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Thin metal fluoride films are useful as protective and anti-reflection coatings

for optical instruments. Aluminum trifluoride (AlF3), which in the bulk exhibits di-

electrical properties of a high band gap (>10 eV) and low refractive index (∼1.35 at

632 nm), makes it an appropriate coating for ultraviolet applications. In this study,

AlF3 atomic layer deposition (ALD) thermochemistry and surface reaction mecha-

nisms between precursors trimethyl aluminum (TMA) and titanium (IV) tetrafluo-

ride (TiF4), is studied as a means of fabricating these highly conformal films. Based

on the hypothesized ALD reaction mechanism, ideal growth per cycle (GPC) is pre-

dicted. This work encompasses the design and construction of two ALD reactors for

fabricating AlF3 thin films. A cross-flow reactor design will be shown to successful

produce thin films with correct Al to F stoichiometry and refractive index (1.38

at 632 nm). Characterization techniques include X-ray photoelectron spectroscopy

(XPS), variable angle spectroscopic ellipsometry, atomic force microscopy (AFM),

scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy



(EDS), and spectrophotometry. Because films produced by the cross-flow reactor

exhibited film spatial thickness gradients, film impurities, and particle formation,

a next-generation showerhead type reactor was designed to reduce precursor flow

asymmetries. The simplified design also was subject to fewer sources of leaks and

with a modified gas delivery system based on the direct draw of TiF4 operating at

110◦C and TMA operating at room temperature. Self-limiting growth was demon-

strated for this ALD process. A collaboration between the University of Maryland

and NASA-Goddard Space Flight Center was conducted to overcoat physically va-

por deposited Al-LiF mirrors with ALD AlF3. Detailed reflectivity and maintained

performance for these optical mirrors are presented.
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Chapter 1: Introduction

Nanotechnology has been coined as the development of techniques to under-

stand and control matter within the range of 1 and 100 nanometers.[3] Advances in

miniaturization have further expanded this working scale into the Angstrom range

(1 x 10−10 m), while maintaining highly specific aspect structures. Thin film technol-

ogy has likewise expanded into this regime and is now a large part of miniaturization

techniques. Thin films are synthesized by depositing a layer of solid-state material

onto a surface. Development of thin film technology has focused on a multitude of

pathways on enhancing the properties of the coating or through the improvement of

properties associated with the underlying material. Pathways of improvement for

thin films include maintaining or enhancing the uniformity, smoothness, and den-

sity of films at scales which can range down to a monolayer, a single layer of atoms

or molecules. Such efforts have resulted in the critical development of technolo-

gies including optics, LEDs, semiconductor devices, energy storage and conversion,

catalysis, and biomedical devices [4, 5, 6, 8].

Techniques for thin film deposition seek to have tunable control on layer thick-

ness as accurate to a single monolayer of the material. Thin film techniques have

been divided into two categories: physical and chemical.[10] Most physically based
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techniques are classified as physical vapor deposition (PVD), which focus on mechan-

ical, electromechanical, or thermal methods to induce vaporization of a material that

will deposit onto a targeted surface. For instance, in electron beam physical vapor

deposition, an electron beam gun can be used to locally vaporize a small region of a

target material while keeping the bulk mostly cool [9]. The vaporization, under high

vacuum conditions, then results in gaseous particles having free paths with minimal

interactions, directionally depositing onto a targeted surface. As such, it is impor-

tant to note that this type of directional approach requires that the target material

has line-of-sight to the substrate surface. Deposition rates for these processes are,

typically measured in nm/s. Other physically based methods include sputtering,

molecular beam epitaxy, and thermal evaporation.[10] One example most relevant

to this work is the thermal evaporation of aluminum and lithium fluoride for use as

a mirror for space optics.[11]

Chemical deposition techniques can be distinguished by the phase of precursor:

liquids and vapors fluids [10]. In contrast to physically based techniques, chemical

based deposition processes typically focus on using a precursor which reacts with a

target surface, resulting in a solid layer. Because of the precursor’s fluidity, rather

than a line-of-sight path in physically based techniques, all surfaces are exposed to

the precursor. As such, the precursor exposure may result in the formation of a thin

film on all surfaces within the reactor system. One common example is electroplat-

ing, in which a metal coating is generated through the design of an electrolytic cell

incorporating a chemical reaction between cathode, anode, and electrolyte. Other

chemical methods include chemical solution deposition, sol-gel methods, spin coat-
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ing, chemical vapor deposition (CVD), and atomic layer deposition (ALD) [15, 16].

This work focuses on exploring the use of ALD as a suitable thin-film deposition

technique.

1.1 Atomic Layer Deposition

Prior to 2000, the term atomic layer deposition (ALD) was more commonly

referred to as atomic layer epitaxy (ALE) [10]. Historically, the first publications

regarding this process were made by Russian scientists in 1969 where the process

was described as molecular layering [18]. Early on, the idea of molecular layering

did not gain more attention as the layer-by-layer growth from this process was not

conducive for generating high yields of product. Gradual interest began with the

advent of device miniaturization. In particular, the semiconductor and electronics

industry began focusing on generating more densely packed electrical components.

This phenomena was observed by Gordon Moose, co-founder of Intel, in 1965 as

Moore’s Law, an exponential trend postulating that the amount of transistors on a

microchip will double roughly every two years. The miniaturization community had

renewed interest in ALD as a technique to help satisfy the industrial need for more

compact devices. ALD has complimented the continued downscaling of electronic

components, as a relatively simple process able to generate high quality thin-films

for structures with complex geometries.

Fundamentally, ALD is very similar to CVD, in which vaporized precursors

react on a growth surface to generate film.[10, 12] CVD is however different in that
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its process continuously feeds precursors to the reactor. In contrast, ALD segregates

the exposure of vaporized precursors to allow full saturated reaction onto the growth

surface, which after exposure to all precursors fulfills the complete ALD cycle. This

is conducted by sequentially pulsing each precursor into the reactor resulting in

temporally separated precursors or in some cases, segregating exposure by space

(spacial atomic layer deposition) [17]. Each precursor adsorbs to the growth surface,

resulting in an active surface for the next precursor to adsorb onto.

1.1.1 Atomic Layer Deposition Mechanism

In ALD, volatile precursors are fed to a reactor and react sequentially in a

self-limiting fashion onto a growth surface through the cycling of saturating pulses

and purges of the precursors. A binary ALD process is illustrated in Figure 1.1:

1. To begin, an important characteristic for an ideal ALD process is that the

volatile precursors are stable and do not react in the gas phase; they react

only at the growth surface. In the first step of the binary ALD sequence,

the first precursor is pulsed into the reactor chamber. Pulses of precursor

into a chamber may be performed as a result of direct vapor pressure draw

of the precursor or through the use of a carrier gas such as argon or nitrogen

to facilitate precursor draw. The gaseous precursor makes contact to the

growth surface and undergoes an absorption reaction onto an active surface

site through physical or chemical mechanisms. The activation energy barrier

for this reaction is activated through thermal energy in thermal ALD. The

4



dosage time for the precursor is sized such that the reactants are allowed to

fully interact with the finite number of active surface sites.

2. The second step of this process, now having a saturated surface, also has

unreacted precursor molecules as well as any reaction gaseous by-products

formed remaining in the gaseous phase. An inert gas is used to flush the

reactor from all reactive gaseous species. The purge time for this segment

is designed long enough such that the reaction by-products and unreacted

precursors resulting from the first step are sufficiently exhausted from the

chamber. Thus, the surface is prevented from any further interaction from the

first precursor.

3. In similar fashion to the first step, the third step now pulses the secondary

precursor. This precursor reacts and adsorbs to the previous surface, resulting

in a new growth surface. The pulse time again is set such that the secondary

precursor has sufficient time to interact and fully saturate the substrate sur-

face.

4. The last step of the ALD cycle is a final purge of byproducts and residual

excess precursors.

By repetition of this dose-purge-dose-purge cycle, the resulting film thickness

grown will depend on the number of cycles performed. ALD film growth is described

in terms of growth per cycle (GPC) rather than a growth rate as a steady function

of time. Due to all potential physical and chemical interactions, detailed reaction
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Figure 1.1: General schematic for a typical ALD cycle in four steps featuring two
precursor dosages (A,C) and two purges (B,D). Repetition of these steps results in
an overall deposition of a thin-film thickness dependent on the amount of cycles
performed.

mechanisms and GPC for an ALD process depend largely on the precursors used.

Hundreds of ALD binary precursor systems have been identified through research

to generate a wide range of thin films: oxides, metals, nitrides, sulfides, and much

more.[19] Research in new ALD processes is expanding, resulting in newly discovered

precursor systems and ALD mechanisms.[20]

1.2 Motivation

The main motivation for this work is related to space optics technology through

enhanced mirror coatings. One of the latest NASA missions, Large UV/Optical/IR

Surveyor (LUVOIR), seeks to operate in a very broad spectral region, including the
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far ultraviolet (FUV) spectrum.[25] There is strong interest in a subset of the far

ultraviolet range called the Lyman range (90-120 nm), which is said to be one of the

richest bandpasses for astronomy [22]. Exoplanet biospheres in range of habitable

zones of host stars undergo photo-dissociation for molecules H2O and CO2 and pro-

duce bio-signatures of O2 and O3[21]. By scanning for the exoplanetary adsorption

of H I Lyman-α (91.2 - 121.6 nm), O I (98.9 nm), and C II (103.7 nm), exoplanet

atmospheres can be characterized and a high resolution planetary mapping of sur-

rounding planetary systems can be formed.[21, 25] Molecular hydrogen is the most

abundant molecule in the universe yet due to its electronic ground-state transition

lying below 115 nm, can be difficult to measure as photon emissions are absorbed

within Earth’s atmosphere, thus requiring measurement in space [24]. Other ion and

neutral emissions at higher wavelengths have been considered for mapping, however

are more likely to be complicated by other sources such as reflected solar continuum,

resulting in a lower resolution map [25]. The previous NASA mission involving the

Far Ultraviolet Spectroscopic Explorer (FUSE) had made great strides at mapping

at this FUV region, however noted a decline in image resolution stemming from

degraded reflectivity of lithium fluoride coated Al mirrors in the FUV range and

was attributed to LiF’s hygroscopicity and moisture.[23]

Thin metal fluoride films have been considered extensively for spacecraft ap-

plication as a passivating coating for optics. A thin transparent coating of a metal

fluoride such as magnesium fluoride (MgF2) and lithium fluoride (LiF) has in the

past been applied onto pure aluminum mirrors in famous space telescopes such

as the Hubble Space Telescope (HST) and Far Ultraviolet Spectroscopic Explorer

7



(FUSE).[21] Pure aluminum is said to have one of the highest intrinsic reflectances

over a broad spectral range; other mirror materials such as gold and silver show

great reflectance in visible range however drop heavily in the UV range [23]. The

main challenge with working with pure aluminum mirrors is that contamination

reactions with oxygen and water spontaneously form aluminum oxide. While the

aluminum will eventually passivate itself with a thin layer of aluminum oxide, the ox-

ide layer causes a considerable narrowing of the operable spectral range specifically

in the ultraviolet range.[30] Passivating optical coatings must have other properties

of low refractive index and low roughness for telescope optics as multiple mirrors

within an instrument can compound bending and scattering effects to highly reduce

throughput to receiver.[23] As such, the main objective for metal fluoride coatings

on aluminum mirrors is to passivate and protect the surface of mirror from oxide

formation while having a minimal impact on the underlying mirrors optical proper-

ties.

1.2.1 Aluminum Fluoride

A thin film optical coating material currently being investigated is aluminum

trifluoride (AlF3), which in the bulk exhibits dielectrical properties of a high band

gap (>10 eV) and low refractive index (∼1.35 at 632nm).[26, 28] Optically, a high

band gap can be advantageous, as it helps to ensure low interaction at energetic

wavelengths. For thin films that are transparent, this is important as this leads

to lesser absorption for wavelengths extending into the more energetic far ultra-
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violet range. A low refractive index close to n = 1 and absorptance coefficient k

close to 0, helps to ensure low bending and dispersion of incoming waves. For a

transparent thin film, these properties can help to ensure a minimal impact for

potentially sensitive optical applications such as lasers and mirrors. AlF3 has mul-

tiple reported crystalline structures of which all form a three-dimensional network

of corner-sharing AlF6 octahedra, with the only thermodynamically stable phase

being α-AlF3.[4] Other applications for AlF3 thin films include battery cathode in-

terfaces, lithography, as well as in heterogeneous catalysis.[4, 5, 6, 27, 29, 36] Thin

films of AlF3 have been grown with a variety of methods, such as the physical vapor

deposition-based methods of sputtering, electron beam deposition, and ion assisted

deposition, and in more recent years, through chemical vapor deposition and atomic

layer deposition (ALD) [5, 7, 9, 27, 28, 29, 48].

