ABSTRACT

LEMAIRE, PAUL CHARLES Atomic Layer Deposition and Controlling Film and Crystal
Nucleation (Under the direction of Gregory N. Parsons).

Typically, conformally coatingfibers or highaspect ratiosubstrateswith thin films has
proven problematicTwo techniques that are well suited for overcoming these challenges
include @&omic layer deposition (ALD) and ohecular layer deposition (MLD)ALD and

MLD are vaporphase techniques thatse sequential half reactions to deposit highly
conformal films with angstromlevel thickness cdmol. By purging excess unreacted
reactants, ALD and MLD are able to deposit thin films only on substrate surfaces, making
them ideal for conformally coating fibers or porous substrates in ordéngart new

chemical functioniaty to substrate surfaces

ALD has proven especiallppplicable for the continued development of metal organic
framework (MOF) multifunctional material8édOFs arechemically functionalizednicro-

and mesoporousaterials with high surface areamdareattractive for multiple applications
including filtration, gas storage, and catalysithe amount of MOF loading on fiber
substrates has been increadmsd coatingfibers with ALD in order to generate nucleation
sites In addition, ALD modification of the KdFs themselveshrough possynthetic
modification is a strategy to impart new properties, including improved chemical stability

andselective catalytic activity.

The highly controlledALD surface reactionalsomakeALD ideal for selective deposition,
in which a film is only deposited in predetermined regioAseaselective thin film
deposition is expected to be important for advancedlfulmanometer semiconductor

devices, enabling feature patterning, alignment to underlying structures and edge wefinitio



There are multiple strategies to achieve selecideD, including utilizing inherent
differences in the surface chemistrydifferent material surfaces or through periodic etching

of undesired nuclei on specific surfaces.

In order to make ALD, MLD, an&MOF depositioneven more applicable it is important to
understand the underlyimgicleation mechanismblucleation is defined as the initial process
that occurs in the formation of a crystal froraaution, diquid, or a vapo. A small number
of ions, @doms, or molecules become arranged in a pattern characteristicystaline solid,
forming a site upon which additional particles are deposited as the avydtth grows?!
Accordingly this dissertation focuses amderstandingnucleationreactionsin order to
increasecrystal loading on substrates, liminwanted substrate degradati@md achieve

controlled selective deposition.

The first half of this dissertation focuses on the intéwas betweenrALD and organie
inorganic materialsincluding MOFs By studying CuBTC MOFnucleation mechanissnwe
show that ALD oxide surfacedacilitate CuBTC nucleation by enhancing copper nitrate
adsorptionand through théormation ofintermediaryhydroxy double saltsWe thenanalyze
ALD precursor interactions with the MOBjO-66-NH,. The ALD precursors reaghduce
reversible distortion of th&®1OF metalclusters reacting predominantly at the MOF surface
region We also discuss thdLD deposition oforganicinorganic porous filmsvith swelling

properties due to the formation ofjgaternary ammoniursaltfunctionality:.

In the second halbf this dissertation, we discuss the selective deposition and etching of thin
films. We investigated the causef roetallic tungsten nucleation on Si@ nd ot her finc

growt ho sur f aeSH W-ALDrprocess. Wetpmvidgvévidence that Y\nd



SiH; react with vicinal hydroxyl sites on oxide surfaces, initiating undesired nucleation.

Using this information, weanvestigated strategies wi den t he fisel ecti vit
increase the amount of tungsten selectively depositednensurface versus anothé&ve

widened the WALD selectivity window bylowering the process temperature, diluting the

ALD vapor precursa@, and utilizing different carriegases. Finally, based on observed

etching during the WALD incubation period, we developed taermaldriven and sel

limiting TiO, atomic layer etching (ALE) process using ¥\nd BCh.
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CHAPTER 1. INTRODUCTION
1.1  Principles of Atomic Lger Depositiorand Molecular Layer Deposition
1.1.1 Atomic LayeDeposition(ALD)

Atomic layer deposition (ALD) is a vapghase technique teposit nangcale coatings on
substrates while maintaining thickness control and confornfaityD coatings can be thin
enough that there are no obvious changes to visual characteristics, feel, and fléxibility.
consists of two sequential sdiliiting reactions as shown fFigure 1.1* In a typical reaction
sequence, a substrate is first exposed to one of the reactants, which selectively reacts with the
surface. The unconverted reactant is purgemnfthe system by carrier gas. Without
sufficient purge times, unremoved precursors can react by chemical vapor deposition (CVD),
causing thicker and less uniform coatifgghe system is then dosed with the second reactant
which reacts with the first and restores the original surface functionality. This cycle is

repeated to adddditionallayers.

T™A: B
&v &, /'%CW CH, surface:

T Repeat TMA ‘ H,0 &

oty fon,

OH surface:

’ll‘_ﬂ_ﬁ_f_l‘ purge

Figure 1.1 Schematic representationtbe ALO3; ALD reaction sequence




Figure 11 shows themodel readgon for atomic layer depositionAl,O3 ALD. Al,Os is
deposited through the sequential exposure of trimethylaluminum (TMA) and water, in which
the surface undergoes the chemistry shown inr¢laetionsbelow, with asterisks denoting
surface speciesThe ALO; and similar oxide ALD processes cistsof Lewis acidbase
reactions. These reactions dgand exchanges and not oxidative or reductive reactions.

Al-OH + Al(CH3)s Y  AQ-AI(CHs), + CH,

Al-O-AlI-CH, + H,O Y -QMAI-OH + 2CH,
The net A}JO3; ALD reaction sequence is highly exothermic. The reactions are spontaneous
even at low temperatures, without undesired reactant decomposition, desorption, or
condensatioA® TiO, and ZnO ALD sequences can also be accomplished at low
temperaturé.For an ALD process, there is typically a temperature range in which the growth
per ALD cycle is not largely dependent oretkemperature. This is referred to as the
Atemperature window. 0 Outside this window,
which the growth rate per cycle can increase or decrease thmoioplete surface reaction,
desorption of surface sites, puesor condensation, @recursor decompositioh.A broad
temperature window is especiallsignificant for temperature sensitive substrates like

polypropylene which can have a melting point as low as 135 °C.

In addition to oxides; metals, carbides, nitrides, and sulfides can also be deposited through
ALD.>" Unlike the ALO3; ALD process, depositing metal films via ALD requires reduction

reactions. A lack ofiablereducing agents limits the number of metals that can be deposited



via ALD because most metals have a relatively large positive reduction potémiiatallic
tungsten can bdeposited at relatively low temperatures (as low as ~150°C) tsiggten

10113 or disilane

hexafluoride YWFs) and a reducing agent such as monosilargHy)
(Si;He). X1’ Figure 1.2 shows the proposed reaction mechanism for the deposition-idn Si

and SiQ surfaces?® During normal steady state growt/Fs adsorbs and reacts on a metal
surface SiH, then removes fluorine from the adsorbed ,Mpecies and reduces the tungsten
}5,16

to W°. SiH, adsorbs on theeduced tungsten surface, creating a reducing fayér:

Analogous to AIO3 ALD, these two stepsanthenberepeated tancrease the film thickness.

WFg: &3
WF,H, surface
OO ® siF, i —
Sio, il Q\‘ /' selective deposition:
purge lm %3
bSiH4: Limited
WF;: Reacts reactivity
with Si-H, with SiOz
Si-H, site e
on Si0, o ‘Q’@?C@\ 7 ’S|F4
\ \ q@

=it —jitw. o

Figure 1.2:Schematic representationtbie metallic tungste®\LD reaction sequence

1.1.2 Atomic Layer Depositionn Polymer Substrates

One can utilize AlO; ALD to deposit AbOs films on nearly every substrate including
polymers™® Al,O3 ALD introduces additional hydroxyl groups, typically making substrates

more hydrophilic. ALD coating can make fibers more rigid, impartinglrbyhobicity



because of reduced contact area between the water droplet and thg Tiggically, ALD

will have better results when a substrate surface already has hydroxyl groups to help initiate
nucleatior® For exampleALD of thin films on cotton or nylon fibers are highly conformal,

with TEM showing an abrupt interface between the fiber and film because these polymers
have a high concentration of surface active sif&.In contrast, nofhydroxylated surfaces

can inhibit nucleation oyield incomplete nucleation focused on substrate defect areas.
Al, O3 deposition on polympylene occurs when TMA diffuses into the polymer
subsurfacé®® Sub-surface diffusion causes retention of excess precursors even upon
purging. This leads to AD; film nucleation and noiideal CVD growth that increases the

film thickness by introducing impuritie’s.
1.1.3 Selective Atomic Layer Depositi@&ALD)

As companies begin work producing integrated circuits with less than 10 nm feature sizes,
standard pigerning techniques, such as lithography, become much less applicable because of
challenges maintaining edge definition and alignment to the underlying fea@nes.
solution to this problem is to limit the number of patterning steps and instead sefectivel
deposit the desired material, such as a metal or dielettrere are multiple strategiésr
selective atomic layer deposition-f&D). The simplest strategy is inherent selectivity,
which takes advantage of the different surface chemistries of aneattsubstrateFor
example, the tungsten ALD schematic shown in Figure 1.2 shows that the precursors will
selectively react with a Sil or metal surface over an oxide surface. Thél Qir a metal

surface reduces the W@ WP leading to film depositionnl contrastthe stability of an oxide



surfaceleads to a high energy barrier fprecursor adsorption and accordingiyngsten
nucleation?® ?° Using less reactive precursors @agate an even larger barrier for deposition

on Agoroonwt ho surface. For example, using an a
improved the selectivity of ZrOALD on patterned substratésYet despite the theoretically

high thermodynamic barriers, depositi@ventually occurs on the noegrowth surface,

typically due to the presence of defects.

Anothercommon strategy is to passivate or block one of thiaces on a pt#rned substrate

and selectivelyd e posi t on the Aunblockedo surface w
typically photoresists or se#fssembled monolayers (SAME)®* For examplethe SAM
octadecylphosphonic acidias used to selectively passivate copper surfaces over SiO
surfaces® For a SAM layer tcbe an effective blocking layeit, is crucial to form densely

packed, highly hydrophobic monolayéfsYet regardless of the quality of the SAM film,
deposition ewvetually occurs on the passivated surface, with nucleation occurring due to
defect sites or as a result of Rplanar substrate®.One solution is to intermittently remove

andregenerat¢he passivating SAM layavith an in-situ vaporphase proces¥.

Competitive adsorption ojaseousspecies can be utilized to generate a more seleStive
ALD process. Instead of using a solid maskSAM layer, ALD deposition is inhited on
nongrowth surfacedy blocking precursor adsorption by simultaneously dosing a volatile
reagent that will preferentially adsorb on the 1growth surface. For exampla ZrO, ALD
process usingetrakis(dimethylamido)zirconium(lVand water preferentially deposits ZrO

on anoxide surface over a metal surface, but selectivity is quickly loss. But by dosing



trimethylamine (TEA) simultaneously with the two reactants, the TEA will adsorb on the
copper surface, preventing the Zrfrecursors from reacting on the ngrowth surfacé®
The shortcoming of this process is thadgposition on thegrowth surface is often also

depressed.

Finally, the overall selectivity of aB-ALD processcan be increased by utilizingsalective
etching process. An initial etch step can remove active sites on thgrowth surface to
passivate ifrom undesiredleposition. For example, ethanol vapor can etch the native oxide
layer on copper, removing hydroxyl sites that could react with the ALD precafsois.
addition, an etchback stepcan be used periodically durirg deposition. The etch step
ideally removes or getters the nuclei on the rgrowth surface with minimal etching of the

film deposited on the desired growth surfdte
1.1.4 Molecular Layer Deposition (MLD)

Molecular layer deposition (MLD) is a deposition process analogous to BiliDinstead of
depositing inorganic films such as an oxide or metal, MLD deposits purely organic or
organicinorganc films. For examplepurely organicnylon-66 films have been deposited
with adipoyl chlorideand 1,6hexanediaminé® Another technique to generate organic films

is through oxidative molecular layeeposition(oMLD), in which a monomeprecursor is
polymerized with an oxidant, generating a polymer fiim such ady(®4

ethylenedioxythiophendPEDOT)?#243



Deposition of oganicinorganic films referred to & me t a | involve® seHimiting half-
reactions between organic and organometallic (or rmetiéde) reactants.The metal

precursors are typically metal presons used in metal oxide ALe.g. TMA).These MLD

46,47

e'**® zincone®

include alucone® titanicone’® and otherd®*° Figure 1.3 shows a proposed

reaction sequence for an alucone film deposited with the precursors TMA and ethylene

glycol >** Most film reaction studies to date have focused on metal precursors reacting with

1144' 46,48 50 |48,51 | 52
) ) )

ethylene glyco glycerol*®** glycidol > and various carboxylic acidd>® generally

leading to polymeric eM-O-(CHy)y-O-M-O repeat units as detained by spectroscopic and
other analyses. Metalcone films have multiple possible applications including flexible
electronics!’ sacrificial films to form conductive carbaith®® or porous oxide films’>®

encapsulation and protective layers on chemically reactive fibers, and antireflective

coatingst*

e OB
Al Al
|
/AI\
CHy CHy
AW
Al g
(A) (8)

Figure 1.3: Reaction sequence for an alucone film deposited with a) TMA and b) ethylene
glycol.



1.2  Chemical Vapor Etching and Atomic Layer Etching
1.2.1 Chemical Vapor Etching

The semiconductor industry is looking towards controllableietctechniques to supplement
currently used thin film deposition techniguerder to design and manufactsraallerand

more complicated transistor nodes. For examglpov phase etching of native oxide on
silicon (Si) is an etching process of interesthe semiconductor industry. Hydrogen fluoride
(HF) liquid etching of Si native oxidé® is ubiquitously utilized in the semiconductor
industry, but imsitu vapor etching helps limit the reformation of an interfacial oxide layer
between Si and a deposited filfit?®° For both solution and vapor phase etchingDtglays

a significant role in HF etching dhe native oxidewith significantly lower etch rates in
anhydrous condition¥' ° In vapor phasetehing, water creates a interfacial layer between
the substrate and gas and acts as a proton donor and acceptor to catalytically activate the HF
etch®®%% Although HF is a promising etchant, the high HF concentrations can lead to

uncontrolled etching.

1,1,1,5,5,5Hexafluoroacetone (hHfac) is anotha&eid that can dry etch oxides. Like HF,
hHfac can break metdloxygen bonds, forming volatile metal complex&®r example,
hHfac' and a hHfac and §£H.0,’*" processeswere used to etch ZnO and copper
respectivelyThe etch products, Zn(hfacdnd Cu(hfag)volatilize at temperatures as low as
150°C, enabling low temperature etchiflg® Issues arise for these etching techniques at
higher temperatures, where above 200°C there is increasedicaldegradation, leading to

carbon and fluorine contamination in the filil<3



Steadystate plasma etching is a more common way to continuously dry etch a broader range
of materials By using highenergy species in technigques suchieastive ion etchingRIE),
magnetron reactive ion etching, electron cyclotron rasoma&tching, ion beam etching, and
plasma etchingit is possible to volatilize a much larger range of species than by chemical
etching alone at relatively high etch rafé&or example, RIE uses a partially ionized plasma
glow discharge that generates reactive andreantive ions, electrons, pho® and multiple

other specie& By biasing the substrate i ipossible to achieve directional or anisotropic
etching which is advantageous for creating trenches and other pditéfas.these highly
reactive species are prone to recombination and transport limited phenomena, making them
less applicable for highspect ratio substatés’® In addition, the reactive species can
damage sensitive structufeatures due to roughening or contaminatjomhich is a major

concern for the semiconductor industty
1.2.2 Atomic Layer EtchingALE)

Atomic layer etching (ALE is an etching technique basen the principles of ALD. ALE
consistof a sequence of sdimiting surface reactions, but instead of depositing a i

instead removes a layef the substrate with each cycleA typical ALE consists of two half
reactions: an adsorption and activation step. In the adsorption step, the precursor modifies the
subgrate surface in a manner that reduces the activation energy required to remove that
layer’® For example, Si substrate is exposed to chlorine gas to form al&j€t and an

oxide is typically chlorinatecbr fluorinated with BCl;">"® or HF respectively®®® The

adsorption step igdly modifies only the surface layer, passivating the substrate from further



modification The modified layer is then removeth volatilization throughan activation

step. The activation step cannsist of ahermallydriven ligand exchand@® as shown in

Figure 1.4%° or energy enhanced species such as argon bombardment as shown in Figure
1.5 The nature of the activation stegan impact whether the etcdlgj is anisotropic or
isotropic. ALE processes enable more conformal etching procéseh thermatdriven

ALE having the added bonus of enabling etching in high aspect ratio stri€tures.

HF H,O
\ Fluorination /
s AlF,
Al,O
as AlLLO,
Al(CH,), Ligand AIF(CH,),
Exchange
AlF |::> _ETci-le_d-L;y-eu'-ﬁn_(,;n-es_: t A
Al,O4 Al,O4

Figurel.4: General reaction scheme for a thermalfiven ALE process, in which unlike the
energyenhanced, surface volatilization depends on a ligand exchange reaction.

Precursor Low Energy lon
Exposure i d g\i
. .’*. Adsorbed Layer vy ¢ 3
> g82%e- 2 82
00000 . @ Purge
0000 00.0 0000 09000 0000
Substrate Substrate Substrate

Figure 1.5: General reaction scheme for an eneeghanced\LE process, consisting of an
adsorption and activation step.

10



There has been considerable work by George et al. studying selective etching of oxides using
hydrofluoric acid (HF) in combination with different metal coregéff.Specifically, HF
was used to fluorinate metal oxides including@| HfO,, and ZrQ creating a passivating

metal fluoride layer®"®® Exposing the metal fluoride layer to a-mmgent such as

8083 tin aceytlacetone (Sn(acagj®®®* diemthylaluminum

trimethylaluminum (TMA),
chloride (DMAC) or silicon tetrachloride (SiG)¥° can lead to a ligandxchange reaction.
Depending on the metal fluoride and the extent eflitandexchange, the modified surface
layer will be volatilized, reforming the original substrate surface termination. For example, a
AlF3; surface layer is proposed to react with Sn(acéo)form volatile Al(acag and
SnF(acag)®*® Selective oxide etching has been achieved by adjusting the process

temperature and selecting specific metal precard@at serve as ligand sources. For example,

a HF/TMA ALE process was observed to etch@lbut not ZrQ at 300°C*°
1.3  Metal Organic Frameworks (MOFs)
1.3.1 GeneralMetal Organic Framework Properties

Metal organic framework (MOFs) are inorganiorganic solid state compounds formed
through coordination bonds between metal cations and organic litfahids.MOF structure
consists of rigid pores that retain their structure upon solvent reféVallOFs exhibit a

high degree of crystallinity, relatively high thermal stability, very high surface area, and a
maximum porosity that exceeds that of zeofffeén addition, these inorganiarganic

compounds can be tuned for specific applications, such as adjusting MOF pore size to control

11



transport through the pores dietreplacement of ligands with other molec(ifess a result,

MOF materials are of considerable interest for gas storage and toxic gas adsorption.
1.3.2 Properties of the Uid6 MOF and MOF Analogs

The UiO66° and NU-1000° series of MOF contain Zioctahedral clusters and carboxylate

linkers, giving rise to strong coordination borftisThis imparts these MOFs \itstrong

thermal and chemical stabilityn addition to the high surface area and porosity typical for

MOF materialslt is also possible to tune the properties of i®by replacing the organic

benzene dicarboxylate linker with analogous linkers witle gigdbups including amine, nitro,

and bromide side groug$The amine functionalized Ui®6-NH, creates more Lewis base

sites and makes the MORor e fiel ectron richo i-662Ascampari s
result, UiG66NH, canadsor b and degrade chenfiactata war f a
visible-light photocatalyst’ and hasdoublethe CQ and CH storage capacity relative to

Uio-667

Another special property of the Ui and NU1000 MOF series is that they can transition
between a hydroxylated and dehydroxylated statetheir hydroxylated state, the metal
clusters are £0g cores in octahadl geometrywith each octahedral face bridged bga

OH or £3-O moiety, corresponding to &4(OH), stoichiometry. Treatment at elevated
temperatures first leads to loss of physisorbed water and solvent, followed by release of two
H,O from each metal laster, yielding dehydroxylated &Ds that takeson a distorted
structure’®®® Rehydroxylation allows repopulation of the bridging hydroxyl groups.

Dehydroxylaton, generating missing linker sites, anding the zirconium nodes sites with
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solvents such as methanol can increase the concentratiotivef sites available for catalysis

and other application§21*
1.3.3 Properties of the CuBTC MOF

AnotherMOF of particular interest is copper benzene tricarboxylatg(BJiC),), referred to

as CuBTC, HKUSTL, or MOF199. CuBTC consists of G{H.,O), dimer units linked by
1,3,5benezenetricarboxylate groups (BTC). CuBTC is typically synthesized solvothermally
by heating the MOF precursor solution for extended periods of filme copper and organic
precursor react to form stdtructures referred to as secondary building units (SBUs), which
then combine to form the complete thdimensional MOF structu®.Each copper metal

fills the residual axial coordination sites with weakly bound axial water ligdi8sThe
CuBTCstructure as shown in Figute6 consists of channels €9in diameter surrounded by
tetrahedral side pockets ~6 in diameter®® The channels and pockets are then
interconnected by triangular windows ~8.8%'%Collectively, this generates the electrically

neutral and three dimensional open framew8tk.
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Figure 1.6: CuBTC structure in which the green and pink gshdenote the primary and
secondary MOF pores respectively.

Due to its structure and composition, CuBTC is extremely hydrophilic and acts as a Lewis
acid %1% MOF structures are fairly resilient due to tf@dination bonds, but dissociation
of the clustedink bond will destroy the framewof¥. Exposure to high temperatures and
moisture can therefore cause CuBTC decomposition. Finally, CuBTC can be readily
modified by removing water ligands from the copper centerderao expose metal sites for

applications such as gas adsorpfith.
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1.3.4 InvestigatingNucleation and Deposition tfie CuBTC MOF

1.3.4.1 Homogenous and Heterogeneous MOF Nucleation

Immobilizing MOF materials on substrates demands an understanding of homogenous and
heterogeneous nucleatiorlomogenous nucleation occurs when crystals-ragtfeate in
solution’” In the specific context of MOFs, homogenous nucleation likely occurs through
the rapid SBU formation in solutidfi® In comparison, heterogeneous nucleation occurs on
pre-existing surfaces and is typically theodynamically favored because of the lower energy
barrier’®” For that reason, lowering the reaction temperature is one way to favor
heterogeneous nucléat over homogenous nucleation. Heterogeneous growth on a substrate

tends to yield strong attachment and helps limit unnecessary reactant deffetion.
1.3.4.2 Roleof Substrate Surface Charge 6GuBTC Nucleation

Metal oxide properties such asrface chargeand dissolution rateare a function of the
specific oxide and solution environment. Under aqueous conditioetal oxides can consist

in three main forms: MQ MOH, or MOH,".**® The dominant state will make the oxide
surface behavenore like an acid (electron recipient) or a base (electron donor). The
isoelectric point (IEP) valuis a way to quantifihe relative aciditybasicity of a surface. The
zeta potential is measured over varying pH values and the IEP is the pHwedte the
surface has a zero net charge (aka MOH reported IEP value ranges for the metal oxides
of interes are as follows: A3 88.5, TiO: 56.5, and ZnO: 8:8.11° These values
convey that AlO; and ZnO can be considered basic surfaces while isiConsidered more

acidic.
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In addition certain oxides dissociate in aqueous conditions in order to maintain
thermodynamic equilibriun®® A Pourbaix diagramshows the equilibrium phass at
different solution pH andapplied patentials, as shown in Figure 1* This shows that
without an applied potential, ZnO wifborm Zr* cations andetch under acidic aqueous
condtions. Through similar analysis, one can determine thag®AWill also etch in acidic

aqueous conditions, but Ti@ relatively stablé!™?
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Figure 1.7 Pourbaix diagram for zinc at 25°C.

Work studyingheterogeneouSuBTC rucledion has shown thdavorable copper adsorption
increase overallCuBTC loadingonto a substrat8? **’ For exampleAbbasi et alincreased

the heterogenous CuBTC nucleatiom silk fibers by dipping thébers in alkaline solution

prior to MOF depositionlt was hypothesized that thekaline solutiondeprotonatethe silk
carboxylic groupsand the negative surface chaigwroves Ci?* retention**® In agreement

Pinto et al. showed that there was only minimal heterogeneous CuBTC nucleation on their

modi fi ed #fac Ginatlyp Zaocher letl al lolseneed that little to no growth
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occurred on acidic Sisurfaces while more basic &); substrates showed dense growth
under the same reaction conditichhese results suggest that negatively chargdshsic

surfaces symrt CuBTC nucleation.
1.3.4.3 CuBTC Nucleatiomn Chemically Functionalized Surfaces

A substratesurface functionality can control if and how CuBTC nucleates or adheres to a
surface.Through the use oSAMs, it was observethat CuBTC attaches twarboxylic acid
(COOH) and hydroxyl (OH) terminatedsurfaces through the (111) and (100) crystal face
respectiely.3*3* The COOH sitesinteract with the coppemetal centerdy replacing the
carboxylic acid groupsrom the MOF organic linker, BTC. OH sites on the other hand,
coordinate to the KF metal centers by replacitige axially coordinated water groups. The
oriented attachment initiated during nucleation is maintained with additional MOF gfowth.

Furthermore, Zacher et al. noted that €&rfaces inhibited MOF nucleatidn.
1.35 PostSynthetic Modificatiomf MOF Substrates

Postsynthetic modification of MOFs is a strategy to impart desirable stabffity°
catalytic activity*?**?? other functionality to the MOFs that are not present in the as
synthesized system. Solvent assisted linker exchange ($Rt#)or solvent assisted linker

incorporation (SALIj**%°

are two techniques to generate MOFs that cannot be synthesized
directly throughde novo synthesis techniques. A general scheme for the concept of post
synthetic moditation of MOFs is included in Figure 18° For example, different

carboxylatederived functionalities were inserted into tN&-1000MOF via SALI in order
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to createcharge compensatinsites®® Kim et al. also showed that the zirconium metal

centers in UiG66 readily exchange ithh titanium (IV) and hafnium (IV) during extended

soaking in metahalide solutiort?’

WEads

Figure 18: Postsynthetic modification of a MOF substrate.

