ABSTRACT
KIM, JUNGSIK(JUSTIN) AreaSelective Deposition of Organic/Inorganic Materials by Atomic

Layer Deposition, Molecular Layer Deposition and Chemical Vapor Depaositigmder the
direction ofGregory N. Parsons

Thin film deposition is &ey technique for semiconductor fabricati such as 3D nen
volatile flash memory (NAND), fin fieleeffect transistor (FInFETgnddynamic randoraccess
memory (DRAM).To continue scaling beyond the 5 nm node sthemical vapor deposition
(CVD), atomic layer deposition (ALD) and molecular layposition (MLD) are vigorously
investigatedn the semiconductor industry duetheir conformal growth on 3D complex structure
with nanoscale thickness control.

CVD, ALD and MLD play a pivotal role in achieving bottemp fabrication, saalled
Narsekact i ve d e p o sWhilei stamdard( téa®\Win) ldhography has fundamental
problems in 5 nm node scailecluding edge placement error and line edge roughihegdy
physical misalignmentchemically seHaligned ASDcan address these challengegng toits
capability of precise dimension control even less than 5 nm feature size. Furthermore, ASD
integration can simplify the fabrication sequence, reducing the process cost and chemical
mechanical polishing (CMP) overburden.

This dissertatiopresentsa canprehensive understanding of various thin film depositions
by CVD, ALD and MLD, providing a new outlook for developing different ASD capabilitées.
range of inorganic and organic materials are explaed different surface characterizatiemd
theoreti@l studies are used to understand film nucleation and selectivity mechanism. The first part
(Chapter 3 and 4) of thdissertation focuses on developing ASD of organic materials, whereas
the second part (Chapter 5, 6, and 7) include ASD of inorganic alatguarticularly process

integration (orthogonal ASDYnd metals (tungsten and cobalt)



In the first part of this dissertationASD of conjugated polymers includingoly(3,4
ethylenedioxythiophene) (PEDQTpolyaniline (PANI), polypyrrolgPPY), and polythiophene
(PTH) isstudiedwith MLD and CVDprocessesA direct quantitative comparison of ASD between
MLD and CVD is discussed with experimental arhlytical characterizatiotnherent ASD of
PEDOT is observed on Si®s Si-H, attributel to the localized reduction of the SbkGkidant on
Si-H surfaces. Theelectivity resultsndicate that PEDOT ASD by MLD processes (~8 nm) can
be further enhanced by CVD process (~36 nm) due to the fast growth rate of the CVD process.
This finding is ex¢nded to explore different conjugate polymers such as PPY, PTH, and PANI
usingreactivemonomes and the same Sb£bxidant. The effects of process parameters on film
characteristics are investigatiedstudy basic growth behavidased on this understand, ASD
of different conjugated polymerscomparatively evaluated.

In the secondpart of this dissertation, the orthogonal ASD of titanium dioxide
(TiO2)/tungsten (W) ASDs and metal ASDs of cobalt and tungsten are disciswethe
orthogonal ASDtheintegration of two ASD processes on a single patterned substrate where self
aligned growth is obtainede. TiO2 ASD on SiQ followed by W ASD on SH. Sequential effect
on obtaining orthogonal ASD is studied and nanoscale patterninigQefW on SiQ/Si-H
patterned waferss demonstrated. The successful orthogonal demonstration is attributed to
simultaneous etching and depositauring W ALD processesobalt metal ASD processese
studied using bis(1,4di-tert-butyl-1,3-diazadienyl)cobalf{CoDAD) and formic acig showing
CVD growth rather than ALD growth due to the instability of CoDAD precufdbmetal ASD
is explored by using repeated ALD and atomic layer etching (Auggrcycldo understandghe

etching effect on theubsequent W growth.
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Chapter 1 Introduction and Background
1.1 Thin Film Deposition

Thin film deposition is a process of depositing thin layento a substrate material to
improve/modify the properties of substrates. Thin film is an essential technique for modern
electronic applications. Among a myriad of applications, thin film deposition in this dissertation
is mainly for semiconductor fabation where sumanoscale control is vital to continue a scaling
beyond the 5 nm technology node. To fabricate 3D complex nanoscale devices such as 3D non
volatile flash memory (NAND), fin fieleeffect transistor (FINFET), dynamic randerocess
memory (DRAV), a wide range of traditional and advanced vapor phase thin film technology has
beenemployed and developed.

Vapor phase thin film technique can be broadly divided into two categories: the process is
based on physical or chemical depositidPhysical vaor deposition (PVD) includes cathodic
sputtering, ion implantation, molecular beam epitaxy (MBE), pulsed layer deposition and electron
beam/thermal evaporatidrPVD can be proceeded by vaporing a solid target material through
physical means such as higbwer, laser, and plasma. The gasified material will condense on
substrates, yielding robust and pure thin films. PVD process requires high vacuuni‘b % £0
107 Torr) and cooling platform. Although PVD was developed in 1966js still being
implementedfor seed/barrier layers including tantalum (¥agntalum nitride (TaNj}, and
titanium nitride (TiNY layers for middleof-line (MOL) and backendof-line (BEOL)
metallization.

Chemical vapor deposition (CVD) is a process where depositiaiivendoy a chemical
reaction between precursors. In specific, these processes include CVD, atomic layer deposition

(ALD), and molecular layer deposition (MLD), depending on the deposited materials and the



sequence of precursor delivery. While the orieatatdf deposition by PVD is ordirection
(anisotropic,sec al | e-d-=sfighheé), CVD offers confor mal C 0\
In order to precisely control the critical dimension of nanopatterning, these techniques have been
extensively appliedto the advanced patterning processes. This chapter provides a basic
background regarding CVD, ALD, and MLD which will be main methodology for this

dissertation.