Aluminum fluoride is currently prospective to operate in the UV range as a

material less hygroscopic than LiF and greater transmission spectral range than

MgF2.[22] The exact detail by which hygroscopicity affects LiF is not reported,

but an assessment can be made of aluminum fluoride’s overall stability regarding

atmospheric effect using thermophysical properties. The Gibbs free energy of atmo-

spheric reaction can be calculated using data provided by NIST webbook regarding

enthalpies and entropies of formation and summarized in Table 1.1.[50] Atomic oxy-

gen and water are considered for reaction with aluminum fluoride in the following

two equations:

AlF3 + H2O→ 6HF + Al2O3 (I)
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∆fH◦gas S◦gas,1bar ∆fG◦gas
AlFO (g) -581580 237.3 -652331
AlF3 (s) -1510420 66.48 -1530241
H2O (g) -241830 188.84 -298133
HF (g) -272550 173.78 -324363

Al2O3 (s) -1675690 50.92 -1690872
O (g) 249180 161.059 201160.3
F2 (g) 0 202.8 0

Table 1.1: Compiled thermophysical properties of various oxides, fluorides, and
others in J/mol (∆fH◦gas, ∆fG◦gas) and J/mol-k (S◦gas,1bar) at standard conditions
(NIST Chemistry WebBook)[50]

AlF3 + O→ AlFO + F2 (II)

Atomic oxygen is of interest for conditions in low earth orbit, 180-650 km above

Earth [49]. In this region, the sun’s ultraviolet portion photodissociates diatomic

oxygen, where due to low atmospheric density, is unable to recombine into ozone

and remains as atomic oxygen. Thermodynamical calculations of reactions (I) and

(II) at standard temperature and pressure conditions show an overall positive Gibbs

energy of reaction, 313 kJ/mol (I) and 676 kJ/mol (II). This indicates an unlikely

reaction involving incorporation of oxygen in the overall bulk film, intuitive as flu-

orine is much more electronegative than oxygen. On the other hand, assessment of

overall reaction between pure aluminum and water reaction into aluminum oxide

and hydrogen is heavily favorable (-796.4 kJ/mol), confirming the spontaneity of

oxide formation for bare aluminum.

Aluminum fluoride is currently being investigated as a way to enhance optics

as performing yet resilient transparent thin coatings. With the prospective nature of

AlF3 thin films, the overall motivation of this work is to investigate the quality of film

grown through ALD designed using two novel precursors, trimethyl aluminum and
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titanium tetrafluoride. While both precursors have been seen in previous ALD stud-

ies, use of the precursors together for ALD has not been established. Furthermore,

reaction mechanisms using TiF4 as a precursor for ALD is not well documented.

The proposed work hopes to achieve answers towards the following questions:

• Will this ALD precursor system react to form AlF3?

• Is this process viable for ALD, i.e. are films able to be generated linearly with

respect to thickness and cycles, and reproducibly under self-limiting growth?

• How do we qualify the quality of the film and will it be suitable for spacecraft

application?

Answers to these questions will have multiple broad impacts: 1) Formalized

ALD study for this particular precursor system 2) Established reactor design suitable

for solid low vapor pressure precursors that may extend to other potential inorganic

chemistries 3) Possible extension for generating conformal coatings on materials

requiring complex topographies.

1.3 Outline of Dissertation

In this dissertation, I describe a new novel ALD precursor system using trimethyl

aluminum and titanium tetrafluoride with design of two reactor systems for de-

positing aluminum fluoride thin films. In Chapter 2, we summarize current ALD

precursor systems for aluminum fluoride and propose an ALD reaction pathway for

generating AlF3 thin films and predict growth per cycle. In Chapter 3, we discuss
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the initial development of AlF3 ALD design and process using a flow-type design

reactor. In Chapter 4, we investigate the tunable parameters of ALD process on

AlF3 self-limiting growth using a showerhead type reactor. In Chapter 5, we discuss

the AlF3 thin film application for space optical devices.
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Chapter 2: Investigation of precursor sys-

tems for aluminum fluoride ALD

2.1 Introduction

Precursor choice is key to the successful design of an ALD process. Aluminum

fluoride film generation through a binary ALD process must be designed with two

precursors, one to provide the aluminum and the other fluorine. Other desired prop-

erties for ALD precursors are that they have sufficient vapor pressure to overcome

conductance limitations in the gas delivery system and reactor back pressure, high

thermal stability, and high reactivity towards the active surface sites.[32] A number

of published ALD precursor systems related to the study of thin films of AlF3 has

been compiled in Table 2.1.

As a source of aluminum, trimethyl aluminum (TMA) has widely been used in

ALD processes and is a gold standard for ALD precursors due to its well-documented

properties of volatility, thermal robustness, and chemical reactivity towards both

substrate surface and secondary precursors.[31] AlCl3, dimethylaluminum hydride

(DMAH), and tris(dimethylamido) aluminum (TDMAA) also have been studied for
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ALD Thin Metal Oxidizing Trange

Study Film Precursor Precursor (◦C )
Mäntymäki et al.[5] AlF3 AlCl3 TiF4 160-340

Lee et al.[29] AlF3 TMA HF 75-300
Hennessey et al.[48] AlF3 TMA HF 100-200
Jackson et al.[36] AlF3 TMA TaF5 125-200

Vos et al.[9] AlF3 TMA SF6 (plasma) 50-300
DuMont et al.[37] AlF3 TMA HF 155-245
Messina et al.[34] AlF3 TMA HF (plasma) 100

Hennessey et al.[33] AlF3 DMAH HF 150-300
AlF3 TDMAA HF 150-300
AlF3 TMA HF 150-300

Pilvi et al.[35] MgF2 Mg(thd)2 TiF4 225-450
CaF2 Ca(thd)2 TiF4 225-450
LaF3 La(thd)3 TiF4 225-450

Pore et al.[38] TiO2 TiF4 H2O 300-500

Table 2.1: Published precursor systems related to the study of AlF3

ALD with reported deposition temperature range (thd = 2,2,6,6-tetramethyl-
3,5-heptanedionato, DMAH = dimethylaluminum hydride, and TDMAA =
tris(dimethylamido) aluminum).

AlF3 film generation.[5, 33] It has been noted that when designing ALD precursor

systems for use in space optics, where purity of film (absence of O/N) is critical

for optical performance, it can be beneficial to avoid certain organometallics that

include O and N in their composition.[34]

As the secondary precursor, ALD precursors that provide the source of fluo-

rine are not as common in ALD studies compared to precursors providing oxygen

and nitrogen.[35] One of the main challenges in working with fluorine precursors is

that the ALD processes can generate acidic products such as hydrogen fluoride (HF)

which is undesirable as these byproducts may etch the deposition surface, damage

reactor equipment over time, and potentially contribute to the transport and incor-

poration of etched contaminants onto the growing film.[5, 29] Using HF directly as

a precursor requires specialized handling of this corrosive gas and reactor system
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components resistant to HF etching.

Alternative benign fluoride precursors have been investigated for use in ALD.

The use of SF6 has been demonstrated in plasma-enhanced ALD as a non-toxic

gaseous halogenated precursor.[9] However, SF6 requires an additional, non-thermal

means of increasing reactivity, which may reduce the ability to coat nonplanar ge-

ometries. Halogenated metal solid-state precursors, such as TiF4 and TaF5 have also

been studied as potential HF alternatives.[5, 35, 36, 38] TiF4 and TaF5 have demon-

strated suitable reactivity and thermal stability for ALD as moderate vapor pressure

solids precursors. Furthermore, the use of metal fluorides facilitates safe handling

as HF is not generated as a byproduct, and products can be readily condensed and

separated from process exhaust gases.[35] We do note that a metal-halogen precur-

sor used as the source of the non-metal film component is generally uncommon in

ALD.

2.1.1 Titanium tetrafluoride vapor pressure

TiF4 exist in the solid phase as polymer chains with a Ti coordination of

six, and in the gas phase is coordinated as four.[51] A previous report by Hall

et al. (1957) had developed an empirical model for TiF4 vapor pressure as the

following[52]:

log10 Patm = −5331.51/T − 2.567 log10 T + 16.631, (T in K) (2.1)
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With this in mind, prior to ALD study, a preliminary vapor pressure study with

TiF4 (98%) precursor sourced from Strem Chemicals was conducted. A Fomblin

pump (Edwards RV5F) was used to first reduce measured line pressure of a con-

nected pressure transducer (Infinicon CDG100) and closed TiF4 precursor vessel to

1E-3 Torr. A valve was then closed between pump and pressure transducer, main-

taining vacuum. The precursor sublimator was then opened to the line and heated

between 25◦C and 140◦C using a controllable MKS heater jacket and transducer

readings were recorded. Measured vapor pressure of sublimated gas is summarized

in Fig. 2.1, showing good agreement to the empirical formula. Moreover, a suitable

vapor pressure from this precursor for ALD study was confirmed starting at 110◦C

at 0.15 Torr.

2.2 Proposed ALD reaction mechanism

In atomic layer deposition, the reaction mechanism for a binary precursor ALD

system is typically represented as two half-reactions, one for each precursor. There

is importance in developing the ALD reaction mechanism as it can help explain

anomalous growth modes[31]. In the case of aluminum fluoride, the overall reaction

between trimethyl aluminum and titanium tetrafluoride to deposit solid AlF3(s) hat

maximizes precursor conversion is:

4Al(CH3)3(g) + 3TiF4(g)→ 4AlF3(s) + 3Ti(CH3)4(g) (2.2)

For describing the ALD half reactions occuring during sequential pulsing, we
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Figure 2.1: In-line vapor pressure of TiF4 precursor (98%) sourced from Strem
Chemicals, measured from between 25◦C-140◦C and compared to empirical curve
by Hall et al. (1958).
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note the importance of gas (g), substrate surface (s), and bulk film (b). While there

is an initial transitional growth onto the substrate, the proposed reaction mechanism

focuses on bulk film growth of AlF3 and thus is assumed to react with a fluorinated

surface. Solid AlF3 has an octahedral crystalline form with Al3+ at the octahedron

center and six F− at the vertices resulting in a F-terminated film surface. With

F−(s) acting as Lewis-base surface sites, TMA(g) adsorbs onto the surface F−(s)

forming the Lewis acid-base adduct. From TMA and water reaction studies, TMA

adsorbed TMA half reaction during the TMA exposure period is expected to form

dative bonds with substrate surface and physisorb in the following manner:[31, 46]

Al(CH3)3)(g) + F−1(s)→ F−1(b):Al(CH3)3(s) (2.3)

Thus, after a saturating TMA exposure, with Al directing adsorption onto surface,

the substrate surface is covered by close-packed ligands of terminal methyl groups.

TiF4 is less well-known as an ALD precursor and its reactions with the growth

surface are not as well-established for ALD. In the reported study of AlCl3 and TiF4

it was proposed that a ligand exchange mechanism between Cl and F occurs during

TiF4 exposure to aluminum chlorine lined surface.[5, 39] We postulate that, during

TiF4 exposure, due to the octahedral configuration and the four highly electroneg-

ative fluorines, the Ti center exhibits Lewis acid behavior. Similarly, due to the

bulk film, aluminum having six coordination number, the aluminum at the surface

should experience local Lewis acidity. In this Lewis acid-base manner, the TiF4

gas is theorized to form a dative bond with a surface CH3 while Al forms a dative
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bond with F as a metastable complex before proceeding with an irreversible ligand

transfer reaction:

Al(CH3)3(s) + TiF4(g) ⇀↽ TiF4:Al(CH3)
‡
3(s) (2.4)

TiF4:Al(CH3)
‡
3(s)→ AlF(CH3)2(s) + TiF3CH3(g) (2.5)

Exposure to saturating TiF4 doses subsequently form dative bonds with the re-

maining surface methyl groups to promote further ligand exchange reactions in the

following manner:

TiF4:AlF(CH3)
‡
2(s)→ AlF2CH3(s) + TiF3CH3(g) (2.6)

TiF4:AlF2CH‡3(s)→ AlF3(s) + TiF3CH3(g) (2.7)

Thus, after a saturating TiF4 exposure, the surface is now terminated with fluorine

bound to aluminum.