Vaporphase techniques based on chemical vapor deposition (CVD) and atomic layer
deposition (ALD) have also been utilized for peghthetic moditation of MOFs?>1%8128

136 For example, Peterson et al. made the CuBTC MOF hydrophobic by coating the surface
with a perfluorohexane film via plasma C\}}. The Farha and Hupp group applied ALD in
MOFs (AIM)**13213%0 modify mesoporous N11000. The relatively large pore size, channel
dimension, thermal stability and availability of reactive hydroxyl groups made theablsuit

for bulk reactive modification by the common ALD reactants trimethylaluminum (TMA) and
diethylzinc  (DEZ)®®* In further work, this same group used His(

S*3to uniformly deposit Ct ions

isoopylacetamidinato)cobalt(liyith either water™® or H,
or CosSg respectivelyjnside NU100Q The addition ofCoSg sites makesthe NU-1000

catalytically active for selective hydrogenation ohitrophenoloverm-aminophenof
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CHAPTER 2. EXPERIMENTAL TOOLS
2.1  Atomic Layer Deposition Reactor

Atomic layer deposition (ALD)f conformal thin filmswere carried out in a hormuilt

ALD reactos, with a general reactor design includedrigure 2.1.A typical reactashamber
consists of a tubthat is ~4860 cm long and 40 cm wide to ensure that the flow fully
developed before reaching the samp886 stainless steehks are plmbedfrom a carrier

gas (nitrogen or argortp the reator. The deposition chambemnd steel lines arbeated
resistivelywith heat tape or tube furnacesing PID controllersGas flow and precursor
delivery are controlled with pneumatically actuated valves, which allows consistent precursor

dosing and purgig between exposures.

Quartz crystal
microbalance

Baratron
gauge

Samples,
QCM

Electronically Gate valve

controlled gas
pulsing valves

Butterfly valve

To Process
pump

Figure 2.1 Schematic view of viscous flow reactor for ALD, fitted with arsitu quartz
crystal microbalance (QCM) probe.
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2.2 Quartz Crystal Microbalance (QCM)malysis

In-situ reattime monitoring ofmass loading or etching on abstrate was monitored using
guartz crystal microbalance (QCM) analy$)CM analysis is based on the fact that quartz is
a piezoelectric material. Applying alternating current to a properly cut quartz (typically AT

quartz cut at ~35°) induces oscillatidnghe crystal*’

Keeping other variables constant, the
frequency of the oscillation depends on the thickness of the quartz crystal. Equation
shows how the&hange ircrystal fequency( doirelatedo a change in mass loadiigap).

137 Wheref, is the fundamental frequenc, is a frequency constant, apgandA are the

film density and area respegtly. For the QCM analysis included in this documénandC
were set a$,000000Hz and228.304Hz/ug respectively, with a deposition aréaof 0.357

cn?. This equation holds as long asff, is less than ~2% because the film thickness is
treated as an extension of the overall crystal thicktiéds.should also be noted that the
crystal frequency is also impadtéy changes in process temperature, which is a common

source of error in QCM analysis. Finally, to ensure tlegiosition only occurs on the top

crystal face, a gas purge is delivered to the crystal backside to act as a gd&*%field.

wQ — 2.1)

2.3 Fourier Transform Infrared SpectroscoffyTIR) Analysis

Fourier Transform Inbred Spectroscopy (FTIR) is an absorption analytical techrioat
correlates an energy change between two quantized state in a molecule sample to the

frequency of absorbed lighih the infrared region® FTIR differs from oter absorptive
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spectroscopy in that it utilizes broadband light source in order to generate multiple
frequencies of light simultaneoush’ The raw data, or interfegnam, is then processed with

a Fourier transform.

Depending on the molecule, final processed spectrum consistsddferent vibrational
modes, including stretching, bending, scissoring, rocking and twistimpdes->° The
wavenumber of an absorption band conveys the relative energy of a molandeand can

be utilized to dentify the chemical species present in a sample. Furthermore, the local
bonding environmentan be characterized by shifts in bands. For example, FTIR analysis of
a nitrate anion coordinated to a metal will include symmetric asyanmetricstretching
bands in the spectrdhe difference in wavenumber between these two bands indicates the
degree ofion symnetry and whether the metaitrate bonding is monodentate or bidentate.

140141This analysis extents to other moieties as well, such as carboxylate §¥oldps.

FTIR analysis was performed irhermoNicolet 6700 IR bench with DTGS detector d&+

situ analysis and MCJA detector for in-situ analysis. The FTIR was operated in
transmission mode with 268050 scans per spectra at 4-tme®lution. A homebuilt
reactorshown in Figure 2.2 was used forsitu FTIR analysis. This reactor configuration
allowed substrates to be analyzed by FTIR without exposing samples to ambient conditions.
This was ideal for monitoring changes in surface akegnfollowing separate ALD half
reactions.After each ALD half reaction, the reactor is purged of any reactants and gate

valves are opened, allowing the IR beam to pass through the substrate to the IR detector and
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a spectrum is collected. This spectruandhen be analyzed with the previously collected

spectrum used as the background.

1 —]Csl Window

Stainless Steel Chamber
Sampl
Gas Flow Qb/ e
[——
1
Pump
e _JGCsl Window
MCT-A /
e Mirror

Figure2.2 Configuration for irsitu FTIR analysis of ALD processes
2.4  Spectroscopic Ellipsometry (SE)

Ellipsometry is an optical technique to measure the thickness ohddised on changes in

the polarization of an incident light beam that reflects off a substfa@pecifically,
spectroscopic ellipsometry (SE) utilizes multiple wavelengthsderaio determindoth the

optical constants(n, K and thickness ofa film.**" For a transparent film, the raw
ellipsometric data, the phase difference ( x)
model to determine the film properties. It is also possible to use the raw data itself to monitor

the extent of nucleation. Foixea mp | e, o Iis particularly senc

roughness, making it ideal for monitor the formation and coalescence of Hu€féfigpcan
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al so be plotted versus y over time or cycle

layer or island growth modét’
2.5 X-Ray Photoelectron Speoscopy (XPS)

X-ray phot@lectron spectroscopy (XPS) is a surfgeasitive analytical technique used to
monitor andcharacterizethin film nucleation anccomposition.Samples are exposed te X
rays (generated by an Al or Mg targegjecing core electros from surface atoms in the
sample Electrons thatnellasticallyscatter, returning to their initial energy state, become the
spectra background. But electrons ejected from the surface dtwnisst few nm) are less
proneto scattering and generate tepectra. This ighe basis for why XPS is a surface

sensitive techniqué.hese emitted electrons leakinetic energies given yquation 22:
KE=h 4 BET (s (2.2)

Where KE is the kinetic eneirag gnergyf(1487k\eforej ect
Al source), BE is the binding energy of the core electron,(Rnd the spectrometer work

function. Using the intensity and relative binding egye of the resulting peaks, is it possible

to determinequantitative elemental composition analysisd thechemical state of the

element within the filmFor example, a peak associated with a meill have a lower

binding energy than the correspondiogdized metal.The electronegative oxygen draws
electron density away from the metal, so that the remaining electrons bouednettdi are

more strongly bound and requireore energy to remove them via theays.

23



XPS analysis can also be used toatetine the thickness of thin films by monitoring the
attenuation of a substrate signal. For example, in this document, the extent ah&iWk
adsorption on TiQwas estimated by assessing the decay of the T8/2psignal based on

equation 2.3&s follows:
- Q (2.3)

Wherelp and| are theinitial and final intensities of therli 2p 3/2 signal before and after
adsorptionrespectivelyti s t he f il m t hi cknes-fsee pathfiMFP>- i s t
of the electronN1 ST 6 s E lestive-AttermationEehgth (EAL) databasevas used to
determine ke IMFPvalue whichis a measure of photoelectron transpdtie IMFP values
depends on material propertiesbofththe substrate and deposited film. The kinetic energy of
the attenuated TiR23/2 signal was determined to be 1028.1 eV by subtracting the incident
kinetic energy for the Al xay source (1486.6 eV) by the binding energy of the Ti 2p 3/2
signal (458.5 eV). The photoionizati@symmetry parametaf Ti 2p 3/2 is 1.41 based on

the EAL database. Next the IMFP value depends on properties of the deposited film. For
example, for a Si@film formed by SiH adsorptionwe used &and gapof 9 eV anda
densityof 2.65 g/cn. Finally, for the Specs XPS used in this studyRay incidence arig is

~30° from surface and-pay source to analyzer is ~60°.
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CHAPTER 3. COPPER BENZENETRICARBOXYLATE METAL -ORGANIC
FRAMEWORK NUCLEATION MECHANISM S ON METAL OXIDE POW DERS

AND THIN FILMS FORME D BY ATOMIC LAYER DE POSITION

The following work is reproduced with permiss from Paul C. LemaireJunjie ZhaoPhilip S.
Williams, Howard J. WallsSarah D. Shepherdjark D. Losego,Gregory W. Petersorgnd

Gregory N. Parsoné&CS Applied Materialnterfaces2016 8, 9514 9522.

3.1 Abstract

Chemically functional microporous metalganic famework (MOF) crystals are attractive

for filtration and gas storage applications, and recent results show that they can be
immobilized on high surface area substrates, such as fiber mats. However, fundamental
knowledge is still lacking regairty initial key reaction steps in thin film MOF nucleation

and growth. We find that thin inorganic nucleation layers formed by atomic layer deposition
(ALD) can promote solvothermal growth of coppmmzendricarboxylateMOF (Cu-BTC)

on various substrateurfaces. The nature of the ALD material affects the MOF nucleation
time, crystal size and morphology, and the resulting MOF surface area per unit mass. To
understand MOF nucleation mechanisms, we investigate de@ilTC MOF nucleation
behavior on met oxide powders and ADs;, ZnO, and TiQ layers formed by ALD on
polypropylene substrates. Studying both combined and sequential risH@Eant exposure
conditions, we find that during solvothermal synthesis ALD metal oxides can react with the
MOF metal preursor to form double hydroxy salts that can further convert t8 G MOF.

The acidic organic linker can also etch or react with the surface to form anmoeide
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source MOF, which can also function as a nucleation agenCéeBTC in the mixed
solvothemal solution. We discuss the implications of these results for better controlled thin

film MOF nucleation and growth.
3.2 Introduction

Metal organic frameworks (MOFsjre inorganieorganic solid state compounds formed

6,145

through coordination bonds between mebasters and organic ligant: andshow great

rS?O, 146,147

: Catalysi§48' 150 1,152

potential for filtratio . gas storadh , and sensing
application$™*** MOFs exhibit a high degree of crystallinity, relatively high thermal
stability, very high surface area that is more defined than activated c&tb@espite these
advantages, MOF crystals are typically formed as a powder which limits and constrains the

way the MOFs can be used. Growing MOF thin films on functional substrates such as fibrous

materials could thereferlead to new advances in M@B&sed devices and composites.

Many methods have been attempted to integrate MOF materials onto fiber matrices including

113,116,156

solvothermal,'“*** layer by layer, suspensip sprays> %8

and microwave

facilitated>%¢°

techniques Conformal metal oxides or orgariimorganic films formed by
atomic layer deposition (ALD) and molecular layer deposition (MLD) respectively can be
directly converted into specific MORE&"1% Recentreports showthat ALD metal oxide

films can alsmserve as nucleation layers to promote the heterogeneous nucleation and growth

of a wide variety of MOFs on polymer fiber substrates, inclu@eBTC, MOF74, and

Ui0-66321661"\While these methods are promising for immobilizing MOFs, little is known
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about the initial key reaction steps during MOF nucleation and growth on ALD metal oxide

thin films.

Several groups have explored nucleation and thin film growth of copper benzene
tricarboxylate Cu-BTC) MOF32113114155136oferred to aus(BTC),, HKUST-1, or MOR

199. Results suggest for example, that the copper precursor reacts with the substrate to form
stable C6"or secondary building unit (SBU) species, thereby promatitgequenEu-BTC
heterogeneous nucleatitf.'!’” Negatively charged or alkaline substrates appear to have a
strongerinteraction with the positively charged €precursors, helping to facilitate GIrC
formation3*2*4Bunge et af®® showed that immobilizing copper species via reactive dyes
facilitated strong CABTC attachment to fiber substrates. Work asdmws thatCu-BTC
nucleation can be adjusted to some degree by the substrdtee functionality. For
example, the (111) and (100) crystal faces of @ueBTC shows preference to attach to
COOH and OH substrate surface groups, respectively, whergasu@&ce groups tend to

inhibit MOF nucleatiort? 3°

We previously reported that tl@&-BTC MOF crystal size and loading was affected by the
substrate ALD metal oxid¥® We proposed that the differe@u-BTC deposition was
possibly due to differences in substrate wettability, surface roughness, and isoelectric point
(IEP) values'® Herein, we spedially investigate these factors in more detail and show
results of subsequent experiments that demonstrate MOF nucleation and growth on metal
oxides involves the stabilization of intermediate hydroxy double salts (HDS), where the HDS

structure depends stigly on the composition of the metal oxide used.
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This work describes experiments explorfdg-BTC nucleation on three representative ALD

oxide thin film coatings, including ADs;, ZnO and TiQ. We analyzed the properties of the

ALD functionalized fibermas (referred to as WAPP/ ALDO) [
these substrates interact individually and sequentially with theQw8TC precursors:

copper nitrate Qu(NG;),) and 1,3,%enzendricarboxylic acid (BTC)to form CuBTC. In

addition, we furtheinvestigated the nucleation mechanism by using a series of metal oxide

powders as catalysts, different copper precursors, and HDS powders.

3.3  Experiment

3.3.1 MOF Precursors and/aterials

A list of the CuBTC solvothermal precursors, armediate species, andopuctsis included

in Table3.1. Nonrwoven polypropylene (PP) was acquired frttaNonwovens Cooperative
Research Center (NCR@} North Carolina State University. Nemoven PP fiber mats are
~0.3 mm thick, with fiber dinaPolytomylene (Tga gi ng
WPP) Membrane Circle, 47 mm in diameter with 0.45 pm diameter pores were purchased
from GE Healthcare Life Sciencek,3,5benzenetricarboxylic acid (BTC),copper nitrate
trinydrate (Cu(NGs),), copper chloride dihydrate (Cufl copper sulfate pentahydrate
(Cu(SQ)2), and copper acetate monohydrate (Cu(OAcyvere purchased from Sigma
Aldrich. Metal oxide powders including ADs, TiO,, NiO, CaO, CpO, MgO, CdO and ZnO

were also purchased from Sigma Aldrithaterials were used as eseed.
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Table3.1:List of CuUBTC solvothermal precursors, intermediate species, and products

Abbreviation Material Chemical Formula Comment
Copper BTC or MOF formed
Cu-BTC HKUST-1 MOF Cl(BTC)-3H,0 on surface
Polypropylene fiber i Substrate
PP/ALD with ALD metaloxide material
Cu(NO3), Copper Nitrate Cu(NG;y),-3H,0 MOF precursor
1,3,5Benzene MOF precursor
BTC tricarboxylic acid CoOeHs (deprotonated)
Copper Hydroxy Surface
(Cu,Cu)}-HDS | \irate Clp(OH):NO, intermediate
Copper, Zinc Hydray Surface
(Cu.Zn)-HDS | Nirate (Cu,Znp(OH)NOs intermediate
. Degradation
Cu,O Copper (I) Oxide Cu,0 product
Al-BTC MIL -96 Al 1,0(OH);g(H20)3(Al,(OH),)[BTC]s:24H,0 | Side product
Zn-BTC - [Zny(BTC),(H20),]-2H,0 Side product
3.3.2 Substrate Preparation and Growth of Gtglline Materials

PP samples were coated with 20 nm of@) ZnO, or TiQ in a lah made ALD reactor at

~1.0 Torr and 100°C. Clean silicon wafers, placedamu downstream of the PP confirmed

uniform ALD.

To form Cu-BTC MOFs,0.42 gBTC (2.0 mmol) in 2 mL of ethanol, and 0.87 Qu(NG;);

(3.6 mmol) in 12 mL of deionized water, were added simultaneously RI FElined

pressure vessel containing ndanhtreated)or ALDi treated fiber mats. This sequence is
written: PP/ALD +Cu(NG;)./BTC. (Figure 3.). Thepressure vessel was sealed and heated
at 120°C in an Isotemid vacuum oven for times ranging from 2 to 20 hrs. After cooling for

2 hours, samples were removed under fume hood ventilation, rinsed in equivolume water

ethanol (20 min) and dried under vacu(0rl Torr, 120°C, 16 hours).
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The PP/ALD fiber mats were massed prior to and following the solvothermal process to
determine the GBTC percent mass loading. The B0C loaded mats were weighed
following drying, after sitting in ambient conditions for aast 15 min. Mass effects due to
fiber degradation, oxide etching, and ambient water uptake ByT@uwere assumed to be

negligible when comparing the relative-80 C loading on the three PP/ALD samples.
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Cu(NO,),/BTC =

Product

q.

Product

PP/ALD

Figure 3.1 Schematic of thestandard and sequigal solvothermalCu-BTC synthesis. The
fiber mat substrates coated with ALD metal oxides are added to the mixed solution where
they wet and settle on the bottom of fR€FEcontainer. After full reactiorat 120°C the

fiber matsare rinsed and dried.

The PP/ALD + Cu(NG;),/BTC procedure was adapted for single or sequential reactant

exposures, includinGu(NQO;s), or BTC only: (PP/ALD +Cu(NGs), or PP/ALD + BTC) or in
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sequence (PP/ALD €u(NG;), + BTC or PP/ALD + BTC +Cu(NGs)2) as shown in Figure
1. For thes sequences, the BTC (0.42 g) &(NGs), (0.87g) solutions were each 24 mL

equivolume ethanelater solutions.

Metal oxide powders including ADs, TiO,, NiO, CaO, CyO, MgO, CdO and ZnO were
also tested for MOF growth in place of the PP/ALD substrakes. each test, 0.21 g BTC
(1.0 mmol) dissolved in 6 mL of ethanol was mixed in a scintillation vial with 0.44 ¢
Cu(NGs)2 (1.8 mmol) dissolved in 6 mL of deionized wateAfter mixing the BTC and
Cu(NGs); solutions, 0.18 mmol of the dry metal oxide powdasimmediatelyadded to the

vial and allowed to react at room temperature for 5 minutes. The final solution was filtered

and the collected powder was analyzed braXX diffraction(XRD).

To study the interaction of different copper precursors &t powders, CuGl Cu(SQ)s,
or Cu(OAc) were used in place of the Cu(h@ using the same solution concentrations and

reaction conditions.

In addition to metal oxide powders,ewpreparedpowders oftwo hydroxy double salts
Cw(OH)NO; and (Zn,CujOH)sNO3, abbreviated (Cu,QeHDS and (Zn,CuHDS,
respectively, to studthe Cu-BTC nucleation mechanisni.o generate (Cu,CtHiDS, 24 mi
of the Cu(NG;), waterethanol solution was heated at 120°C for 24 hdews.the (Zn,Cw)
HDS, 0.36 mmol of dry ZnO powderwas aded to the Cu(NG;), solution at room
temperatureinder constant stirring and alledito react for 5 minutes. Thesultingpowders

were rinsed and driefbllowing the procedur@reviously describetbr the MOF/fiber mats
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The collected powder was characted with Fourier transform infrared spectroscopy

(FTIR).
3.33 Material Characterization

XRD was performed using a Rigaku SmartlabX-r ay di ffracti-cap t ool
source). After vacuum drying (120°C, 0.1 Torr, 12 h) the MOF BET surface area and pore
size distribution was measured using a Quantach?braetosorb1C in the P/Po range of
0.05~0.31. The ALD thickness on silicon wagasured with spectroscopic ellipsometry

(J.A. Woollam Co., Inc.) FTIR was performed with a Thermigicolet™ 6700 IR bench

with a deuterated triglycine sulfate detector operated in transmission mode with 2050 scans

at 4 cmt resolution.

The isoelectric piat of the coated and uncoated fibers was determined by measuring the zeta
potential at variable pH with @urPASSY electrokinetic analyzer.dehrun requiredl0 16.5

mm PPcircular fiber matswith approximately 500 mL of a 0.001 M potassium chloride
eledrolyte solution. The pH was varied during testing by adding 0.05 M potassium

hydroxide or 0.05 M hydrochloric acid solutions.
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34 Results

3.4.1 Reaction products on Al-Doated fibers afteCu(NG;),/BTC solvothermal

exposure

During solvothermal synthesis, theystal morphology and extent Gu-BTC MOF growth

on metal oxidecoated fibers depends on the composition of the ALD oXféfter 20

hours of solvothermal reacticat 120°C using a mixe@u(NGO;),/BTC solution,we found

the Cu-BTC crystals on the PP/ZnO, PP{8%, and PP/TiQ@ wereapproximately 5, 30, and

50 um in diameter respectivelypon the PP/ZnO, PRI,O; and PPTIO, substrateshe
resulting CuBTC mass loadingvas found to be: 325%, 302% and 251% respectively.
Likewise, the measured BET surface areas of the resulting PP/ADB/8&amples weré64,

694 and 509n%g respectively. We note that the ZnO substrate showed the highest mass

loading and the highest surface area per unit mass.

Using mixedCu(NGs)./BTC solutions, we investigated the nucleation kinetics of the MOF
growth pocess on each of the ALD coating materials. Upon exposure to the unheated
solvothermal solution the PP/ZnO substrate turned blue and XRD confirms forma@on of
BTC MOF, as shown in Figurg.2(a) and(b) respectively. In comparison, PP#8% turned a

much lighter blue and PP/TiCappeared to retain its original yellow cql@onsistent with

less MOF growthWe note that the images in FiguBe(a) were collected after only 30
seconds of reaction at roe@mperature consistent with very fast MOF formatmn the

ZnO. Using ZnO for rapid rooftemperature GBTC deposition is further discussed by

Zhao et. at®’
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Figure3.2(c) shows theCu-BTC mass loading on AD3, TiO,and ZnO ALD coated fibers as

a function of the solvothermal reaction time. All the substrates show an early nucleation
phase followed by a sharp increase in mass lgaiing toa plateau.This trend is ascribed

to nuclation and initial growth of MOF on fiber substrate (i.e. heterogeneous growth),
followed by more rapid homogeneous MOF growth of the MOF nucleation layer. The final
mass loading on all three substrates is the same due to similar reactant consumfigoR.

hours, the weight of PP/ZnO substrates increased by 100%, and the weight glORPP/AI
increased by 50%. On the PP/@%, XRD analysis showed formation of -8TC. The
PP/TiQ, showed modest measurable weight gain (>~10%) only after 7 hours of solvaitherm

reaction.
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Figure 3.2 Cu-BTC nucleation on PP/ALD witlfa) imageqb) XRD after exposure tG€u

BTC solvothermal solution atoom temperature for ~30 and (c) percentCu-BTC mass
loading on PP/ALD plotted versus reaction time at 120°C. The PP/Zn@lesishow a rapid
Cu-BTC nucleation as shown by XRD and accompanied by a rapid color change from white
to blue and an early initial mass loading.

To identify possible differences in the metal oxides that could influence MOF nucleagon
measured the siace isoelectric point (IEP) to determine the relative concentration-of M
OH**, M-OH, or MO surface sites on thALD oxides at various pH values. The IEP

describes the acidity or basicity of a surface, i.e., its tendency to donate or accept protons. As
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shown in Figure3.3, the uncoated PP fibers showed an IEP of 3.83, indicating an acidic

surface. After coating with ZnO and A&); the IEP increased to 9.52 and 8.88 respectively,

indicating more basic surfaces, whereas;é€mained acidic with an IEP nea91. These

results correspond well with the reported IEP values for these bulk oxide mdf8rials.
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Figure 33: Zetapotential as a function of pH for PP and PP/ALD samples

To further explore the importance of the metal oxide @u-BTC nucleation, we tested

various metal oxide powders (imcling oxides of Zn, Cd, Mg, Ni, Ca, Al and Ti) as reactants
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for Cu-BTC formation. For each experiment, 0.18 mMol of oxide powder was added to the
Cu(NGs)/BTC solvothermal solution and allowed to react at room temperature for 5
minutes. The XRD patterns dahe resulting products (Figurg4) confirm thatCu-BTC
formed in the samples containing ZnO, CdO, and MgO. In additic®itBTC, the MgO,

NiO, and TiQ powders also led to other crystalline products, including [Cu@TC
H,)2(H20),]-3H,0,7°°*%the one dimensional coordination polymer [CsHgDg)(H20)s],*"°

and poorlydefined Cu-BTC material’”* Under the conditions studiechet CaO or AlO;

powders led to no measureable crystal products observed by XRD.

AL, ]
-JLMMWM;

MgO WWW

Intensity (a.u.)

2-Theta (deg)

Figure3.4: XRD of powders generated by oxide facilitated synthesis showing @pRITC
deposition on ZnO, CdO, and MgO powders, and littengh on CyO, NiO, TiO,, and
A|203.
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3.4.2 Products on ALBcoated fibers exposed to BTC only under solvothermal

conditions

To further isolate the reaction sequence, studied PP/ALD substratexposed tdBTC in
waterethanolat 120°C. Figure 3.5 presents XRDresultsfor the ALD -coatedfiber mats
after 20 hoursof reaction The XRD patterns are consistent with MOF productsBAC
(MIL-96)%2172133nd ZnBTC'"*1"® on the PP/AIO; and PP/ZnO samples respectively.
The XRD of thePP/TiQ, substratesafter reaction showedo measureable pradts. In
separate experiments, the ALD oxides were exposed to heated acidic conditioos (
acid/DFwater/ethanol solutioat pH of ~2.5 at 120°C), similar to the BT C solvothermal
conditions. We find thaboth ALO; and ZnOetchreadily, whereas thTiO, was relatively
stable, consistent with report@durbaixdiagrams-****Therefore, the\l-BTC and ZrBTC
MOFs may result fronetched metal catiorthatdissolve and react with BTC in solution to
redeposit as MOF crystalSimilar mechanisms were proposed KRALE skaya et at®* and

Bechelany et di® who analyzed conversion or ZnO and@®{ to ZIF-8 and MIL-53.
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Figure 3.5: (a) XRD of PP/ALD samples after 20 im BTC solution, sbwing patterns
consistent witlzn-BTC and AIBTC MOFs.(b) PercenCu-BTC mass loadin@s a function
of reaction time using®P/ALO; and PP/AFBTC substrates The relatively slow MOF
growth on AIBTC indicates that this compound is not an important inteiate in the
growth of CuBTC onAl,Os.