1.1.1 Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) is processed with flowing yms&ars into a chamber
and a film is deposited by chemical reactions. CVD has advantages over PVD in terms of
conformal coverage, selective deposition and high throudgHplhiere are a wide range of CVD
variants depending on the wall temperature (hotatd wall), working pressure (atmospheric,
low-pressure, and ultraacuum), and enhanced radicals (plasma, ions, photons, lasers, and hot
filaments)® Given that CVD process is based on chemical reactions, the choice of precursors is
substantially importanto control the purity and deposition rate of the films. When it comes to
designing the CVD precursors, a number of requirements should be considered as followed: high
vapor pressure to deliver the reactants; high reactivity to obtain high quality bienggn
chemicals; and thermal stability to prevent chemical decomposition.

In general, CVD precursors can be classified into three types: inorganic precursors which
contain no carbon bond; metaiganic precursors which contain organic ligands withoutlmet
carbon bond; and organometallic precursors which contain organic ligands withcarbtat
bond? Inorganic precursors such as metal halides typically are chemically stable, thereby requiring

high deposition temperature and strong reducing agents. Ag metal halides are solid at room



temperature, delivering these reactants is more challenging than liquid and vapor reactants. On the
contrary, metabrganic and organometallic precursors are easily delivered and reacted at lower
temperatures. However, dbe processes readily have impurity corporation (C, O, F, Cl). To

enhance the purity of the film, the chemical reaction pathway should be carefully designed.

1.1.2 Atomic Layer Deposition (ALD)

While CVD can improve the film coverage on complesatures, it still shows poor
coverage on extremely high aspect ratio. Atomic layer deposition (ALD) can address these
challenges$:'° Similar to CVD, ALD is a vapebased thin film deposition based on chemical
reactions. ALD offers continuous and confoirttan films with thickness control at the atomic
level scale and tunable film composition. The precise thickness control can be obtained by
sequential precursor doses where each precursor is alternatively delivered into a reactor followed
by an inert gapurge shown ifrigure 1.1 When precursor A is flowed into the reactor, precursor
A adsorbs on the surface by forming chemisorption or physisorption. Duenmuide step,
unreacted reactant is removed such that the substrate surfacete&msilated byadsorbed
reactant A. During the subsequent reactant B dose, chemical reaction only occurs on the surface,
leading to sub monolayer growth (~0.1 nm/cycle) and then, the surface is terminated by reactant
B. By repeating this sequence, laymrlayer growth an be obtainedia ALD. While CVD growth
is relying on both surface and bulk reactions, ALD growth only promoted by the surface reaction
enables more isotropic growth. It is worth to note that although the growth rate of an ideal ALD
growth should be closa monolayer per cycle, the observed growth rate is often less than the
thickness of the monolayer due to steric hinderance effettsicomplete ligand removaf,and

desorption of the reactattt.



2. Precursor A purge

1. Precursor A dose

@

ALD/MLD
reaction sequence

4. Precursor B purge

Figure 1.1 Reaction sequence of atomic layer deposition (ALD) and molecular layer deposition

(MLD).

In general, the operating temperature of ALD is much lower than CVD. This implies that
ALD process is more suitable for a process requiring ldamaperature such as BEOL processes
( < 4 0%%0n)the contrary, lower reaction temperature by ALD processes can lead to
unwanted element corporation of the film due to insufficient ligand exchange. ALD processes
exhibit ALD temperature window where tigeowth rate is independent of temperaturé§ Out
of the ALD temperature regime, the reaction behavior dramatically changes depending on the
kinetic reactivity and temperaturesondensation, no reaction, CVD growth by decomposition,
and surface desdaipn. In this regard, operating the ALD process within the ALD temperature

window is important to keep the advantage of ALD processes.



1.1.3 Molecular Layer Deposition (MLD)

Molecular layer deposition (MLD) is a thin film deposition technique to depogénic
and hybrid organic/inorganic thin film.MLD can be applied to airgaf,low-k depositior?!
nucleation inhibitor€ and photoresistdfor semiconductor processing. Analogous to ALD, MLD
can control the film thickness in subatomic range andcthraposition ratio using a binary
sequence of selimiting half-reactionsin generalmost of organic precursocomposed of long
chains are bulkyleading to highegrowth than ALD.

MLD reaction stems from the organic chemistry. One of the greatesttages of MLD
over ALD is flexibility of organic precursorfom a range of organic chemistry libraryor
instance, the backbone of the organic precursors can be altered by aliphatic or aromatics molecules
with different chain length and functional groupereby easily controlling the film propertiés.
However, the prerequisite for the MLD precursor such as high volatility, good thermal stability
and reactivity should be ensured for a reproducible MLD gréwi.D growth behavior is more
complicatedthan ALD growth owing to the facts: i) the orientation of adsorbed molecules is
complicated because the molecule can be bent over and tilted. This can terminate a new active site,
hampering linear growth (double reacticig$, i) bulky molecules aggravatgeric hinderance
effect, and iii) softsaturationbehaviorbecause of noticeable molecule diffusion into porous
polymer structuré’ Another characteristic of MLD is thatperating temperature of MLD

processes is typically lower than ALD because of poembal stability of MLD precursors.