The initial thermodynamic analysis for this deposition mechanism appears

favorable for depositing AlF3. The overall deposition reaction described by (2.2) is

unusual compared to more common ALD processes (e.g., alumina ALD using TMA

and H2O) and Ti(CH3)4 thermochemical data is less readily available. However, if

we consider the bond dissociation energies listed in Table 2.2, the ligand exchange

reaction:

Al-CH3 + Ti-F → Al-F + Ti-CH3 (2.8)
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Bond ∆ Ho, kJ mol−1

Al–C 255
Al–F 664 =⇒ ∆H = −409 kJ mol−1

Ti–F 569
Ti–C 435 =⇒ ∆H = 134 kJ mol−1

Table 2.2: Bond energies relevant to the proposed ligand exchange reactions taken
from [40] indicating the net exothermic ∆H that results when F replaces C bonded
to Al, and the considerably smaller endothermic ∆H for the replacement of F with
C bonded to Ti.

is exothermic with a net ∆Hrxn of -275 kJ mol−1 and appears to be potentially

favorable for generating aluminum fluoride bonds assuming relatively small entropy

change.

2.3 Thin film growth model

It is important to distinguish the terms growth per cycle (GPC) and growth

rate when characterizing thin film deposition process. Growth rate in thin film

depositions is described by rate units of nm/s or Å/s, but ALD’s layer by layer

growth is generally measured in Å/cycle of thin-film addition. ALD studies most

often use GPC to describe the amount of material deposited during each ALD cycle.

Some ALD studies use ”growth rate” and GPC interchangeably; GPC in Å/cycle

will only be used in this thesis.

2.3.1 ALD surface state

Based on the proposed reaction mechanism, we now consider the problem of

describing the instantaneous state of the surface over the complete cycle. For our

ALD reaction mechanism, we denote the surface species of aluminum (Al) and fluo-
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rine (F) resulting after each ALD half-cycle and also note methyl groups (Me) which

are bound to Al. Following the notation of Travis et al. (2013), we denote brackets

[ ] for surface species number densities and hat (ˆ) as the theoretical maximum.[41]

Through this, we define a ligand coverage ratio value θX = [X]/[X̂] for species X.

To compute the maximum surface concentrations, we define a molecular num-

ber density relation ρAlF3 = ρNA/mAlF3 , of which ρ = 2.9 g/cm3 is AlF3 film den-

sity, NA is Avogadro’s number, and mAlF3 = 83.98 g/mol is the molecular mass of

AlF3.[29, 50] From this we find ρAlF3 = 20.79 nm−3, which is interpreted as the ef-

fective volume occupied by a single molecule of AlF3. An ideal monolayer thickness

(∆z) then can be calculated as ∆z = 3

√
1/ρAlF3 , and is found to be 3.64 Å.

For the consideration of an ALD film generated from a cycling between the

TMA and TiF4 precursors, we consider the resulting growth surface after a satu-

rating TMA exposure, resulting in a surface covered by methyl groups. Following

Travis et. al (2013), [M̂e] is approximated by the Me hard sphere diameter and the

close packing limit. The ideal close packing limit of cplMe = π
√

3/6 ≈ 0.9069, a

value calculated by Friedrich Gauss through geometrical arguments as the highest

fraction of space that can be occupied by discs in 2D. For Me, the hard sphere di-

ameter value is hsdMe = 4.010 Å, a value found by simulation using Lennard-Jones

parameters for CH3 radicals[44], this closely matches to the Van der Waals radius

of 2 Å used by Puurunen(2003).[42] With these values, the surface depicted by Fig-

ure 2.2 features a 2D slice of close-packed methyl groups. This gives the maximum
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Figure 2.2: Growth surface saturated with the maximum number density of CH3

ligands after a saturating TMA exposure

surface number density [M̂e] over an area A = 1 nm2:

[Me] =
cplMe ∗ A

(π(hsdMe/2)2)
= 7.18Me/nm2, (2.9)

a value found to be in agreement with Travis. This results in [̂Al] = [M̂e]/3 = 2.39

Al atoms per nm2. This gives the ligand exchange ratio as θAlF3 = [AlF3]/[ ˆAlF3] =

0.3166 and our GPC can be calculated as:

GPC = θAl∆z = 1.15Å/cycle (2.10)

As is obseved in many other ALD processes, even under ideal saturating conditions,

this process is limited to approximately 1/3 monolayer GPC.

As a further refinement to the model, rather than performing the calculation

with the dense packing of methyl ligands, a model based on the predicted radius of

the TMA molecule is proposed. We assume TMA with planar configuration with the

three CH3 ligands assembled in a flat, triangular arrangement. With rL as the Van

der Waal’s radius of CH3 we approximate the hard ”disk” radius of planar adsorbed
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TMA by geometry:

rTMA =
rL

cos (π/6)
+ rL (2.11)

with Van der Waals radii of 2 Å used by Puurunen(2003), the hard disk radius is cal-

culated to be rTMA = 0.43 nm. We assume these hard ”disks” to randomly pack the

surface whereby the close random packed limit disk density on a 2-dimensional sur-

face of φrcp = 0.8525 was recently calculated.[43]. The calculation for the adsorbed

TMA surface density [ ˆTMA] follows as:

[ ˆTMA] =
ΦrcpA

πr2TMA

= 1.46 TMA/nm2. (2.12)

During TiF4 exposure, we again assume complete ligand exchange of F for CH3

ligands and the fraction f of monolayer ∆z deposited each cycle and ALD GPC is

predicted:

f =
[ ˆTMA]∆2

z

A
= 0.194 (2.13)

GPC = f∆z = 0.705 Å/cycle. (2.14)

The refined GPC calculation is hypothesized to act as the upper limit for expected

GPC from ALD reactor system.

2.4 Final Remarks

In this chapter, previous ALD precursor systems pertaining to aluminum flu-

oride was reviewed. TMA and TiF4 have been established suitable for ALD study
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but has never been used together for film deposition. While HF precursor in AlF3

deposition has been used extensively in previous studies, TiF4 was chosen for this

study as a prospective alternative ALD precursor able to avoid HF formation and

thus TiF4 vapor pressure was studied. An ALD reaction mechanism for TMA and

TiF4 half-cycles is proposed by which adsorption of precursors and a ligand-exchange

during TiF4 half-cycle ultimately generate AlF3. Further discussion of additional

potential reactions and detailing of reaction mechanisms is presented in subsequent

chapters. The 2D surface random packing limit of TMA adsorbed molecules was

used to describe the ALD surface state during saturating pulses, and GPC of ALD

AlF3 growth using TMA and TiF4 was predicted to be 0.705 Å/cycle.
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Chapter 3: Process development for atomic

layer deposition of aluminum

fluoride

3.1 Introduction

There are several basic requirements for ALD reactor design. First, the reac-

tor must be able to heat substrates to a controlled deposition temperature. Second,

controlled pulses of precursors must be injected into the reactor body while inert

gas is used to purge reaction byproducts and excess reactants. Meanwhile a vacuum

pump is used to continuously pump the reactor to reach a certain pressure, which

can be from sub-Torrs to atmospheric pressure pressure.[12] As ALD is not a contin-

uous process, the reactor volume is constantly filled and purged in cycles, requiring

automation to control reactant and inert gas solenoid valves as well as exhaust gate

valves.

There are several classified types of ALD reactor configurations that are used

across in industry and academia.[12] As a high-level classification, ALD reactors are
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typically split between flow-type and showerhead designs.[13] In flow-type reactors,

feed gases flow parallel over the substrate before exhausting out of reactor body

through the pump, which depending on flow input and pumping speed may be lam-

inar or turbulent. In showerhead reactors, gas flow impinges perpendicularly onto

the substrate often through a perforated or porous flow diffuser to help distribute

inlet gases evenly before exhausting out through the pump. ALD reactors also are

classified by the method to control deposition temperature as either hot-wall or cold-

wall.[10] In hot-wall reactors, the substrate equilibriates with the temperature of the

reactor body walls whereas in cold-wall reactors, the reactor body may remain cool

while a sample stage heater heats the substrate. Additional care to ensure thermal

equality throughout reactor in hot-wall reactors may be necessary if ALD growth is

sensitive to temperature, otherwise gradients may occur.[14] In cold-wall reactors,

care must be given to prevent condensation of precursors on walls as this may result

in unintended reactions that can influence growth or introduce impurities into the

film. Lastly, a carrier gas (often the same composition as the purge gas) may be

used to help deliver precursors to the substrate. In the absence of a carrier gas,

direct draw of a precursor with sufficient vapor pressure also has been used in ALD

systems.

For industrial scale applications of ALD, large batch reactors may be used to

coat multiple wafers in one run; however, the larger volume of reactor may increase

precursor and byproduct mass transfer limitations, potentially lengthening cycle

times from requiring longer dose and purge times. Spatial ALD reactors can reduce

processing time for large scale applications. Rather than separating pulses and
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purges by time intervals, spatial ALD substrates instead positionally move between

fixed precursor inlet zones in which exposure to different precursors simultaneously

occur within the reactor.[17]

In this chapter, we describe the development of a laboratory scale ALD reactor

for AlF3 coatings using a TMA and TiF4 precursor system in a flow-type reactor.

A nominal ALD recipe consisting of precursor flow and purge timing sequences was

designed. Deposited films were characterized using scanning electron microscopy

(SEM) with energy dispersive X-ray spectroscopy (EDS), X-ray photoelectron spec-

troscopy (XPS), and variable-angle spectroscopic ellipsometry. Film properties and

growth rate were found to be dictated by TiF4 dosage. Higher-dosed samples re-

sulted in surprisingly high growth, but with high refractive indexes and significant

Ti, O, and C incorporation. Lower-dosed samples were found to have a growth per

cycle (GPC) of under 0.5 Å with refractive indices at 632 nm wavelength as low as

1.34 and little O and C incorporation. Additional reaction mechanisms representing

the underlying surface chemistry observed for this ALD system are presented and

used to investigated how process operating conditions affect growth rate and film

contamination.

3.2 Materials and methods

This study uses a custom-built hot-wall laminar flow-type reactor; a schematic

of the reactor is illustrated in Figure 3.1. The main body of the reactor is outfitted

with a controllable gate valve which connects to two Mass-Vac filters (Visi-Trap with
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Figure 3.1: Schematic design of experimental ALD reactor laminar flow-type flow

SodaSorb and Posi-Trap with activated charcoal) before an Edwards model RV5F

mechanical vacuum pump which ultimately exhausts into a fume hood. MKS ALD

pneumatic valves control precursor flow from the precursor bubbler (TMA) and

sublimator (TiF4) through a multi-input flange on the reactor body. Purge gas feed

is controlled with a mass flow controller (MKS P-series). A heating line is wrapped

around the main reactor body and is controlled with PID temperature controllers

that operate within a range of 100-200◦C. Capacitance manometers are connected

to the TMA precursor line (Infinicon AG Li-9496) and reactor main body (Baratron

624D) for monitoring pressures; during nominal operation the reactor chamber base

pressure measures ∼0.1 Torr. An illustration of the reactor is seen in Figure 3.2.

The substrates consist of single side polished Si(100) 2-inch wafers with ∼1.5

nm native oxide layer purchased from Virginia Semiconductor. The TiF4 (98%) was

supplied from Strem Chemicals and TMA (97%) from Aldrich Chemistry. Ultra-high

purity grade argon (99.999%) is used as purge gas and was supplied from Airgas.

The TiF4 sublimator is wrapped with a separate heating line and is controlled with
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Figure 3.2: Graphical illustration of experimental ALD reactor laminar flow-type
flow, an additional pressure transducer (not shown) is attached to a view port in
the reactor main body.

a separate PID controller to operate within a temperature range between 50-160◦C

while TMA was maintained at room temperature. Wafers were solvent cleansed

with ethanol in an ultrasonic bath for 5 minutes, rinsed with deionized water, and

dried prior to deposition.

ALD recipe design for the reactor system is defined by a combination of set

operating conditions and timing sequences. The controllable operating conditions

consist of reactor deposition temperature Trxr and TiF4 precursor temperature TT iF4

for this reactor design. Pulse, purge, and exposure time sequence for each precursor

is defined for a cycle; the recipe repeats the timings for a specified number of ALD

cycles. As such, a nominal timing sequence for our binary precursor system is

denoted t1-t2-t3-t4. For our system, t1 refers to pulse time of TMA, t2 purge time

for reactor following the first pulse, t3 the pulse time of TiF4, and t4 the subsequent
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purge time associated with TiF4, all in seconds. When higher precursor doses were

desired, the reactor exhaust gate valve was shut after t1 and t3 for specified lengths

of time.