3.4.3 Reacton productsafter sequential BTC + Cu(N§), solvothermal exposure

Following 20 h of BTC exposure at 120°C, #heBTC and ZrBTC MOFs formed on ALD
Al,O3 and ZnO were further exposed to 20 hours of Cufp€blution. After reaction, XRD
shows evidence for GO on both substrates, as well as a HDBere was no evidence for
metal exchange between eitherBITC or ZnBTC with dissolvedCu(NQG;), to form Cu-

BTC.

The kinetics of MOF formation on P&AAO; and PP/ABTC during solvothermal growth
using mixedCu(NG;),/BTC solution was also analyzed, and results are shown in Figure
3.5(b). The ~50% mass loading on the PRDAIbetween & hours is due to the formation of

Al-BTC, which is confirmed by XRD analysis. Tieéore, the rate of GBTC nucleation on
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Al-BTC is comparable to the ALDAI,O3 indicating that the ABTC does not act to

facilitate CuBTC nucleation o\l ;0s.
3.44 Reaction products after Cu(NJp exposure

Figures 3.6(a) and(b) show nfrared transmissiorand XRD analysis respectivelyafter
exposing ALD metal oxides on polypropylene to copper nitrate solution. After 1 hour of
Cu(NO;), exposurat 120°G the FTIR shows absorption bands in the 150800 cni range,
consistent with @N-O, asymmetric and symnmit stretching modegespectively**+76177

as well asabsorbance in the 368850 cm' region, consignt with significant hydroxyl
content. Coordination of nitrate anions to copper affects the ion sgtmymand the
degeneracy of thONO, modes, leading to splitting of the-®, symmetric and asymmetric
stretching band¥'® A nitrate bound in a monodentate configuration shows a relatively small
degree of band splitting, whereas bidentate binding produces a larger band splitting of ~85

cm™.
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Figure 3.6: (a) FTIR of ONO; stretching band for samples after egpre to Cu(Ng).
solution for 1 hat 120°C. The narrower band splitting for the symmetric and asymmetric O
NO, stretching band suggests formationaomonodentatéydroxyl double salt (HDSpn
PP/ZnO and predominantly bidentate Cu@yOon PP and PP/AD; as shown in the
structure diagrams(b) XRD analysis of PP/ALDsamples after 1@ours in Cu(NG;);
solution. The reflections corresponding tbl@S are visible on each substrate, with the most
intense signal on the ZnO surface.

For thePP substratavith no ALD metal oxide present, 1 of Cu(NGs), exposure leads to
relatively weak NO, asymmetric and symmetric stretching modes with a band splitting of
187 cm'. The same process on the PRMAIsubstrate also leads to a relative weak signal,
but more narrowlysplit peaks also begin to appear near 1355 and 1430 cReaction on

the PP/ZnO substrate produces larg® fodes with a narrow band splitting of 62°tm

The wide band splitting observed on polypropylene and RBBiAdubstrates suggests the
copper nirate coordinates to a surface hydroxide unit, likely through a loss of coordinated

water, retaining the bidentate nitrate configuration. On the PP/ZnO, the narrow band splitting
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indicates a transition to a more weaklgld nitrate ion in a monodentate loamy

configuration, indicative o HDS*176.178.179

After exposing the ALD metal oxide films to Cu(N)@solution forl6 hours XRD patterns

in Figure3.6(b) areconsistent with the crystal structure (@u,Cu}HDS and (Zn,ClHHDS

(i,e., Cw(OH)NO3; and (Zn,CujOH)sNO; respectively), which are not readily
distinguishable by XRD. It is notable that HDS also forms d?PP/ALO; and PP/TIQ.
However, the HDS likely form more quickly on ZnO because the metal oxide provides a
metal source for (Zn,CtHIDS formation. After 20 hours of Cu(NQ;), exposure, XRD
analysis of PP/ALD samples show diffraction peaks at 36.5 and 42.4, consistent with

conversion ofCu(NQs), to ClpO.18018

3.4.5 Produds on ALD metal oxides after Cu(h)@+ BTC sequential exposure

PP/ALD substrate were exposed to a(NGs), precursor solutiorat 120°C for 16 h
followed by 0.5 h inthe BTC solutionat 120°C, and Figure8.7 shows XRD results.
Following the Cu(NQ;), + BTC exposurethe XRD indicates CeBTC on the PP/ZnQ
whereaghe PPAI,O3; and PPTiO; show peaksnly from HDS speciesAfter longer(20 h)
Cu(NO3)2and BTC exposures, XRD showa+BTC on all three oxide substratesAlso
after long reaction timesXRD from the PP/ZnO and PP/TiGubstrates showpeaks

consistent witlC(OH)BTC(H;0),'** aknown degradation product 6u-BTC.**%1%
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Figure3.7: XRD spectraof PP/ALD samples after 16 in Cu(NG;), solution followed by
0.5 hin BTC solution. Reflections frorf@u-BTC are seen on the PP/ZnO sample, indicating
that the HDS produced during tlei(NG;), exposure (shown in Figu®4) converts rapidly

to Cu-BTC on this surface. Reflections fro@u-BTC are not observed on the PP/FiGr
PP/ALO; substrates.

For furthe analysis(Cu,Cu} and (Zn,CwHDS powdersvere also allowed to react with a 8
mM BTC solution for 5 min at room temperatur&igure3.8 showsFTIR analysisof the
starting HDSs and the resulting producthe starting double salts show peaks at 14%D a
1325 cm' associated with the ®-O, asymmetric and symmetric stretchjramd hydroxyl
bands in the 3508200 cni region. Following the BTC exposure, tf@u,Cu}HDS sample
did not show a significant change in the FTIR spe(figure 3.8(a)). However starting
from (Cu,Zn}HDS (Figure3.8(b)) the BTC exposure led to a markedrease in C=0, C=C,
and =C-H band intensity, consistent with GBTC MOF, as well as broadening of the
hydroxy bandto ~2750 crt indicative of the carboxylic acid-® stretchin CuBTC MOF.

The rapid formation (within 5 min) of GBTC from the (Cu,ZnHDS suggestshat BTC
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anionundergoes rapid ioaxchangewith the nitrate anion in the hydroxy double salt. The
FTIR results indicate that similar ion exchange is less rpithe (Cu,Cu) HDSunder the

conditions studied.
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Figure 3.8: FTIR spectra of (a) (Cu,CHDS and (b) (Cu,ZrHDS powders prior to and
following exposure to a BTC solution at room temperature for 5 minutes. The relative change
in C=0, C=C, and =@ bands sggest BTC is incorporated into tif€u,Zn}HDS and not
the(Cu,Cu}HDS. A referenceCu-BTC spectrum is included.

In addition to Cu(N@),, other copper reactants including CyGTu(SQ),, or Cu(OAc))
were combined with BTC and ZnO powder in water/ethamtures to test for formation of
hydroxy double salts an@u-BTC. The resulting powder products were analyzedbHiR,
as shownn Figure3.9. A reference spectrum for €RITC powderis also shown Using
CuChk, Cu(SQ),, and Cu(NQ),, the IR spectrall show prominent peaks 4623, 1373, and
728 cm' consistent withCu-BTC. 1019184 Eor Cu(OAc), however, theFTIR predominantly

shows peaks consistent with unreacted Cu(@Ac)
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Figure3.9: FTIR spectra of powders generated by ZnO facilita@dBTC deposition using
different copper precursors. The results suggestGueBTC was formed for each of the

copper precursors except copper acetate (Cu(¥pAc)

35 Discussiomf Results

The results from surfacand bulk analyses presented above allow usottsider various
mechanismafor Cu-BTC nucleation growth on metalxide coated PP fibers and metal oxide
powders.The isoelectric point analysis tife metal oxide surfaces showed higher surface pH
than the uncated polymerand the mordasic surfacef all the metal oxide films studied

likely helpspromote precursor adsorptidh*>*4

The XRD results in Figur8.5(a) shows that the BTCrpcursor reastwith ZnO and A}O3
to form ZnBTC and AIBTC MOFs, respectfully It is likely that these Znand AFBTC
MOFs form via etching of thenetaloxide toform solvated metal ions that coordinate with

the BTC precursor and crystalize on the filsarface. Further kinet growth analysis
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shown in Figure3.5(b) using preformed AFBTC on PP/AJO3 suggests that the BTC is
relatively inert to furtheCu-BTC nucleation and growth. Son@+BTC crystals may adhere
to these surfaces, consistentwMao et al. who found that BTC nanorods (MIE110) can
help link Cu-BTC to aluminum oxideé®® but these crystals are relatively weakly bound to the

surface.

For the metal oxide surfaces studied here, the FTIR and XRD results in Bi§wskow a
fast reaction between ZnO and Cu@®Qeading to HDSrelated peaks, ascribed to (Zn,€u)
HDS %8 This assignment is consistent with reported tofiflight mass spectroscopy data
showing coppemiffusion and reaction after exposing ALD ZnO to a remmperature
solution containing Cu(N§».'®® The HDS is comprised of stackedetaf® ions (i.e. Ca"
and/or ZR") in distorted octahederal sites weakly bound to intercalatesl &ns'*° A
variety of hydroxy double saltsanbe readily prepared by precipitation, hydrolysis, or anion

§187and theyare known to spport anion exchangé®'®1818yhere

exchange techniqug
the NO3 coordinated to a metal center can be displaced by various anions including

benzoaté/®*"alkyl sulfates®’ and radioactive anions such as iodife.

Conversion of ALD ZnO to (Zn,CeliDS could proceed via Cu(N adsorption followed
by rapid Zri*- Ci#* ion exchange, wheriae Zn cations in (Zn,Ce}iDS weaken the degree
of covalent bonding betwed@L”* andNO;.1"**"*This mechanism is consistent witiguirre
et al.'”” who found that Mg(OH) promotes fast formation ofCu,Cu}HDS at room
temperature, likelyhrough facile nitrate ion transfer from €uo Mg?*. The (ZnCu)-HDS is

an important intermediate for €RTC formation. This is shown in the XRD and FTIR
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results in Figure3.7 and 3.8(b) respectively, which confirm that €RI'C forms via
sequential reaction oZnO with Cu(NO3)2 and BTC. The (Zn,CHDS formed upo

Cu(NGs), exposureaeacts quickly with BTC to forrCu-BTC.

The XRD results in Figur@.6(b) also show HDS formation ofl,O; and TiO,. For the
Al,03 andTiO,, the HDS peaks are ascribed to (Cu;8DS, where the AF and Ti* ions
preclude mixednetal HCS structures. Figur8.8(a) shows thathe (Cu,CwWHDS on the
Al,O3 and TiO, does not readily form GBTC, likely due to relatively slow nitratBTC

anion exchange at the studied conditions.

The results of periments using metal oxide powder and diffei@pper salt precursoese

also consistent with this scheme for-BtiC MOF formation. The XRD results in Figurd.4

show thatMgO, CdO, and ZnO powders axhibited good CBTC nucleation at room
temperature. The MY®*®"Cd}*° and zrt"®*%*%oxides are known to form hydroxy salts
with crystal structure similar t¢Zn,Cu}HDS, in turn promotingCu-BTC nucleation.
Furthermore, in addition t6u(NGy),, results in Figur&.9 shav thatin the presence of ZnO,
CuChk and Cu(SQ) also readilyyield CuBTC. CuChL, and Cu(SG), are knownreactants

for HDS formation:®®**'1%  The Cu(OAc) can also react with ZnO to yield a HDS, but
the reaction is slow and requires relatively high temperature to achieve appreciabf rates.
Further study is necessary to understaod the lability of HDS ligands affects the ®&TC

nucleation and structural properties, such as porosity.
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3.6 Conclusions

Cu-BTC MOF thin films can form on ALD metal oxides, includiid,Os;, ZnO andTiO..
The rate of CuUBTC MOF nucleation depesdstrongly on the composition of the metal
oxide, with notably faster growth on ZnO compared tgOAland TiG. The fast rate on ALD
ZnO is ascribed to the facile formation of a mixed zopper hydroxy double salt,
(Zn,Cu)(OH}NOg, or (Zn,CujHDS, which does form omiO, or Al,0s. The (Zn,CWHDS
allows rapid ion exchange with the BY @ solution yielding covalently surfadeoundCu-
BTC crystals thathen facilitatefurther Cu-BTC growth. The facile reaction between ZnO
and Cu(NGs), to form (Zn,CujHDS, also extetied to CdO and MgO powders to produce
analogous HDS structures. Substitut@g(NG;), with other copper salts, includir@uCh
and Cu(S@). which have nopreviously been reported f@u-BTC formation, also yielded
(Zn,Cu}HDS powdes that reacted with BT to form CuBTC. This insight into the MOF
thin film nucleation can enable MOF crystal and thin film growth processes for a variety of

advanced applications.
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CHAPTER 4. REACTANT -DEPENDENT SURFACE NODE DISTORTION DURING
ATOMIC LAYER DEPOSIT ION ON UIO-66-NH, METAL ORGANIC

FRAMEWORK

The following work is reproduced with permission frétaul C. LemaireDennis T. LeeJunjie
Zhaq and Gregory N. ParsonBReactarDependent Surface Node Distortion during Atomic
Layer Deposition on Uih6-NH2 Metal Organic Framework Submitted toThe Journal of

American Chemistr\2017

41  Abstract

Metal organic frameworks (MOFs) are chemically fuoctilizedmicro- and mesoporous
materials with high surface areaand are attractive for multiple applications including
filtration, gas storage, and catalysis. Pegithetic modification (PSM)via solution or
vaporbased techniques a way to imparédditional complexityand functionalityinto these
materials. There is a desire to shift towards vggwmse methods in order to ensure more
controlled modification and morefficient reagent and solvent removal from the modified
MOF material. In this workwe explore how the metal precursaiitanium tetrachloride
(TiCly) and trimethylaluminum (TMA) commonly used in atomic layer depositioaact
with UiO-66-NH, MOF. Using insitu quartz crystal microbalance (QCM) and Fourier
transform infrared spectroscpFTIR) at 150 and 250°C, we find that the ALD precursors
reactwi tzfOHe hy dr oxOybridgingnorlygea groups afrg nodes, as well as oxygen
from carboxylatelinker groups The reactions occur predominantly at the crystal surface,

with TiCl, exhibtting greater diffusion into the MOF subsurface. FTIR analysis suggests that
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at 150°C, both TiGl and TMA reversibly dehydroxylate the hydroxylated LB6&NHo,,

which is accompanied by distortion of the zirconium metal clustérglly, we show that
TiCl, is able to react with the dehydroxylatdiD-66-NH, structure, suggesting that TiG$

able to react directly with the carboxylate groups on the organic ligand or the bridging
oxygens in thenetalclusters. Better understanding of chemical and therrdzilyen MOF
dehydroxylation reactions can be important for improved -pgsthetic modification of

MOFs.
4.2 Introduction

Metal organic frameworks (MOFsyre inorganieorganic solid state compounds formed

g5,86,145

through coordination bonds between metal clusters arahmrgigand andshow great

rS?O, 146,147

: Catalysi§48' 150 1,152

potential for filtratio . gas storadh , and sensing
applications™**** MOFs exhibit a high degree of crystallinity, relatively high thermal
stability, very high srface area that is more defined than activated cdrbdn.addition,
various isoreticular MOF structures are readily attained with different reactive or surface area

195

properties by modifying metal cent&¥s'* or linker compositioft"*°® during hydrothermal

synthesis.

UiO-66°* and NU100G are particularly interesting because of their thermal and chemical
stability. These MOFs contain gZoctahedral clusters and carboxylate linkers, giving rise to
strong coordination bonds that promat@bility”™ In their hydroxylated state, the metal
clusters are £0gcores inoctahedral geometry with each octahedral face bridgecEpy0dd

or £€3-O moiety, corresponding to &4(OH), stoichiometry. Treatment at elevated
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temperatures first leads to loss of physisorbed water and solvent, followed by release of two
H,O from eachmetal cluster, yielding dehydroxylated 2% that takeson a distorted
structure’®®? Rehydroxylation allows repopulation of the bridging hydroxyl groups. Aglys

of the metal clusters in U®6 and NU1000 via Xray scattering indicates that the distortion
coincides with a transition from the original cubic symmetry to the more asymmetric
monoclinic geometry, where the phase transition and dehydroxylation preally
coincident but not necessarily physically interreldfe@his structural transition is reversible

but kinetically slow, requiring several days to weeks for reconfiguration upon water

exposure?

Researchers have also turned attention to understandingypdisétic modification of MOFs
to impart desirable stabilit}? ' catalytic activity****?? other functionality to the MOFs
that are not present in the -synthesized system. Solvent assisted linkachange
(SALE)'?*'#* or solvent assisted linker incorporation (SAEY)'?® are two techniques to
generate MOFs that cannot be synthesized directly thrdegiovo synthesis techniques.
Kim et al. also showed thahhe zirconium metal centers in Ui@b readily exchange with

titanium (1V) and hafnium (IV) during extended soaking in métide solution*’

Vaporphase techniques based on chemical vapor deposition (CVD) and atomic layer
deposition (ALD) have also been utilized for peghthetic modificatn of MOFs?21%8128
136 Table 4.1 summarizes some of the reported efforts using CVD and ALD to deposit metals,

metal oxides, sulfides, and other materials in or on various ‘oegahicframeworks. For

example, Peterson et al. made the CuBTC MOF hydrophobic by coating the surface with a
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perfluorohexane film via plasma CVB3* The Farha and Hupp group applied ALD in MOFs
(AIM) 92132133 t5 modify mesoporous NAI000. The relatively large pore size, channel
dimension, thermal stability and availability of reactive hydroxyl groups made them suitable
for bulk reactive modification by the common ALD reactants trimethylaluminum (Taha)
diethylzinc (DEZ)?* Diffuse reflectance infrared Fourier tsform spectroscopy showed
that the TMA reacts with all the terminal hydroxyl groups on the hydroxylate@nZr
0O)4(m-OH), metal cluster sites in NM000, whereas the DEZ tends to react predominantly
with the hydroxyl groups pointing into the channels. This selectivity®ot sites has been
ascribed to favorable dispersion interactions between the DEZ preamd the coordinated
linkers, promoting precursor localization and hence more favorable overall reaction kinetics
within the small pore regiorg’ In further work, this same group used His(

8133

isoopylacetamidinato)cobalt(liyith either water™ or H,S***to uniformly deposit Ct ions

or CoeSg respectivelyjnside NU100Q The addition ofCSg sites makesthe NU-1000

catalytically active for selective hydrogenation ohitrophenolover m-aminophenof
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Table 41. Reported vapephase deposition of materials on MOF substrates

MOF Deposition Technique | Deposited Material | Source
MOF-5 CVD Fe, Pt, Au, Cu, Zn,§ 1%
MOF-5 CVD RU 129
Uio-66 CVD/SVI CrCO)3 130
CuBTC PECVD CoF14 131
NU-1000 ALD Al,03, ZnO 9299
NU-1000 ALD IN,03, Al,Oz 132
NU-1000 ALD CouSs 133
MIL-101 ALD NiO 134
NU-1000 ALD Co™, NiZ* 135 136
NU-1000 ALD-ME Cu, Ni, Co 128 198

The mesoporous structure of NIDOO provides pores and channels large enough to transport

and incorporate TMA and DEZ throughout the MOF. There is also interest in how ALD

reactions can be used to selectively modify the surface of microporous MOF crystals.

Forming thin surface molecular barrier layers on MOFs have applications as capping layers

for retainingweakly adsorbing molecules or selective gas filtratidrin this work, we
combined irsitu FTIR and quartz crystal microbalance (QCM) analyses withiexTEM to
explore ALD vapoiphase routes for modification of Ui€@6-NH, crystals. We provide

evidence that the ALD precursors are ablegactw i tsfOHe hy dr o @ bridgiagh d
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oxygen groups o#rs nodes, and oxygen from carboxyléité&ker groups The size and steric
limitation of the ALD precursors impedes their complete access into the microporous UiO
66-NH, network, but we show that sonprecursor transport can proceedo the near
surface regions of the exposed crystal facets. Additionally, the ALD precursors can promote
reversible dehydroxylation and distortiohthe Zg(m-O)4(m-OH), clusters. Transmission
electron micrographs céirm atomically abrupt interfaces between U8B and highly

conformal ALD thin film overlayers.
4.3  Experimental
43.1 List of materials

Aminoterepthalic acid (99%), zirconium tetrachloride (99.99%), and anhydrous
dimethylformamide (99.8%) were purchased from SigAidrich and used without further
treatment. Trimethylaluminum (TMA) artdanium tetrachloride (TiG) were obtained from
Strem Chemicals Inc. and used without further treatni@ionized water (kD) was used as
the coereactant. We monitored thelL® deposition with silicon wafers [100] purchased from
WRS Materialsand with QCM crystals purchased from Inficdfor the carrier and purge
gas, drynitrogen(99.999%)was passed through an EnteffiSateKeeper inert gas purifier

to remove any residual wategfore entering the reactor.
4.3.2 Synthesis of Ui®6-NH, powder

To form UiO-66-NH, MOFs, 0.08 g of zirconium tetrachloride (0.3 mmol) was added to 20

mL of dimethylformamide and mixed room temperature until completely dissolved. §.062
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2-aminoterepthalic acd (0.3 mmol) was added to the zirconium tetrachloride solution,
mixed for three minutes and then added teflonlined pressure vessel. The pressure vessel
was sealed and heated at 120°C in an Isotdmapcuum oven foR4 hours After cooling

for 2 hous, the MOF powers were collected by filtering the reactant solution. The powders
werewashed in DMF and then exchanged in pure ethanol for 3ataldried under vacuum

at 120°C.
4.3.3 Immobilization of UiG66-NH, crystals on substrates

To attach the MOF cstals on planar substrates, it was necessary to create a MOF
suspension. 0.1 g of U#B6-NH, powder was added to 20 mL of methanol and the
suspension was sonicated for 1 hour at room temperature. Using a spin coptenfibe
suspension was dropped ont cnf silicon wafer. The spin coater recipe consisted of
spinning the wafer at 500 rpm for 15 sec followed by an increased rate of 2500 rpm to
remove any weakly attached crystals. This was repeated 5 times and then the samples were
dried using compressedtrogen. The same procedure was used for immobilizing &8O

NH, onto QCM crystal substrates.
4.3.4 Reactant exposure and ALD reactor conditions

The UiO-66-NH, crystals were exposed to the ALD precursorsa homéuilt hot wall
viscous flow vacuum reactatescibed previously? The nitrogen carrier gas flow rate was
maintained afl65 standard cubic centimeters per minwgec(r) for an operating pressure of

~0.6 Torr. The TiCk, TMA, and HO precusor bottles were maintained at room temperature.
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The inlet and outlegas lines were temperatupentrolled with heahg tapeto prevent
precursor condensation in the reactbine reactor temperature was held at 150 or 250°C.
Samples were heated at thd-geint temperature for at heat 2 hr prior to deposition or
analysis. For FTIR analysis at 250°C, the reactor was held at 150°C and a sample holder with

mounted cartridge heaters was used to heat samples to 250°C.

A typical ALD cycle followed a TCl4(Hold)/No/H,O(HoldYN, sequence witklose exposure
and purge timesf 1.5(60)/120/1.5(60)126 respectivelyA needle valve reduced the TiCl
and TMA precursor dose so that the 1.5 s dose corresponds to ~50 mTorr pressure increase.

The longer exposure time dag the 60 s hold yielded a ~21%° L exposure.
4.4  Exsitu characterization of Ui€b6-NH, powders

After vacuum drying (120°C, 0.1 Torr, 12 h) the MOF BET surface area and pore size
distribution was measured using a Quantachf8hfeutosorb1C in the P/Brange of 0.02

0.07. The external surface area was estimated using {heréthod in the P/fFrange of 0.1

0.5. XRD was performed using a Rigaku SmartlatX-r ay di f fract irayn t ool
source).Transmission electron spectroscopy (TEM) was performed on a JEOL 2000FX.
UiO-66-NH, crystals were imaged using an FElVerios 460L scanning electron
microscope (SEM), in whiclkamples wereputtercoated with5~10 nm of Au-Pd before

imaging.
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4.5 In-situ dharacterization oALD proceses

The ALD process conditions were characterizeith two in-situ techniquesguartz crgtal
microbalance (QCM) and Fourier transform infrared spectroscopy (FTIR) anaFyses
QCM aralysis a 6 Hz gold coated QCM crystal sensor (Inficon) was mounted onto the QCM
housing with conductive epoxy as previously descrfethe mass change signals were
detected by an Inficdf SQM-160 monitor and m@orded using a home designed
LabVIEW™ program The Ui0G66-NH, loading on the crystals was estimated using the
crystal frequency at 150°C for a bare crystal and the crysthlthdé immobilized UiG66-

NH, crystals. QCM results are shown as mass loading per ng of MOF to compensate for

variability in the UiG66-NH, immobilization on the QCM crystals.

In-situ FTIR analysisvas performed with a ThermoNicol¥t 6700 FTIR bench with a
deuterated triglycine sulfate deteciocorporated into a homebuilt ALD reactor described
previously?>>? Spectra were taken following the metal and water exposures after the
chamber was purged for two minutes. FTIR spectra were collected at the temperature the
samples were exposed to theAprecursors. Gates to the FTIR windows were then opened
and 500scans at 4 crhresolution in the frequency range of 4000 to 650". An MCT-A
detector was used through Csl FTIR windows. To highlight the changes in the spectrum upon
exposure, data wereollected, processed and presented in differential mode, using the

previous collected spectrum as the reference.
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4.6 Results
46.1 As-formed UiG66-NH, MOF

The UiO-66-NH, powder formed via the solvothermal synthesis was characterized via SEM,
XRD, BET, and FTIR. SH images in Figurel.l show ~15200 nm octahedral crystals
consistent with previous reports of U&B-NH,.?” Figure 4.1 also shows a comparison of the
asformed UiG66-NH, powder XRD, exhibiting the characteristic peaks of the 880
diffraction pattern. In addition, BET analysis shows that the-88NH, crystals have an
overall surface @&a of 1008 rflg, and the corresponding external surface area of the crystals

is 127 ni/g, consistent with reported valugs.

— J-

Intensity (a.u)

| [Smisea050] |

0 5 10 15 20 25 30 35‘40 45 50
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Figure4.1: SEM image and XRD patterns of-fsmed UiG-66-NH, powder. The UiG66-
NH, XRD pattern is compared to a Ui&b pattern simulated from CCDC 837796.