1.2 AreaSelective Deposition (ASD)
As feature sizef stateof-the-art transistorapproache® nmor less standard toglown

lithographic patterning is encountering fundamental challenges in critical dimensio@medye



placement error, and liredge roughnes$:3° While advanced patterning processes such as self
aligned multipatterning (SAMP), extreme ultraviolet (EUV) lithography, can address some of
these challenges, high manufacturing cagimplicated processeps and stochastic effecégem
to be a bottlenect3132

As a path forward, bottorap ASD enables to overcome these challedg&Bottom-up
ASD starts on a prepatterned substrate. On the prepatterned sulbstratia A can be selectively
deposied on growtkregion whereas the deposition is inhibited on-goowth region.ASD is
utilizing the dependence ofhherent chemical reactivitpn substratesWhereas the pattern
resolution of topdown processes is significantly dependent onattmiracyof the lithography,
inherently seHaligned ASDis based on the chemical information on the substrafésjing
precise pattern placement even less than Seatuirfe sizeln addition, ASDprocess can simplify
the manufacturing processes, greatly reducing the fabrication cost and chemical mechanical
polishing (CMP) overburdef?:®®

ASD is achieved when a heterogenous nucleation is formed on one usfdmeother
sur face. From the thermodynamic perspective,
predict the reaction propensity, but a kinetic aspect should be considered as well to fully understand
ASD growth behavior. The selectivity is often quastifiby comparing surface coverage which is

directly related to nucleation. The selectivi/can be estimated by

Yo M —— (Eq1.1)

whered; andd: is the measured surface coverage on the growth andrmoarth surfaces,
respectively, andt; andtz is the thickness of films deposited on the growth andgromwth
surfaces, respectively. Note that the valu&aising the thickness values is usuallygkr (.e.
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better) than the selectivity by the surface coverages because the sensitivity of the surface coverage
measurement is better than that of the thickness measurgoaettularly, during the early
nucleation stagél'he value ofScan be between 1 to 0, wh&e 1 for the perfect selectivity, and

S= 0 for the full selectivity losst = d). After the nuclei is fully coalesced, the surface coverage

of di andd> would be the same, whereas t.. Nonetheless, the error betweandt is small at

the beginning of the nucleation whe®as near 1. An analytical model is used to evaluate the
guantification of ASD inChapter 3.

Many approaches have been examined to enhance ASD. In an ideal case, no nucleation is
observed on negrowth surface. However, the inherent ASD is limited to certain chemistry and
the longer process would eventually generate the unwanted nuclei on-tpendin surface®-33-3¢
To suppress the unwanted nucleation, varied surface chemistry can be employied!uides: i)
surface activation using electron, ion, photon bé&Ms® ii) surface passivation using self
assembly monolayers, and molecular inhibit8f8 and iii) surface regeneration using intermittent
etching®®4243Recently, orthogonal ASD jsroposed using simultaneous deposition and etching,
demonstrating the integration of two different AS®s.

When it comes to investigating ASD, selective deposition is tested on two different blanket
substates. Once the results show good selectivitpatme ASD process is tested on prepatterned
substrates. Howevedhere are some challengegransit from the blanket to the patterned wafers.

For example,the loading effeGt where the concentration gradient of the reactants can
promote/hamper the nucleat, is substantial on the boundary of two different surfaces. This
phenomenon is also associated with the feature shape effect. As the size and shape of the patterned
wafers becomes more complex, reactant diffusion/transport is an important factoete aydod

ASD on the patterned substrate§?’



ASD processes can be categorized into the material types being deposited: i)
semiconductors, ii) dielectrics, and iii) metals. Semiconductor ASD has been widely Usealtfor
endof-line (FEOL) to obtain slective silicon epitaxy (SEG) for the source/drain cont@@sised
on the SEG process, many semiconductor ASDs includirff GaAs?’ SiC*8 and SiGé&° have
been reported. In order to keep up with the line shrinkage less than 5 nm, many attentions have
drawn to develop various dielectric and metal ASD processes. For the dielectric ASDs, hafnium
oxide (HfQ) ASD° for high k and metal gate (HKMG) stacks, aluminum oxide@4"*'as an
etch stopper and fullglignedvia (FSAV),>? low-k films and air gaps attract a great attention.
Metal ASDs play an important role to scale down the interconnect. To reduce a substantial increase
of RC delay?®>*3the industry has demonstrated selective cobalt (Co) caps #iPQievertheless,

Co needs seed/barrier layers which have high resistivity. To further decrease the RC delay,
different metal ASDs including rutheniuthmolybdenun®” and more conductive seed/barrier
layers® are explored. A systematic toolbox with new ASD capabilities oitla range of surfaces

is required for the future logic and memory applications.

1.3 Objective and Overview of Work
The main goal of this dissertation is to study agel@ctive deposition (ASD) of various
inorganic and organic materials by using chemicalovageposition (CVD), atomic layer
deposition (ALD), and molecular layer deposition (MLD). For fundamental understanding of film
nucleation and selectivity qualification, different surfaemsitive characterization methods as
well as theoretical studieseaused.
Chapter 1 covers the general background of thin film deposition techniques and the

importance of ASD in the semiconductor fabricatiGhapter 2 describes the experimental and



analytical tools used for this work along with a brief operation meshrarinChapter 3 and 4