All measurements of samples were conducted ex-situ. Optical measurements

for thickness and refractive index were conducted using a J. A. Woollam M-2000D

variable angle spectroscopic ellipsometer (VASE) at the University of Maryland

NanoCenter at 65◦ and 70◦ angle settings. Film optical characterizations were gen-

erated using J. A. Woollam CompleteEASE software. Thickness and refractive index

maps were generated by measuring 19 points in hexagonal patterns about the wafer

center. Elemental composition was characterized with a Kratos AXIS 165 X-ray

photoelectron spectrometer (XPS) at the University of Maryland Surface Analysis

Center. Binding energies were calibrated with carbon (284.80 eV) with take off

angles of 20◦ and 90◦. A Hitachi SU-70 scanning electron microscope (SEM) with

energy dispersive spectroscopy (EDS) also was used to characterize film composition.

3.3 Initial experimentation

For this study, we initially considered multiple sets of process recipes for de-

positing AlF3 films. Confirmation of film growth with this new precursor system

was accomplished using our process recipe consisting of 200 cycles of a simple four

pulse-purge timing sequence of 0.1s-30s-0.1s-30s with a reactor temperature setpoint

of 100◦C and TiF4 precursor source heated to 70◦C. However, significant amounts

of loose particles were generated with this process. Origin of the particles was later
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confirmed to be as artifacts of TiF4 direct draw and were to be mitigated by in-

corporating a 7 micron in-line mesh filter between the TiF4 precursor and reactor

chamber. For this otherwise successful first run, mean film thickness was measured

to be 27 nm through ellipsometry. XPS analysis showed a 1:3.08 Al:F atomic % ra-

tio with contaminants of Ti, O, and C totaling nearly 10 at.% after surface cleaning

by sputtering.

A range of recipes specifying precursor pulse and purge times, reactor tem-

perature, and total number of cycles were tested to assess the effect on film GPC

and composition. Thickness maps are presented for a subset of six films (A-F) com-

piled through J. A. Woollam CompleteEASE software in Fig.3.3. In general, it was

consistently observed that the maximum thickness corresponded to the wafer point

closest to the reactor TiF4 inlet in the 2 o’clock position. Directional gradients along

precursor have also been reported in other AlF3 ALD systems.[5, 9]

We examined the growth per cycle (GPC) for the subset of runs [A, B, C] whose

recipe differed only by the total number of cycles. Process parameters for the [A, B,

C] subset is summarized in Tab. 3.1. Films in this set of runs were produced using

a timing sequence of 0.1-30-0.1-30 s, reactor temperature of 180◦C, and TiF4 source

temperature of 120◦C. The mean GPC was found to be [0.31, 0.25, 0.16 Å] for [200,

400, 700] cycles, respectively. In comparison AlCl3-TiF4 and TMA-HF-pyridine

ALD systems have reported GPC values of 1.7 Å at 200◦C and 0.74 Å at 175◦C,

respectively.[5, 29] Film thickness data for runs [A, B, C] versus cycles are plotted

in Fig. 3. Mean thickness appears to plateau with increasing cycle number while

the maximum thickness suggests the more linear growth expected for an ideal ALD
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Figure 3.3: Contour maps of the AlF3 thickness across a 2” Si wafer as determined
from spectroscopic ellipsometry mapping regarding samples A through F. The thick-
ness gradient towards the bottom-left correlates with the positional entry of TiF4

precursor from the top right. TMA precursor enters from the top left.
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Sample Timing sequence ALD Trxr TT iF4

(s) cycles (◦C) (◦C)
A 0.1-30-0.1-30 200 180 120
B 0.1-30-0.1-30 400 180 120
C 0.1-30-0.1-30 700 180 120
D 0.1-30-1-4-30 100 190 140
E 0.1-60-1-4-60 150 190 140
F 0.1-120-1-4-120 100 190 140

Table 3.1: Summarized process parameters for experiments A through F.

process. Vos et al. (2017) has reported a thickness range of 19.8-23.3 nm across

wafer, which matches the observed maximum-minimum thickness encountered in

samples A and B, but not sample C. The 700 cycle sample [C] showed significant

widening of maximum to mininum disparity of 8 nm as opposed to ranges of 1.5 nm

and 2.6 nm for samples [A] and [B], respectively. Thus, these observations suggests

an insufficient exposure of the wafer surface to TiF4 past 400 cycles despite having

increased precursor source temperature since our initial run (from 70◦C to 120◦C

for runs [A, B, C]). From this, we hypothesized that partial clogging of the TiF4

delivery system (particularly, the in-line filter as it often required cleaning between

runs) over the course of longer runs is the source of decreasing doses with increasing

number of total cycles.

The next subset of experiments [D, E, F] examined film qualities under TiF4

saturating conditions. To ensure a fully saturating dose of TiF4, these films were

grown using a higher deposition temperature and TiF4 precursor temperature set-

ting: TT iF4 = 140◦C, Trxr = 190◦C, as well as a modified timing sequence of 0.1-x-1-

4-x, in which x refers to length of purge after precursor dose. Process parameters for

the [D, E, F] subset is summarized in Tab. 3.1. Samples D, E, and F use purge time
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Figure 3.4: Thickness vs ALD cycles data generated for runs A, B, and C. Blue data
points represent average thickness of wafer with error bars of 1 standard deviation.
Highlighted area represents thickness range measured over the wafer.
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lengths xD, xE, and xF of 30, 60, and 120 secs, respectively. The fourth number in

timing sequence refers to 4 seconds of time after the TiF4 pulse in which the gate

valve to the pump is closed to ensure saturation. The resulting GPC is plotted as a

function of purge length in Fig. 3.5, where 100 cycles were completed in runs D and

F while 150 cycle were completed in E. While run D has the same length of purge

as experiments [A, B, C], the film produced in D grew at maximum 6 Å/cyc versus

the maximum of 0.31 Å/cyc from the previous [A, B, and C] set. Additional tests

altering purge times for TMA did not affect GPC while lengthened post-TiF4 purge

times showed a trend of decreased GPC. Runs conducted using these high doses of

TiF4 were found to never exceed 6 Å/cyc. Interestingly, this growth rate is about

double that of the calculated ideal monolayer for crystalline AlF3. Additionally,

the inverse dependence of GPC on purge time found in Fig. 3.5 indicates a mode

in which adsorbed TiF4 may desorb from surface to decrease growth rate, which is

later discussed in Section 3.4.1.

3.3.1 Film Composition

Film composition was assessed through XPS analysis for runs B, D, E, and

F without sputtering of surface. XPS spectra for the four runs are summarized

in Fig. 3.6. All samples showed signatures of Al, F, O, and C; however samples

corresponding to high doses of TiF4 [D, E, F] indicated additional signals of Ti. As

seen in Fig. 3.6, sample B does not appear to show a significant Ti peak; CasaXPS

peak fitting found Ti content to be negligible. With respect to longer purge lengths,
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Figure 3.5: Runs D, E, and F are summarized by GPC (Å) vs purge length for high-
dosage TiF4 runs. Blue data points represent average thickness on wafer with error
bar of 1 standard deviation. Highlighted area represents the gpc range measured
over the wafer.
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Figure 3.6: XPS spectra corresponding to a full 0-1400 eV scan on AlF3 samples
featuring low (B) and high doses (D, E, and F) of the TiF4 precursor.

it was found that the binding energy for O grows in signal relative to F. Film

composition in atomic % was calculated for the four runs using CasaXPS software

and the results are compiled in Table 3.3.1.

Analysis of the high resolution scans are summarized in Fig. 3.7. Run B fea-

tures a binding energy peak at 76.6 eV. Although slightly shifted from crystalline

α-AlF3 (77.1 eV), this value nonetheless matches Al 2p binding energy found from

other ALD studies AlF3 film.[5, 48, 53] Runs D, E, and F show major peaks found be-

tween reference AlF3 and Al2O3 signals, which are likely to indicate AlOxFy.[45, 54]
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20◦ takeoff
Sample B D E F

C 23.5 49.1 56.5 36.7
O 19.7 19.5 24.6 32.8
Al 17.9 10.2 7.2 15.7
F 38.9 16.7 7.4 9.8
Ti 0 4.5 4.2 4.9

90◦ takeoff
Sample B D E F

C 15.3 18.3 29.7 16.3
O 17.6 17.5 29.3 40.2
Al 20.4 9.2 9.9 16.9
F 46.6 44.8 22.7 18.7
Ti 0 10.2 8.5 7.8

Table 3.2: XPS results for atomic % composition using two takeoff angles for the
400 cycle ALD sample B and the saturating TiF4 samples D, E, and F.

In addition to AlOxFy, a secondary peak is found near 71 eV possibly indicative of an

Al-Ti alloy.[50, 55] In Fig. 3.7 (b), a binding energy peak at 687 eV is found for run

B, matching closely with other F 1s signals found from ALD prepared AlF3.[5, 48]

In contrast, runs D, E, and F show binding energy peaks which shift heavily towards

the TiF4 reference signal (684.9 eV) indicating significant TiF4 incorporation.[56] A

slight shift of the F 1s signal towards AlF3 can be observed from Fig. 3.7 (b) when

using longer purge times.

Carbon and oxygen contaminants are expected to appear due to film exposure

to laboratory air on removal from the reactor. Evidence of adventitious carbon is

seen on the carbon 1s spectra, in which any carbon was found primarily bonded

to itself or to oxygen. The compositional analysis summarized in Table 3.3.1 also

showed high C in the 20◦ takeoff data relative to 90◦ suggesting C to be located

more primarily in the surface, whereas the other elements remained more consistent

between the two measurements. In the oxygen 1s spectrum of Fig. 3.7 (d), binding

energy values are seen ranging between metal oxides and carboxides. Oxygen-carbon

bonds are seen represented in the O 1s spectra as expected, yet for runs D, E, and F,

peaks shift towards metallic oxides associated with aluminum and titanium. Thus,
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for run B, oxygen primarily exists with adventitious carbon, whereas runs D, E, and

F have oxygen embedded within a metal-halide structure.

Titanium incorporation in metal fluoride films when using TiF4 as an ALD

precursor has been found to decrease by increasing deposition temperature.[5, 35]

Similarly, high Ta incorporation was observed when TaF5 precursor was used as the

fluorine source.[36] Unexpectedly high growth rates of AlF3 have been thought to

be due to excess adsorption of TiF4 leading to additional growth reactions during

each ALD half reaction as opposed to the initial proposed reaction mechanism.[5]

These past observations are consistent with the high GPC found in runs D, E, and

F. Yet, when considering film composition as a function of purge time length, it

is interesting to note the relative increase of oxygen together with a decrease of

titanium and fluorine. It is expected that longer purge times (e.g., run F) enhance

surface titanium fluoride precursor desorption, affecting the aluminum-to-titanium

ratio. Evidence for this is seen as the binding peak shifts toward AlF3 in the F 1s

spectra for run F. Meanwhile, run F also showed a large increase of oxygen atomic

% relative to the other elements. O incorporation is feasible as TiF4 and water has

been used to form TiO2 under ALD conditions.[38]

The high O content found in the XPS results is undesired for this ALD pro-

cess. From Table 3.3.1, sample D had the shortest purge time and exhibited a higher

relative amount of F:O as well as Ti atomic %, suggesting a low rate of TiF4 con-

version. As another potential source of oxygen in film, DFT studies have suggested

enhanced interaction of water to undercoordinated aluminum near the surface.[45]

High surface-area structures of AlF3 are said to become extremely Lewis acidic and
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Figure 3.7: High resolution spectrum scans about peaks associated with Al 2p
(a), F 1s (b), C 1s (c), and O 1s (d) states. Reference signals are taken from
literature[5, 48, 53, 56] and NIST Chemistry webbook.[50]
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will react with ambient water and stabilize as AlFO.[4] It is possible that the longer

purge times of E and F resulted in such a structure that allowed access into the bulk

film to react with ambient water vapor upon removal of the deposited film from the

hot reactor chamber.