Figure 4.2 shows spectra collected from FTIR of the-88NH structure at 150°C before

and after annealing in an inert environment at 25@ath spectra show strong peaks at
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1569,1417, and 1380 crhconsistent with asymmetric and symmetric carboxylate (3OO
bonding in the organic linkéf:*"*82The COO peak at 141m* which is present in the
UiO-66-NH, spectrum*?"*®is typically not observed in the namire UiO-66212%
likely due to differences in the local electron density in the carognimduced by the amine
group®® %A peak at 1252m* and peaks at 3512 and 3402 trespectively indicatéhe C-

N stretchingand theN-H stretching mode®f a primary amine -NH.).**°"?® A small

shoulder at 1626 ciis assigned to the-N-H scissoringnode?*

In the asformed MOF, the bottormost FTIR spectrum in Figu#k2a shows a band at 3668
cm* assigned to hydroxyl (OH) stretching,dafeatures at 680 and 735 ¢roorresponding to
Zr-O bands. After heating the Ui€6-NH, to 250°C for 12 hr, there is a small loss at ~1700
cm* due to the loss of residual DME* along with significant loss of OH modes. We also
note a decrease in the-@rfeature at 735 cthand an increase at 764 ¢min the skeletal
region, the FTIR spectrum of the symmetric cubic Zr®© expected to show three-&x
features near 3, 625 and 725 ci?® In contrast, in monoclinic Zr§) the Zr atoms are
sevenfold coordinated, with half of the oxygen ateim planar trigonal coordination and the
other half arranged in a distorted tetrahedral geometry. This decreased symmetry in the
oxygen environment leads to a higher frequency oscillation for asymmeti© Zr
stretching® In the asformed MOF, the FTIR modes at 680 and 735'cagree with the
expected cubic structure for thes@n-O)4(m-OH), node. Upon heat treatment, the decrease
at 735 and increase at 764 tis consistent with the node structure transforming from the 8

fold coordinated cubic £04(OH), to the 7#fold coordinated dehydroxylated monoclinic
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ZrsOg, as shown schmeatically in Figure4.2c?8992% The thermal ®atment also leads to loss
of the COObands at 1569, 1417, and 1380 trithe positivegoing shoulder on the high
wavenumber side of loss peaks indicates peakdiiife in agreement with that reported by
Valenzano et af This shift is further evidence for the expected transition frogDZOH),

to disorderd ZrgOs.%22% Similar trends in COOmodes upon dehydroxylation were reported

after thermal treatment of MOQF4 2%
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Figure4.2: a) FTIR spectra of UiB6-NH, at 150 (black) and 250°C (red) and differential
spectra iflue) and b) an expanded view from 2@ cm', showing loss of the lyoxyl
bands (OH) and loss of the carboxylate bands (T@€h elevated heating. Panel c) shows
molecular structure of the hydroxylated {@5(OH);) and dehydroxylated (&Ds) metal
clusters, including 4 carboxylate groups out of the expectednidoterghthalic acid
linkers. Potential reaction sites for the ALD precursors include: 1) hydroxide groups, 2)
bridging oxygens, and 3) coordinated oxygen on the carboxylate groups.

46.2 UiO-66-NH, Reactions witlTiCl, and TMA

As a first experiment, we set out to elehine the amount of precursor needed to completely

react with or -66NHaNMQFr BIOFepowder saenpldsd wéde exposed to 10
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TiCl, sequential exposure dose steps as outlined in the Experimental section, and results were
monitored by irsitu FTIRand by QCM analysisFigure4.3ashows theanitial UiO-66-NH

FTIR spectra andh-situ differencespectra followingthe 1, 2, 3, 5, and 10 TigCexposure

steps. The difference spectra represent the net change from the previously collected
spectrum Thefirst TiCl, exposure at 150°C produces a loss at 1700 attnibuted to DMF
desorption. The @ and NH bands at 1252 and 1626 ¢raxhibit losses, which we attribute

to chlorination of the amine groups by byproduct Hmed upon ligand exchange between
TiCl, and node hydroxyl groupd’ A red-shift in the NH stretching modes is also observed

(not shown), consistenwith amine chlorination. A slight blue shift in the €N band,

possibly indicates thatiCl, weakly and reversibly cooimhtes to the amine grodff %
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Figure 4.3: Differential FTIR spectra of hydroxylated U&B-NH, powders exposed to
repeated exposures of a) Tj@hd b) HO at 150°C. The kD exposure in b) follows a Ti¢l
exposure equivalent to the first exposure in a). The starting66ilH. spectrumat 1/2¢"
scale collected before any exposure is included in each panel as reference.
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The TiCl, exposure also produces loss of the of the OH signal at 368&heZrO bands

at 680 and 735 cthand the COOsignals at 1569, 1417, and 1380 trfihereis also a small
increaseat 764 cm'. We note that the observed losses in the CT&@ OH signals, and
changes in the ZD features follow the trend observed in Figdr2 for thermallydriven
dehydroxylation. In this case, the dehydroxylation occurs sighificantly reduced
temperature (150 vs 250°C) and only within the rseaface of the MOF crystals accessed
by the ALD precursoride infrd. Between the B and 18' TiCl, exposure the FTIR

spectrum undergoes only very small changes, consistenTilitihreactionsaturation.

Following TiCl, saturation, the effect of J@ dosing on the FTIR spectra are given in Figure
4.3b. Theinitial dose of HO produces an increase of the C@@d the OH signal, indicative

of rehydroxylation of the metal node. &kwvater exposure step also reverses the previously
observed changes in the-@r features; the modes at 680 and 735'dntrease, and the
feature at 764 cthdecreasesThese changes occur rapidly (on the scale of minutes) within
the controlled time useaif ALD reactant exposure. A further rsdift in the GN signal also
appears, consistent with weakening of thBl Gond by continuedhlorination of the NH by

HCI produced during the second ALD hadfaction. A furtheH,O doseresults in only small

changes in the FTIR signal, indicating rapid saturation fortHh® reaction step

In-situ QCM analysisvas used to further assess individual precursor reactions witt6®iO
NH,. The QCM crystals were loaded with -280 pg/cni of UiO-66-NH, crystals and
exposedto 10 doses of the ALD precursor followed by 10 doses of #@ tbreactant.

Figures 4.4a and showQCM traces collected duringiCl4/H,O and TMAH,O exposures,
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respectively. Consistent with the FTIR results, saturation in mass uptake coincides with ~7
dose steps of TiGl and afterTiCl,, oneH,O dose step is sufficient tmompletely react with

the deposited TiGlspecies.
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Figure4.4: QCM analysi®f a) repeated TiGlrepeated KO and b) similar repeated doses of
TMA and H,O on hydroxylated Ui@6-NH; at 150°C.

Repeating this analysis with TMA shows that the reaction Wii®-66-NH, is nearly
completely saturated after singleTMA exposure producinga massncreaseof 0.1 ng/ng
MOF. Additional TMA exposure exhibitedegligible increases; the saple loading.As
with the TiCl, treated sample, one,8 dose was sufficient to saturate the reaction with the

deposited metal ALD precursor.

4.6.3 ALD PrecursorPenetration intdJiO-66-NH,

A key guestion we seek to answer is: to what extent does the ALD preceasb with the

available ZgO4(OH), nodes on the surface and within the bulk of the MOF crystal? We
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expected limited molecular diffusion into the MOF pores because the TMAT#ZIJ
molecules have an effective molecular radius of ~*4&*which is close to the Ui®6-

NH. channel opening dimension ofé.?**?* To evaluate the extent of precursor diffusion
into the UiO66-NH; crystal, we used FTIR to monitor the intensity of the OH band at
~3665cm before and after exposure to a saturating doses of &iTMA. For the UiQ
66-NH, crystals used here, the BET analysis shows the total surface area and the external
crystal surface area are 1008 and 1Zfgnrespectively. Therefore, we estimate that full
consumption of the hydroxyl groups on the crystal surface facets will decreaseeth# o
OH signal by ~13%. Figuret5a and b show FTIR spectra associated with the OH peaks
before and after exposure to saturating doses,Ta@dl TMA, respectively. AfteiCly
exposure, the OH signal intensity decreases by approximately 24%, wterdddA leads

to ~9% loss. This suggests that Ti@artially diffuses into the MOF, wherea®lA reacts
predominantly with hydroxyl siteavailable on the crystal surface with minimal diffusion

into the MOF crystal itself.
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Figure4.5: FTIR spectraof hydroxy stretching band of U®6-NH, prior to and following
a) 10 TiCk exposures and b) 3 TMA exposures, both at 150°C.

4.6.4 Sequential ALD precursor/water exposure steps on&6OIH,

The feasibility of continuous ALD on MOF substrates was assessedFR#ifR. The
differential FTIR spectra for the Ui®6-NH, for sequential exposures of TiH,O and

TMA/H ;0O are shown in Figure 5.6a and b respectively. Consistent with results in £@ure

the TiCl, and TMA exposures lead todecreasen COO and relateadthanges in Z0 bands

The addition ofH,O reverses the signal change, i.e. the C@@ cubic Z+O bands
reemerge and the monoclinic-@r band signal decreases. This signal gain/loss behavior
continued for at least 13 and 10 cycles for the JH;O and TMA/H,O processes
respectively. This indicates that more than 10 ALD cycles are needed to encapsulate the

MOF and block it from further reaction with the ALD precursors.
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Figure 4.6: Differential FTIR spectra of carboxylate and hydroxyl regions falhgw
sequential exposures of a) and b) }BO and c¢) and d) TMA/ED on hydroxylated Ui©
66-NH. at 150°C. The initial Ui@66-NH, spectrum is included as reference at {/2¢ale.

Figures 4.7a and b show QCM results collected during the first and subseque
precursor/water exposure cycles for TMA/water an@l,/water, respectively. The first
TMA and TiCl, doses produce a large net mass uptake (=@.2 ng per ng of MOF),

followed by smaller, but consistent mass uptake signals during the followingrreacid
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water exposures. During the first few cycles of steady state reaction (ALD cycles 5 and 6 in
Figure 4.7b and & the mass uptake during TMA aidCl, exposures followed by mass loss
during purging can be ascribed to precursor adsorption/desoigpti the MOF at or near the
external surface. Also during cycles 5 and 6, there is a more pronounced desorption step
following the TiCl, exposure than the TMA exposure, which we attribute to the partial TiCl
diffusion into the MOF. The water exposureps show similar trends for both sequences.
Later in the steadgtate process (ALD cycles 20 and i1Figures 4.7c and),fthe mass
uptake during all exposure steps is significantly smaller for the Ti@J/ptocess, consistent

with ALD on a solid surfacdn contrast, the TiGIH,O process still shows significant mass
uptake during the precursor exposures, suggesting that thecarCbenetrate and react more

deeply within the MOF pores.
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Figure 4.7: QCM analysis of sequential exposures of a) TMAHnd d) TiCl/H,O on
hydroxylated UiG66-NH; at 150°C. Panels b), c) and e), f) show expanded views of a) and
d) respectively.

4.6.5 Interactions between ALD precursors and dehydroxylated@8®IH,

To better understand the role of the MOF hydroxyl sites on Ajtbwth, thermally
dehydroxylated Ui@6-NH, was sequentially exposed to the ALD precursors to determine if
the hydroxyl sites are necessary for precursor adsorption and reaction. £&ygh®ws the
differential spectra for Uigs6-NH, following the firstthree sequential exposures to TiCl
H,O and TMAH,0 at 250°C. The FTIR spectra for the UgB-NH, switch between COO
losses and gains with each subsequent exposure. There are prominérib$3@©for the
first TiCl, exposure, but for both the TillH,O and TMA/H,O processes, the extent of

feature changes at 250°C is less than that observed under similar exposures on the
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hydroxylated MOF at 150°QFigure4.6). As expected at 250°C, for bofiCl, and TMA,

the OH band at 3668 chis relatively small andloes not switch with each subsequent

exposure.
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Figure 4.8: Differential FTIR spectra of dehydroxylated Ui66-NH, at 250°C following
sequential exposures to a) TiE,0 and b) TMAH,O. The initial UiO66-NH, spectrum is
included as reference at 126cale.

ALD film growth on dehydroxylated MOF was also monitored by QCM. Figu®eshows

QCM results for TiQ ALD on hydroxylated and dehydroxylated U#&B-NH, at 150 and
250°C, respectively. As expected, removing the hydroxyl groups reduces theitseautiv

TiCl4, most notably in the first few ALD cycles. However, the net mass change for one ALD
cycle during steady state is approximately 0.004 ng per ng of MOF at both 150 and 250°C,
suggesting that ALD film growth proceeds on the outer surface tbf lngdroxylated and
dehydroxylated Ui@6-NH,. In Figure4.9b, the expanded view of QCM results during

cycles 5 and 6 shows mass gain during the precursor dose, followed by mass loss during the
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purge step. As with the growth on the hydroxylated MOF, welsesthis trend to precursor
adsorption and diffusion into the neaurface region of the MOF followed by expulsion
during the purge step. Similar QCM trends are reported during ALD on relatively non

reactive polymers, where subsurface diffusion and icraotadily occurg?
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Figure4.9: QCM analysi®f sequential exposures of a) T4&,0 on hydroxylated UiGb6-
NH, at 150 and on dehydroxylated U&B-NH, at 250°C, with b) showing an expanded
view during cycles 5 and 6. The data at 150°C is reproduced fromeFagur

4.6.6 Ex-situ TEM characterization of ALdhodified UiG66-NH,

The FTIR and QCM results suggest that ALDA®$O3; and TiO, can proceed on the external
surface of the Uidb6-NH, crystals. Results suggest, however, that the TMA reacts readily
on the crystaburface, whereas theCl, tends to diffuse and react in the MOF nearface
region. To explore this result in more detail, we used TEM imaging to observe the structure

of the ALD coatings on Ui&b6-NH, as well as the nature of the ALD metal oxide/MOF
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interface. Resulting TEM images are presented in Figluféa and dor ALD Al,O3; and

TiO, respectively, deposited at 150°C on L66-NH, crystals.

¥ -
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Ui0-66-NH,

FNTNE
2

s

Figure4.10: TEM imagesand corresponding diagrams UiO-66-NH, with a) and b 100
cycles of TMA/HO andc) and d) 200 cycles of TigH,0, both deposited at 150°C. The
resulting TiQ and ALO; films were 20 and ~7.5 nm thick respectively, with Fi@odified
UiO-66-NH; exhibiting an interfacial layer.
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At 150°C, the saturated growth per cycle for the ALDGA** and TiGQ™ processes used

here are expectdd be ~1.1 and ~0.4 A per cycle, respectively. For the ALD layers on UiO
66-NH, in Figure4.10a and ¢100 cycles of TMAH,O and 200 cycles of TigH,0 produce
coatings which are ~20 and ~7.5 nm thick. The thicknes3i0s is consistent with the
predictal thickness, whereas thd,O3 layer is thicker than expected. The excésgO;

growth is ascribed to the presence of water during the TMA exposure step. This could result
from water that was not fully removed after MOF synthesis or from water infusiorgdbe

first few water dose steps before consolidation of oxide nuclei. Careful examination of the
TEM images reveals that TMAAO produces an atomically abruft,O3/UiO-66 interface,
whereas theliCl,/H,0 ALD leads to a graded interface, correspogdiao a high contrast

layer 22 nm thick at the boundary between the WW®NH, and the ALDTIiO,. As
discussed below, this interface layer can result from differences in active reactive sites for
TMA and TiCl, on the UiG66-NH,; MOF, thereby helpindiO,tor api dl'y fiseal 0o

pores and reducing adverse effects associated with water adsorption during ALD.
4.7  Discussion
4.7.1 Precursor Reactions onydroxylatedand Dehydroxylated Ui@®6-NH,

In a typical ALD reaction sequence fai,O3 or TiO,, the TMA or TiCl, precursors are
expected to undergo ligand exchange with surface hydroxyls and in some cases can insert
into available bridging oxygen sité¥ Figure 4.2c shows molecular structures of the
hydroxylated and nehydroxylated zirconium metal cluster balto the organic linker via

the carboxylate groups. During ALD on the UBB-NH, MOFs, similar reactions could
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proceed wigCH h(yldr otxlyé ; £0abndding (02ygen grdugs ohrs
nodes. For hydroxylated MOFs, open cluster sites on the crystal surface will present
additional-OH groups, e.g. at missing linker sitasnth physisorbedd,O. As noted above,

the pore opening dimension in theicroporous UiG66-NH, network will limit ALD
precursoraccess with near surface penetration depending on the nature of the precursor.
This is supported by the structure of metalde/MOF interfaces observed here by TEM. On
the other hand, Gallington et al. found that for-8QD0 MOFs with similaiZrgO4(OH),

nodes and larger pores, the ALD precursor diethyl zinc (DEZ) can pengtratgh the

MOF crystal, where it selectivelyaets with terminal hydroxyls in the smaller pores. Related
work by Gates et al. also found that hydrogen bound water and vicinal hydroxyl groups could
also be removed and tuned with methanol valfofhe selectiviy is ascribed to favorable

dispersion force interactions between the organic linkers and the precursor fjands.

Carboxylategroupsthat bind the linker to the metakide node, labeled as (3) in Figutéc,
provide another site for precursor interaction with the MOF. For example digzutes
readily bind to metal oxides via carboxylaie phosphate groupsnd ALD reactions with
binding groupsare known to enhance adhesion and bonding stabifity® FTIR analysis of
ALD on carboxylatdinked Rudyes bound td@iO,"**found aLewis acid/bas interaction for
TiCl, and TMAwith the carboxyl site In separate studies, density functional modeling and
FTIR al® concluded Lewis acid/base adduct formation upon TMA interaction with carbonyl
units in poly(methyl)methacrylate thin film{&® All of these processes will likely proceed

during ALD on MOFs, and within the regions of the MOF crystal that can be accessed by the
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vapor reactant (i.e. on the surface of the MOF crystal in our case) and they atedxpec

substantively impact the node and linker binding structure.

As shown in the QCM results in Figurégl and4.7, exposing the fully hydroxylated UiO
66-NH, to TMA or TiCl, leads to rapid initial mass uptake, as expected for substantial
reaction on th exposed crystal surface. Correlated FTIR data in FiglBed.5 and4.6 all

show loss of the OH bands, consistent with ligand exchange at sariaaee s sOHb | e ¢
sites. The OH modes remaining after exposure (Figueare within the MOF crystal bl

and are therefore not accessed by the ALD precursor. Careful inspection of the FTIR data in
Figure 4.3 further reveals that in addition to OH loss, reaction with the ALD precursors
produces a loss and bhgaift in theCOO stretching modes and changaghe ZrO modes
stretching features, nearly identical to the changes observed in Bigurpon UiG66-NH,
thermal dehydroxylation. Interestingly, subsequels© exposure afteiCl, reverses the

COO mode blueshift and ZrO loss, returning the modes tioeir original position before

precursor exposure.

Analysis of the ALD reaction on the dehydroxylated MOF leads to further insight. A lack of
hydroxyl groups will impedenetal oxide ALD initiation on metal oxide surfacd@s.As
anticipated therefore, we seg QCM (Figure4.9) that dehydroxylating the Ui66-NHo,
leads to less mass uptake during the inifiéll, doses. However, even with reduced extent
of reaction, theCOO modes in Figurel.9 show a blueshift after TiCl, and TMA dosing,

and like on the hydroxylated MOF, subsequés® exposure steps reverses ®@0O mode

blue-shift. Moreover, the extent of the change, as estimated by the intensity of the difference
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spedra, is similar for the hydroxylated and dehydroxylated materials as summarized in
Figure4.11. In addition, Figuré.11l also shows that annealing U8B-NH, causes a much
larger loss of the COCand ZrO modes than the Tigexposure at 150°C, reconfirngirihat

the TiCl, reaction occurs predominantly at the MOF surface andsweéace regions, while
annealing occurs throughout the MOF crystal bulk. We also note that-thenirdes are not

strongly affected by precursor or water exposure steps at 250°C.

coo,,, COO;, Zr-0

Zr-0 (MC} {cubic) 1
LA

1% TiCl, Dose: 250°C

1#TiCl, Dose: 150°C

Anneal 250°C (x0.2)

Absorbance

Ui0-66-NH, (x0.05)

2000 1800 1600 1400 1200 1000 800 600
Wavenumber (cm™)

Figure 4.11: Differential FTIR spectra comparing dehydroxylation of U8B8-NH,. The
spectra of the samples after annealing is shown Atit¥Gctual scale. The initial Ui®6-
NH; spectrum is included as reference at 1/a¢ale.

4.7.2 Reversible Surface Me Distortion during ALD on Uicb6

Based on the above analysis we assert that during ALD or6BiIOFs, TiCl, and TMA
reactsonth@€&rsnodes at ;®¢c @@ bridging sites via ligand exchange and

insertion respectively, as well as @OO sites on accessible linker groups, likely through
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acid/base adducts. At low temperature (150°C) on the hydroxyiat€d(OH), sites, tle
precursor reaction appears to promote distortion of th® Zyonding that is rapidly
reversible (within the ~1 min upon subsequent water vapor exposure). This node distortion
has an FTIR spectral signattffeconsistent with previously observed irreversible node
transition from cubic to monoclinic symmetry that occurs at higher temperatures upon
thermal dehydroxylatio”®> The reversibility in this case may reflect the extrardeg of

freedom afforded the surfaterminal nodes on the exposed MOF crystal.
4.8 Conclusion

In this work we reporsite-specific reactions during conformal nanoscale metal oxide coating
on UiO-66-NH, MOF via atomic layer deposition. The ALD precursors TEAITICl, react

wi t3z#OHe hy dr oxO/bridgingnoxygea groups ofrg nodes, as well as oxygen from
carboxylatelinker groups at sites accessible at or near the crystal terminal surface. When
the MOF metabxide nodes are hydroxylatedrsO4(OH)4, low temperature ALD precursor
reaction promotes changes in linker bonding a reversible structure transitiofOimaates
exposed on the crystal face. When W®NH, is thermally dehydroxylated before ALD,
precursor exposure modifies the linker unitmgistent with precursor/linker Lewis acid/base
interactions, but the FTIR shows no visible change in th® Zretwork, consistent with
stable conformational rearrangement during thedeqgosition thermal exposure. We also
see distinctions between presors during ALD on MOFs. From the QCM, FTIR, and TEM
data, the TMA as a strong Lewis acid reacts readily on the MOF crystal surface to block

transport and promote an atomically sharp metal oxide/MOF interface. Howevé&iCthe
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can transport a short distce into the MOF crystal before reacting, leading to a more graded
oxide/MOF interfaceLow temperatte modification or encapsulation of Ui@5-NH, has

significant implications for catalytic applications and long term storage of MOF materials.
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CHAPTER 5. RAPID VISIBLE C OLOR CHANGE AND PHYSICAL SWELL ING
DURING WATER EXPOSURE IN TRIETHANOLAMINE -METALCONE FILMS

FORMED BY MOLECULAR LAYER D EPOSITION

The following work is reproduced with permission frétaul C. LemaireChristopher J. Oldham,
and Gregory N. ParsonéRapid Visible Color Change and Physi&lvelling during Water
Exposure in TriethanolamiAdetalcone Films Formed by Molecular Layer Depositialournal

of Vacuum Senceand Technology: Vacuum, Surfaces, Filr2016 34, 01A134.
5.1 Abstract

Mol ecul ar | ayer deposi tidngalucddd, Bcond fitanifiome t al c
and others, involves sdifmiting half-reactions between organic and organometallic (or
metathalide) reactants. Studies have typically focused on metal precursors reacting with
ethylene glycol or glycerol to form thd fims 6 p o FMrOA(EH,)i,-©@-M-O repeat units.

We report new MLD materials that incorporate tertiary amine groups into the organic
linkage. Specificallyreacting triethanolamine (TEA) with either trimethylaluminum (TMA)

or titanium tetrachloride (TiG) produes TEA-alucone (AITEA) and TEAtitanicone(Ti-

TEA), respectively and the amine group leads waique physical and optical properties.
FTIR analysis confirms that thélms have prominent €&, C-N and MO-C peaks
consistent with the expected bosttucture. When exposed twapors, including water,
alcohol, or ammoniathe T+TEA films changed their visible color within minutes and
increased physical thickness by >35¥he AITEA showed significantly lesseesponseX-

ray photoelectron spectrosco¥PS) and FTIR suggesthat HCI generated during MLD
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coordinates to the amine forming a quaternary ammonium salt that readily binds adsorbates
via hydrogen bondinglhe visible color change is reversible, and ellipsometry confirms that
the color change selts from vapor absorption. The unique absorptive and-cbkimging
properties of the TEAnetalcone films point to new possible applications for MLD materials

in filtration, chemical absorption, and multifunctional chemical separations/sensing device

systems.
5.2 Introduction

Mol ecul ar | ayer deposition ( MLDYzinoie!®f met al
titanicone?® and other§?*® involves selflimiting half-reactions between organic and

organometallic (or metdialide) reactants. Most film reaoti studies to date have focused

P,48' 50 | 48,51
)

on metal precursors reacting with ethylene glyéé glycero glycidol >? and
various carboxylic acid¥: >> generally leading to polymeric-®1-O-(CHy)y-O-M-O repeat

units as determined by spectroscopic and ahatyses.

In their a$deposited form some of these materials are unstable when exposed to ambient
atmosphere, resulting in film thickness decrease and bonding degr&@atiofihe
degradation could result from evolution of unbound organic oligomers or metal oxide species
dehydrating or dehydrogenating the organic portion of the metfilan**?°*?** Metalcone
films have multiple possible applications including flexible electrofisscrificial films to
§’7,58

form conductive carberich®® or porous oxide film encapsulation and protective layers

on chemically reactive fibers, and antireflective coatffg§hese and other applications will
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benefit from more options for MLD material composition and improved understanding of

how MLD films interact with the ambient.

In this work, we report unique properties ofetalcone thinfiims formed using
triethanolaning TEA. The TEA is used in a saturated MLD reaction sequence eititier
Trimethylaluminum TMA) or titanium tetrachlorideTiCl,) t o f oalmu cioTREeAO |,
T E A, THEArtitanficon® Ti-TEA thin films, respectively.The Ti-TEA and Al TEA films

are genelilly stable in air, and upon exposure to vapamslgding water, methanol, ethanol,
and ammonipellipsometry and visual reflectivity show thg-TEA undergoes rapid and
reversible vapor absorption, whereas th@ THA films remain relatively unchangetlve
discuss mechanism® account for the materialependent vapor adsorptias well as

possiblenovelapplications for these materials

5.3  Experiment

531 MLD Precursors and Materials

Trimethylaluminum (TMA) and titanium tetrachloride (TiClwere obtained from t&m
Chemicals Inc. and used without further treatment. Anhydrous triethanolamine (TEA)
(SigmaAldrich) was used as the organic material source and dried through vacuum pumping
at room temperature. 12.1 M hydrochloric acid concentratd)(W&s purchaseddm Fisher

and used as received. We monitored the MLD deposition with silicon wafers [100] purchased

from WRS Materials. For the carrier and purge gas, rdinpgen (99.999%)was passed
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through an Entegris GateKeeper inert gas purifier to remove any aksiduer before

entering the reactor.
5.3.2 Reactor setup for triethanolamimetalcone deposition.