ASD of conjugated polymers includimmply(3,4ethylenedioxythiophene) (PEDQTjolyaniline
(PANI), polypyrrole (PPY), and polythiophene (PTH) is investigated with MLD and CVD. A
direct quantitative comparison of ASD between MLD &W\D is discussed with experimental
and simulation resultChapter 5 describes the integration of two ASD processes on a single
patterned substrate where salijned orthogonal growth is obtainece. TiO2 ASD on SiQ
followed by W ASD on SH. Chapter 6 shows cobalt metal ASD processes usirs§l,4di-tert-
butyl-1,3-diazadienyl)cobal{CoDAD) and formic acid In Chapter 7, tungsten metal ASD is

explored by using repeated ALD and atomic layer etching (ALE).
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Chapter 2 Experimental Tools

2.1 Atomic Layer Deposition Reactor

ALD, MLD and CVD processewere performed in custorbuilt ALD reactors shown in
Figure 2.1 With regard to the reactor geomettyete are twaypes of the reactors: 1) tubular and
2) sphere shap@.he del i very Il ine is consisted of 1
manual ball valve and pneumatic diaphragm valve. Each lwaspurgedby an inert gas (Ar or
N2,99.999%, Ar3 Gasgswhich passethrough an Entegris Gatekeeper for addiéil purification.
The gas flowwas controlled by mass flow controller (ME®KS Instrucmentsand the pressure
of the reactowas measured by eitharbaratron capacitance manometer (MKS Instrumennta)
convectron Pirani gauge (The GranviPillips 25 Convectron, MKS Instrumentsi this study
the working pressur@as maintained at viscous flow reginf@.117 1 Torr) because viscous flow
regime shows faster evacuation tirmed growth rateéhan the molecular flow regimi€ The
temperature of thenainreactorwas isothermalvith the resistive heat tapes and the temperature

of the delivery linesvas set lower than the main chamber to prevent precursor condensation.

UL

Figure 2.1 Reactor Scheme
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As areactor diagnostic, the pumping spe&difs) and the residence timé éec)can be
characterizethy measuring the relationship between throughput(t or r Al / P)torrand pr €
The residence timalefined as the time for the precursotlitmer in the reactqris an important
parameteto determine the purge timkeleally, the residence time shouldlbeerto minimizethe

purge time for the ALD reactioffhe throughpu¢ Q) and t he rambagvenaxs e t i m:

0 07Y &Y"Y (Eq 2.1)

+ < (Eq 2.2)
~

whereP is the pressure of the reactdris the temperature of the reactBris the gas constart,

is the molecular flow rate and is the reactor volumeFigure 2.2 and Table 2.1 show the
diagnostic comparison of different reactors: 1) PALDO, 2) WALDO, and 3) PALDI. Eg1,

the pumping speed can be measured as a slope b&veeei. Considering that standard cubic
centimetes per minute (SCCM¥ 0 . 0 1 2 7 1amu thevdlumA sf the reactor, the residence
time can bestimatedis shown ifFigure 2.2 andTable 2.1 For the pumping speed measurement,
eachreactorwas pumped byhe same type abtary vane pump (Adixen 2028,8L/s) filled with
eitherfluorocarbon oil or hydrocarbon oil purged with adl casing purge linelTable 2.1shows

the correlation between the 281z growth rate and the residence time. As the residence time
becomes longer, the longer purge time is required to achieve an ideajrdivth rate (the ideal
Al>0Os growth rate would be 1.01 . 2 / cy) . For enhancing the pu
with the fast pumping speed or the turbo pump withthhattlevalve, and purging combined with
the pumpdown step would be performethe inlet of the rotary pumyas filtered with activated
charcoal and sodasorb filters (Masgac Inc.). It should be noted that using the filter traps
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decreasethe pumping speed @ L/s vs. 5.8 L/s). Nonetheless, this is critical to enhance the
lifetime o the pump.The filters and pump o#hould be replacednce the working pressure and

the leak up rateoticeably change To monitor the reactor condition, the leajg rate where the
pressure is monitored without pumping and flowing a gas and the basenevrenere the reactor

is pumped down from the working pressure@@rswere recorded before and after the procdss.

is worthy to notethat every reactor has virtual leaksuch as degassing from the wall and gas
trapped inside crevices so that the legkrate could be substantially different depending on the
ALD runs. In particular, the chemical degassing rate would be faster with higher temperatures. For
example, on the PALDO reactor, the leak up rate at room tempevedatiess than 0.1 mT/s
whereasit increased uptd 0. 0 mT/ s i mmedi ately after i ncr e
without any processes. As a different diagnostic test, dosingronbthylaluminum(TMA) with

the purge is helpful to figure out the moisture level of the reactor. SMeeis extremely sensitive

to the moisture, if there is any moisture inside the reactor, abrgrtnigk Al>Os film would be
measured bgpectroscopiellipsometry whereas a reasonable growth would b& @ hm after
dosing100 cyle of TMA. In order to identify the exact leakp point, helium leak testing with
residual gas analyzer (RGA) amtiecking the bubbles with the leak check solution (Snoop,
swagelok) can be usefulln terms of the reactor conditioning, baking the chamber at high
temperatures (368 0 O , coating the wall with thick Als film (~50 nm) and physical cleaning

with thealcohol andhe vacuumcleanercan be carried out.
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Table 2.1 Reactor diagnostic

Reactor Name PALDO WALDO PALDI
®= ( Pumpi N(gToSrpre/esdc)d 0. 004 0.008 0. 01]
(Pumpi ng( Beprere/d() To*r r 0.32 0.68 0.94
Pumping Speed ( 3.10 1.48 1.06
Reactor Vol ume 0.5 1.0 17.0
Residence ti me 0.16 0. 68 16. 1
Leak up rate (m] O0.1%. 0 0.71830 0. 08 Z
Base pressure ( 2030 3050 3050
Growth rat ¢O;AL D canHl)5 DoOf
1.2 1.-1. 2 1.4
(TMAJ O/ N 0.2/ 60/ 0.
* Leak up rate varies on the run due t
* 1 sccm = H6.0127 Torr ALAs