3.3.2 Optical Properties

AlF3 absorbs light in the far UV (below wavelengths of 200 nm). However,

samples prepared by ALD have shown some absorption below 4.1 eV (wavelengths

<300 nm).[9, 26] For this study, a Cauchy model was used to characterize film prop-

erties at wavelengths between 300-1000 nm using the CompleteEASE software. The

characterization used three constant parameters to fit for thickness and refractive

index with the following Cauchy dispersion formula[47]:

n(λ) = A+
B × 104

λ2
+
C × 109

λ4
, (λ in nm) (3.1)

Runs A, B, and C were found to have averaged refractive indices (632.8 nm

wavelength) and standard deviations n = [1.46 ± 0.04, 1.470 ± 0.02, 1.34 ± 0.04],

respectively. The higher-dosed TiF4 samples [D, E, F] had higher refractive indices

of n = [1.49 ± 0.002, 1.87 ± 0.03, 1.86 ± 0.04], respectively. Mäntymaki et al.

reported a refractive index for semicrystalline AlF3 to be 1.36 and so our higher

refractive indices are attributed to the incorporation of contaminants in the film.[5]

For runs E and F, which had a high O:F ratio, the refractive index increased to

values between that of ALD-grown amorphous alumina (n = 1.60 at 177 ◦C) and
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ALD-grown amorphous TiO2 (n = 2.34 at 150 ◦C).[57, 58]

A reassessment of film optical properties for a subset of samples was conducted

after one year. Run C showed little change in refractive index after one year. In-

terestingly, the average overall refractive index decreased by 3% with several wafer

points measuring ±0.05 from previously measured values. Variance in measured

points is expected to be due to slight placement differences between wafer measure-

ment locations between the original measurements and those taken one year later.

Five other samples were remeasured to find an average refractive index decrease of

1.1%.

3.4 Deposition reaction mechanism

Examining deposition reaction pathways for ALD systems gives insight into

film growth behavior through GPC and potential routes to impurity incorporation.

3.4.1 Excess TiF4 adsorption

As described earlier, the GPC of experiments A, B, and C all are less than

the previously calculated ideal ALD GPC = 0.7 Å/cycle predicted by our analysis;

we conclude that insufficient TiF4 precursor was supplied to the reactor in these

runs resulting in incomplete conversion in the second half-reaction. This behavior

is in contrast to runs D, E, and F which all resulted in much higher GPC than

anticipated as observed in Fig. 3.5.

To understand the higher than ideal GPC of runs D, E, and F, we consider the
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reaction mechanism of Mäntymäki, and coworkers[5] who proposed a “double-layer”

growth mode model to account for GPC values higher than that which would be

found under the ideal ALD cycle described earlier (note that the precursor system

used in their study was TiF4 and AlCl3). In the solid state, TiF4 molecules are known

to bind strongly in a polymeric form.[51] This opens the possibility of additional

adsorption of TiF4 on the growth surface during the second half-cycle after the CH4,

F ligand exchange reactions are complete. Using our estimate of the hard-sphere

diameter of TiF4:
1

1. We propose that n layers of TiF4(g) adsorb onto the AlF3 surface resulting in

the adsorption of n× [ ˆTiF4] = n× 3.07 adsorbed TiF4 per nm2 where n ≥ 0.

2. During the subsequent TMA half cycle, the additional n TiF4(a) layers results

in an additional n× (4/3) AlF3 nm−2 added to the overall film growth

3. before the final, saturating layer of TMA adsorbs to repopulate the surface to

[ ˆTMA] = 2.01 TMA nm−2.

Under this excess-adsorption mechanism, we find that

GPC = ∆3
z

(
[ ˆTMA] + n× 4

3
[ ˆTiF4]

)
. (3.2)

As seen in Fig. 3.8, the resulting GPC model (3.2) predictions are consistent

with the high GPC values found for experimental runs D, E, and F corresponding to

TiF4 over-saturation. In this figure, we note that n = 0 corresponds to ideal ALD

1Due to lack of data for the TiF4 hard-sphere diameter, we use the known value for CCl4 of
590× 10−12 m as an approximation[60].
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Figure 3.8: The predicted GPC as a function of the number of TiF4 adsorbed layers
n; experimentally determined GPC are indicated for runs D, E, and F.

with no over-saturation of TiF4 and so GPC=1.15 Å. The decrease in measured

GPC with increasing purge time is consistent with longer purge times leading to a

greater degree of desorption of TiF4(s).

Our deposition mechanism assumes the complete conversion of excess TiF4 into

AlF3 during the TMA half-cycle with no Ti incorporation into the film. However,

based on our film composition studies, we know this is not the case. To fully assess

this, we note that further investigation may be needed for the role of incomplete

conversion of adsorbed TiF4 on GPC, e.g. TiF4−y(CH3)y(b) for y ∈ [0,4]. The study

of TaF5 from Jackson et al. had proposed a pathway of TaF5−x(CH3)x to further

react and form TaC as a source of contamination.[36] Although C incorporation was

found to be mostly adventitious, it is possible this a similar pathway in our system
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could generate C incorporation.

3.4.2 Impurity incorporation reactions

We examined the thermodynamic feasibility of a number of routes for potential

oxygen incorporation in our films, such as whether the AlF3 films can be directly

oxidized and if residual TiF4 incorporated in the film can be oxidized. The reactions

considered are listed below; the Gibbs free energy values ∆Go
453 correspond to the

reactor nominal operating temperature of 180◦ C.

Reaction ∆Go
453 (kJ/mol)

2AlF3(s) + 3H2O → Al2O3 + 6HF 256.8

4AlF3(s) + 3O2 → 2Al2O3 + 6F2 2493.6

TiF4(s) + O2 → 2F2 + TiO2 641.4

TiF4(s) + 2H2O → 4HF + TiO2 -18.7

We observe that:

1. AlF3 is unreactive to H2O and even less so with O2, a result consistent with

the findings of Mäntymäki et al. [5]

2. Residual TiF4 is unreactive to O2, but is reactive to H2O with ∆Go grow-

ing more favorable with increasing temperature, the latter observation that is

consistent with high temperature TiO2 ALD.[38] While there is no significant

source of water within our reaction system while deposition takes place, ex-

posing the hot wafer to lab atmosphere humidity after processing may account

for some O incorporation.
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3.5 Conclusion

AlF3 films were grown by atomic layer deposition using TMA and TiF4 as

the precursor system. Initial deposition runs using this precursor system produced

films composed of a 1:3.08 aluminum-to-fluorine atomic % ratio. Optically, AlF3

films grown with undersaturated TiF4 doses matched the expected refractive index

value n = 1.34 (at 632.8 nm) cited in previous studies; however a steadily declining

growth per cycle (GPC) with increasing number of cycles was observed and was

attributed to a design flaw in our precursor delivery system. Subsequent runs corre-

sponding to saturating doses of TiF4 precursor generated films with surprisingly high

GPC (>6 Å/cyc) accompanied by significant Ti incorporation. Although increased

purge lengths after the TiF4 exposure resulted in decreased Ti contamination, high

O content was found in the films. A deposition model was developed based on

these experimental observations using the double layer growth mode proposed by

Mäntymäki et al., validating a plausible relationship between excess adsorbed TiF4

and the higher than expected growth rates. Due to observed gradient formation

and non-stoichiometric characteristics of films, further examination of this deposi-

tion process is continued in Chapter 4 for a more complete study of this AlF3 ALD

system.
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Chapter 4: Investigation of tunable pro-

cess parameters for optimiza-

tion of aluminum fluoride ALD

4.1 Introduction

In ideal ALD, self-limited growth results from saturation of the growth surface

by precursor ligands during one or more of the partial cycles. The growth per cycle

(GPC) should be determined as a function of precursor dose and purge timings as

illustrated in Figure 4.1. For a binary ALD process, the precursor exposure time,

precursor purge time, co-reactant exposure time, and co-reactant purge time are

tunable process parameters. GPC effect from each parameter are quantified by

keeping three of the operating variables constant, while varying the fourth.[63] The

overall effect of testing and optimizing these parameters is to confirm consistent

self-limiting growth while generating a working recipe in which to operate the ALD

process.

Ideally, a clear plateau of ALD GPC is observed when the GPC becomes
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insensitive to changes in the process operating conditions. For example, ALD can

transition to chemical vapor deposition (CVD) when purge times are shortened to

the point where the precursors interact in the gas phase or on the growth surface.

Incomplete saturation due to lack of suitable exposure will reduce GPC and can

cause unwanted thickness variation. In the case of industrial applications, it may

also be important to note having too long a cycle will greatly increase fabrication

time of thin films, especially for those requiring thousands of cycles.

Figure 4.1: Ideal growth per cycle in ALD as a function of precursor dosing time
(left) and purge time (right)

4.2 Second-generation AlF3 ALD reactor design

The experiments in the previous chapter demonstrated successful ALD of alu-

minum fluoride films. Despite this success, the highly uncertain GPC along with the

substanial Ti and O incorporation motivated an entirely new design for the reactor.

A primary concern as the decrease in solid-state precursor sublimation pressure as

cycle number increased. Likewise, spatial gradients in film thickness motivated a

new reactor design. Meanwhile, experimentation with higher doses of titanium flu-
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oride at a deposition temperature of 190◦C led to a significant amount of titanium

incorporated into film, resulting in undesirable optical properties.

These issues motivated new focus on TiF4 precursor direct-dose management

and new reactor design. This new reactor is outfitted with showerhead-type gas inlet

designed to reduce gas-phase spatial gradient that can result in cross-flow reactors.

Furthermore, a heated stage was included to promote uniformly heated substrates

rather than reliance on conduction and convection from a heated wall design.

Experiments were designed to investigate whether we observe traditional self-

limiting ALD behavior. Our hypothesis is as such – by tuning the two parameters

of dosing and purge, we can influence the thickness and composition patterns of

the thin films and compare the observed GPC to our model predictions. Thus, the

following experiments were designed to confirmed our process objectively as an ALD

process for generating self-limiting growth using the newly designed ALD reactor.

4.3 Materials and methods

4.3.1 Reactor Design

This study uses a custom-built hot-wall ALD shower-type reactor similar to

design previously developed by NIST researchers.[64] A schematic diagram of the

reactor system is presented in Figure 4.2 and a picture of the physical system is

presented in Figure 4.3. The reactor chamber has a controllable gate valve which

connects to two filters (Visi-Trap with SodaSorb and Posi-Trap with activated char-

coal, Mass-Vac) and Edwards model RV5F mechanical vacuum pump which ulti-
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mately exhausts into a laboratory fume hood. MKS ALD pneumatic valves control

precursor flow from the precursor bubbler (TMA) and sublimator (TiF4) through a

multi-input flange serving as an inlet to a conical diffuser above the sample stage.

Argon purge gas feed is controlled with a mass flow controller (MKS P-series), set to

a noncontinuous 10 sccm flow rate during experiments; the dynamics of noncontinu-

ous purge flow are described in more detail later in this report. Direct sample stage

heating is controlled through a dedicated stage heater (Blue Wave Semiconductors).

The reactor body is heated using four thermostatically controlled ceramic heaters;

other external components are heated using customized fitted jackets (MKS). A

separate fitted MKS jacket is used to heat the TiF4 sublimator. The TiF4 input line

is heated using a PID temperature controller to maintain a temperature gradient

increasing from precursor source to reactor body to prevent TiF4 condensation.

Figure 4.2: Schematic of next generation shower-type ALD reactor system.

Films from this process are deposited using TMA at room temperature and

TiF4 heated to 110◦C. For optical application, it can be beneficial to deposit at
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lower temperatures as films are typically deposited as amorphous coatings with low

roughness thereby reducing scattering of incident light.[34, 65] For AlF3 ALD films,

it was found that formation of crystalline structure began at deposition temperatures

of 280◦C, greatly increasing the roughness of the surface.[5] An additional concern

when operating at higher temperatures are multiple reports of etching of AlF3 films

by TMA and HF precursor systems.[29, 33, 34] Therefore, the TiF4 was set to 110

◦C to generate an acceptable vapor pressure while deposition temperature was set

at 150◦C for this study to prevent potential condensation of the TiF4 precursor.

Figure 4.3: Picture of shower-type ALD reactor system enclosed by heater jackets.
Precursor and purge flow are controlled, entering from top of reactor and exhaust
the bottom through a vacuum pump into the fume hood.

The ALD recipe design for a reactor system is defined by a combination of
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set operating conditions and timing sequences. Pulse and purge time sequences set

for each precursor are defined for a single overall ALD cycle; the recipe repeats the

timings for a specified number of ALD cycles. A simplified nominal timing sequence

for our binary precursor system is denoted as t1-t2-t3-t4. For our system, t1 refers to

pulse time of TMA, t2 purge time for reactor following the first pulse, t3 the pulse

time of TiF4, and t4 the subsequent purge time associated with TiF4, all in seconds.