Molecular layer deposition of the triethanolamimetalcone thin films was carried in a
homemade hot wall viscous flow vacuum reactor. The nitrogen carrielqyagdte was
maintained at 288tandard cubic centimeters per minwgec(r) for an operating pressure of
~850 mTorr.The inlet and outlegas lineswere temperature controlled with heat tape to
prevent precursor condensation in the reactor. The TEA porcwiss loaded into a glass
flow-over bubbler and heated to 130°C. The TidIMA, and HCI precursor bottles were

maintained at room temperature.

A typical MLD cycle followed a TMA/N/TEA/N, sequence (abbreviated as TMA/TEA)
with exposure and purge time$ 0.1/30/2/45 seconds respectively. In addition to this
process sequence, we also explored the effect of vapor HCI dosing on film composition. For
the HCI studies, the cycle followed with a TMAINEA/N,/HCI/N, sequence (written as

TMA/TEA/HCI) with respetive times of 0.1/30/2/45/0.1/30 seconds.

Various MLD process conditions were further characterized usirgitunquartz crystal
microbalance (QCM) analysis. For these tests, a 6 Hz gold coated QCM crystal sensor
(Inficon) was mounted onto the QCM hougiwith conductive epoxy as previously

described® The epoxy and a dry Nerystal back purge of 50 sccm prevented deposition on
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the bakside of the QCM crystal. The mass change signals were detected by an Inficen SQM

160 monitor and @rded using a home designed V#BW program
5.3.3 Ex-situ characterization.

The TEAmetalcone film thickness and refractive index at 632.3 nm was measured with
variableangle alpheéSE spectroscopic ellipsometer (J.A. Woollam Co., Inc.). Ellipsometric
measurements were taken after allowing samples to sit at the laboratory temperature and
humidity for 15 minutes. We collected humiditgntrolled ellipsometry mesarements by
enclosing the ellipsometer in a sealed Plexiglasge €#ed with a humidifierdry nitrogen

(99.999%) gas suppbnd a humidity sensor and recorder (Omega).

The advancing water contact anglas monitored as a function of tinusing a ModeR00
RameHart contact angle goniometemhe time span was short (<10 seconds) and the water

drop was sufficiently large (2 mm) so that water evaporation was not significant.

Film composition was characterizagsing XPS and FTIR analysis. A SPECS-r&y
photoelectron spectrometry system operated with an Al anode at 10 kV and 400 W with a
PHOIBOS 150 analyzer with a detection limit of ~0.1 at% provided elemamafy}sis of the
deposited films. The collected data was subsequently processed and modelédsaXPS
software to give elemental analysis. Fourier transform infrared spectroscopy (FTIR) was
performed with a ThermoNicolet 6700 IR bench with a deuterated triglycine sulfate detector

operated in transmission mode with 2050 scans at “4resolution.
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We monitored the color change and mass loading of the depositesgn€Eicone films by

fixing the samples inside a sealed quartz tube and observing the sample visually or
monitoring mass change upon exposure to various vapors of interest at atmospksticepr
Before analysis, the quartz was prepared under dry nitrogen flow. Samples were then placed
in the tube and treated under drigrogen (99.999%) galow at room temperature for 2

hours. To bgin exposure, thaitrogencarrier gas was diverted thugh a bubblecontaining

water, methanol, or ethanol for 1 minute followed by purging with thecdryier gas.
Ammonia exposure was also performed in the same system using a 5 second exposure to
ammonia gasColor change was monitored via photographicgmg. Mass loading was
monitored in the same apparatus via QCM analysis using crystals coated with 500 cycles

(250-300 nm) of the TEAmetalcone films.

534 Results

5.3.4.1 Deposition of triethanolaminmetalcone films

The proposed reaction scheme for theTAlA is shavn in Figure5.1 and discussed in detail

in the discussion section. To investigdte validity of this reaction scheme and confirm
selfi limiting growth, we varied the precursor dose time and monitored film thickness after
deposition using ellipsometry.idgtre5.2 shows the growth thickness per cycle as a function

of TMA and TEA dose time for the ATEA formed at 150°C. The ATEA film growth
saturates near 7 A per cycle after 0.1 seconds of TMA exposure, but 3 seconds of TEA
exposure is needed to achidgiie same growth. For the-TEA process, Figuré.3 shows a

similar trend for TiCJ] and TEA plateaus after a3 seconds exposure. A longer exposure
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time is needed for TEA due to itslaively low vapor pressured(01 T at 20°Q, and effects

of precursometention within the depositing MLD filf#*>*These trends, i ncl
saturation in the organic exposure steg emnsistent with those reported for other MLD
processe&'®>>° To achieve wellcontrolled and reproducible growth, we ntained the

TEA exposure aR.0seg slightly below full saturation. Figurg&2 and5.3 also show the film

thickness as measured by ellipsometry versus MLD cycle number for fiEANland Tt

TEA films. At set deposition temperature and dose times, the tfiickness is linearly
dependent on the cycle number with growth thickness per cycle of 6.7and 5.1 A/cycle for the

Al-TEA and T+TEA respectively.

OH

OH CH‘

a) H
HiC _CHs ( j

Al
| H,C CH;
CH; \A./ ,Ju HO o "‘“A|

~J,/\

OH OH OH 0 o o

Figure5.1: Al-TEA reaction sequence with successive a) TMA and b) TEA exposure
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Figure5.2. AI-TEA film thickness per cyclat 150°C as a function of a) TMA and b) TEA
dose time and c) film thickness versus cycle number. Lines are meant to guide eyes.

The growth rate was studied over a temperature range of 150 to 195°C and results are given
in Figure5.4. Fiom 150°C to 195°C, the ATEA growth per cycle decreased from 6.7 to 0.8
Alcycle at 195° TTEA film growth rate also decreases at higher temperatures from 5.2 at

150°C to 2.0 A/cycle at 195°C.

87



10 - — : T . 10 e
91| a) TiCl, Saturation 1 91 | b) TEA Saturation 1
8l ] 8l ]
_Tr Tt
2 6 L —-i i 9 6 L .
o - = [&]
g‘ 51 : i g 51
o 1T o N
% 3+ - % 3k ]
f: TiCly/N,/TEA/N, ] f: TiCly/N,/TEA/N, 1
ol x/30/2/45 sec ] ol 0.1/30/x/45 sec ]
00 01 02 03 04 05 0o 1 2 3 4 5 6
Dose Time (sec) Dose Time (sec)

3000+ | ¢) Linear Growth

<

o 2000+ 4

o

g

°

= 1000 +

E ]

T Ticl,/N,/TEA/N,
0 L

0.1/30/2/45 sec]

0 200 400 600
Cycle Number

Figure5.3: Ti-TEA film thickness per cycle at 150°C asumdtion of a) TiCJ and b) TEA
dose time and c) film thickness versus cycle number. Lines are meant to guide eyes.
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Figure5.4: Growth rate versus reactor temperature for af BA and b) TATEA. Lines are
meant to guide eyes

Figure5.5 shows insitu QCManalysis demonstrating the mass changes during the metal and
TEA exposure steps. Under steashate MLD at 150°C, Figres5.5a and b show a mass
gain of approximately 65 and 95 ngffoycle during the TMA and TiCl4 exposure,
respectively. During the TEAxposure, the ATEA film (Figure 5.5a) shows a mass gain

close to 25 ngin?/cycle while the gain is near zero for TEA espee during HTEA growth
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(Figure 55b). Figures5.5c and d show analogous results collected at 200°C. Increasing
temperature leads ta significant decrease in the TMA mass uptake f§&nf/cycle at
200°C) whereas for TiGthe mass uptake decreases only slightly to 75 rfgéguie. In both

processes, increasing the temperature to 200°C decreased the TEA mass uptake per cycle.
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Figure5.5: Quartz crystal microbalance (QCM) analysis: &JTAA at 150°C, b) THTEA at
150°C, c) AITEA at 200°C, d) HTEA at 200°C
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5.35 Characterization of triethanolamirmetalcone films

We used FTIR analysis to assess the composition of the triethanolamaideone films as
shown in Figures.6. The bands at 1064 and 1015 tare attributed to the Td-C and AlO-

C linkages respectively, consistent with the expeorg@nicinorganic amorphous network
structure. This is further supported by the broaH €retchfrom 29622875 cn the GH
scissoring at 1456 cfp and the THO and AFO bands at 630 and 669 ¢mespectively.
There are also large hydroxyl bands from 33000 cnt, indicating that the
triethanolaminanetalcone films have a significant amowftunreacted hydroxyl site§he
sloping background at 2008000 cm' in the TiTEA spectrum results from background
subtraction We also observe a small peak at 1226'dor the GN bond showinghat the
amine functionality is maintained, predominantiythe Ti TEA material Finally, the FTIR
data shows a significantly different N bendingmode structure. For theiTiEA film, clear
bands are visible at 1633 and 1392"amssociated with NH bending. For the ATEA film,
the N'H bending modes at 163sd 1392 cri are much less intense. The strongéiHN
modes in the FIrEA film suggesting that the tertiary amine is protonated during tHeER

MLD process.
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Figure 5.6: Mid-range FTIR spectra for ~300 nm-AEA and T+TEA films deposited at
150°C

We used XPS analysis tquantify atomic compositions, and results are given in Tatle

and Table5.2. The table compares atomic composition values derived from XPS to values
estimated from the expected orgdmorganic network composition Tiz(TEA)4
(Tiz(CeH12NOg3)4) and AI(TEA) (AI(CeH12NOg3)). For THTEA, the experimental and expected
film compositioncorresponds well, except fei7 at.% chlorine observed in the deposited
films. For the AITEA, the trends are similar, except the experiment showsébsnand

more oxygen than expected. This result may indicate TMA hydrolysis of the organic
reactant*??°??! Excess water vapor in the organic precursor could also incoeggenand
decreasearboncontent, and the effect may be more prevalentenAin TEA process due to

higher reactivity of water with TMA vs TiGl
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Table 51. Experimental film composition (x2 at. %) based on high resolution XPS scans of
~300 nm TiTEA films deposited at 150°C. Expected atomic composition based on the
stochiometit compositionTiz(CeH12NO3)s.

Ti-TEA C1s O1s N 1s Ti2p Cl2p
Experimental (at. %) 49 29 8 8
Expected (at. %) 56 28 9 7

Table5.2. Experimental film composition (+2 at. %) based on high resolution XPS scans of
~300 nm AITEA films deposited atl50°C. Expected atomic composition based on the
stochiometric compositiorAl(CeH12NO3).

Al-TEA C1ls O 1s N 1s Al 2p Cl2p
Experimental (at. % 29 50 4 16
Expected (at. %) 55 27 9 9

The highresolution XPS scans in Figube7 also show the presenocé some chlorine in the
Al-TEA film. The high resolution scan of the nitrogen 1s fofT&A shows a single peak at
398.6 eV, attributed to carbemntrogen bonding. In comparison, high resolution analysis of
nitrogen in the HTEA film shows two peaks at99.0 and 400.9 eV. The peak at 399.0 eV is
again due to nitrogeoarbon bonds, while the peak at 400.9 eV signifies formation of

quaternary nitrogeff? 224
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Figure5.7: High resolution XPS scans of Cl 2p and N 1s peaks for the ~300 1TrRAland
Ti-TEA films deposited at 150°C

5.3.6 Triethanolaminemetalcone film stability

A common issue for similar metalcone MLD films is film degradation. We monitored the
stability in ambient conditions by measuring the film thickness and refractive index over the
course of 25 days. After 24 hours, theTHA film thickness decreased by 6.2% and 14.1%
after 500 hours as shown in Figir&a. In comparison the ATEA film thickness increased

by 5.1% after 24 hours to a film thickness of 144 Wwhich stayed relatively constant over
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500 hours. This small inease in film thickness is likely attributed to film swelling in the
ambient laboratory conditions. We theorize that theTBA film thickness was relatively
stable because any film degradation occurred primarily during the deposition process. To
augment tb thickness measurements, we also tracked the refractive index of the films at
632.8 nm in order to provide an estimate of changes in film density. F@lreonveys that

the refractive index of the ITEA film increases over time, consistent with tHenfpartially
degrading to forniliO,. The AFTEA refractive index decreases initially, again consistent

with higher water content in the film and then remained relatively constant with time.

We also monitored the film stability in the dry heated reactor ediately following
deposition. Figurés.9 includes imrsitu QCM results for 100 cycles of the triethanolamine
metalcone films deposited at 150°C and then left in the heated reactor for approximately 14
hours with flowing carrier gas. The AIEA film thickness stays relatively constant over the
course of the 14 hour time period, but theTEA mass loading decreases by ~25%. These
results in conjuncture with the previously discussed results suggest that TREAA$S more

stable than the TTEA film and thatthe T+TEA film degradation occurs regardless of

relative humidity.
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Figure5.8: Changes in triethanolamirmeetalcone film b) thickness and b) refractive index at
a wavelength of 632.8 nm over time in open laboratory conditions. Lines are meant to guide

eyes.
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Figure5.9: QCM results of 100 cycles of a)-TEEA and b) AITEA films deposited at 150°C

which then remain in the heated conidtions with flowing carrier gas for ~14.hours
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5.3.7 Surface energy and physical swelling of triethanolarm@talcone films

We assessed the surface energy of ~300 nm thidkeA and T+TEA MLD films via time-
resolved goniometric analysis, shown in FighrE0. The contact angle for the water droplet
immediately decreases upon contact to th&HA film, decreasing from 42.2 t@6.1°

within 5 seconds. The ATEA in comparison maintained a relatively constant contact angle
of 38.4°. The water droplet contact angle on a native silicon oxide is ~28° indicating that the

Al-TEA film is more hydrophobic, likely due to surface roughgtfirt®
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Figure5.10: Time-resolved goniometric analysis monitoring the evadroplet contact angle
verus time on ~300 nm ATEA and Tt TEA films deposited at 150°C

We observed that thé&riethanolaminemetalcone filmsexhibited a visual color change
immediately upon removing the samples from the heated reactor. This color chamnge
attributed to changes in the film thickness due to film swelling. To test this theory, we

monitored the film thickness in a humidity controlled environment. Figuré shows the
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film thickness versus humidity for the twiriethanolaminemetalcone fins that were
approximately 300 nm thick. From B5% relative humidity, the Tifilm thickness
significantly changes, increasing from 207.0 to 346.9 nm, a ~75% increase in thickness.
Accompanied by this thickness change was a visual color change. bijarghows images

of a TFTEA film in a dry environment and changing color after prolonged exposure to a
humid environment. The shrinking and swelling behavior was reversible and repeatable
unless the relative humidity exceeded ~65%, which lead to film dagoa. The AITEA

film thickness dependence on humidity is significantly lower than tHEEA film in Figure

5.11. The AITEA film thickness increases from 266 to 276 nm as the humidity is increased

from 10% to 65%, an increase of ~3%.
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Figure5.11: Thickness of AITEA and T+TEA films versus relative humidity
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....
Figure5.12 Images of a 500 cyc 9TEA film in which the process humidity increases from
a) < 1% relative humidity, to e) ~65% relative humidity

5.3.8 Assessing the role of HCl in filstructure and physical response

A modified AIFTEA recipe that included an HCIfB exposure following the TEA exposure

was utilized to study how HCI affects the film composition and properties. FaglBeshows

QCM results for the TMATEA-HCI process. Similar to thEMA-TEA QCM results shown

in Figure5.5a, TMA and TEA doses both result in a mass increase. The additional ,BCI/H
dose also leads to a mass increase which we ascribe to retention of chlorine anions on the
protonated nitrogen. Water will also react watvailable AFCHs sites, leading to negligible

mass change. Transmission FTIR results for théd BA and AFTEA-HCI films are shown

in Figure5.14. The data shows the HCI exposure step leads teHub&hding band at 1656

and a shoulder at 1633 &similar to the FTIR spectra for the-TiEA film. In addition, the

HCI step tends to increase the intensity of the hydroxyl band in the Z@cm' region,

consistent with AlIOH formation and possibly some physisorbed water.
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Figure5.14: FTIR spectra for the ATEA-HCI and AFTEA films deposited at 150°C

High resolution XPS analysis of the N 1s and Cl 2p peaks and film composition of-the Al
TEA and AFTEA-HCI are shown in Tabl&.3 and Figure5.15. Figure5.15 shows the
chlorine content increases with the FEA-HCI recipe to 7.3 at% versus the 1.4 at% for the

Al-TEA film. The AI-TEA-HCI chlorine content is consistent with approximately one
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chlorine atom per nitrogen atom. Finally,-AEA-HCI sanple has a notable peak N 1s peak

at 400.6 eV, which is attributed to- formation.

We further monitored the swelling properties of theTAA-HCI film versus the AITEA

films. As shown in Figur®.16, the AFTEA-HCI shows significant film shrinking of:7.5%

at 10% relative humidity, which is similar to what was observed for theER film. Above

55% humidity, the films swelled, as determined by the change in visible color, but the
increase in thickness was sufficiently large that it could not be detucmantified with the

ellipsometry model.

Table5.3: Film composition £2 at. % based on high resolution XPS scans oiTAA-HCI
films deposited at 150°C Expected AITEA-HCI film compoisiton based on the
stochiometric compositionAl(CeH1,NO3)(CI), assumingone chloride anion per protonated
nitrogen.

Al-TEA-HCI C1ls O1s N 1s Al 2p Cl2p
Experimental (at. %) 37 39 5 11
Expected (at. %) 50 25 8 8
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Figure5.16: Thickness of AITEA and AFTEA-HCI films versus relative humidity
5.3.9 Applying swelling properties to other solvents and gases

Thetriethanolaminanetalcondhickness and accompanying color changes due to changes in
humidty means that these films could be used for sensor applications. A ~300-TEATI

film was deposited on a QCM crystal and used in a horade flowthrough reactor. After
equilibrating with the dry flowing nitrogen carrier gas, the film was exposed ttvensdor

1 minute at constant pressure. After the exposure, the system was purged with the nitrogen
carrier gas.Figure 5.17a showsthe change in mass loading after theTEA film was
exposed to methanol, with a sharp mass increase of 1778rfgltowed by a gradual mass

loss. Water has the highest mass loading of 395&mgind ethanol has the lowest loading

of 331 ngén?.
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Figure5.17: QCM analysis of a) methanol and b) ammonia loading on ~300 AREAI
film.

Finally we testedf these films wouldload a gas that is of greater interest due to safety
concerns: ammonia. Figuel7b showsthe mass loading for a -MEA film after being
exposed to ammonia for 5 seconds. There is a significant mass loading of 6707afigcm

the ammonia exposure andetfilm appears to retain approximately 3446 ng/ahthe
ammonia after purging. The loading on an uncoated gold QCM crystal was significantly

lower (~100 ng/crd).
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54 Discussion

The FTIR, XPS, QCM and thickness results in Figix@sthrough5.7 indicate hat the Al

TEA and Ti TEA MLD processes produce a coordination polymer of the fai@i M1 Or
(CHNy).i Oi Mi), with thickness and structure defined by the number of MLD cycles and
deposition temperatureThe QCM results in Figur®.5 show that increasing th@rocess
temperature froml50°Cto 200C leads to a decrease in the TMA and Ti@kass uptake

during the metal precursor exposure step. Increasing temperature will lead to more rapid
metal precursor desorption and less net mass gain during the precxpssure step.
However, increasing the temperature from 150 to 200°C leads to a much larger decrease in
TMA mass uptake than for TiglWe believe that the increased retentainthe TiCl, at

higher temperature is due to a higher degree of nitrogen ptatona the Ti TEA vs the

AlT TEA, as described below.

Excess protonation in the TiEA is consistent with XPS and FTIR results in Figbs@ and
Figure5.7. Specifically the XPS showshat the AITEA film has a single carbenitrogen
peak at 399.0 eV.He T+TEA peak has an additional peak at the higher binding energy of
400.9 eV signifying nitrogetydrogen bonding?*?%*?#In addition, the ratio of chlorine to
nitrogen based on the -TIEEA film composition in Table5.1 is ~1:1, consistent with
approximately one chloride anion per positively charged nitrogemFTHR analysis further
showsthat the TiTEA films have NH characteristic bands at 1633 and 1392 cwhich is

not expected in the TEA tertiary amine structiffeThe excess protonation in the i TEA
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could result from the byproduct HCI reacting with the tertiary amine to the form a quaternary

ammonium salt (HRN*CI).?# 2% This sequence is shown schematically in Figu8.

The ionic interaction between the nitrogen and chlorine creates Lewis baé® witésh

can bind with acidic TiCl, thereby promoting precursoretention, even at elevated
temperatures, consistent with the QCM results in Figusd. Methane generated in the-Al

TEA process does not generate the quaternary ammonium salt functionality, so even though
TMA is a stronger Lewis acid that Tiglthis mechanism is not active in during the TMA

TEA process.

Based on the reaction schematics in Fight&sand5.18, the TEA exposure step is expected
to produce a net mass gain. However, the mass gain observed by Q&dune5.5 is
smaller than expected. This is ascribed to excess consumptionQifsites, where more
than one TiCl reacts with each TEA (i.e. through doulxe triple- reactions), or by reaction
with water, produced by thermal degradation of theTHA film?** (Figure 5.9a).
Consumption of multiple FCl surface sites by the organic monomer was previously

reported during MLD using TiGland ethylene glycdf

107



HO - | ¢ |
\ 3 ~_H+"
'\N
/ ' |
N
{ ——OH THT P
\ / Cl N
HCl 4 A — I |
—-/ f’/ Y
cl ( \ o |
cl N\ 0 o s \ Hel
Cl—Ti—Cl | Cl\ /CI y | 4 \
Cl—Ti—¢l  Ti _,/ c—Ti—oc T £
cl / HO VA
- | / \ > | / \
OH OH OH 0 0 0] (0] O [0]
gl 1
‘\ d
\\\_ //
~— -
~— _

Figure 5.18. TFTEA reaction sequence with successive a) Ji@d b) TEA exposure,
showing byproduct HCI pronating the TEA nitrogen

The quaternary ammonium salt functionality can also account for the physical swelling
properties of the FTEA films. The protonated nitrogen acts as the hydrogen bond donor,
enabling hydrogen bonding with water vapor. The strong hydrogen bonding of-THeATi

films is due to the positively charged nitrogen whattracts the electron cloud from around

the hydrogen nucleydeaving the hydrogen atom with a positive partial chafg&° The

films swell as they adsorb water and the change in filokti@ss manifests as a color change

on the reflective silicon surface due to optical interference. A higher concentration of
nitrogen protonation is expected to create a more hydrophilic film that can swell to a greater

degree.

108



Using QCM, we tested whetheolymer swelling could be induced by other hydroxylated
vapors includingnethanol and ethanol. During the vapor exposure, water showed the highest
mass increase of 3955 ngfcrfollowed by methanol and ethanol with loading of 1777 and
330 ng/cm respectiely. The extent of FTEA swelling appears to be dependent on the size
of the adsorbent (water < methanol < ethanol). In addition, Figli shows that TTEA

film showed a high propensity for ammonia, with a loading of 6687 rfgi@rsus ~100
ng/cnt for an uncoated gold QCM crystal. This suggests that the high ammonia loading on
the TFTEA film is not solely due to hydrogdmonding physisorption. Furthermore there is
some evidence that the ammonia is retained in the film even after purging. Itildeptisst

the T+TEA film is forming an ammonium cation which is readily retained in the MLD
film. 232233 Additional work needs to be done to determine the true capacity for toxic gas

adsorption in these triethanolamimetalcone films.

In some instances it was noted that theTEA films exhibited swelling properties similar to
that of the THTEA films. The XPSresults in Figuré&.7 and Tablé.2 show that the ATEA

films contain ~1 at. % chlorine, likely due to residual chlorine on the reactor walls, remaining
from the T+TEA process. We confirmed the correlation between the quaternary ammonium
salt and the pysical swelling properties with the AIEA-HCI process. Nitrogehydrogen

FTIR bands at 1656 and 1633 ¢rim Figure5.14 and the XPS peak at 400.6 eV in Figure
5.15 both suggest that the HCI exposure protonates the nitrogen in-TieAAiIm. Chloride

anons balance the positively charged nitrogen consistent with the formation of a quaternary
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ammonium salt. AfteHCI vapor exposure, the ATEA films showed physical swelling

response similar to that observed for thelEA.

55 Conclusion
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CHAPTER 6. UNDERSTANDING INHERE NT SUBSTRATE SELECTIVITY
DURING ATOMIC LAYER DEPOSITION: EFFECT O F SURFACE
PREPARATION, HYD ROXYL DENSITY AND ME TAL OXIDE COMPOSITIO N

ON NUCLEATION MECHANISM S DURING TUNGSTEN ALD

The following work is reproduced with permission frddaul C. LemaireMariah King and

Gregory N. Parsong. Chem. Phy2017, 146, 52811.

6.1 Abstract

Areaselective tha film deposition is expected to be important for advanced18ub
nanometer semiconductor devices, enabling feature patterning, alignment to underlying
structures and edge definition. Several atomic layer deposition (ALD) processes show
inherent propensityor substratalependent nucleation. This includes tungsten ALD (W
ALD) which is more energetically favorable on Si than on,SKbwever, the selectivity is

often lost after several ALD cycles. We investigated the causes of tungsten nucleation on
SiG; andot h e r-g rionwotnh 6 s ur f a ¢/8id; WALD praceps ta determilér
how to expand the fAselectivity window. 0 We
piranha clean, act as nucleation sites for-selective deposition and show that by exaigd

the piranha clean or heating the samples, following the piranha clean, extends the tungsten
selectivity window. We also assessed how theAMD precursors interact with different

oxide substrates though individual \Wé&nd SiH pre-exposures prior to VALD deposition.