2.2 Quartz Crystal Microbalance (QCMnalysis

In-situ quartz crystal microbalance (QCM&®s used to monitor a mass loading ajuartz

crystal to understand the growth behavior during ALD, MLD, and CVD proceQ€¥d. system

is comprised of a probe body (dedkawerand probeKurt Lesker), & MHz gold coatedrystal

(Inficon or PhilipTech), a contrdiox (Maxtek TM400, Inficon SQM-160, andInficon STM-2)

and an oscillatorQCM is based on measuring the resonant frequency of a cut (uemerally
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AT quartz at ~39 with an oscillator. Fromthe Saterbrey equation irEq 2.3, the frequency change

(opfHz) is mathematicallgorrelated wittthe mass change on the quartz cry@&msd, ng)>*

—_ V4 Y4 (Eq 23)

wheref, is the fundamental frequen¢y.989x 10° Hz), A is the surface are®357cn?, area of
backside electrode on the cryjtal is the shear modulus of quartz (2.947 ¥*D A €&%), | qis
the density of®angdCsthe QCM¢olstam(-D.8275 kg

By using the density of théeposited i | m -3\ thefilm rthickness can be estimated
during the deposition process in a real time. In this case, the mass change (ng) derived from the
Sauerbrey equation shoul d B)ethehby calcadatiy thBirgy t h e

thickness by the density and thess@hange per area.

Yé P o

= Eq 24
5 6CﬁyQ (Eq 24)
. Y& p

(0] T p— (Eq 25)

wheregnis the mass change from E®2A is the surface area (0.357 9nandC is the QCM
constant{0 . 2 2 7 57) ddd tAsrnihgdepositedilm thickness, ¢ is thedeposited film density
(g AR m

When it comes to measuring the QCM, two factors should be considered. The first thing is

the exact surface area. Since the depostiamurson both front and back cryssadluringthe ALD
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process and the assumption gy 2.3-5 is that the film is only deposited on the front electrode

the backpurge (typically 285 sccm, giving ~15@50 mTorr pressure increase under 1 Torr
working pressure) is required to prevent the deposition on thedbectkode. It should be noted

that if the working pressure is too low, for example 300 mTorr, the backpurge should be adjusted
not to hinder the gas flollhe surface roughness thfe crystal is also criticdl Two Au coated

QCM crystals (unpolished, Idbn and polished, PhilipTechjere compared during 100 cycles of
Al>0Os ALD at 100°C. Figure 2.3 and Table 2.2shows the RMS of Au crystals and the mass
change during TMA/ED ALD cycles. The larger RMS can increase the actual surface area,
leading to largemass change (2.29cy using AbOs density of 3.95 g/cR), whereas the polished

Au crystal shows reasonable growth rate (1.

24
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Table 2.2 Mass gain comparison on unpolished and polished QCM crystals

Mass gain by | Mass gain by Net ma
GPC (*

TMA (ng/cn?) | H2O (ng/cn?) | ¢ h a fng/en)
On unpolishedrystal 77.2 13.4 90. 6 2.29
On polished crystal 39.6 7.5 47 .1 1.19

*Assum@&dAahsity = 3.95 g/cm

2.3 Spectroscopic Ellipsomst (SE)

Spectroscopic Ellipsometry (SElphaSE ellipsometer, J.A. Woollamyvas used to
measure the film thickness and quantify the selectivity on the growth sudabe nongrowth
surface. The basic principle of SE is using the light refledtiom various thin filmstacks To
precisely track down the ligeflection, the light is polarized into two plaa andP) andtwo
optical parametergphasedifference(q) and amplitudeatio (Q)) are collected as a function of
wavelength (Generallg00 - 1700 nm). Based on the experimental raw datap@ind J, the
analytical model is used to fit the daraorder tomeasue the film thickness as well as tbetical
constants r{, k). Since the measurement by SEaisindirect technique users shouldasefully
evaluate the fit accuracy between the experimental dataamalytical fitting. This can be
monitored by the measquared error (MSE). As a rule of thumb, good MSE should be lower than
4-5. 1t should be noted that if unknown materials are fit by SE, multi sample analysis (MSA) and
comparing the SE results with eththickness measurement techniques (especialhayX

reflectivity andtransmission electron microscgpyould be helpful.
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DYO D& QQ®mn (Eq 26)

Most of oxides, nitrides, fluorides, and carbides are transparent over the visible and near
infrared wavelengths. For this reason, these films show normal dispersion where the refractive
index decreases with increasing the wavelength. To describe thativefradex of the transparent
films as a function of wavelengtthe Cauchydispersion relationshijs generally used to fit the

data. The Cauchgispersion equation, given as

£ o — — (Eq 27)

wheren is the refractive index of the film,is the wavelength (nmj, B, andC are theCauchy
parametersin general, the refractive index is significantly dependent on paramet€he
estimated refractive index would be helpful to evaluate the depoditeduality. For instance, if
Al20s films are deposited by ALD ryrthe desirable refractive index would b&71 1.7 around
600 nm.If the obtained valués higher than this range, the deposited films would contain
unexpected elements such as Ti andrdm the TiQ (n =2.471 2.5)and ZnO(n = 2.0)residuen
the reactor. However, when it comes to estimating the refractive index eftteenely thirfilms
(less than 10 nmj)t would bechallenging to determine the precise optical constantshis case,
measuring thicker films (more than-80 nm) would give better results.

