstae WOs layer, which resulted from TiO
exposure to W§; is exposed to the trinating reactants, are plotted in figure4(a,b,c). As W@
reacts with Bd, volatile WOCk and WQCI: species and a solid28s layer are created. While
the BOs could be removed with the subsequentsVékposure as shown ifigure S4.1, the
resultingsolid layer could be an undesirable product if incomplete removal of theldyér is
desired. In contrast, SOCéxposure is predicted to result in volatile :5dd WQCI2 species,
effectively removing the layer andaving a clean surfacé\ccording tothe model, the W®
reaction with TiCl} results in a solid Ti@and partial chlorination of the layer to WC>. The
predicted ALE chemistry of the WA@xposure to chlorinating e@actants can be summarized as
follows:

1.BCl: 4WOs(s) + 4BCEY  2:@4(s) + 2WOCK(g) + 2WQClx(g)
1.1.Subsequent WF 3TiOy(s) + BOs(s) + WR( g ) Y 3(sB+8DiIR(g) + 2BR(g)
2.TiCls: 2WOs(s) + TICLY T d(sD+ 2WO-Cl(g)

3.SOCh WOs(s) + SOCIY  S(@) + WOCla(g)

The reaction products predicted for the chlorination of the Eyer, which resulted in
ZrO> exposure to W§; are plotted in figured.4(d,e,f). The BA pulse is predicted to result in
gaseous BEand ZrCh products at temperatures above 200 °C. In contrast, the;®@®@tisure
generates a solid Zr(SJ2 in addition to gaseous ZH, ZrCls, and SGF, species. As shown in
figure $A.1, this layer can be remed by subsequent WExposure. The TiGlpulse is shown to
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notreact with the Zrkup to the temperature of ~375 °C, above which volatile Za@dl TiF are
created through ligand exchange. The predicted ALE chemistry of the eXposure to
chlorinatingco-reactants can be summarized as follows:

1.BClz: ZrFa(s) + BCE( g )  Ya(g)ZrBE(D)

2.TiCls: ZrFa(s) + TiC( g )  ¥(g) ¥ ZrCu(g)

3.SOCh: ZrFa(s) + SOCIY  Z r 428)® SECI(g) + SOF2(g) + ZrCl(g)
3.1.Subsequent WF Zr(SQu)a(s) + WR( g )  ¥(s) ZW®EF(g) + SQF2(g)

The reaction products for the chlorination of the ¥#@d Zrk layers, which resulted from
TiO2 and ZrQ exposure to W§; respectively, greatly differ according to the modeling output.
While a solid BOs layer is formed by W@ exposure to BG] only gaseous byproducts Zk@nd
BFs are formed by Zrlrexposure to BG| resulting in a clean Zrsurface. Likewise, the Til
exposure is expected to convert the W®a solid TiQ, while for Zrk only volatile Tik and
ZrCls gases are formed at temperatures above 200 °C. In contrast, iS@®ideled to convert
WO:s to volatile species, leaving a clean FiSurface, while a solid ZuHs formed on the Zr®

surface.
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Figure 44. Expected equilibrium species determined by thermodynamic modeling in the
temperature range from 25 °C to 400 °C for 1 mol&cting with (a) 4/3 mol BGJ (b) 1 mol

TiCls, (c) 1 mol SOG], and for 1 mol Zrkreacting with (d) 4/3 mol BGJ (e) 1 mol TCla, (f) 2.4
mol SOCh.

4.4.41In-situ Ellipsometry Measurements of TiQ and ZrO2 ALE
In-situ ellipsometry was used to obtain the saturation curves for both substrates by
determining the etch per cycle (EPC) dependence of the dosindotiraach reactant. For this,

WFs dose times in the ALE cycle were fixed at 0.14 s and the dose times of ahfgriprecursors
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were varied. Similarly, for the Wisaturation, the dose times of BOICI4/SOCh were fixed at
0.14/0.25/0.25 s, while the dose time of MWfas varied in independent runs. The results are
plotted infigure4.5, where the EPC is presentedan average etch rate over 10 ALE cycles carried
out at 170 °C for Ti@and at 325 °C for Zr© The raw datgbased on which the EPC is calculated
is shown in figure &2. It is evident that each of the chemistries used reached saturation,
confirming the selflimiting nature of the processharacteristic to atomic layer etching. The etch
rates of TiQ saturated at 0.24, 0.18, and 0.20 nm/cycle forBGCI4, and SOGC], respectively.
The saturated etch rates of Z@e 0.96, 0.74, and 0.13 nm/cycle, respectively. The EPC saturates
at 0.08 s dosing times for WFkor all processes, while 0.08 s is required for 8@hd 0.2 s for
both TiCk and SOC] to reach saturatioon both TiQ and ZrQ.