We conclude that repeated Sipte-exposures reduce the tungsten nucleation delay, which is

attributed to Sikj adsorption on hydroxyl sites. In addition, oxide surfaces were repeatedly
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exposed to W§ which appears to form metal fluoride sms. We attribute the different
tungsten nucleation delay on®s and TiQ to the formation of nonvolatile and volatile
metal fluoride species respectively. Through this study we have increased the understanding
of ALD nucleation and substrate selectyyitvhich are pivotal to improving the selectivity

window for W-ALD and other ALD processes.
6.2 Introduction

For over 40 years, the number of transistors on an integrated circuit have doubled
approximately every two years. Yet as companies begin work praglirtiegrated circuits

with less than 10 nm feature sizes, standard patterning techniques, such as lithography,
become much less applicable because of challenges maintaining edge definition and
alignment to the underlying features. Chemical vapor depos{@/D) and atomic layer
deposition (ALD) processes offer a possible solution to such issues. CVD is aphager
process where one or more volatile inorganic or organic precursors are dosed into a reactor
chamber simultaneously. The precursors then dposmon a heated substrate, depositing a
thin film and generating volatile byprodué. ALD in comparison, is vapephase process

that uses two or more sequential dmifiting reactions to deposit conformal films with high
thickness control** There are multiple CVD and ALD processes which show a propensity

to selectively deposit material on energetically favorable surfaces. Borpé, a tungsten

ALD (W-ALD) process, which uses tungsten hexafluoride {Adhd silane (Sik)*®*? or

disilane (SiHe)***" as reactants will selectively deposit tungsten on Si and metal

surface®?**%i t h sl ower n-gcbwhah dsewhas Bigviareqrowth
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is not desired. The stability of Si@eads to a high energy barrier for tungsten deposition

because the oxidized silicon atoms are unable to act as sacrificial redoiéaits.

Although deposition on negrowth surfaces is thermodynamically much less favorable,
deposition will occur @ér a nucleation period. In order to take full advantage of selective
ALD processes, it is pivotal to extend the
material deposited on the growth surface before growth begins on thgrowith surface.

Previows studies on tungsten CVD provides evidence that the loss of selective tungsten
deposition can be attributed to either $d# Wk adsorption on Si@ For example, tungsten
nucleation delay is enhanced on rgmowth surfaces TiN and Siby using a Sitf*® or

B,Hs'? pretreatment respectively. Kobayashi et al. suggests that selective tungsten CVD

depends on the selective dissociation of a reducing agerdr(8iH;) on the metal growth

surface?6:2%°

There is also evidence that Wis predominantly responsible for loss of selective tungsten
deposition. For example, although WIFannot readily react with gaces at low

§>2%%jt can condense and weakly adsorb on cooled surfat&$Chang et al.

temperature
proposed that Wg=can react will react with SiOsubstrates via surface silanol groups
generated during wet sample preparaffoAdditionally, in the presence of hot tungsten,
WFg can also disproportionate to form highly reactive tungsten subfluorideg) (&t can

deposit on Si@surfaceg™47242

Despite the similaritiebetween CVD and ALD processes, it is important to acknowledge

that selectivity loss mechanism for CVD processes will not always apply to ALD processes.
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For example, because -@GNVD process mixes both precursors simultaneously, these
processes generate a lmeg concentration of vapg@hase products, such as silicon
subfluorides of SikF, species, than a MXLD process; byproducts often linked with ron
selective tungsten depositiéit392*22*Also, therelatively high deposition rates for CVD
processes can mask phenomena such as etching, which are more apparent during ALD

processe&®®

Thiswok expands understanding of met-gt oVAtLIDO nu
substrates (i.e. where growth is not desired) during selective area ALD. Specifically, we
explore the role of substrate surface preparation and composition on the rate of growth
initiation, and propose mechanisms for selectivity loss that can broaden the understanding of
selective ALD methods. Specifically, we report results forgd8iH, W-ALD nucleation on
various metal oxides and demonstrate that the tungsten nucleation dedpgnsient on both

the oxide composition and the surface hydroxyl concentration. In order to increase the
tungsten selectivity window we tested methods to reduce the hydroxyl concentration on
metal oxides via prannealing and deposition of a halogengiasivation layer. We
investigate how hydroxyl sites interact with the individual /Rd SiH reactants. We find

that on SiQ, SiH, exposure enhances tungsten nucleation which we attribute tp SiH
adsorption, whereas WHre-exposure appears to convert thede substrates to metal

fluorides, promoting metallic tungsten nucleation.
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6.3  Experimental

6.3.1 List of supplies and materials

Tungsten hexafluoride (WJrand a dilute 2% silane in argon mixture (HiMere purchased

from Galaxy Chemical (Claremore, OK) and stam Gas Solutions (Durham, NC)
respectively and used without further treatment. Trimethylaluminum (TMA), titanium
tetrachloride (TiCj), and diethyl zinc (DEZ) were obtained from Strem Chemicals Inc. and
used without further treatment. The Si substratesewboron doped Si(100)}160 -cm

(WRS Materials). The Si©substrates were Si(100}160 -cm with 100 nm thermal SO
(WRS Materials), cut into 12 x 12 mm pieces. For the carrier and purge gas, dry 99.999%
argon (Ar) was passed through an Entegris Gatp&e@ert gas purifier to remove any

residual water before entering the reactor.

6.3.2 Substrate surface preparation

The SiQ substrates were cut into 12 x 12 mm pie&i€), samples were cleaned in hot
piranha solution (1:1 $¥$04:H,0, by volume) for 30 minutesrinsed with deionized (DI)
water, and stored in DI waterlmmediately prior to WALD, the SiQ pieces were rinsed in
DI water and dried under flowing2N100 psi). To form hydrogenterminated silicon, 12 x
12 mm Si piecesvere cleaned in the piranhalstion described above and stored in DI
water. Immediately prior to WALD, the Si wafers were dipped in dilute hydrofluoric acid (5

vol%) for 30 s followed by a DI water rinse (30 s) anddN/ing.
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High surface area porous silicon (PS) was prepared @sing cm boron doped Si(100)1®

q-cm wafers. Wafers were secured in a 1.5 cm diameter T¥floell with a platinum wire
counterelectrode. Wafers were electrochemically etched for 30 min in a 20 mL solution of
1:1:2 volume ratio of hydrogen fluoride,ater, and ethanol at a current density of 15
mA/cn?. After etching, silicon surfaces were hydrogen terminated. Porous silicon samples
were heated at a ramp rate of 20°C/min to 950°C and held at temperature for 1 hr to form a
thermal oxide layer. To hydrolgte the thermal oxide layer, wafers were then placed in a

piranha bath for 30 min.

To assess the role of surface hydroxyl sites, piratdaned Si@ samples were annealed
under air prior to WALD. SiO, samples were heated at a ramp rate of 20°C/min @oo60
800°C and held at temperature for 30 min. After cooling to ~300°C, samples were removed
from the furnaces and immediately loaded into the ALD reactor for deposition or-itel ex

Fourier transform infrared spectroscopy (FTIR) for characterization.

Approximately 100 nm Si©and Si films were deposited on 6 Hz galohted quartz
crystal microbalance (QCM) crystals with the use of a cust@de stainless steel mask.
SIiO, films were deposited at room temperature with a PECVD process with a tetraethyl
orthosilicate source. Amorphous Si films were deposited in a LPCVD system at 550°C and

160 mTorr using a 100% sbls source, with a ~6 nm/min deposition rate.
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6.3.3 W-ALD reactor design

Depositions were carried out in a chamber hdoaét ALD reactor (60 cm long, 186m in
diameter) described in previous publicatioh® The deposition chamber was heated
resistively to 220°C usmPID controllers. The operating pressure was maintained at 1.5 Torr

with an Ar carrier flow rate of 210 sccm.
6.3.4 ALD reaction sequence

Tungsten deposition was achieved by alternately pulsing &id WFk with inert Ar purge
steps following each exposure.i&in substrates were loaded into the reactor and allowed to
reach thermal equilibrium with the walls by flowing carrier gas for 30 min prior to
deposition. The conditions for the starting bhse W-ALD process used the
SiHJ/Ar/WFg/Ar (45/45/1/60 s) sequee at 220°C. Selectivity loss mechanisms were
investigated by using SiAr (45/45 s) and W§Ar (1/60 s) sequences to repeatedly expose
samples to the individual precursors prior to the standarg//SiMVF¢/Ar sequence. Finally,
Al,O3, TiO,, and ZnO ALDfilms were deposited prior to the M WLD process using a
x/Ar/H,O/Ar sequence where x is TMA, TiCl4, and DEZ respectively, with a timing

sequence of 0.25/45/0.25/45 s.
6.3.5 Sample characterization

Film nucleation and growth were characterized using ex sitlytar@ tools. Spectroscopic
ellipsometry (SE) data were obtained with a J.A. Woollam afiBaellipsometer at an

incidence angle of 70°. FTIR analysis was performed with a ThermoNicolet 6700 IR bench
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with a deuterated triglycine sulfate detector operatetlansmission mode with 2050 scans

at 4 cml resolution. Chemical analysis was done using a SPE@&y Xhotoelectron
spectroscopy (XPS) system with a PIBOS 150 analyzer. Spectra were generated using an
Al K-ty surce operated at 400 W. For all analyses, data reduction and fitting was
carried out using CasaxXPS software with charge compensation based on the C, GHL

peak set to 285 eV. For soraralyses, we utilized the Ti 2p XPS peak intensity to estimate
the thickness of Sig¥ilms formed as a result of SiHadsorption. For this analysis, we
measured the attenuation of the Ti 2p 3/2 peak and modeled the film thickness using
parameters availabfeom the NIST Effective Attenuation Length Databa%ecoupled with
electron inelastic meafnee path values determined using the TP equatior?*® For this
equati on, we used a bandgapm’ ednsistent Gith bdkV a n d

amorphous Si@

Process conditions were further characterized usksgunQCM analysis. For these tests, a 6

Hz gold coated QCM crystal sensor (Inficon) wdaced into the QCM housing. A dry Ar
crystal back purge that yielded a ~250 mTorr pressure increase was sufficient to prevent
deposition on the backside of the QCM crystal. The mass change signals were detected by an

Inficon SQM160 monitor and recordeding a home designed LabVIEW program.
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6.4 Results

6.4.1 Comparison of WALD nucleation on silicon, metal, and metal oxide

substrates

We first worked to quantify the selectivity for W nucleation on Si versus SuDstrates
under welldefined ALD conditions® Figure6.1 shows results from a)-situ QCM and b)

XPS analysis respectively. The QCM results show mass uptake-recensed (Au) and
externally coated (Si, Spquartz crystals during the initial cycles\WFALD at 220°C. On

Si, growth proceeds readily during the first ALD cycles, whereas the Au surface shows that a
few cycles are needed to achieve full growth. The Si®face however requires ~35 ALD

cycles before mass uptake is recorded, which is smtiwith previous reporté.

X-ray photoelectron spectra of Si and Si/S#Qbstrates after 30 cycles ofFXLD are given

in Figure6.1b. Peaks at 33 and 30.8 eV are associated Wifwhereas the features at 37.5
and 35.3 eV are due to oxidized W. Surfag@lation is expected during opeair transport

of the samples from the ALD reactor to XPS analysis. Overall, the intensity of the W 4f
peaks, and in particular the%&ignature, are larger on the Si surface versus thessi@ace,

consistent with more fée nucleation on Si.
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Figure6.1: Results of WALD on Si, Au, and Si@surfaces from a) usitu QCM analysis
and b) XPS analysis of W 4f peaks after 30 W ALD cycles

The rate of tungsten nucleation was further investigated by comparing QCM mass
uptakeduring WLALD on various oxide surfaces. It is known that substrates including
polymer fiber mats conditioned with &); ALD exhibit more rapid tungsten nucleatiof.
Figure6.2a includes results for YLD growth initiation on QCM crystals coated with SIO
and ALD AlLOs;, ZnO and TiQ. Results show that ZnO and 8% surfaces exhibit a small
nucleation delay of 30 W-ALD cycles. In comparison, the Si@nd TiQ surfaces require
between 35 W-ALD cycles before there is an appreciable mass increase. Furthermore,
prior to the mass gain, the TiGurface shows a prominent mass loss betweeS0M-ALD
cycles, whichs attributed to TiQsurface etching. An enlarged view of this etchinghiewn

in Figure 6.2bshowing that the mass losses occur during the &¥posures.
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Figure6.2: In-situ QCM analysis of a) WALD on ZnO, ALO;3, Si0,, and TiQ surfaces and
b) an elarged view of WALD on TiO,, which shows film etching during the nucleation
period.

6.4.2 Role of surface hydroxyl groups in the loss eRAIAD selectivity

The effect of Si@ surface preparation on VLD nucleation was assessed using FTIR and
ex-situ ellipsomeaty. The extent of surface hydroxyl concentration was varied ksjtun
thermal treatment and the rate of change of the ellipsometric response was monitored during
tungsten nucleation. To alleviate issues with modeling ellipsometry data, we use a pyeviousl
published approach to trace tungsten nucleation by directly monitoring the ellipsometry delta

parameter, ®p, at 700 nm.

Figures6.3 shows insitu FTIR spectra of the hydroxyl region for a thermal exidm on a
porous silicon (PS) substrate. As the sample temperature is increased fr&m01G0 the
broad peak at 3698060 cni* decreases, attributed to loss of hydrogennd water. The

FTIR results suggest that there is some adsorbed water gns@i@ces at the process
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conditions of 220°C and 1.5 Torr. In addition, within the studied temperature range the

intensity of the isolated hydroxyl feature at 3740"a@mains relatively constant.

H
LA 0.0051 ]
!

Absorbance

4000 3800 3600 3400 3200 3000 2800
Wavenumber (cm™)
Figure 6.3: In-situ FTIR of thermal Si@on PS following pianha clean, measured at 100,

200 and 300°C, showing loss of surface bound water, with some surface bound water
remaining after 300°C.

Figure 6.4a shows spectra from the-fasmed porous thermal oxide and after piranha
treatment. As formed, the surfadeows predominantly isolated hydroxyl features at 3740
cm’. The difference spectra, after the piranha clean, shows a decrease in the isolated
hydroxyl signal and positivgoing broad peaks at 368060 cm' due to an increase in
hydrogerbound water. Welso note an increase in the peak shoulder at 3735vdnich is

ascribed to formation of vicinal hydroxyl groups upon piranha cledfing.
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Figure 6.4: a) Exsitu FTIR of thermal B, on PS at room temperature before and after
piranha clean, and the resulting difference spectrum, showing removal of isolated hydroxyls
and an increase in the concentration of germinal hydroxyls and adsorbed water. b) SE delta

parameter at 700 nm foirpanhacleaned and as SiO, wafers.

Figure64 b s hows t he el | i pALDoyele at 320°GonfpRrat S v er ¢

thermal oxide prepared with: i) isolated hydroxy groups (as oxidized); and ii) a larger number

of vicinal hydroxyl groups (aftepiranha treatment). For both SiGurfaces, the delta
par ameter is initially measur-80dasthe tuigsten g a

increase to 145° correlates with tungsten film

begins to nucleate. The subsequent

predominantly hydr ox)

coalescenc® On SiGwi t h vicinal

after ~2530 cycles, consient with the QCM analysis (Figurel®). However, the SKO

with mostly isolated hydroxyl exhibits an increasedleation delay of approximately 50

cycles, suggesting that vicinal hydroxyls on S#de more receptive to tungsten nucleation

than the isolated hydroxyl groups.
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To further explore the role of adsorbed water and hydroxyl groups on tungsten nucleation,
SiO, samples with predominantly vicinal hydroxyl groups (i.e. piranha cleaned) were
annealed esitu in air at 600 and 800°C followed by the AD deposition. FTIR spectra

of thermal SiQ on PS collected before ALD are given in Figérga. At both tempetares,
annealing leads to loss of the broad hydroxyl bands at-3660 cni* and an increase in the

isolated hydroxyl band at 3740 ém After 600°C, hydrogedonded vicinal hydroxyl groups

are visible at 3735 cih but they are lost after 800°C.
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Figure 6.5: Impact of exsitu annealing samples at 600 and 800°C prior tAMD: a) Ex-

situ FTIR spectra of thermal Sj@n PS and difference spectra of the hydroxylated thermal
SiO, after 600 and 800°C anneal. Difference spectra referenced teFSi@nha spetra, b)

SE delta parameter at 700 nm for $gamples fblowing W-ALD at 220°C.

The val ues HAldDrcyclpnumieer fer Si®samples with and without annealing
are presented in Figure 5b. On Sudth predominantly isolated hydroxyls (i.e. af@#0°C)
the WLALD nucleation delay increases by ~10 cycles compared to samples without anneal.

In comparison, removing surface water (600°C anneal) promotes nucleation, leading to a ~5
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cycle reduction in nucleation delay. Similar to the results in Figurethis data suggests
that vicinal hydroxyl groups on SiGare more favorable for tungsten nucleation. The data
further indicates that physisorbed water, observed in FiBe can impede tungsten

nucleation.

6.4.3 SiH; and WH interaction with SiQ, ALOs, and TiIGQ

Results shown above indicate that hydroxyl groups on Bi&y an important role in W

ALD nucleation. We further hypothesized that exposing oxide substrates to extended doses
of one of the WALD reactants (Sihor WFKs;) would also influence nilgation. To examine

the effect of Silj exposure, piranhaleaned SiQ samples were prexposed to sequential
doses of Sildfollowed by SiH/WFs W-ALD cycles at 220°C. Figuré.6 shows that the

film delta parameter after 30 \ALD cycles increases with ineasing number of SiHpre-

exposures, demonstrating that ppflomotes W nucleation on SiO
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Figure6.6: SE delta parameter at 700 nm for $gamples after 30 W ALD cycles following
X SiH, pre-exposure cycles. The delta data from the pirasibared SiQ in Figure 4 is

repeated for clarity.

Likewise, silicon wafers coated with ALD Ti@and AbO; were repeatedly exposed to SiH
Figure6.7 shows Si 2p XPS spectra collectedséx on ALD TiO, and ALO;3 surfaces after
increasing number of SiHexpasures. The intensity of the Si 2p peak at 102.7 (consistent
with oxidized silicon) increases with Sjiéxposure on both TiDand AbOs, likely due to

SiH4 adsorption and reaction with surfageund water.
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Figure6.7: XPS spectra of Tigand AbOs; ALD films exposed to 0 (black), 10 (red), and 50
(blue) SiH, exposures. With increasing number of S#%posures, the Si 2p peak increases
on both the TiQand ALOs; surfaces.

The SiH, pretreatment on Tig@and ALOs also promoted tungsten nucleation, as showthe
QCM results in Figuré.8. By using 50 Siklexposure cycles before \LD, nucleation
was observed -8 cycles sooner. In addition, mass loss ascribed to chemical etching is
observed on Tig) likely due to the volatilization of Tif regardless of whker a SiH pre-

exposure step was applied.
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Figure6.8: In-situ QCM analysis comparing \WLD on a) TiO, and b) AbOs for the asis
oxide (red, oxide with 50 SiH pre-exposures (black), and oxide with 50 W\e-exposures
(blue).

The interactions betweeWFs and the oxide substrates were investigated byepp®sing
substrates to WgHollowed by the WALD process as shown in Figufe8. During the 50
WFs pre-exposures, there is an initial mass gain on th®@#durface which plateaus aftei2l
WFs preexpasures. The Ti@ substrate also shows an initial mass gain, but furtheg WF
exposures result in mass loss. For both th®Adnd TiQ surfaces, the Wfexposure steps
lead to more rapid tungsten nucleation. Comparing the results fgrvé&fsus Sik pre
exposure, the WALD nucleation on oxides is more dependent ong\fisorption than SiH

adsorption.
6.4.4 Expanding the WALD selectivity window

Using insights and results from surface preparation and individual precursor reaction

experiments, we seek to adjust IWeALD process to expand the ALD selectivity window,
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i.e. further slow tungsten nucleation on Si@hile maintaining high growth per cycle on
silicon. Specifically, since results in Figuse8 and Figures.5 show that a high density of
surface bound wateran impede tungsten nucleation on $i®We hypothesize that a reduced
deposition temperature would favor selectivity. Moreover, since &@cts with Sikj or
WF¢ to promote tungsten nucleation, reducing the deposition temperature would also slow
the reations that form active nucleation sites. Results from XPS analysis in Figwre 9a
show the high resolution W 4f scans on Si and,&it0different process temperatures. The
ratio of the W 4f signals for the Si versus S measure of the selectivity riuded in
Figure 9d. For each temperature, the number of cycles deposited corresponds to the negative
going inflection point i n ,eubdtratey iseo3D eyiclesyat p p a
220°C as shown in Figuré5b (other data not shown). At shinflection point, a larger
relative W XPS signal on Si vs Si@orresponds to more \&h Si and therefore improved
selectivity. At 300°C the area of the tungsten 4f signal is ~1.7x larger on Si than,0nA8iO
220°C this ratio increases to ~2.4 andches ~3.3 at 160°C, demonstrating improved
selectivity at lower temperatur&/e attribute the improved selectivity to the temperature
16,248 ;

dependence of the Weaction, in which the probability of the SiIOMVFs reaction is

more significantly reduced than the S\ reaction.
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Figure6.9: Ex-situ XPS W 4f high resolution scans for Si and Ss@mples following: a) 50
W-ALD cycles at 160°C, b) 30 VALD cycles at 220°C, and c) 20 LD cycles at 300°C.
d) Ratio of W 4f Area on Si versus Sié different reactor temperatures.

6.5 Discussion

The ellipsometry, XPS, FTIR, and QCM results shown above demonstrate that the

composition of a metal oxide substrate asllvas the concentration of reactive hydroxyl

groups on oxide surfaces play a key role in the rate of tungsten metal nucleation during W

ALD. In this section, we discuss in greater detail how th&MD precursors react with the

131



defect hydroxyl sites in theontext of controlling tungsten nucleation, and then present

suggestions to further expand substrate selectivity.
6.5.1 Surface hydroxyls as tungsten nucleation sites

A pristine SiQ surface has a large concentration of stabl® $onds that are inertwards

most reactant® and preliminary modeling results suggest that there is a large
thermodynamic baer for WK to react with a hydroxyfree SiQ surface. But Si@surfaces

are typically populated by silanol sites which can react with precursors, suchsa®\idFm

a SFO-WF, linkage and stable Hf®. Results in Figures.3, 6.4 and6.5 show that treating
SiO, with a piranha cleaning step introduces vicinal hydroxyl groups which are retained
during annealig at 600°C. With this surface preparation, relatively rapid tungsten
nucleation is observed on Si@y ellipsometry, indicating that vicinal hydroxyl groups
promote tungsten nucleation during W&iH; ALD. Ellipsometry also shows slower

nucleation on Si@after 800°C anneal, where FTIR shows loss of vicinal hydroxyl species.

We find that tungsten nucleation on Si€urfaces occurs at vicinal hydroxyl sites, which is
further validated by results for similar tungsten processes. Using triethylboranegtungst
hexafluoride, and ammonia as reactants in an ALD sequence, Hoyas et al. used energy
dispersive Xray fluorescence to monitor W@, nucleation on chemical and thermal $iO

and at 300°C they observed more rapid nucleation on chemicabSi@mpared tthermal

Si0,.2* They suggested that the W) nucleation behavior could be related to the fact that

the demity of reactive hydroxyls is 2 timdarger on chemical Sivs thermal SiQ(3 and

249

1.5 nni? respetively).?*® Without surface hydroxyl groups, WFRadsorption is severely
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hindered. For example, when surface hydroxyls were removed from quartz samples via in
situ annealed at 1100 K, Groenen et al. obserhatl the tungsten nucleation time was
independent of the WFpreexposure timé>° Although isolated hydroxyls are often
considered to be relatively reactit’¢ during studies of BGJ TiCls, and TMA reactions with
silica surfaces, Morrow et &t’ concludesthat hydrogen bonded vicinal groups are more
reactive towards specific ALD precursors such as jJlilecause they promote bifunctional
reactions with more than one vicinal silanol. Based on the results in F&drés, and6.8,

we propose that W4also preferentially reacts with the vicinal hydroxyl sites on SiO

surfaces through bifunctional reactions.
6.5.2 Fluorination of oxide substrates

Results in Figure$.4, 6.5, and6.8 suggest that Wreacts at hydroxyl sites, leading to
tungsten nucleation on Si@nd other oxides. Although Wks generally considered a weak
fluorinating agerft? it is able to react with hydroxyl sites, convedithe metal oxide
substrate to a metal fluoridé!"?°?>3 Our results suggesthat the different tungsten
nucleation behavior for AD; and ZnO versus Ti©and SiQ substrates is due to the
difference in volatility of the formed metal fluorides. QCM analysis in Figl2eand Figure
6.8, shows that repeated exposures ofs\&tiehes TO,, while Al,O3; shows an initial mass
loading that plateaus with additional Wéoses. The different etching behavior is attributed
to the fact that TiFF>***°is morevolatile than AIR*#22°°%8 5t |ow temperatures. It should

also be noted that QCMnalysis (not included) also suggests repeated &posures can
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etch SiQ film. Like TiF4, SiF is volatile at low temperaturés>#92432Qyhereas Znfis a

257
d,

nonvolatile soli analogous t&\IFs.