For thelight absorbing materialsuch as metals, semiconductors and conductive polymers
the careful fitting should be considered because the light absorption raytths light reflection.
To measure these materials, the fit can be conducted only at the transparent region. After fixing
the film thickness, the model can be extended to all wavelengths fitting the optical coiistants.
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there is no transparent regicagiditional measurements including transmission measurement,
inference enhancement, MSA, and different incident ar{g&90 ) would be necessafyThere
are three primary models to fit the light absorbing films: direct fit for n anddpliBe fit and
oscillator model fit®

As the light reflection is greatly dependent on the surigaed( parameters can be used
to quantify the film nucleation. While the detection resolution of SBvier than the surface
sensitive techniques includingrdy photoeletron spectroscopy, Auger electron spectroscopy and
Rutherford backscattering spectroscopizis a quick and simple method to characterize the extent
of the film evolution.For insitu SE, this would be especially helpful to study the selectivity and

nucleation mechanism.

2.4 Profilomety
Profilometer(Dektak 150, Veecolas used to measure the film thicknéx€3- 10 um)

Step heights were made by the mechanical scratahithigthe end of spatula or tweezers. The
radius of the stylus tip used was.2am and the stylus force was set at 4¢.1im order to obtain
high resolution, the typical measurement time is12800 s.After measurement, the results were
leveledand the step height was determined by the average step height (ASH) value. Measurements
wereaveraged from the three different measuremasitg) the automation measurement matle
should be noted that tleelge shape of thetep is significantly dependent on tidhesion between
a film and a substraté# the film adhesion on the substratéde strong to make a clear step height

by thephysical etchingchemical etching or |foff would beconsidered.
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2.5 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XRSatos Analytical Axs Ultra) with AI-K U g u n
was used to study the elemental composition and chemical state of deposited films.tX>S
implementation of the photoelectric effedterean incident xray bombards an electron out of the
atom shell, ejecting the photoelectrdine relationship between the primaryray source and the

energy of the photoelectrons is given as

0O Q 0 ® (Eq 28)

whereEy andEx are binding and the kinetic energy of the emitted photoelediras,the photon

energy, andVis the spectrometer work functiohl-Kk U an-dUMwgi t h | ine ener gi ¢
of 1486.6 eV/0.85 eV and 1253.6 eV/0.70 eV respectively, are commonly umeodesmaterials.

The X-ray line width resolution can be further improved from 0.85 to 0.4 eV by implementing a

guartz crystal monochromator. By using the monochromator, satellite peaks and the
Bremsstrahlung continuum can be effectively removed.

For theXPS, the attenuation lengthy (of the photoelectron which indicates the distance
before the electron is being inelastically scattered is typically under 10 nm range. This gives high
surface sensitivity of XPS. Another importardpabilityof the XPS ighat it can distinguiskhe
chemical state of the filnBy using peak fitting and deconvolution by CASA XPS software, the
detailed chemical information such as the extent of oxidation, chlorination and fluorination can be
characterizedRegading the peak deconvolutiomlue to the doublet gb and d orbitalsthe
observed energshows pairs of peakthearea ratio of (p2, ps2), (ckre, Gsr2), (fsi2, f712) are 1:2, 2:3,

and 3:4, respectivelyf-or this study, peak positiorare calibrated byreferencing either the
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adventitious C 1s peak at 285 eV or O 1s peak he¥3For examplefFigure 2.4showsthe peak
deconvolution of Sb 3d and O 1s of polypyrrole on Si subdisatesing 9.3 eV for peak distance

and 1.5 for the relative intensity beten Sb 3¢l and Sb 3gl..

PPY CVD: Sb 3d and O 1s
Sb 3dand O 1s ; rdeconvolution
zi :
@ @I
o o
(&) o
A j\ | Sb 3d 3/2 4
545 540 530 525 545 5;10 535 530 525
Binding energy(eV Binding energy(eV)

Figure 2.4 High resolution XPS scan &b 3d/O 1dor polypyrrole film on Si substrate by CVD

at 50

2.6 X-Ray Reflectivity(XRR)

X-ray reflectivity (XRR, Rigaku Smartlab-K ay di f fract ometer) usi
with parallel beam geometry at an angle of incidence of 0 w@sdused to measure the film
thickness, densifyand roughnesdVhile the acquisition and data analysis loé XRR requires
more time than SE, it shows better resolution-@M@ nm)and measures the propertiedight
absorbingand opaqudilms. Similar to SE, the model fit is pivot&h obtain accurateesults The

XRR datais fitted with the Genx softward.he model is composed of a deposited film/substrate
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(generally Si or Si@) with interface roughness, densiaind film thickness as fitting parameters.
In the model, the figure of merit (FONB used for thparametemdicating the difference between
the smulation and measurealues Forthe log FOMmode theacceptablé-OM value would be
less than 0.08.