The overall dose-purge sequencing as seen in Figure 4.4 incorporates additional

timing sequences for the direct draw system. Wait time (WT) specifies the condition

of which all pneumatic valves are closed. Argon flow into reactor is designed to be

only available during argon purge timing and is shut off at all other times. At the

flow (10 sccm) of argon, the resulting reactor base pressures would greatly overwhelm

the desired direct draw of TiF4 precursor vapor pressure at 110◦C. WT held prior

to precursor doses allows reduction of reactor base pressure in the absence of argon,

facilitating direct draw of TiF4 low vapor pressure feed into the main body. As a

further precaution for the direct draw precursor system, the WT immediately after

precursor dose prevents argon from backflowing into feed lines. For this system,

we found 5 and 1 seconds of purge to be necessary for reduction in base pressure

prior to and after direct precursor draw, respectively. The cumulative purge time

(with and without argon) is thus manipulated by adjusting the argon purge times

while keeping all others constant, thereby enforcing a strict minimum of 6 seconds

of purge time for the system. Lastly, for the TiF4 precursor, opening of valve PV2.2

for 0.5 seconds draws vapor from sublimator into the TiF4 ballast chamber, allowing

TiF4 vapor pressure to be confirmed directly before pulsing.
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Figure 4.4: Sequence of operations for each ALD half cycle adjusted for direct draw
of vapor pressure into reactor body (bottom). The vapor flow sequences (top) are
controlled autonomously through four pneumatic valves, PV1, PV2.1, PV2.2, and
PV3: PV1 opens TMA feed into reactor body, PV2.1 opens TiF4 into reactor body,
PV2.2 opens TiF4 sublimator into the feed line, and PV3 opens argon into system.
Wait times (WT) is incorporated to aide direct draw of precursors into reactor.

4.3.2 Experimental section

The substrates consist of single side polished Si(100) 2-inch wafers with ∼1.5

nm native oxide layer purchased from Virginia Semiconductor. Wafers were cleaned

with ethanol in an ultrasonic bath for 5 minutes, rinsed with deionized water, and

completely dried prior to deposition. TiF4 (98%) was supplied from Strem Chemicals

and TMA (97%) from Aldrich Chemistry. Ultra-high purity grade argon (99.999%)

is used as purge gas and was supplied from Airgas. Reactor body and substrate sam-

ple stage were heated to 150◦C. The TiF4 sublimator was heated to a temperature

of 110◦C while TMA was maintained at room temperature. TiF4 line was heated
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to 130◦C, maintaining an increasing temperature gradient between sublimator and

main body.

All film property measurements were conducted ex-situ. Optical measurements

for thickness and refractive index were conducted using a J. A. Woollam M-2000D

variable angle spectroscopic ellipsometer (VASE) at the University of Maryland

NanoCenter at 65◦ and 70◦ angle settings. Film optical characterizations were gen-

erated using J. A. Woollam CompleteEASE software. Thickness and refractive index

measurements were generated over 19 points in a hexagonal pattern about the wafer

center. Samples were additionally measured by atomic force microscopy (AFM) on

Bruker Dimension and Park-NX20 systems using tapping mode. A Hitachi SU-70

scanning electron microscope (SEM) with energy dispersive spectroscopy (EDS) also

was used to confirm film composition.

4.4 Results and discussion

4.4.1 ALD film growth behavior

A series of films were deposited using the designed settings and recipes using

50 to 400 cycles. Using the timing sequence of 0.1-30-0.1-30 seconds, the films

deposited exhibited an average GPC of 0.54 Å/cycle. Observed GPC values are

slightly lower compared to those reported with the TMA/HF ALD precursor system

(∼1.0 Å/cycle) deposited at 150◦C.[29] Figure 4.5 shows an overall linear trend and

low variance of thickness grown across many cycles with a linear fitting R2 value

of 0.987. A non-zero intercept is observed, a phenomena often seen in ALD due to
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5 keV 15 keV
Element Atomic % Atomic %

F 57.2 67.2
Al 18.9 22.3
C 17.04 4.07
O 6.9 4.24

Table 4.1: Compositional analysis for AlF3 film deposited with 200 ALD cycles
using Hitachi SU-70 scanning electron microscope (SEM) with energy dispersive
spectroscopy (EDS) at 5 and 15 keV accelerating voltage.

the difference of reactive Si substrate surface sites in early cycles to later reactive

sites on the growing film.[66] Films were measured to have 1.38 refractive index on

average at 632.8 nm. Alternative ALD precursor systems have reported similar low

refractive indexes of ∼1.36 for this wavelength.[5, 9, 48]

A 200 cycle run using the 0.1-30-0.1-30 recipe was characterized with EDS

confirming generation of AlF3 composition and is summarized in Table 4.1. The

ratio of Al:F is 1:3.03, showing relatively low oxygen counts. Carbon is also found

to be present and is suspected to be adventitious as using a higher penetrating 15

keV stream showed a lower carbon content. The 4% of contamination amounts of C

and O is comparable with other reported AlF3 ALD studies, showing a significant

improvement from the previous study in composition.[5, 29]

The wafers coated with [0, 50, 100, 150, and 400] ALD cycles were chosen for

surface roughness characterization. In Figure 4.6, an overall baseline of 0.3 nm of

measured rms roughness was found with the bare wafer over a 1x1 micron scanning

area. After coating 50 and 100 cycles with deposition temperature of 150◦C, the

probed surface is featureless as expected of amorphous films. With confirmation of

no significant roughness generation after deposition to surface, a larger scan size area
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Figure 4.5: Observed thicknesses (nm) of ALD AlF3 versus number of ALD cycles
show consistent growth over 50 to 400 cycles with an average GPC of 0.54 Å/cycle.
Error bars denote ± one standard deviation measured across 19 mapped points of
wafer. Linear fitting generated a R2 value of 0.987. A non-zero intercept (1.28 nm)
is observed indicating a nucleation stage in early cycles.

Number of Film Surface Roughness,
ALD Cycles Thickness (nm) rms (nm)
Bare Wafer N/A 0.3

50 4.0 0.5
100 5.7 0.3
150 9.6 0.7
400 20.0 1.1

Table 4.2: Observed surface roughness (root mean squared) on AlF3 deposited film
thicknesses on Si substrates using AFM tapping mode. 0, 50, and 100 ALD cycles
were measured by Park-NX20 system over a 1x1 micron scan area; 150 and 400
cycle samples which were measured by Bruker Dimension AFM over a 5x5 micron
scan area

(5x5 micron) was investigated for uniformity of roughness for the subsequent 150

and 400 cycle samples. For the larger scan area the observed rms reaches maximum

of 1.06 nm at 400 cycles. Thickness measurements and roughness characterization

are summarized in Table 4.2. The low amount of roughness generated by this ALD

process suggests minimal scattering impact as a transparent coating suitable for

optical application extending into the far ultraviolet range.
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Figure 4.6: AFM topography images (1x1 micron scanning area) of polished Si wafer
compared to 50 and 100 cycles of ALD AlF3 found to be featureless i.e. amorphous
when depositing at 150◦C.

4.4.2 Self-limiting ALD growth

To further explain whether this AlF3 ALD process is self-limiting, an additional

set of experiments investigated the effect of adjustments to the 0.1-30-0.1-30 seconds

ALD recipe. Parameters of the ALD process were tuned independently by changing

either the number of precursor doses or precursor purge time length after each dose.

To increase dosages, additional 0.1 second pulses of precursor were repeated up to 4

times separated by five seconds of wait time, effectively allowing further saturation

by each precursor. The overall purge time lengths after doses were adjusted within

the range from 6 to 120 seconds by increasing and decreasing the argon purge time

length. Under these conditions, experiments were conducted to deposit AlF3 films

using 150 ALD cycles. The observed wafer-average GPC trends are summarized in

Figure 4.7.

57



Figure 4.7: Average observed GPC across thickness mapped wafers are fitted to
regressed lines with respect to changes in number of doses of precursor TiF4 (a),
purge length after TiF4 exposure (b), number of doses of TMA (c), and purge length
after TMA exposure (d) using 150 ALD cycles. Dashed lines refer to ± one standard
deviation. Outliers are observed for purge times after TMA exposure lesser than 15
seconds for this reactor system and are omitted from regression analysis.

4.4.2.1 TiF4 series

The average GPC resulting from increased TiF4 doses is 0.62 Å/cycle, a slight

increase from the standard recipe average GPC of 0.54 Å/cycle. A slight positive

trend with slope of 0.017 Å/doses is seen in Figure 4.7(a). ALD systems with excess

doses typically result in saturation of GPC, plateauing after a sufficient dose of

precursor. The observed increase of GPC is likely indicative of absorption relative

to precursor exposure onto reactor walls which slowly desorb during the ALD cycle

to influence the GPC.[31] Nonetheless this effect remains relatively small as the
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GPC among the 5 points of data falls within two standards of deviations. A R2

value of 0.4 suggests weak correlation between the GPC and number of doses and

that GPC is likely to have quickly plateaued for self-limiting growth with just one

dose.

In Figure 4.7(b), a negative trend is observed corresponding to a slope of -

0.0006 Å per seconds of purge after the TiF4 dose. Increasing the purge length after

the TiF4 dose results in an average GPC of 0.57 Å/cycle. The phenomena of insuf-

ficient purge influencing higher GPC is unobserved in TiF4 case and is most likely

due to the controlled supply of TiF4 vapor pressure at 110◦C. The slowly decreasing

trend while increasing purge length may be attributed to the slow desorption of

adsorbed molecules from substrate surface during long purge times.[42] Nonethe-

less this decrease in GPC trend appears to remain relatively small; R2 = 0.37 shows

weak correlation between GPC and purge length. Similarly to dose, GPC is appears

have quickly plateaued for self-limiting growth within the purge time range after 6

seconds.

4.4.2.2 TMA series

The average GPC from the including additional TMA doses in ALD recipe is

0.63 Å, slope showing a slight increase to 0.022 Å/doses. In Figure 4.7(c), a positive

trend of 0.022 Å per TMA dose is observed with a much stronger fit (R2 = 0.93)

than that of TiF4 dose and GPC. Here we note no effects from the earlier mentioned

TMA etching reactions have been observed with increased TMA dose. As such, the
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linear increase of GPC with TMA dose is suspected to be similar in case to the TiF4

doses in which increased wall adsorption effects on substrates as the increase is on

the same order of magnitude. Higher correlation between GPC and TMA dose may

be due to a significant difference in magnitude of vapor pressure of TMA having

more consistent adsorption onto reactor walls for each additional pulse. Although

there appears to be correlation between doses and GPC, the magnitude of GPC

slope far from the originally measured 0.54 Å/cycle. Indication of subsaturation is

not found between the 5 data points, and thus we believe one timed exposure of

TMA to be sufficient for self-limiting growth.

Significantly higher GPC is found for purge times under 10 seconds or less,

of up to 0.93 Å/cyc when using 10 seconds or lesser amounts of purge time length

after TMA dose. In Figure 4.7(d), linear regression was performed for data points

excluding outliers found higher than our predicted maximum GPC of 0.705. The

high GPC observed at lower purge times is likely attributed to insufficient purge for

the TMA precursor, depositing in a less controlled CVD-like growth mode instead.

This phenomena is unobserved in TiF4 case and is likely due to supply of relatively

much lesser vapor pressure requiring less time to purge from the reactor system than

TMA. At longer purge lengths of up to 2 minutes, we otherwise reach a minimal

growth rate in both purge length cases. This effect is again attributed to slow des-

orption of adsorbed molecules from substrate surface during long purge times as the

measured slope -0.00057 Å per second of purge after TMA dose is extremely similar.

All data points fall within 2 standard deviations. A relatively weak correlation (R2

= 0.38) for purge times and GPC while excluding outlier growths using 10 seconds
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or less of purge length after TMA dose. Because we do not see significant change

after 15 seconds of purge time after TMA dose, we note the original 30 seconds to

have been sufficient for self-limiting growth

4.5 Summary and Conclusions

The deposition of AlF3 thin films by ALD was demonstrated using the novel

precursor system of TMA and TiF4 using our next-generation ALD reactor system.