In the case of TiQ we propose that the initial WExposures fluorinate the TiQo form
fluorinated titanium and oxidized tungsten surface species, consistent with the initial mass
increase observed by QCM analysis in Figbi& These surfacbound species are likely a

mix of nonvolatile Tig***°TiOF,,*° and WQ 23¢2°>26026]adqditional WFg exposures then
increases the substrate fluorine concentration, forming volatile,®fiE*>*%>* and

WOF, 2%%2%1The overall etch reaction would then be written as:
TiOy(s) + 2WH(g) - TiF4(g) + 2WOR(g)

This is consistent with the work of Kobayashi et al., incitthey show that Witeacts with
SiO, to form volatile WOER and Sif.?*® The etching rate depending highly on how the,SiO
was formed (aka plasa CVD SiQ versus thermally grown S likely because of
differences in hydroxyl concentratiff. Furthermore, in a similar system, NpGias
observed to etch NBs films by forming volatile NbOGL?®? Initially, oxide etching removes
potential surface sites fdungsten nucleation, but tungsten or WGdpecies eventually
deposit on the surface during the YWé&xposures, allowing tungsten film growth. This
explains why following WE etching, there is little to no YALD nucleation delay on Ti@as
shown in Figure6.8. Collectively, this provides evidence that Y\&ésorption is the rate

limiting step for tungsten nucleation on an oxide surface.
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6.5.3 SiH, reactions with surface hydroxyls

The tungsten nucleation time is also dependent on &iplosure time. We suggest tliae
WFs, SiH, can also adsorb on oxide surfaces by reacting with surface hydroxyls. XPS results
in Figure 6.7 indicate that the silicon content on,@ and TiQ surfaces increases with
increasing number of Sipre-exposures. Attenuation of the Ti 2p APS signal suggests
that the TiQ sample had a ~A thick SiO, overlayer following 50 SiH pre-exposures. In
comparison, based on a bulk amorphous density of 2r8ga SiQ monolayer is ~3.5 A
thick. This suggest that the-gitu SiH, preexposures fom a Si monolayer on the oxide
surfaces, consistent with the observation that approximately one monolayer, @dSatlbs

on oxidized TiN sites by forming $» bonds?®*?%* The Si monolayer then acts as a reducing
layer, hence the earlier tungsten nucleation o, SAQO3, and TiQ following SiH, pre-
exposures shown in Figufe6 and6.8. This is consistent with the more conformal tungsten
films following SiH**?**or B,H¢'? pre-exposures. Nevertheless, we do not considei SiH
the predominant selectivity loss reactant. Considering that fos, B SiH, preexposures
enhanced WALD nucleation by 510 cycles compared to the-36 cycle for 50 WE pre-

exposures.
6.5.4 Limiting WK and SiH reactions with surface hydroxyls

We have provided evidence that both Y\#hd SiH, can react with surface hydroxyls, which
leads to metallic tungsten nucleation. FTIR results in FiguBeshows that within the 200
300°C temperature range there is still surface bound water on sti@aces. There is

approximately a monolayer of water on piranha cleaned Si@ace&> that can react with
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and deplete Si#* and or WE*** forming nongrowth oxide films (Si@ and WQ
respectively). We concludihat tungsten nucleation on the hydroxylated oxide surface does
not proceed until the physisorbed water layer is consumed. This conclusion is supported by
the results in Figuré.5 that shows removing surface bound water by annealing samples at
600°C lead to earlier tungsten nucleation. This may also explain the improved selectivity

observedat 160°C than 300°C in Figufe9.

In summary, the following three factors are shown to have significant influence on delaying
tungsten nucleation on oxide surfacd3: having physisorbed water on the rgnowth
surface, 2) reducing the concentration of surface vicinal hydroxyls, and 3) etching the oxide
substrate and removing possible metal nucleation sites. Based on these conclusions, we
suggest three strategies togrove the tungsten selectivity: 1) Based on data in Fi§e
operating at lower deposition temperatures will improve the selectivity winddweh we
attribute to the temperature dependence of the M¥&ction, 2) irsitu annealing or plasma
cleaningto minimize the prevalence of surface hydroxyls, and 3}vaodatile metal fluoride
species could be removed by incorporating an additional reagent, similar AlE&n
proces$2%%27Qyerall, a better understanding of selectivity loss mechanism is pivotal for

improving the selectivity window for the MXLD and other selective ALD processes.
6.6  Conclusion

In this paper we investigate AALD nucleation mechanisms for SiGand other oxide
substrates. Our results indicate that tungsten nucleation ono8cdrs at hydroxyl sites

generated on the surface by the piranha sample preparation. By an8&@lisgmples prior
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to tungsten deposition we show that vicinal hydroxyls help promotg affsorption, while
physisorbed water tends to delay tungsten nucleation. On oxide surfaces, we foundsthat SiH
pre-exposure helped promote tungsten nucleation, wiviehattribute to the formation of a
reducing Si layer. Also on oxide surfaces, ¥€acts to form metal fluoride species. In the
case of TiQ and SiQ, the metal fluoride species were volatile and lead to film etching.
Finally, we demonstrate that the-AALD selectivity window can be widened by reducing the
process temperature, due to the temperature dependence of ghmt&v&ction with the

oxide surface. Understanding selectivity loss mechanisms is the first step to determining the
necessary precursors arghctor conditions for extending the selectivity window of an ALD

process.
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CHAPTER 7. INFLUENCE OF TEMPERA TURE AND CARRIER GAS FLOW
RATE ON THE TUNGSTEN ATOMIC LAYERDEPOSIT | ON ASELECTI VI TY

WI NDOWo

Pa u | C. ame@ma&Giregory N. Par sons

This chapter is an article in preparation an

7.1  Abstract

Areaselective thin film deposition is expected to be importanbf@rcoming limitations in
conventional patterning tecliuies for manufacturing semiconductor devic&stungsten

ALD process (WALD) has shown propensity for selective deposition of tungsten &t Si

and metal surfaces preferentially over oxide surfaces, but selectivity is loss after a number of
W-ALD cycles.Inor der t o expand the fiselectivity win
temperature, carrier flow rate, and choice of carrier gas could delAyDVnucleation on

oxide surfaces. We assessed these process parameters with spectroscopic ellipsometry (SE),
guartz crystal microbalance (QCM), aneray photoelectron spectroscopy (XPS) analyses.
Reducing the process temperature was observed to extendAwdWcubation period on

oxides, but at the cost of reduced deposition rates on growth surfaces. Inctieasiagier

flow rate expanded the LD selectivity window without significantly reducing tungsten
deposition on SiWe propose thatncreasng the carrier flow rate reducdéke precursor
concentration in the gas phase, which in turn limits precursargtitsn on the nomgrowth

oxide surfaces. Finally we show that dosing carrier gasgsHg] and Ch) before the WEk
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exposure also extends the D incubation period on oxide surfaces. We attribute this to a
combined effect of precursor dilution, precurgl@sorption, and blocking of potential active

sites on the oxide surfaces. Adjusting process parameters such as temperature and precursor
concentration offer simple routes to widen the selectivity window without the need for

significant chemical modificain of surfaces.
7.2 Introduction

As transistor devices continue to get smaller, there is a growing need for selective deposition
techniques as standard patterning techniques become more limited at smaller feature scales.
Selective deposition is a way to dsg materials, such as metals or dielectrics, in
predetermined regions. Selective atomic layer depositighL{3 is a vapor phase technique

that uses two selfmiting half reactions to preferentially deposit conformal films on specific
substrates, wittangstrom level thickness controf* Typically, SALD requires chemical
modification of a surface in order to widen the selectivity window. For example, self
assembled monolayers (SAMs) have been used to selectively passivate surfaces to inhibit
depositionin the patterned regions. Yet SAMs are typically costly, cannot completely
passivate a surface, and do not lend themselves to conventional semiconductor
manufacturing”*° One solution § to instead take advantage of the inherent differences in
surfaces energy of unmodified surfacéer example, a tungsten ALD @ALD) process,

which uses tungsten hexafluorid®Vks) and silane $iH,)'**? or disilane (SiHe)***’

selectively deposittungsten on Si and metal surfaée&®?*In contrast,i n @m o wt h o
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surfaces such &i0, exhibit lower rates of tungsten nucleatioecause the oxidized silicon

atoms are unable to act as sacrificial reducdifts.

Although deposition on negrowth surfaces is thermodynamically much less favorable
deposition will occur after an incubatiqeriod. In order to take full advantage of selective
ALD processes, itis pivotaltoexted t he fAsel ectivity windowbo
material deposited on the growth surface before growth begins on thgrowith surface.
Recent results suggest that ¥Weaction with surface hydroxyls is the predominant cause for
selectivity loss>?® Therefore, limiting Wk adsorption and reactions with oxide substrates is

one strategy to extend the selectivity window.

Adjusting the process temperature is one means of widening the selectivity window. For
example nucleation can be inhibited by lowering the temperature becausieere is
insufficient energy to overcome activation energy barfielrs.contrast increasing the
process temperatures can also depress nucleation because of higher precursor desorption
rates’ These parameters not only vary among different process chemistries but also across
different substrates. For example, the incubation time for copper chemical vapor deposition
(CVD) on growth (e.g. aluminumand nongrowth surfaces (e.g. SiDdecreases as the
deposition temperature increases because of reduced activation barriers for the copper
precursor adsorptiof?® %°® Adsorption and subsequent deposition is inhibited when the

copperligand bond strength is stronger than the coi%i€s bonding®**

In addition to reactor temperature, process pressure and the carrier gas affects nuokbation a

selectivity. hcreasing the reactant partial pressure reduces the incubation time because the
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molecular flux density condensing on the surface is thyrqmroportional to the reactant
partial pressuré®”?’° Selective deposition of tungsten by W&iHs CVD is enhanced by
operating at lower pressures and at lowerSibncentrationsThe carrier gas itself can
impact the selectivity by acting as a reducing agent, changing the concentration of active
sites on a substrate, or enabling different reaction pathf?a3Precursors will also have
different diffusivities in certain carrier gases, which in turn impacts the frequency of

precursor molecule collisions with surface sftés’?

The majority of the work studying the impact of processameters such as reactor
temperature or pressure has focused on CVD processes. Although CVD and ALD processes
bear many similarities, separating the reactant exposures with inert purging can drastically
impact how process parameters can impact deposiites and selectivity. Accordingly, in

this paper, we investigate how process temperature and pressure/carrier flow rate affects the
selectivity window for a tungsten atomic layer deposition processAD). We used
spectroscopic ellipsometry (SE), quartcrystal microbalance (QCM), and -ray
photoelectron spectroscopy (XPS) to assess tungsten nucleation on a growth surface (Si)
versus norgrowth surfaces (SiQand TiQ). We observed that lowering the process
temperature decreased the tungsten growtltyee on Si, Si@ and TiQ but nevertheless
widened the selectivity window. Operating at higher carrier flow rates andlbpeocess
pressures depressamgsten nucleation on SiGnd TiQ surfaces without significantly

impacting the deposition on tl8 surfaces. Based on these results we then investigatre
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H,, He, and CH dosingcan be used to modify the process temperature and pressure to

further improve the AALD selectivity.

7.3  Experimental

7.3.1 List of supplies and materials

Tungsten hexafluorideNFs) and a dilute 2% silane in argon mixtu&iH,) were purchased

from Galaxy Chemical (Claremore, OK) and Custom Gas Solutions (Durham, NC)
respectively and used without further treatmditianium tetrachlorideTiCl,) wasobtained

from Strem Chemicalst. and used without further treatment. The Si substrates were boron
doped Si(100) 4 0 -cmp (WRS Materials). Th&iO, substrates were Si(100}160 -crm

with 100 nm therma8iO, (WRS Materials), cut into 12 x 12 mm pieces. For the carrier and
purge gas, dr 99.999% argon (Ar) was passed through an Entegris GateKeeper inert gas

purifier to remove any residual water before entering the reactor.

7.3.2 Substrate surface preparation

The SiO, substrates were cut into 12 x 12 mm pie&i€), samples were cleaned in hot
piranha solution (1:H,SO;:H,0, by volume) for 30 minutes, rinsed with deionized (DI)
water, and stored in DI waterlmmediately prior to WALD, the SiO, pieces were rinsed in

DI water and dried under flowing-N100 psi). To form hydrogenterminatedsilicon, 12 x

12 mm Si piecesvere cleaned in the piranha solution described above and stored in DI
water. Immediately prior to WALD, the Si wafers were dipped in dilute hydrofluoric acid (5

vol%) for 30 s followed by a DI water rinse (30 s) anddN/ing.
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7.3.3 W-ALD reactor design

Depositions were carried out in a chamber hdmié ALD reactor described in previous
publicationst**8 Precursor and inert gases were diverted to one of two cylindrical process
chambers by gas switching valves. The larger deposition chamber wasvalledtstainless

steel tube (60 cm @, 10 cm diameter tube) aseécond reaction chamber maofefused

guartz (60 cm long, 4 cm diameter tube) was positioned in parallel to the steel reactor and
shared the same upstream and downstream gas pipingteeh@ndjuartz tubevere heated
resistively with PID controllers, but the quartz chamivas ony heated near the substrate in
order to minimize exposed hot metal surfaddse operatingstandard operating conditions
were a temperature of 220°C angrassureof 1.5 Torr with an Ar carrier flow rate of 210

sccm.
7.3.4 ALD reaction sequence

Tungsten deposin was achieved by alternately pulsi8dH; and WFg with inert Ar purge

steps following each exposure. Silicon substrates were loaded into the reactor and allowed to
reach thermal equilibrium with the walls by flowing carrier gas for 30 min prior to
depo#tion. The conditions for the starting basese W-ALD process used the
SiH4J/Ar/WFg/Ar (45/45/1/60 s) sequence at 220°C. Findli@, ALD films were deposited

prior to the WALD process using a Ti@lAr/H,O/Ar sequence with a timing sequence of

0.25/45/0.3/45 s.
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7.3.5 Sample characterization

Film nucleation and growth were characterized using ex situ analytical tools. Spectroscopic
ellipsometry (SE) data were obtained with a J.A. Woollam affhaellipsometer at an
incidence angle of 70°. To alleviate issueghwmodeling ellipsometry data, we use a
previously published approach to trace tungsten nucleation by directly monitoring the
el lipsometry del t a™} lawaa obsetvedrthat thpyalueaig 78°Ad 0 n m.
the initial SiIQ surface but decreases to ~30°. During film coalescenceptiakie increases

to 130°, similar to thepvalue onthe Si wafers>'® Chemical analysis was done using a
SPECS Xray photoelectron spectroscog¥PS) system with a PHOIBOS 150 analyzer.
Spectra wer e gene rraytseutte apesated gt 400 W. Rl all dhalysex,
data reduction and fitting was carried out using CasaXPS software with charge compensation

based on the C 1s {C, GH) peak st to 285 eV.

Process conditions were further characterized usksgunQCM analysis. For these tests, a 6

Hz gold coated QCM crystal sensor (Inficon) was placed into the QCM housing. A dry Ar
crystal back purge that yielded a ~250 mTorr pressure sereas sufficient to prevent
deposition on the backside of the QCM crystal. The mass change signals were detected by an

Inficon SQM160 monitor and recorded using a home designed LabVIEW program.
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7.4  Results
7.4.1 Process Temperature and Tungsten Nucleation ondSOaide Surfaces

Tungsten deposition on Si a&ilO, surfaces as a function of temperature was monitored by
tracking the delt &®parameteonglyatef®0damt ¢
and inhomogeneity and therefore a good measure of nuclei formation and coale¥&¢énce.

It was observed that 08iO,, the gpvaluewas 78 during the WALD incubation period.

With additonal WAL D cycl es, t he o wikhadhe forenatidneottungstes e d t
nuclei on theSiO, surface. Then, with additional VLD cycles, the nuclei fully coalesced

and t heincopasedéot 120 A . Il n contrast, the @ value

with increasing tungsten film thickness on a Si substrdfe.

Figure 71 shows a similar trendhen the WALD cycle number is held constant (50 cycles)

andthe deposition temperature is increased. Below 160°C, ellipsometry suggest there is little

to no tungsten nucleation on tt®&O, surface. At 190°C, 50 WALD cycles deposits

disjointed tungsten nuclei, whereas fully coalesced films are deposited at and above 220°C.

Il n addition, the @ value on the Si al so deci

deposition of thicker tagsten films at higher temperaturés.
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Figure 7.1:SE delta parameter at 700 nmarsus deposition temperatui@ SiO, and Si

sampledollowing 50 W-ALD cycles.

SiO, surfaces following WALD deposition & different process temperatures were then
characterized with XPS. We chose to vary the number &L\l cycles at different process
temperatures in order to characterize the surfaces when tungsten was first detected (aka
samples with ap v aof ~B@). Figure 7.2 shows the high resolution W 4f and F 1s XPS
scans for Si@Q samples after 20, 30, and 50-ALD cycles at 300, 220, and 160°C
respectively. Figure 7.2a shows that there are approximately equal amounts of tungsten on
the SiQ surfaces. The W 4f signal is slightly higher with the 300°C deposition, despite the
lower number of WALD cycles. This is due to the higher deposition rates at the higher

temperatures. We previously showed that mordMD cycles at lower process temperature

exhibited the highest selectivity of tungsten deposition on Si versus‘5iO

Figure 7.2b showthat at 160°C, there is a detectable fluorine signal on thgssigstrate. It

was previously observed that Wé&an react with Sigh*® and TiQ***#**>?"%0 form SiF; and
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TiF4. By fluorinating theoxides substrates, the \W/&ccepts oxygen and fornW!OxFy.13 At
220°C, WQF, species are volatile, but are noolatile at and below 170°GAccordingly,
the longer WALD incubation delay at lower temperatures is possibly the combined result of
higher concentration of nonvolatile fluorinated surface species arett teactivity of SiH at

lower temperature’s2426:239.243.250
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Figure 7.2.Ex-situ XPS high rsolution scan®f the a)W 4f and b) F 1gegions for SiQ
samples after 20, 30, and 50-M{D cycles at 300, 220, and 160°C respectively. The
number of WALD cycles for each temperature was chosen based on when the delta
parametergp decreased to ~30°, indicative of tungsten nucleation as described above.

W-ALD was also monitored on T¢surfaces with irsitu QCM analysis. Figure 7.3 shows
that at a higher process temperature (250°C) the nucleation delay is-ALDDWYycles. In
cortrast, at lower temperatures (190 and 220°C), the incubation time increase333\B0

ALD cycles. Finally at 160°C, we did not observe steady state tungsten deposition within 50
W-ALD cycles. A process temperature of 160°C may be too low to overcometitatian

barrier for the precursor adsorption or reduction reaction. It may also be related to reactor

147



poisoning by halogenated species from the J€EMWF; precursors at 160°€.It should also

be noted there was etching of the T&libstrate during the incubation period at 2205@

not the other process temperatures. We propose that at 220°C, there is a baleeee de
long enough incubation time and high enough temperature to volatilize etch products.

Etching of active sites or W®, surfaces species may account for the slightly longer delay at

220°C than 190°C.
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Figure 7.3:In-situ QCM analysi®f W-ALD nucleaion on TiG, surfaces at different process
temperatures.

7.4.2 Tungsten Nucleation versus Process Pressure/Carrier Flow Rate

We next assessed how modulating the reactor pressure by increasing the carrier flow rate
impacted the WWALD incubation period. Figure Za shows the reactor pressumereases
linearly with an increase in carrier flow rate. In addition, Figurd &hows thepvalue for

Si and SiQ surfaces after 40 WALD cycles versuscarrier flow rate At lower pressure
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(~0.75 Torr), 40 WALD cycles is sifficient to deposit nearlgoalescedilms. When the

overall reactor pressure is increased to ~5.5 Torr, 4BLW cycles results in disjointed
tungsten nuclei. Both the vapor pressure of,irld Wk are high enough that this reduced
tungsten nucleationtahigher process pressures is not attributed to reduced precursor
exposure. Instead, we propose that operating at higher carrier flow rates dilutes the reactant
concentration, reducing the probability of adsorption on the-gnowth surfaces.
Furthermoretracking thegvalue on the Si surfaces stays relatively constant from®55

Torr. The Wk and or SiH adsorption is thermodynamically favorable enough on the Si or
deposited tungsten surface that varying the reactant concentration does not significantl

impact the deposition kineti¢3?*2%°
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Figure 7.4: a) Operating pressure versus Ar carrier flowe®E delta parameter at 700 nm
versus flow ratdor SiO, (black)and Si (blue) substrates after 40AAD cycles at 220°C.

To support the ellipsometric analysis, we assessed tungsten nucleation,@urfaes as a

function of reactor pressure using QCM analysis. Figure 7.5 shows that as the pressure was
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increased fron0.9 to 5.5 Torr by increasing the carrier flow rate, the tungsten nucleation
delay increased from ~25 to 50-"ALD cycles. Again we attribute this to precursor dilution

and reduced precursor adsorption on the,B@face. We also observed less pronounced
etching at higher process pressures. This is possibly a result of reduced volatilization of etch
products at higher pressures. The lower etching may also be due to reduced substrate

fluorination because of reduced precursor adsorption at the lower premumsentration.
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Figure 7.5:In-situ QCM analysi®f W-ALD nucleation on TiQ surfaces with an Ar carrier
gas flow rate of 105 (black), 210 (red), and 900 (blue) sccm at 220°C.

7.4.3 Modulating Process Temperature/Pressure with Inert Gas Dosing

In prior work it was observed that dosing moleculag ifhmediately prior to the W§
exposure extended the-ALD nucleation delay on SiQsurfaces without reducing growth
on Si or Au surface¥ It was proposed thatHvould partially react with the Win the gas

phase, generating HF that passivated,Si@faces® Based on the results shown in Figures
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7.1-7.5 we decided to further investigate the role girHtungsen nucleation. khas a high
momentum and thermal diffusivity (8700 and 12,30@/smespectivelyy* and we reasoned
that chages in the reactor pressure, temperature, or reactant diffusivity may also account for

reduced tungsten nucleation on &iO

Figure 7.6 shows results from QCM analysis of steady stafd I/in which He or H is

dosed for 5 s immediately prior to the ¥Wé&os. During He and Fdosing, there is an
observable decrease in the mass loading, indgatither precursor desorptiar surface
heating, which would increase the frequency of the QCM cry¥tarhis was further
investigated by usg a smaller volume quartz reactor to magnify any thermal effects. Figure
7.7 shows QCM analysis of steady stateAWD in which H, was dosed for 5s either
immediately before or 45 s before the yWose. Figure 7.7a shows a more pronounced
decrease in the a&ass loading during the ;Hdose than in 7.6b. This is consistent with
enhanced heat transfer because of the closer proximity between the QCM crystal and the hot
reactor walls in the smaller reactor volume. Figure 7.7b shows that when the crystal is
allowedto equilibrate for 45 s after the 5 $ Hose, the mass loading increases, returning
approximately to the mass loading value prior to thelbke. Collectively this suggests that

the decrease in the mass loading is due to crystal heating.
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where a) He and b) +are dosed immediately before the Wér 5 s. During the He and H
dosing, there is an observed decrease in the QCM loading, consistent with sample heating.
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Figure 77: QCM analysis of WALD in smaller reactor volume (~750 &rwhere H was
dosed for 5 s a) immediately before and b) 45 s before thedd#ing. In the smaller reactor
volume, the decrease in the QCM signal during theld$ing due to sample haagiis more
pronounced, but returns to the initial mass loading during a sufficiently long Ar purge step.

Inhibition of tungsten nucleation by dosing inert carrier gases was further assessed with XPS

analysis. Figure 7.8 includésgh resolution XPS scar the W 4f and Si 2pregionsfor
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SiO, samples following @ W-ALD cycles at 220°C For the standard SiH\r/WF¢/Ar

recipe, Figure 7.8a shows that there are prominent W 4f a3 and 30.8 eV associated

with W° andfeatures at 37.5 and 35.3 eV due todized W. In comparison, when Cibr

He was dosed for 5 s immediately prior to the gvékposure, the peaks associated with
metallic and oxidized tungsten are significantly reduced. Furthermore, the Si 2p peaks for the
CH,4 and He modified WALD sequences arvisible, whereas Si is below the detection limit

following the standard recipe, due to a thick tungsten film.
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Figure 7.8:Ex-situ high resolution XPS scaw$ the a)W 4f and b) Si 2pregionsfor SiO,
samples following @ W-ALD cycles at 220°C Three reaction sequences were used:
SiH/Ar/WFg/Ar (red), SIiH/Ar/CH4JWFg/Ar (blue), and Sik/Ar/He/WFJ/Ar (black).
Samples in which CHand He were dosed immediately prior to the gVkhibit lower
tungsten concentration and a more pronounced Si signal fronmdeelying SiQ wafer.

7.5 Discussion

Adjusting the reactor temperature, carrier flow rate, and carriewga®bserved to increase

the nucleationdelay in two main ways: 1) reduce the probability of déacting with active
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sites on the oxide surface andl@)it the ability for SiH, to reduce the adsorbed fluoride
species. Reducing the process temperature reduces tungsten nucleation predominantly by
decreasing the SiHeduction reactioA*® QCM analysisof W-ALD on TiO, in Figure 73

shows that at 160°C, the initial WHose increases the mass loading, but additiorAl\Y

cycles do not lead to additional loading. This suggests that the surface is passivatedywith TiF
and WF, surface species because temperature is too low to supply the necessary thermal
energy for SiH to adsorb and remove surface fluorine. This is consistent theghXPS

results in Figure .2b in showing significant fluorine concentration following theAMD on

SiO, at 160°C. Reduog the process temperature is not an ideal strategy to widen the
selectivity window because it also reduces the deposition rate on the growth surface as shown

by the increasing @ value on the Si surface.

Tungsten nucleation on oxide substrates was athacesl by increasing the argon carrier gas
flow rate.We used Equation.¥ and the results in Figure4b to assess if increasing the flow

rate reduced the residence time.