The principle of XRR is using the-Ky reflection on the sample stack with grazing angles
(0 to 10 ) k2 YeBnfigargtign. Enceetime argle af thd incident light is extremely
small, X-rays yield total external reflection if the grazing ardjle smaller than the critical angle

dc. The critical anglel: (usually 0.2° 0 . 5 ) is given as

— Wq (Eq 29)

wherel is the real component of the complex refractiescribingthe dispersive of the wave
matter interaction. The value Gfis determined by the Xay wavelength and the density of the
films which are associated with the electron density. The critical angle of material increases with
higher densityAbove the critical angle, Xay reflection occurs at the surface and all the fates,

giving an interference patterns, so called Kiessig fringealyzing these oscillations can provide

the information including the film thickness, density and roughness. As the film is thicker, the
oscillation period is shorter. Film roughness carestimatedn two ways: the intensity decay at
higher angles is associated with the roughness of the top surface (Larger roughnessdstmis to

intensity drop), and the larger interface roughness causes smoother§ringes.
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Figure 2.5 X-ray reflectivity pattern of 200 and 400 cycles of PEDOT MLD on thermai SiO

(200 nm)/Si at 100
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Table 2.3 Summary of the parameters resulting from tkienfy of the XRR data

Thickness Density | Roughnesg Thickness measure(
(nm) (g/cn?) (nm) by Ellipsometry (nm)
PEDOT 19.45 1.73 0.9% 16.8
PEDOT MLD
SiOz 100.4 2.20 049
100 y
Si substrate - 2.30 0.0aL
PEDOT 48.4 1.72 0.80 47.7
PEDOT MLD
Sioz 98.0 2.2 0.77
100 4
Si substrate - 2.32 021

2.7 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEMEI Verios 460l operated at-30 kV with 0.7 nm
resolutionwas used for the surface characterizationtaikness measurements. Different modes
including plane, angle, and crossectionview were utilized. For the angleew, tilt angle at: 8
° was used. In general, 2 kV was used to clearly observe the surface morphology, whereas for
measuring the nuclein the surface, high voltage ailb kV with high current of 10 nA was used.

In order to measure the ASD on patterned wafers, back scatter electron (BSErandwe

beneficialif the mass of deposited materials is dramatically different.

2.8 Transmission Eletron Microscopy (TEM)
Transmission electron microscopy (TEM, FEI Talos F200pgrated at 200 kV with 0.12

nm resolutiorwas used to characterize the ASD on patterned wafers. Dual beased ion beam
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(FIB, FEI Quanta 3D FEG instrumemperated at 30 keV with 7 nm resolution for the ion column
and at 30 keV with 1.2 nm resolution for the SEM column was used to prepare TEM samples. ~3
um of Pt cappindayer was pradeposited and0um x 2um areawaslifted out bya Ga' ion. After

a final milling with 5 kV at 48 pA ion emission current, the thickness of TEM sames 100
nm. Samples were thinned @ thickness of100 nm with a final milling step of 5 kV at 48 pA
ion emission currenffter thelift -out, the specimen wadacedonto a 3 mm diameter of Cu TEM
grid using a micromanipulatofhe TEM camergThermoFisher Ceta camgracquires 4kx 4k
images Energydispersive Xray spectroscopy (EDX) elemental mappings wasasuredising
scanning @nsmission electron microscopy (STEMhe STEM modewas measured bRigh
angle annular darkield (HAADF) detector with a camera length of ~100 nithe Talos TEM
uses the SupeX EDX system, which is composed of fouréolumn EDX detectors with a
colledion angle of ~0.9 siTypical STEM EDX collection parameters yieldla beam current of

350 pA and each EDX collection tinexceeded min.

2.9 Four Point Probe
Four point probe method (RM-ABR, Jandell) was used to characterize the electrical

resistivity ofthe films. The four point probe technique separately measures voltage and current,
thus eliminating the probe and contact resistance for the measurement. For each measurement,
voltage was measured with forward and reverse current directions with sweemlego check
the contact between the tip and the sample. If the measured valyaigesard/reverse directions
are notidentical the sample height and tip conditions shoulahecked agaimAfter confirming
the contact, film sheet resistané®,( ¢ wak mneasured with 1 mm probe spacisig (L mm).

Notethat for the Janddlls p r, the sheetmesistance value is automatically calculated with a
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correction factor of 4.5324 with V/I. Depending on the sample geometries such as the film
thickness, the sample size, and the probe spacing, various correction factorsoasidered

To validate the accuracy of the obtained results, a cubtoltnfour-point probgTushar K. Ghosh
group in college of textilesyith 2mm spacing and Keithley 2400 source métem was also
measured, showing the similar results. Based on the sheet resistance, the registanty (

conductivity (i) can be given as
-, 0

- p (Eq 211)

whereA is the crosssection area of the samplew, andt is the length, width and thickness of the

sample, respectively. Assuming the sample is sqliare)), ] = RA

2.10 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR, Thermo Scientific Nicolet 6700
spectrometer) as used to characterize the chemical properties of the film. Under a dry air purge,
spectra were measuré@dan absorption modeith 200 scans at 4 chresolution from 4000 to
400 cm®. FTIR is measuring multiple frequencies of light simultaneously aadnibasured data
is processed with a Fourier transform. There are various vibrational modes including stretching,
bending, scissoring, rocking and twisting modes. Since the absorption band is dependent on the
chemical bonding, FTIR is significantly usefoal identify the chemical species of the deposited

films.
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Chapter 3 Nanopatterned AreaSelective Vapor Deposition of PEDOT on Sievs Si-H:
Improved Selectivity using Chemical Vapor Depositiorvs Molecular Layer Deposition