The earlier proposed reaction mechanism and model for this system predicts a the-

oretical GPC to be 0.705 Å per cycle. Deposition was conducted using a newly de-

signed intricate timing sequence while making use of the ALD reactor’s direct draw

architecture. The films were measured for thickness via ex-situ multi-wavelength

ellipsometry; amorphous ALD AlF3 films were found to grow at roughly 0.54 Å per

cycle at a deposition temperature of 150◦C, producing films with refractive index

of 1.38 at 632.8 nm. The investigation off exposure timings on GPC show that a

single timed exposure for our system is sufficient for self-limited growth for both

precursors. 6 seconds of purge after TiF4 was found to be sufficient in removing gas

phase byproducts due to controlled exposure, however purge timings require after

TMA require at least 15 seconds of purge after TMA exposure to ensure self-limited

growth free of gaseous byproducts and unreacted TMA.
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Chapter 5: Space optical applications for

aluminum fluoride ALD

5.1 Introduction

Astronomical observations in the Far ultraviolet (FUV) spectral region give

insight to cosmic origin studies such as origin of large scale structures, the for-

mation, evolution, and age of galaxies, and the origin of stellar and planetary

systems.[24] Space optical instruments and telescopes, including NASA’s flagship

missions Hubble Space Telescope (HST) and Far-Ultraviolet Spectroscopic Explorer

(FUSE), while working in the FUV region, face challenges of low resolution imag-

ing. As one major constraint for these instruments and telescopes, mirror coatings

have historically not performed well in the range, especially in the Lyman-α range of

wavelengths (90-130 nm).[23] Investigators seek to enhance the working resolution of

these instruments reflectivity over this wavelength range to increase the throughput

of incident FUV wavelengths to sensors.

Aluminum mirrors are used in the Hubble Space Telescope (HST), protected by

a thin coating of magnesium fluoride. While the reflectivity performance for HST has
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remained > 80% for wavelengths, λ > 115 nm, reflectivity dwindles to <15% for λ ≤

110 nm.[22] The more recent Far-Ultraviolet Spectroscopic Explorer (FUSE) used

lithium fluoride coated aluminum mirrors and silicon carbide mirrors. Although the

FUSE mission focused on far ultraviolet measurements, observations in the Lyman

Ultraviolet Range (LUV, 91.2 - 121.6 nm) by Silicon Carbide (SiC) measured with

a reflectivity of 40%, while Al+LiF, with a peak realized FUV reflectivity of 67%

at 102.5 nm.[23] During operation it is further noted that there was significant

degradation of reflectivity of the LiF coated mirror due to contact with humidity

due to hygroscopicity of LiF.

Hourly rate of relative degradation of reflectivity per hour for unprotected LiF

under 50% humidity has been reported by Fleming et al. (2017) in the form of

two rates: 1.39 x 10−4 for t < 350 hr and 1.06 x 10−5 for t > 600 hrs, stating an

overall degradation of 13.4% after 6 months.[22] The difference in order of magnitude

of relative rate indicate that degradation rate under humidity will slow over time,

and that LiF samples should be prioritized for low humidity storage staight after

deposition. A recent report by Lewis et al. (2020) uses SEM to show LiF thin films

to undergo irreversible changes when exposed to dew points greater than 6◦C.[67]

They suppose that a combination of deliquescence (physical uptake of water in LiF

until forming a solution) and efflorescence (evaporation of water carrying LiF in

solution) causes irreversible damage to the LiF optical properties and can be seen

as a ”blotchy” or hazy effect.

Metal fluorides have been traditionally used as transparent coatings on alu-

minum mirrors to prevent oxidization and that reduce the reflectivity of an Al sur-
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face. Additional thin film overcoats are being studied to further enhance passivation

and maintain base reflectivity. Fleming et al. (2017) has reported LiF protection

by ALD aluminum fluoride. The study makes use of the reaction between HF and

TMA in Table 2.1 to coat Al+LiF mirrors fabricated by physical vapor deposition

(PVD).[22, 26] While AlF3 is a promising material as a transparent coating, Fleming

et al. has noted that unlike LiF coatings, current AlF3 coated Al mirrors only have

suitable reflectivity for wavelengths above 106 nm, which limits observations at the

Lyman-β range at 102.7 nm. As an advantage, AlF3 is consider to be more resilient

to humidity relative to LiF in preventing reduced reflectivity.[22] To overcome the

barrier of maintaining reflectance at wavelengths corresponding to the lower Lyman

range, Fleming et al. overcoated LiF+Al mirrors with 10-20 Å coating of ALD AlF3

to have minimal impact on the reflectivity at ∼102 nm afforded by the thicker LiF

layer while retaining higher resilience to humidity.

5.2 Motivation

In the previous chapters, the AlF3 process that has been developed producees

thin films with suitable refractive index and roughness as a ultraviolet transparent

coating to have low effect on incident light. As the main goal of this study, we seek

to confirm the suitability of our AlF3 ALD process for reflectivity and performance

in space optical applications similar to Fleming et al. In this case, performance

is measured in terms of reflectance in the far ultraviolet but also to maintained

reflectivity over time. In this chapter, we explore a collaborative effort with NASA-
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Goddard Space Flight Center to coat Al-LiF mirrors with ALD AlF3.

5.3 Material and Methods

The collaboration involves NASA-Goddard Space Flight Center’s developmen-

tal PVD reactor system to physically deposit pure aluminum on a mirror blank fol-

lowed by the deposition of a lithium fluoride (LiF). Deposition of Al and LiF layers

onto two 2” single side polished Si(100) wafers fastened by large clips in this PVD

system can seen in Figure 5.1. The process has been described in detail in an earlier

reference.[11] Research later transitions into working with ultrasmooth 2” silica op-

tical squares as substrates. Aluminum mirrors from NASA-Goddard Space Flight

Center were coated with ∼65 nm of aluminum followed by ∼16 nm of LiF. Samples

were then transferred to the AlF3 ALD reactor at the University of Maryland to

generate a thin AlF3 overcoating layer. The AlF3 coatings were generated with the

nominal 0.1s-30s-0.1s-30s ALD sequencing recipe described in the previous chapter.

All far ultraviolet reflectivity of mirror samples were characterized by Dr.

Luis Rodriguez de Marcos of NASA-Goddard Space Flight Center using a McPher-

son Vacuum Ultraviolet (VUV) 225 spectrophotometer. The spectrometer has a

one-meter length high-vacuum monochromator with a 1200 lines/mm grating and

operates at near-normal incidence in the spectral range from 30 nm to 325 nm. The

spectrometer is equipped with a windowless hydrogen-purged light source, which

provides discrete H emission lines between 90 nm and 160 nm and a continuum
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Figure 5.1: Silicon 2” wafer samples in the center held by large clips while being
coated in the NASA-Goddard Space Flight Center PVD chamber awaiting to be
deposited by a thick aluminum (∼65 nm) layer followed by a LiF coating (∼16 nm).

above these wavelengths. The detector consists of a photomultiplier cathode tube

connected to a light-pipe for transferring the light signal out of the monochromator.

The light pipe has a fluorescence and high quantum efficiency coating of sodium

salicylate that is used to convert the FUV radiation into visible light. Absolute

reflectance was obtained by alternately measuring the incident intensity and the

intensity of the light beam reflected off the sample. Reflectance measurements were

performed at 10◦ from normal incidence. Sample film thickness and refractive in-

dices were characterized by J. A. Woollam M-2000D variable angle spectroscopic

ellipsometer (VASE) at the University of Maryland NanoCenter at 65◦ and 70◦ an-
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Figure 5.2: Noticeable improvement in maintained aluminum reflectance across 100-
180 nm wavelengths over four weeks through overcoating of ALD AlF3 coating: ALD
AlF3 overcoated aluminum mirror with LiF (left), aluminum mirror coated with
lithium fluoride as control (right).

gle settings. Film optical characterizations were generated using J. A. Woollam

CompleteEASE software. Two transparent Cauchy layers were modeled over bare

Al to characterize the AlF3 overcoating on Al-LiF mirrors.

5.4 Results

Twenty ALD cycles of the nominal 0.1s-30s-0.1s-30s AlF3 recipe were con-

ducted on one of the Si samples while the other was stored in dry box with 35%

relative humidity as control. Because the AlF3 ALD reactor did not require a fas-

tener clip, AlF3 is coated over both Al-LiF coated and uncoated regions on wafer.

Ellipsometry after deposition confirmed a distinct small layer of ALD AlF3 gen-

erated over the 16 nm LiF top layer. The AlF3 was measured as 2.8 nm when
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characterizing both an uncoated and coated Al-LiF regions on the wafer. However,

the exact thickness is still less certain due to the similarities of optical properties

between LiF and AlF3 and thinness of transparent AlF3 layer. The LiF layer for

the AlF3 coated sample and control sample was measured to be 16.3 and 15.8 nm

thick, respectively. Coatings were stored in a drybox with 35% relative humidity

and reflectance was measured weekly over four weeks (Fig. 5.2). Overall the sample

coated with AlF3 was found to be more environmentally resilient, with an overall

average of -8% reduction of reflectance on the overcoated sample versus -18.5% re-

duction in the control sample. Interestingly, degradation of LiF coated mirror can

be visibly seen by the naked eye as soon as one week, as seen in Figure 5.3.

As seen in Figure 5.4, there is a sharp decline of reflectivity seen at wave-

lengths of interest (103 and 122 nm) within one day on both wafers. There remains

a physical challenge of preventing exposure of sample to air while transporting of

samples between the University of Maryland and NASA-Goddard Space Flight Cen-

ter despite the relatively near locations. This highlights the time-sensitive exposure

of LiF to air. In the study by Fleming et al. (2017), the researchers were able to

circumvent this effect and maintain high reflectivity despite sending samples much

farther distances (Maryland to California to Colorado) by holding samples in a dry

N2 environment between locations.[22] Despite the initial decrease of reflectivity, the

sample overcoated by AlF3 ALD maintains stable performance for the remainder of

the four weeks as opposed to the control sample.

Following the success of this experiment, Al+LiF was deposited on a thick

fused silica substrate (50x50x3.4 mm) and aged for two months. It is notable that
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Figure 5.3: ALD AlF3 overcoated aluminum mirror with LiF (right), aluminum
mirror coated with lithium fluoride as control (left), both aged at 1 week. A slight
circular haze in its center is noticeable for the control sample indicating some degra-
dation of coating and is unseen in the AlF3 overcoated sample. The top dark section
on wafer lacks Al-LiF coating due to the large fastening clip used in PVD
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Figure 5.4: Comparisons of reflectivity performance between control and ALD over-
coated mirrors at two wavelengths over four weeks (103 nm and 122 nm). While
both samples show a sharp decline of reflectivity within the first day, the over-
coated sample appears to mostly maintain reflectance values for the remainder of
four weeks.

this glass substrate is intended for space optical applications rather than the pre-

viously used Si wafers. Reflectivity was measured before and after aging before

overcoating the sample with AlF3. 20 cycles of AlF3 ALD were performed on the

aluminum mirror coated with 16 nm of LiF. Ellipsometry characterization indicated

a 1.4 nm thick ALD AlF3 layer and a 16 nm thick layer of LiF. Reflectance mea-

surements are presented in Fig. 5.5. Despite the similar profile of curves are seen

in Fig. 5.5, the curves reveal several important features. First we note that the

ALD process remains compatible with LiF mirrors while the LiF has partially de-

graded. Interestingly, the process improves reflectance for wavelengths above 107

nm. This is indicative of constructive interference despite change to the overall

thickness for transparent layer and aging effects from the LiF+Al mirror. This phe-

nomena is attributed to the differences in n and k values between LiF and AlF3 at
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Figure 5.5: Minimal impact to overall reflective range found on space optical glass
overcoated with AlF3 ALD. The dashed black line indicates freshly deposited and
measured Al-LiF sample, the solid blue line refers to measurements prior to transport
to the University of Maryland, and the red line indicates measurement after AlF3

overcoat.

each wavelength and of added thickness for optimal reflectivity.[22] Improvement of

reflectance at higher wavelengths (>106.7 nm) is also reported by Fleming et al.

(2017) for LiF+Al mirrors after treatment with AlF3 ALD.

5.4.1 Cycle study on reflectance longevity

With the successful overcoating of AlF3 on Al-LiF mirrors, further tests were

conducted to study the effect of ALD cycles on the longevity of reflectance quality

in the far ultraviolet. A sequence of ALD runs of [0, 10, 20, 50, 100, 200] cycles

were performed on six Al-LiF mirrors using the AlF3 ALD reactor with the goal of

understanding the longevity of AlF3 film performance as a function of film thickness.

Surprisingly, thicknesses of AlF3 characterized through ellipsometry do not follow

the experimental GPC of 0.54 Å/cycle found last chapter as seen in Table 5.1.