{—— (7.1)

Where U is the rieisiteetmass flow mts isittes meactor volimaeis

the molecular weight of argony is the ideal gas constant, andis the temperature.
Assuming a constant reactor temperature and volume, the linear increase in pressure with
increasing flow rate conveythat the residence time remairedatively constant. This

suggests the longer incubation period is not due to a reduction in residence time.
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Instead of changing the residence time, we suggest that increasing the carrier gas flow rate
extends the WALD nucleation delay onSiO, by diluting the vapophase reactants.
Decreasing the vapgrhase concentration decreases the probability of precursor adsorption
on a surface. For example, ALD of 8l; with dilute trimethylaluminum and water leads to
incompletecorversionof methyl and hydroxyl species, which reduces the deposition rate per
cycle and incorporatesnwanted contaminants into the fiff? Similar phenomena ere
observed for Hf@Q and ZrQ ALD, where it was observed that highearrier gasflow
impactedthe conposition of the adsorbate layer and affected the final film properties, such
as increasing the film density® In our system, the reduced/Fs adsorption leads was
observed as reducddO, etching at 900 sccm because the degree of etching is dependent on

the extent of oxide fluorinatiofr*?>°

Based on the results assessing the role of temperature and pressure, there are a couple
explanations for the reduced tungsten nucleation on oxide surfaces when different carrier
gases were dosed immediatelyfdre theWFs. First, dosing another gas prior to thé

dilutes the precursor, similar to operating at a higher carrier flow rate. The type éf,gas (

He, etc) is also potentially significant because of differences in heat capacity and the
diffusivity of WFg in the gas. For example, the diffusivity W in He is ~5x that of in Ar,

soWFs is more likely to collide with a carrier gas molecule than the substrate in He than in
Ar.?*Higher diffusivity in a carrier gas will cause convection to dominate molecular motion

or diffusion, reducing the number of contacts betw®é#Rs and the oxide surface and

extending the WALD nucleation delay on an oxid&?
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The choice of carrier gas may also impact nucleation through thermal effects. The thermal
diffusivities of He andH, are approximately an order of magnitude higher thaff Aghich

allows for better heat transfer between the heated reactor walls and substrate. An increase in
the temperature could facilitate in desorption of \iFecies from the substr&t& > “without
supplying additional thermal energy needed for &, reduction. The increase in the
sample temperature was observed during QCM analysis because the QCM frequency is
temperature depelent. Finally, gases likid, or CH, can dissociatively adsorb on surfaces,
which could block adsorption &Fs.>"* It is likely that a combination of these effects play a

role in the longer \AALD incubation period. For example, He has a higher diffusivity than
CHg,, but CH, can adsorb on oxide surfaces, which may explain the simit&L1/ delay

shown in Figurée’.8.
7.6 Conclusion

In this paper we investigatgrategies to widen th&/-ALD selectivity window by varying

the process temperature and reactant concentration. We observed thaALieWcleation

and deposition rate both decreased at lower temperature. The selectivity wivadow
widened at lower process temperatures, but required additioddlD\tycles to compensate

for the lower deposition rates on the growth surface. The longer nucleationcteking
oxide surfaces at the lower process temperaiase attributed to surfacpassivation by
fluorine species. Tungsten nucleation was also delayed onsBifaces by increasing the
carrier gas flow rate. The increase the carrier gas flow rate reduces the probability of WF

adsorption on the oxide surfaces due to reactant dilukorally, we observed that dosing
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H», He, or CH prior to the Wk exposure also widened the-MLD selectivity window. We
suggest that the addition of these carrier gases may delay tungsten nucleation on oxide
surfaces by diluting the WFblocking Wk adorption though competitive adsorption, or
facilitating WK; desorption through sample heating. Determining new and practical strategies
for widenng selectivity windows is essential to make vapbase deposition processes

viable replacements for currenttfganing techniques.
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CHAPTER 8. SELECTIVE SELF -LIMITING THERMAL ATO MIC LAYER

ETCHING OF TIO », USING SEQUENTIAL EXP OSURES OF WK AND BCL 3

The following work is reproduced with permission froRaul C. Lemaireand Gregory N.
Parsons iiSelective SefLimiting Thermal Aomic Layer Etching of Ti@ using Sequential

Exposures of Wfand BCEo Submitted tadChemistry of Materials2017

8.1  Abstract

Controlled thin film etching is essential for further development of-1futmanometer
semiconductor devices. Vapphase thermal eting of oxides is appealing for achieving
highly conformal etching of high aspect ratio features. We show that tungsten hexafluoride
(WFe) can be used to selectively etch amorphous titania s versus other oxides
including alumina Al;Os). WFs etching of TiO, was studied with quartz crystal
microbalance (QCM), spectroscopic ellipsometryrayx photoelectron spectroscopy (XPS)
analysis, and thermodynamic modeliX?S shows evidence for\@O,F, layer that forms

on of theTiO; films during the etch qcess, whichmay act as a surface surfactant layer to
help enable fluorination of th&iO,. Etching of TiQ was observed to be temperature
dependent, in which etching was observed at 220°C, but not 120°CWHaestching
depends on the volatilization ofhé metal fluoride andWF,O,, as suggested by
thermodynamic modeling. Finally we show tlB&Zl; can be used as geagents witlWFs to
develop atomic layer etching (ALE) processes, in which the reactor temperature impacts the

TiO, etch rate per cycle andelALE saturation behavior. At 170°C, the ALE removal rate
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using WF¢/BCl3 saturates near ~ 0.3 Alcycle, approximately equivalent to the ALD film

growth rate at the same process temperature.
8.2 Introduction

The semiconductor industry foresees multiple chgksnin designing and manufacturing
transistor devices for the 7 anenb nodes. For example, standard patterning techniques,
such as lithography, become much less applicable because of challenges maintaining edge
definition and alignment to the underlyirfgatures. In addition, semiconductor devices
typically utilize three dimensional designs, creating complex -hgpectratio features.
Accordingly, the semiconductor industry is looking towards controllable etching techniques

to supplement currently usedirt film deposition techniques.

Vapor phase etching of silicon (Si) native oxide is of interest to the semiconductor industry.
Hydrogen fluoride (HF) liquid etching of Si native oxidé&" is ubiquitously utilized in the
semiconductor industry, but-gitu vapor etching helps limit the reformation of an interfacial
oxide layer between Si and a deposited fifi®®*®® For both solution and vapor phase
etching, HO plays a significant role in HF etching of Si watioxide, with significantly

lower etch rates in anhydrous conditiGfi$® In vapor phase etching, water creates a
interfacial layer between the substrate and gas and acts as a proton donor and acceptor to
catalytically activate the HF etéfi®®® Although HF is a promising etchant, thiggh HF

concentrations can lead to uncontrolled etching.
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Extending the anhydrous HF vapor etch to other oxides is often limited, because unjlike SiF
many of the formed metal fluorides are naolatile at typical process temperatures and
pressure$>’ Yet the nonvolatile product formation also creates an opportunity to create a
more controlled etching pcess because the surface fluoride species passivate the substrate
from additional fluorination. Surface fluorides or chloride can then be removed
anisotropicallyby a subsequent energyphanced technique such as’ Awmbardment or
plasma species. Ideallthe two individual steps are sdiniting, creating a process known

as atomic layer etching (ALE). But even with large control over the bias and the energy of

the species, it is possible to get uncontrolled etching or damage to sensitive féatufes.

In order to limit the issues that arise from eneeghanced techniques, there is interest in
purely thermallydriven chemical ALE procegs. Such techniques would enable conformal
isotropic etching, which has many applications for etching in high aspect ratio strd&tures.
There has been considerable work by George et al. studying selective etching of oxides using
HF in combination with different metal coregefit$® Specifically, HF was used to
fluorinate metal oxides including ADs, HfO,, and ZrQ creating a passivating metal fluoride
layer®¥®3 Exposing the metal fluoride layer to a-magent such as trimethylaluminum
(TMA),2%%2 tin aceytlacetone (Sn(acak}®®*®* diemthylaluminum chloride (DMACY? or

silicon tetrachloride (SiG)® can lead to a ligandxchange reaction. Depending on the
metal fluoride and the extent of the ligaexichange, the modified surface layer will be

volatilized, reformng the original substrate surface termination. For example, asafface

layer is proposed to react with Sn(aeao)form volatile Al(acag)and SnF(acagf™®* This
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etching approach bears similarities to earlier work in which zinc oxide and copper were
etched with hexafluoroacetonate (hHfac)and hHfac and @H.O.’*" processes
respectively. Selective oxide etching has been achieved by adjusting the process temperature
and selecting specific metal precursors that serve as ligand sdeocexample, a HF/TMA

ALE process was observed to etch@{ but not ZrQ at 300°C¥° But in addition to HF,

there are other chemicals that can be used in the surface modification step suck’@s BCI

Cl»,2**® and WK.

WFs is an appealing fluorating agent and etchant. As a higher oxidation state covalently

bound metal fluoride, Ws highly volatile at room temperatuf&. Tungsten is also among

the most electronegative of the transition metdlgnabling selective fluoride transfer to

other transition metafS? For example, WEwas observed to undergo halogen exchange with

TiCl, and BC4, but was considerably less reactive than MOFE Yet despite being less

reactive, fluorination ofiO, with WFs proceeds with a Gibbs free energy-b4.9 kcal/mol,

wher eas HF fluorination is endothermic witdl
fluorination step by HF may in part explain why other reported therrdayen ALE

processes that utilize HF are unable to etch®iN.addition, WF has been observed to etch

Si0,**® and WQ films?** and in an analogous system Nb@has observed tetch NBOs %

WFs also has a zero net dipole moment, making it relatively easy to evacuate from a reaction
chamber,anatr acti ve feature for a cyclic ALE proc

of its high dipole moment, which can lead to hydrogen bonding and long residenc&times.
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In this paper, we demonstrate that y¥an be used as an etchant for controlled removal of
TiO, films in both chemical vapor etching and atomic layer etching sequences. We find that
WFs selectively etche$iO, more readilythan it etches AD; which we ascribe to the ability

of TiO, to more readily form volatile products at low process temperatures. Usisifuex
XPS analysis, we confirm WFetching of TiO, films and provide evidence that etching
proceeds throughiO, fluorination in the film bulk, and formation of a low densWOxF,
surface layer on the etching film. Thinn&O, films require less time to become fully

fluorinated, resulting in overall more rapid oxide etching than thi€kes films.

We also find that usg a surface coupling agent, the chemical etchingWk can be

controlled to achieve a sdlfiting ALE process. Specifically we find that coupling
exposures oWFs with Sn(acac) or BClz in a stepwise sequence acts to volatilize the
WO,F, surface lger formed duringWFs etching, enabling etching of a fraction of a

monolayer ofTiO, (i.e. ~0.3 A) per ALE cycle.
8.3  Experimental
8.3.1 List of supplies and materials

99.99%Tungsten hexafluorideNFs) and 99.9% boron trichloride (B§lwerepurchasedn
stainles steel lecture bottlesrom Galaxy Chemicaland Matheson respectively.
Trimethylaluminum (TMA), titanium tetrachloride (TiG) were obtained from Strem
Chemicals Inc. and used without further treatm@819% tin acetylacetonate (Sn(acaeyas

purchasedrom Sigma Aldrich. The Si substrates were boron doped Si(10Q) & -crg
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(WRS Materials)and were used agceived For the carrier and purge gas, dry 99.999%
argon (Ar) was passed through an Entegris GateKeeper inert gas purifier to remove any

residual vater before entering the reactor.
8.3.2 W-ALD reactor desigrand reaction sequence

Depositions were carried out in a hotmalt ALD reactor (60 cm long, 10 cm in diameter)
described in previous publicatiots-' The deposition cimber was heated resistivelging

PID controllers. The operating pressure was maintained at 1.5 Torr with an Ar carrier flow
rate of 210 sccnBilicon substrates were loaded into the reactor and allowed to reach thermal
equilibrium with the walls by flowing carrier gas for 30 min prior to depositometching

Al,0O3 andTiO, ALD films were deposited prior to the VLD process using a &f/H,O/Ar
sequence where x is TMA and@liCl, respectively, with a timing sequence of 0.25/45/0.25/45

s. The WK flow was restricted with a needle valve to generate a pressure change of 300
mTorr and pulsed for etching using a 1.0/60 s time sequence. In some instaf@easc)Sn

and BC} were used as exeagents with the W4 The processes were \WRr/Sn(acacyAr

and WHR/Ar/BCls/Ar with timing sequences of 1/60/1/60 and 1/60/2.5/60 s respectively.
Sn(acac) was heated to 105°C to produce a pressure changed of ~75 mherBdk
pressure was controlled with a gas regulator and needle valve to generate a pressure change

of ~750 mTorr during dosing.
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8.3.3 Sample characterization

Film deposition and etching were characterized usingitexand insitu analytical tools.
Spectroscom ellipsometry (SE) data were obtained with a J.A. Woollam afiha
ellipsometer at an incidence angle of 70°. Chemical analysis was done using a SIP&CS X
photoelectron spectroscopy (XPS) system with a PHOIBOS 150 analyzer. Spectra were
generated using n Al -raiK $burcé operated at 400 W. For all analyses, data reduction
and fitting was carried out using CasaXPS software with charge compensation based on the
C 1s (GC, GH) peak set to 285 e\For some analyses, we utilized the TiZ@ XPS peak
intensity to estimate the thicknessWO«F, films formed as a result #WFs adsorption. For

this analysis, we measured the attenuation of the Ti 2p 3/2 peak and modeled the film
thickness using parameters available from the NIST Effective Attenuation Length
Databasé?** coupled with electron inelastic meémee path values determined using the TPP

2M equatiorf* For this equation, we ed a bandgap oB.45 &% and density of

3.58 g F%°oonsistent withreported values for amorphous low density Y¥i@ns.

Process condins were further characterized usingsitu QCM analysis. For these tests, a 6

MHz gold coated QCM crystal sensor (Inficon) was placed into the QCM housing. A dry Ar
crystal back purge that yielded a ~250 mTorr pressure increase was sufficient to prevent
deposition on the backside of the QCM crystal. The mass change signals were detected by an

Inficon SQM160 monitor and recorded using a home designed LabVIEW program.
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8.3.4 Thermodynamic modeling

Gibbs free energy values and equilibrium amounts in closed systeme calculated using
HSC Chemistry 7.1 software. For the equilibrium composition calculations, the starting input
amounts were 5 mol Ar, 1 mol WBnd 1 mol oxideTiO,, HfO,, ZrO,, Si0,, and ZnO). The
initial moles of ALOs; were set as 0.667 to compates for reaction stoichiometry. 50

measurements were done from 25 to 400°C at 1.5 Torr (0.002 bar).
8.4  Resultsand Discussion
8.4.1 Vapor Chemical Etching afiO, using Wk

The WFg interaction withALD metal oxide films at 220°C was assed with irsitu QCM
andysis, where the layer to be etched (eithiO; or TiO,) is deposited in the reactor on the
QCM crystal via ALD immediately before etching experiments. Deposition and etching
were performed at the same temperatuFeégure 8.1a shows thatmmediatelyfollowing
steadystateAl,O3 or TiO, ALD at 220°C thefirst 3-5 WFK; dosestepsresult in an increase

in the mass loading &55and226 ng/cm for Al,O3 and TiO, respectively Additional WFe
exposures on thal,0; surfaceleads to saturation, whereaddiional WFs exposure®n the

TiO, surface leads to mass logsiter ~17 Wk doses, the QCM begins to record a net
overall mass loss, and further Wifosing leads to additional mass loss, consistent Tviih

etching by the W§
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Figure 8.1: QCM analysis ofa) 200 cycles of AlO;z or TiO, followed immediatelyby 50
WFg/Ar exposures of 1/60 s eadmd b)100TiO, ALD cyclesfollowed byl Wk; exposure
of 50 s.

The observediO; etching behavior in Figur@.1la using a series 0F¢/Ar doses at 1/60 s,
respectiely, was further assessed in Fig&#&b to determine the significance of the pulse
sequence. Figurg.lb shows results from QCM analysisTaOD, ALD followed by a single
continuous WE dose for 50 s. The high vapor pressure ofsWhsured that this expasu

was equivalent to 50 WFAr pulses of 1/60 s each. The 50 s ypElse initially lead to a 360
ng/cnt mass increase, only somewhat larger than for the individual dose steps. Asgthe WF
dose continued, the measured mass decreased, but after 50 s, Q@4 shalvs a net mass
increase of 205 ng/chrelative to the mass measured immediately followTi@, ALD.

Based on mechanism studies shown below, we believe that for the continuous and pulsed
WFs exposure, the initial mass increase corresponds to fei@ma tungsten uptake on the

TiO, surface, and the later mass decrease is due to etching, likely via removal ahdiF
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WF,0, vapor products. The intermittent \§/Exposure enhances etching by promoting

product volatilization during the reactant purgeiqer

8.4.2 Thermodynamic Modeling of Metal Oxide Etching/ibls

Thermodynamic calculations k& on minimizing freeenergy were performei determine
probabé product species anto shed light on expected differences for etchingleO; and
TiO, by WFe. Figure 8.2a shows thecalculatedequilibrium composition for a closed system
initially consisting 1:1 molar ratio ofiO, to WFs as temperature changes fron25 to
400°C.At room temperature WHeacts withTiO, to form solid WQ and solid Tilz, and at
~125°Cthe solid Tih completely volatilizes. At ~150°C, WHegins to etch the solid WO
to form volatile WRO,. Similar modeling also indicates that Will etch SiQ,, though
SiO, differs from TiO, because unlike T SiF is volatile even at room temperatuie
should be noted thah the calculations, when either the initMiFs:oxide ratio or the Ar
partial pressure is increased, the temperature required to generate the volatile products
decreases, indicating more favorable etching. This analysis isysagcurate only for closed

systems, where products are not purged.
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Figure 8.2: Equilibrium concentrations of specidsom 25 to 400°C fora systeminitially
containinga) 1 moleWFs and 1 mol€eTiO, and b) 1 mole Wgand 0.667 mole ADs.

Similar modelng results for AlO; shown in Figure8.2b suggests that/Fs reacts at
room temperature with ADs; to form solid WQ and solid All. At higher temperatures, like
the case oTiO,, the solid WQ reacts further witiWWFs to form volatile WRO,. The AlR
remans nonvolatile betwee®5 to 400°CThe solid AlR; layer likely passivates the surface,
preventing etching'®?°° Similar trends were modeled for ZnO, zZGnd HfQ, and all
showed favorable free energy changes for fluorination by, WdFming nonvolatile metal
fluorides. This shows that favorabktching reactions require both favorable surface

reactions as well as volatile product formation.

The etching behavior oTiO, by WFs was assessed experimentally at different
temperatures to collaborate the thermodynamic analysis. Data from QCM anallygisirie
8.3a shows that when the temperature was reduced from 220°C to 120°C, the-bN&k1

doses result in a mass gain on Th@®, surface. Additional W§doses are accompanied by
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relatively small mass increases, which plateau with time. Thegedlariew in Figure3.3b
further shows the response to the ddiéses at 220°C and 120°C, in which there are clear

mass losses following the WHoses at 220°C.
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Figure8.3: a) QCM analysigiO, ALD followed by 50 WFk doses at 120 and 220°C and b)
an enlaged view of the mass loading during the yd®ses, showing net mass loss during
each WE step at 220°C and little to no change at 120°C.

8.4.3 TiO, Surface Characterization following Etching WFs

The composition of th@iO, surfaces following the initialew Wk cycles, i.e. prior to
significantTiO, mass loss, was analyzed with-&tu XPS analysis. Figur@4 shows high
resolution XPS scans @fiO; surfaces after 0, 1, 5 and 15 W#oses. For this analysis, the
initial TiO, film was sufficiently thin (i.e~ 6.5 nm) to allow detection of the underlying Si
substrate. In addition, the startii@, shows evidence for fluorine at ~690 eV, consistent
with fluoride from the reactor, likely remaining from previoMgFs etch experiments.

Figure8.4a shows thdi 2p signal decreases slightly following 1, 5, and 15:\4ses, but
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the Si 2p signal intensity in FiguB4b stays relatively constant. This suggests that there is
minimal TiO, etching following 15 or fewer W§doses of 1 s each. The decrease in tipTi

signal is attributed to the deposition of species (tungsten and fluorides) @rOthsurface

which scatter some Ti 2p photoelectrons. The presence of surface tungsten and fluorides is
confirmed by results in Figui@4c and d, showing W 4f and F 1sais on theTiO, surface

after 1 Wk dose. The tungsten signal stays relatively constant between 1 andso¥eB,
whereas the F 1s peak at 685 eV (associated with metal fluorides) progressively increases.
This is consistent with WHluorinating theTiO, surface and with fluorine diffusion into the

TiO, subsurfacé>*2%°
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Figure8.4: High resolution XPS scans of a) Ti 2p, b) Si 2p, c) W 4f, and d) F 1s regions for
~6.5 nmTiO; films exposed to 0, 1, 5 and 15 Wiioses at 220°C.

The relative location of the XPS peaks provides additional information concerning the
etching mechanisms. For example, after 15\d6ses, the Ti 2p doublet shifts by ~0.4 eV

to higher binding energy (i.e., the Tigpeak shifts from 459.2 to 458.8 ¢ This increase

in binding energy is consistent with highly electronegative tungsten and fluoridesTi@the
surface. Full titanium fluorination to Tifor TiF,; would produce a much larger shift in the Ti

2ps, peaks to 462 and 464 eV respectiv@lin addition, the W 4f doublet peaks at 37.9
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and 36 eV are shifted ~0.5 eV to higher binding energy compared to oxidized tungsten (37.6

and 35.5 eV}?*3again consistent with surface fluoridf&s.

Figure 8.5a shows the Ti 2p and Si 2p peak intensity valuessaell from the high
resolution XPS scans plotted versus number of Wdse steps (i.e. V{Fexposure) after 0,

15, 25, 50, and 100 WFloses. More Wgexposures lead to a decrease in the Ti signal and
an increase in signal from the silicon substrate, gled@monstrating the removal ®1O..

The W 4f signal associated with oxidized tungsten (Fi@ub) stays constant, even up to
100 WFK; dosesFigure 8.5 also shows that the F 1s signal increases significantly within the

first 10 WK; doses followed by satating behavior with additional W¢Eexposure.
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Figure 8.5: Peak intensity of high resolution XPS scans of a) Ti 2p (459.1 eV) and Si 2p
(99.3 eV) and b) W 4f and (38 eV) and F 1s (685.2 eV) for 5.91@a films exposed to 0,
10, 25, 50, 100 W§doses a20°C. Lines are meant to guide eyes.

The film thickness for the samples Figugs was further analyzed by spectroscopic
ellipsometry, and results are shown in Fig8r@. Figure8.6a shows that as the number of

WFs doses increase, tiga0, film thickness decreases, consistent with thesitt QCM and
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XPS analysis in Figure8.1, 8.3, and8.5. Furthermore, the refractive index at 632.8 nm for
the TiO, films is ~2.3 after 0 and 10 WFloses, but decreases to ~1.9 with12® Wk
doses. The decrease in egftive index can be correlated with a decrease in film density. The

observed decrease suggests that the @dposure promotes formation of a porous WO

film279%%0r the formation of a low densitf/OxF,******surface layer.
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Figure8.6: a) Thickness and b) refractive index at 632.8 nm of samples with 5 5@
followed by 0, 15, 25, 50, and 100 WHoses at 220°C, measured with spectroscopic
ellipsometry. Lines are meant to guide eyes.

8.4.4 Effectof TiO, Thickness on Vapor Etch Rate

In the course of our experiments, we noted that the etch r&i®@eby WK; depended on the
thickness of the initialliO, layer. This result is shown by the QCM results in Figie
The plot shows QCM results cetited during 50, 100, and 2000, ALD cycles at 220°C
(estimated to be 10, 25, 55 A thick), each followed by\§Bs/Ar dose steps. The traces for

200 TiO, ALD cycles + 50 Wk doses is reproduced from Figurgéd and8.3. Note that
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these experiments reiged continuous data collection ovet53hours, and the lorgeriod

fluctuations in the QCM data result from small instabilities in the controlled reactor

temperature.

Examining the results in Figu&7b after 100TiO, ALD cycles, there is an initial magain

during the first Wk dose, similar to that after 2000, cycles. However, further Wloses

result in a more rapid mass loss. The accelerated mass loss is even more pronounced for the

thin 50 cycleTiO, film. The thinnesfTiO, also shows a massigaf only 28 ngénm? during

the initial W doses, in contrast to ~250 ngfcifor the thicker 100 and 200 cyclEO,

films. Finally, for the thin 50 cycle Ti©only 810 WFK; doses were necessary before no

additional etching was observed, indicating congtemoval of the depositddO..
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Figure8.7: QCM analysis of WEketching following 50, 100, and 2000, ALD cycles on a

bare Au QCM crystal at 220°C and 1.75 Torr.
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8.4.5 Schematic of the WWapor Etch Reaction Process

Figure 8.8 shows the proposed Wktchng mechanism offiO, films at 220°C based on
QCM, XPS, and ellipsometric analysis. First, during the initials\t8d¢ses, Wk adsorbs and
reacts with thdiO; surface, forming a low density WB, layer. Based on QCM analysis of
the mass increase during tfiest WFs dose, the WGF, layer is estimated to be ~6 A thick,
assuming a density comparable to reported low density O films of ~3.6 g/cni?’® In
contrast, attenuation of the Ti 2p 3/2 XPS signal suggests a thinngf i@ of ~1.6 A

after 1 Wk pre-exposures. The different calculated thicknesses are likely a result of the
assumed film physal properties. It is also possible that the suHiacend species are a mix

of nonvolatile Tik?**#*°TiOF,,?*° and WQ 36261255260

WFZOZ(g) / TiF4(g}

WOXF (5) 2
D TiovF:(s) ) ‘T’Ygx:v(s)
10y, 2(s)
TiO, . .
WFq) Tio, WFg) TiO,
Si ! Si ! Si

Figure 8.8: Proposed etching mechanism GO, films exposed to Wgat 220°C: 1) Wk
adsorbs on thicKiO; surface, forming surfaeeound TiQF, and WQF,. 2) Additional Wk
exposure further fluorinates the T and WQF,, creating volatile WED, and TiR,
etching theTiO; film.

Following the initial Wk adsorption and formation of W&, subsequent Wtloses further
fluorinatethe TiO, and surfacdound WQF,. The critical amount of fluorination to achieve

volatilization and etching depends on the inifigD, thickness as shown by QCM analysis in
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Figure8.7. Fluoride can readily diffuse into metallic titanitht*®°and titanium oxidé®>2%3

In the case ofiO,, the extent of fluoride diffusion depends on &, polymorpl®® and

surface plane, but fluoride implantation tends to be more favorable at surface over subsurface
sites?®? We propose that once a critical fluoride concentration is achieved, volatd©®@WF

and Tik are formed, leading to etching. This is consistent with the work showing that WF
reacts with Si@to form volatile WOR and Sik.>*® Furthermore, in similar systems, WF
etched WQ films?®* and NbC} was observed to etch Bbs films by forming volatile

NbOCk**
8.4.6 Addition of Surface Modifiers to Increase Etching Rate

Based on the XPS analysis in Fig@dd and8.5, theTiO, etching by Wk produce a thin
layer of WO,F, on the etchediO, surfaces that remains after etch completion. To explore
approaches to avoid this layer formation, we performed several experiments. As one
approach, Sn(acacyas incorporated into the etch sequence. Snfabas been observed to
assist in metal fluoride volatilization in similar atomic layer etching procé88&8&!For this
experiment, we deposited 200 cyclesTdd, at 220°C, then etched at the same temperature
using WFk/Ar/Sn(acacyAr with duration of 1/60/1/60 s for 0, 15, and 25 cycles. Fii@e
shows high resolution XPS scans collected after thpogxe sequence. Comparing the
measured XPS intensities in Figu8® to those in Figur8.5 (with only WFs exposure
steps), the addition of Sn(acasjgnificantly increases the etch rate for a ~6.5T@x, film,

so thatafter 25 Wk/Sn(acac) cycles theTi 2p signal is near the detection limit (~0.5 at.%).

We also note the presence of surface tin after 15 and 25 cycles at 220°C. After 25
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WF¢/Sn(acac) cycles, the amount of surface fluorine and tungsten is also less than observed
in Figure8.5 after 25WF; cycles. These results suggest that the addition of Sn{actcjhe
WF¢/Ar sequential etch process increases the etch rate by creating more volatile etch

products such as TiO(acaoy TiFx(acac).®

Figure8.9: High resolution XPS scans of a) Ti 2p, b) F 1s, ¢) W 4f, and d) Sn 3d regions for
6.5 nmTiO; films following 0, 15, 25 WEAr/Sn(acacyAr cycles at 220°C and 1.75 Torr.
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