The obtained saturateasing times were used in acquiring the etch rate as a function of
the sample temperaturln-situ ellipsometry measurements were performed in the temperature
range of 16@190 °C for the TiQ and 256325 °C for the Zr@as shown in figurd.6. The etch
rateis strongly dependent on the temperature and increases in linear fashion as the temperature is
increased for all chemistries. The etch rate of4réing WkR/SOCE remains close to zero for
temperatures O300 AC, r i si nlythetraaction@asprédictedid cy c |
occur at all temperatures by the thermodynamic model, the process is kinetically lifhiged.
limiting step ispresumed to be the fluorination of the formed Zi{)s®y WFs exposure with
cal cul at e d-164322v, and<2&9skcalbaf 250, 300, 350 °C, respectively. In contrast,
the Zri ligand exchange by SO r oceeds at c al-96.1-218.2 dadap88 val ue

kcal at the same respective substrate temperatures.

141



030 T T T 030 T T T T T

0.25} BCl, . 0.25 A BCl3

020+ A - ity

oz20fp /0= _____

TiO, etch rate (nm/cycle)
(=]
o
S
\
\
TiO, etch rate (nm/cycle)
o o
=] o
»
N
\
A

0.05}, 1 0.05}/, 1

- L L 0.008% 1 ! 1 1 1
0.00 0.05 0.10 015 0.20 0.00 0.05 0.10 0.15 0.20 0.25

WF¢ dose time (s) Co-reactant dose time (s)
| (d)

10L(©) BCl, 1

—_
o

o
oo
T
®
=
o
&

I
o
(o]

T

N
\
v
\
\
®
1

o
[e2]
T
~
]

1
o
[s}]

T
N

[ ]
1

o
S
T
1

ZrQ, etch rate (nm/cycle)
°
ZrO, etch rate (nm/cycle)
o
-

02, socl, A

e L S K SOCl, g - m

- p mn---m "

1 1 1 0 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 0.25
WF; dose time (s) Co-reactant dose time (s)

o

[a% )
=T

~

Figure 4.5. Saturation curves of etch rate dependence onaN cereactant dose times for TiO
(a,b) and for Zr@(c,d). All TiO2 etching processes were performed at 170 °C and &dBing at
325°C. The etch rate per cycle was determinenhisytu ellipsometry oer 10 ALE cycles.
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4.4.5 Elemental Characterizationof TiO2 and ZrO2 ALE

The atomic layer etching trends were further analyzed-situ ellipsometry andn-vacuo
Auger electron spectroscopy. The resulting chemical compositions and optical thicknesses are
plotted in figure4.7 for the titania and figurd.8 for the zirconia, Wile the raw AES spectra are
shown in figure 8.3. TiO, was deposited by 40 ALD cycles on chemical silicon oxide at 170 °C,
resulting in a ~2 nm amorphous titania film. The etching was performed at the same temperature
by WK and BC, SOC), or TiCl using saturated dosing times determined previously.. TiO
thicknesses decrease at a nearly constant EPC starting from the first ALE cycle, slightly slowing
down when the film thickness reaches close to zero. Ellipsometry measurements indicate complete
or nearcomplete removal of Ti@for all etchants. AES measurements were performed before
etching and after 5 and 25 ALE cycles. In every case the at.% of Ti decreases and the at.% of Si
increases, with no Ti being detected after 25 ALE cycles, confirming etchiting diO; film.
While after 5 ALE cycles 7 at.% of boron was detected forsM/Els process and 8 at.% of
tungsten for WESOCEb process, these elements were not seen after 25 cycles, indicating a clean

etch surface.
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Figure 4.7. In-situ ellipsometry (top) and Auger electron spectroscopy (bottom) measurements of
TiO2 thermal ALE using WEand BC4, TiCls, or SOCtat 170 °C. The ellipsometry data were
collected after every ALE cycle, while AES measurements were done before etchingead aft
and 25 ALE cycles.

Approximately 3.5 nm thick zirconia films were deposited on alumina thin films for AES
studies. While the thicknesses by MBIz and WFR/TICls processes decreased aanearly
constant rate, the etch rate of WHOCb was higher at the very first cyatempared to subsequent
ALE cycles AES measurements confirm the etching of Za®325 °C by all processes tried as
evident by the decreasing concentration of Zr and appea of Al. Using BGlas a ceetchant
resulted in residue boron of 12 at.% and 3 at.% after 5 and 25 ALE cycles, respectively. In spite
of the ellipsometry indicating zero optical thickness of theZil@® after 25 cycles of W&#BCls,

the AES indicate® at.% of Zr remaining on the surface. The ALE usingsMEl4 resulted in
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1 at.% of Ti present after 5 ALE cycles and none after 25 cycles. Likewise, 3 at.%0f&m®

left over after 25 ALE cycles. As such, more cycles or higher processing temnpsratay be
needed for complete Zr removal. For W&OCb, 15 at.% of Zr was detected on the surface after
25 cycles due to its lower EPC. Moreover, 2 at.% of S was measured after both 5 and 25 cycles.
Despite the thermodynamic modeling predicting the mhoiro the WR/BClz process to be
completely volatilized as Bfafter the BA exposure, the remaining boron is most likelOB
which formed through reactismwith leftover WQ in the film. This is also confirmed by minute

W detected in WETICls and WR/SOCI, processes. In the WISOCb process, the slower etch
rate of ZrQ after the first ALE cycle can be attributed to the formation of Zg{$@s its removal

is kineticallylimited compared to the initial Zr&surface. This is also confirmed by the Sedétd

by AES after SOC} exposure. While the ellipsometry indicated complete removal of the ZrO
film, in conflict with the Zr at.% measured by the AES, it is important to note that the underlying
Al>0s surface increases tlsemplexity of theellipsometrc modeling andeads to largepossible

error.
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Figure 4.8. In-situ ellipsometry (top) and Auger electron spectroscopy (bottom) measurements of
TiO2 thermal ALE using WEand BC4, TiCls, or SOCtat 170 °C. The ellipsometry data were
collected afteevery ALE cycle, while AES measurements were done before etching and after 5
and 25 ALE cycles.