Specifically the AlF3 does not show a linear trend in growth, as the 200 cycle run
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resulted in a thinner film relative to the 100 cycle run. While there may be difficulty

in separating the two similarly optical layers of LiF and AlF3, the combination of

both layers also do not match up with in a linear pattern of thickness to cycle. A

recent study from Hennessy et al. (2021) had also noted a similar interaction of low

ALD growth on LiF samples albeit using a TMA/HF precursor system.[33] Hennessy

et al. (2021) notes that having over 5 deposited pre-cycles of LiF ALD coating,

will suppress AlF3 growth. Despite using 500 cycles with this precursor system

low growth of AlF3 occurs regardless of deposition temperature whereas alternative

aluminum sources TDMAA and DMAH paired with HF precusor readily grow AlF3

on LiF. It was proposed in their study that there is a strong interaction between

alkali halides and TMA to result in anomalous ALD growth. Briefly, it is suggested

that after ligand exchange between LiF and TMA, Li(CH3) can re-interact with HF

to reform LiF and compete with aluminum for the surface. Coupled with proposed

AlF3 etching reactions, this results in little AlF3 remaining on surface. Although

our system does not use HF as a precursor, a reaction pathway similar to this could

account for the thickness anomalies found in Table 5.1. Future work will be to

investigate this phenomena in detail.

Despite overall low AlF3 growth observed on all samples, reflectance measure-

ments remain prospective. Figure 5.6 shows a promising result with just 10 cycles

of ALD overcoating, showing limited decrease in reflectance performance after 3

weeks. A preliminary assessment for all six samples after three weeks has found

the reflectance at the Lyman-α wavelength of 121.6 nm to all have maintained 60%

reflectance relative to the control sample without ALD overcoating. This set of
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Sample ALD cycles Measured LiF Measured AlF3

thickness (nm) thickness (nm)
1 10 21.65 1.46
2 200 15.49 7.64
3 100 17.07 8.26
4 50 18.81 6.60
5 20 18.34 4.70
6 None 21.74 0

Table 5.1: Tabulated measured thicknesses for six lithium fluoride coated mirror
samples overcoated using 0, 10, 20, 50, 100, and 200 cycles of nominal AlF3 ALD
recipe show anomalous ALD non-linear growth.

samples has been placed in a humidity chamber and far UV reflectance will be later

assessed after a full year.

5.5 Concluding Remarks

Improvements in space optical devices for the far ultraviolet range require high

transparency of incoming light to generate a high-quality image. AlF3 ALD thin

films generated from our process so far have demonstrated a suitable roughness, re-

fractive index, and reproducible growth. Through collaboration with NASA-Goddad

Space Flight Center, lithium fluoride coated aluminum mirrors were obtained as

samples for testing the reflectivity performance in the FUV and robustness. Sam-

ples were measured for reflectivity using a McPherson Vacuum Ultraviolet 225 spec-

trophotometer. Using 20 ALD cycles to generate AlF3 overcoat, initial Al-LiF mir-

rors deposited on Si wafers confirmed suitable transparency for Al-LiF mirror and

excellent maintained reflectance in the far UV. After four weeks, reflectivity at the

103 nm wavelength decreased by 9% of base reflectance for the AlF3 over coated sam-

ple, and 19% base reflectance for the control. Of the 9% reduced base reflectance,
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Figure 5.6: Far ultraviolet reflectance measured for fresh aluminum mirror coated
with LiF (solid black), after one day (dashed black), after additional treatment of
10 ALD AlF3 cycles (solid red), and after three weeks (solid blue). Reflectance after
three weeks was found to maintain over 60% reflectance at the Lyman-α wavelength
(121.6 nm) with low impact to overall reflectance.

the majority of degradation occurred on the first day during transport between

NASA-Goddard Space Flight Center and the University of Maryland, largely due

to the rapid degradation of LiF reflectivity. Space optic glass mirror samples coated

by Al-LiF were confirmed to also have minimal impact to operable reflective range

while maintaining good reflectivity over a month. The coating of six glass AlF3

overcoated samples with a range of ALD cycles will be investigated over the course

of a year to assess the overall longevity of these films.
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Chapter 6: Conclusions and future works

6.1 Conclusions

The work presented in this thesis stems from the much larger NASA effort

for developing broadband coatings for high performance mirror optics from infrared

wavelengths down into the far ultraviolet spectral range. The developmental re-

search described here has spanned from the investigation of thermochemistries ex-

panding into a physically based ALD growth model for a novel two-precursor ALD

system to the full design and engineering of two reactors for generating high-quality

thin films as optical coatings. The first reactor, while successful at generating thin

films with correct aluminum to fluorine stoichiometry and good refractive index,

suffered from the undesirable qualities of film gradient formation, film impurities,

and particle formation on the film surface stemming from the TiF4 precursor deliv-

ery. The current reactor has demonstrated reduced gradient formation through a

design that reduces precursor flow asymmetries with a shower-head type configura-

tion, using a simplified design subject to fewer sources of leaks, and with a modified

design enabling consistent direct draw of TiF4 vapor pressure operating at 110◦C to

fully eliminate particle formation. After establishing of self-limiting growth for this
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ALD system, a collaboration between the University of Maryland AlF3 ALD reactor

and NASA-Goddard Space Flight Center Al/LiF physical vapor deposition reactor

explored space optical applications for this metal fluoride thin film on aluminum

mirrors.

Recalling the initial questions described in the introductory chapter:

• Will this ALD precursor system react to form AlF3?

In chapter 2, we explore suitable ALD precursor systems for generating AlF3 thin

films, investigating trimethyl aluminum and titanium tetrafluoride precursors’ suit-

ability as ALD precursors. A reaction mechanism is proposed, describing each half-

cycle ALD reaction step and consider the favorability for ligand exchange during the

TiF4 half cycle through bond energies. From here, a physically-based ALD model

provides key insight on molecular-level surface species during saturating pulses and

enables calculation of growth per ALD cycle.

• Is this process viable for ALD, i.e. are films able to be generated linearly with

respect to thickness and reproducible under self-limiting growth?

Chapters 3 and 4 describe the ALD process development over the span of using two

reactors. Using a cross flow-type reactor in Ch. 3, initial experiments highlighted

the generation of AlF3. XPS characterization showed a stoichiomery 1:3.08 Al:F

ratio albeit indication of O, C, and Ti incorporation for multiple films. The found

discrepancies in consistent growth per cycle and quality of film lead into new design

of process and reactor in Ch. 4. Designing against the disadvantages encountered by
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the first reactor, the second reactor showed remarkable improvement in consistency

of growth over many cycles of GPC ' 0.6 Å. Acceptable plateauing of GPC encoun-

tered while increasing dosage and purge timings show self-limiting ALD growth for

the system.

• How do we qualify the quality of the film and will it be suitable for spacecraft

application?

In Ch. 4, ALD AlF3 thin films from our process was optically characterized with

ellipsometry as a transparent film with a low refractive index of 1.38 at 632 nm

wavelength. The film when measured by AFM showed a maximum of 1 nm of

rough-mean-square roughness, indicating little to no scattering for far ultraviolet

wavelengths of interest. Moving forward in Ch. 5, substrates shifted from Si bare

wafers to physically deposited Al-LiF coatings on both wafers and optical glass.

For spacecraft optical application, good quality metal fluoride coatings result in a

minimal effect for the underlying material while passivating the material against

deterioration effects from the environment. In this study, twenty AlF3 ALD cycles

were shown to greatly improve the resiliency of reflectivity in FUV wavelengths.

Although reflectivity decreased after AlF3 ALD overcoat, this effect was also ob-

served in the uncoated Al-LiF mirror sample set as control and is attributed to the

moisture-sensitive LiF layer. The thin ALD overcoat otherwise shows little to no

change to underlying LiF and Al material for optical performance.
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6.2 Future Work

6.2.1 AlF3 ALD

The scope of this ALD work focused on generating samples suitable for space

optics. Because of this, focus on low temperature deposition (150-200◦C) was war-

ranted as report of roughness above 220◦C disallowed ellipsometry measurements

due to high scattering of light.[5] As future work, a more complete profile of the

appropriate temperature window for ALD will greatly enhance this ALD study, in-

cluding higher temperatures to induce AlF3 crystallinity. To study and confirm the

proposed ALD reaction mechanism, additional in-situ characterization techniques

(ellipsometry and mass spectrometry) are planned to be incorporated in reactor.

6.2.1.1 Principal component analysis

Over the course of this ALD work, a large number of wafers with spacially

varying AlF3 thicknesses and other quality characteristics have been fabricated.

From ellipsometry, large data sets have gathered in the form of thickness maps and

refractive indices which may be ideal for principal component analysis (PCA).[69]

PCA aims to statistically reduce the dimensionality of the mapped 19 points across

wafer followed by a reconstruction of the dataset. In performing PCA, we iden-

tify the dimensions which hold the most commonality between datasets.[70] In the

context of thickness maps, we would expect to find a principal component with a

directionally based pattern of which we may identify as specific to our reactor geom-
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etry. Conceptually by isolating a reactor profile pattern, other principal components

could then be isolated as process parameter patterns.

Preliminary work for this uses the mapped wafers in the thickness-cycle dataset

in Sect.4.4.1 to draw out 19 paired eigenvalue-eigenfunctions from a covariance cal-

culation before reordering pairs from highest to lowest eigenvalues. Reconstruction

of data indicates three out of the nineteen principal components are sufficient to re-

generate the GPC profile on wafer as seen in Fig. 6.1. Furthermore, analysis for this

particular dataset show that over 95% of the variance may be explained through

PC1 alone. Intuitively for this dataset it may be plausible to characterize these

functions as related to reactor geometry, number of ALD cycles, and experimental

error. Future work using this methodology would include forming a more heuris-

tic approach to identifying key principal components in the context of ALD data

and process parameters. Formalization of this technique may help aide diagnosis of

ALD ideal growth patterns by being able to identify and isolate anomalous growth

patterns.

6.2.2 Aluminum mirror coatings

One of the main challenges of working with aluminum mirrors is the need for

passivation of surface prior to transport with the readiness to oxidize. As such, LiF

was physically deposited over on Al mirrors prior to transport from NASA-Goddard

Space Flight Center to the University of Maryland. Future work on Al mirrors

would ideally involve keeping samples in vacuum by making reactors all in-house
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or forming a transportation strategy for samples similar to Fleming et al. (2017).

Furthermore, although this study focused on FUV reflectivity performance, future

work may include a wider band of spectrum to characterize for a more detailed

study. As an additional note, LiF’s hygroscopicity has been noted several times to

case deterioration of reflectivity however the study of the exact interactions with

moisture may be useful in future experiments.

6.2.2.1 UVO cleaning

Ultraviolet ozone (UVO) cleaning is a standard process typically used for clean-

ing items such as wafers, AFM probes, and metal surfaces.[68] Intuitively the use of

ozone for fluoride samples is a bit strange as ozone has the potential to act as an en-

ergetic oxygen source potentially able to interact with the fluoride film. Use of UVO

on an AlF3 overcoated LiF+Al mirror sample show very promising results as seen

in Figure 6.2. This sample was cleaned for 20 mins and at 70◦C using UVO. Despite

the initial concern of O incorporation, reflectance measurements in the FUV revert

to initial reflectance values similar to those seen while freshly coated despite being

over five months old. It is suspected that the successful reversion of the reflectance

degradation indicates that a superficial layer of carbon and other organics are able

to be safely removed by UVO for the AlF3 coated LiF mirror and that the mirror

is resilient to O incorporation. While more testing is needed, UVO may serve as a

useful tool in future fluoride mirror coatings as a way to combat degradation during

operation.

80



6.2.2.2 XeF2 treated Al mirror samples

Alternative from LiF passivation of samples, Quijada et al. (2021) also de-

scribes a potential XeF2 treatment for physically deposited Al mirrors to form a

very thin layer on the order of a few nanometers of AlF3.[11] Preliminary tests seek

to combine this XeF2 technique to generate a temporary thin AlF3 cap before being

transported to the ALD reactor at the University of Maryland to be grown to a

larger thickness for reflectivity measurements. Current efforts so far have not been

successful at generating a mirror with reflectance profile characteristic of pure AlF3

over Al through this process. It is suspected that the passivated layer formed from

XeF2 is not stable enough for transport between the two facilities or that a funda-

mental chemistry after XeF2 treatment prevents correct generation of AlF3 growth.

Future work seeks to identify the fundamental cause for this through characteriza-

tion and analysis of these samples.
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Figure 6.1: Principal component analysis performed using 19 point mapped wafer
from Sect.4.4.1 showing the highest scoring principal components PC1, PC2, and
PC3’s profile and regeneration of the wafer maps by those three eigenfunctions alone.
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Figure 6.2: LiF performance is restored through UVO cleaning to initially measured
reflectance values. The black curve is the reflectance measured after deposition,
the orange line is reflectance measured after aging 5 months, and the gray line is
reflectance measurement of the aged sample after UVO cleaning.
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