4.4.6Surface Morphology of Metal Oxides Etched by ALE

The effect of atomic layer etching on the surface morphology of the samples were
determined by atomic foe microscopy. The calculated RMS surface roughness of the samples
before etchingand after 5 and 25 ALE cycles are plotted in figd& while the surface images
are shown in figure £3. All the samples resulted in an exceedingly smooth surface with RM
surface roughness below 0.2 nm. Both titania and zirconia indicated surface smoothing by ALE
processes. The measured roughness of Teéulted in slight decrease throughout the etching

cycles. Likewise, the initial RMS roughness of ~200 pm for zircdnigpped to ~80 pm after 5
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ALE cycles and remained at that value after 25 cycles, indicating uniform etching and no residue

in the shape of nuclei on the resulting surface for all processes studied.
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Figure 4.9. RMS surface roughness evolution dsiaction of ALE cycles as measured by atomic

force microscopy. The ALE of Tigfilms was performed at 170 °C and the Zfiins at 325 °C.

4.5 Conclusion

This work explored the impact of geactant structure during thermal atomic layer etching
of TiOz and ZrG, thin films. BCk, TiCls, and SOGI were studied as eetchants in a fluorination
and ligandexchange process when coupled witheWR addition to ALE, it was shown that at
temperatures above 200 °C, both yAd SOC led to chemical vapor etchingf TiO., while
none of the reactants individually etched Zifdie to the formation of a solid layer inhibiting
further reactions.

The ALE behavior was shown to be strongly dependent on tetcbant, temperature,
and substrate material. The etch rateswsaracterized usingn-situ ellipsometry in the
temperature range of 1d®0 °C for the TiQand 256325 °C for the Zr@ The higher temperature
for zirconia was needed due to lower volatility of the formed ZcGpared to TiGl The EPC
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was shown toricrease linearly with the temperature for all chemistries, except forefching

using Wk/SOCb, which was limited by the unsuccessful removal of ZH)20y WFs exposure

at temperatures O30 patlXECC weFehneaserdd @ah0.248aand0520 o f T i
nm/cycles for WEand BC}, TiCls, or SOC}, respectively. Similarly, the respective etch rates of

ZrO. were 0.96, 0.74, and 0.13 nm/cycle at 325 °C. All of the etchants studied showed saturating
EPC as a function of etchant dosing times, characteristic to ALE processes.

The chemical reactions and the resulting compositions were analyzed by thermodynamic
modeling andin-vacuo Auger electron spectroscopy (AES) measurements. It was shown that
during TiQ: ALE the SOC} exposure leads to volatile species;%@d TiCl, in contrast to BGI
and TiChk, which result in solid BOsz and TiQ on the surface. Howeveritar complete removal
of the TiQ film at 170 °C, no B or Ti was detected at the resulting surface, indicating complete
removal of the TiQand BOs films. The ZrQ films were deposited on ADs layers due to W
reacting with the underlying Si after thenaplete removal of the zirconia, leading to rapid
deposition of W at temperatures above 300 °C. This reaction limits the etching on Si sabstrate
higher temperatureshen complete removal of a metal oxide is desired. In contrast tg aliO
co-etchantded to formation of solid species on Zr@fter exposure. BEkesulted in BO3, TiCls
in TiO2, and SOGin Zr(SQy)2 at 325 °C as confirmed by AES measurements and thermodynamic
simulations. While the resulting layers are removed by subsequenexfyésue, they could be
undesirable reaction products when complete removal of the film is not desired. As such, co
reactant selection strongly affects the purity of the final sample depending on the metal oxide being
etched. In addition, presence of Zr was det@wmn the surface after 25 ALE cycles, despite
ellipsometry indicating removal of the film. It is currently unclear whether further ALE cycles or

higher processing temperature leads to complete removal of zirconia.
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Atomic force microscopy measurementsravemployed to monitor the effect of ALE on
the surface roughness of samples. The RMS roughness pdidZrQ films decreased as ALE
cycles were performed, indicating uniform etching and surface smoothening. The results illustrate
the importance of theo-reactant design during thermal atomic layer etching processes depending
on the target material to be etched, desired processing temperature range, and the substrate.
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Figure $4.3. Auger electron spectroscopy (AES) spectra of atomic layer etchedahtDZrQ

thin films. Spectra are shown before etching, and after 5 and 25 cycles of atomic layer deposition.
The TiQ films are deposited on chemical Si oxide and etched at 170 °C, while theazrO
deposited on ADs and etched at 325 °C.
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