The following work is a reprint published @hem. Mater2021, 33, 9221 9230

3.1 Abstract

Areaselective deposition (ASD) of polymers is expected to be useful foalggptied
patterning of nucleation inhibitors, sacrificial layers, amegap materials during future bottem
up nanoscale materials fabrication. This work describes a simple, rapid, and effective method to
achieve inherent ASD of poly(3gthylenedioxythiophene) (PEDOT) on Si@s. hydrogen
terminated silicon (SH) substragsvia molecular layer deposition (MLD) and chemical vapor
deposition (CVD) using 3;éthylenedioxythiophene (EDOT) as a reactive monomer and 8bCl
an oxidant for polymerization. Film thickness measured by spectroscopic ellipsometry indicates
the MLD process can obtaiR35 nm of deposition with a selectivity of 90%&., tsosod 35 n m,
which is better than many other reports of inorganic or organic material ASD. Furthermore, we
show that under CVD conditions, the selectivity is further improitedts=00d 55. 4 nm an
that CVD can achieve ASD at an overall rate more than 100 times faster than MLD for the same
ASD thickness, allowing 30 nm of ASD to be achieved in less than 10 s of process time. The
selective growth of PEDOT on Si®@s.Si-H is ascribed to the localized reduction of the Sl
the StH surface, thereby inhibiting EDOT polymerization in that region. The high selectivity
all ows us to observe and analyze | ateral A mus
on blanketvs. paterned wafers. Overall, results suggest that CVD may have distinct advantages

over MLD or atomic layer deposition (ALD) for other ASD applications.
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3.2 Introduction.

Photolithography is routinely used in electronics manufacturing to transform uniform
blanket netal and dielectric thin films into complex line and space patterns that are aligned with
underlying features to create complex nanostructured circuits. Using extreme UV (EUV)
lithography, features can be printed with a width approaching 10 nm, but ink&relmastics in
the process lead to unwanted variations in feature s&gdfitical dimension error), as well as
errors in feature alignmeritg., edge placement error) when printing lines on top of each bttfer.

As a means to augment photolithography and achieve improved precision, researchers are
exploring vapoibased areaelective deposition (ASD), where tHilm materials are built up only

in predetermined regions on a starting patterned sutfdckreasdective epitaxy, for example,

is widely used to create selfigned source/drain transistor contacts, but the substependent
chemical reactions require temperatures in excess of 800 °C undagoudidrium conditions:

1 However, during backnd pocessing, unwanted metal diffusion can occur near 400 °C.
Therefore, to form selaligned metal and dielectric features within backl circuitry, new ASD
processing methods and materials are needed at a temperature less than 400 °C.

Low-temperature ASDan be achieved by chemical vapor deposition (CVD), atomic layer
deposition (ALD), and molecular layer deposition (MLD), with most recent attention focused on
areaselective ALD® ' "While studies of ASD metals and dielectrics are most common, ASD of
polymas is also expected to play an important role in bottigrsynthesis as nucleation inhibitors,
low-k layers, and aigap material$.?" Previous studies of polymer CVD include several
examples of substrafmeferential growthH.® ™ Using a thermallyexcited reaction initiator,
conjugated poly(fphenylene vinylene) (PPV) and nonconjugated parylene N and parylene C were

found to preferentially grow on hydroxylated silicon oxide @) with minimal growth on iron
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and other transition metaié!®Based on gwth rates and surface topology, inhibition on the metal
was ascribed to quenching of activated monomers by available surface charge, forming a thin
passivation layer that impeded subsequent reaction. Similarly-seleetive CVD of
poly(azomethine) waschieved on SOH vs. hydrogenterminated silicon (SH), but details of

the related mechanism and the extent of selectivity were not well idenfified.

Patterned growth of conductive poly(&thylenedioxythiophene) (PEDOT) films has also
been achieved ued CVD conditions, where an oxidant such as iron(IHplpenesulfonate
(Fe(Ill) tosylate) was placed on a surface and exposed to reactreth$ldnedioxythiophene
(EDOT) monomer. The polymerization selectively proceeded in the regions containing the
oxidant, producind12-18 nm of PEDOT filn?>2*Features with lateral resolution as small as 250
nm were tested, but the extent of unwanted nonselective growth was not fully quantified.

In addition to CVD, ASD of polymers has also been studied by MLD pavite sequence
for organic film deposition analogous to ALD. Using MEB," 4 polyurea layer up tB6 nm in
thickness was achieved on-GH, with minimal growth on copper that was passivated by an
octadecylphosphonic acid sel§sembled monolayer (SAMA Surface passivation by SAMs has
also been used for ASD of pefyxylylené®® and silicon oxycarbide (SiC3j,in both cases
enablingD5 nm of ASD. In another study, selectivity up@d7 nm was shown for ASD of
polyimide (nylon 6,2) on amorphous carborQavs. SiO, passivated with dimethylamino
trimethylsilane (DMATMS).2° Areaselective MLD of polyimide has also been achieved on Cu
vs. SiOp, where the copper surface catalytically promotes localized polymerization. The process
allowed as much as 130 nmaslectively deposited polymer, possibly due to copper diffusion to

the top of the growing film® In addition to vapor processing, ASD of polymers has also been
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explored by spircoating?’ where surfacelependent dewetting of semifluorinated poly(acrylate
allows selective coating on (3. SiO..

Vacuumbased PEDOT deposition provides advantages over conventional stlased
processes in terms of crystallinity, conductivity, and conformal coating ondhmamsional (3D)
substrates. PEDOT vapor depsitoccursvia oxidative surface polymerizationd., oxidative
CVD, oCVD), where an oxidant species delivered to the growth surface promotes polymerization
of adsorbed EDOT monomer. Since the rate of polymerization depends on the surface
concentration ah reactivity of the oxidant, the choice of oxidant is important in the overall
deposition process. A range of oxidants, including E&E&I EUCK,3! Brz,3? VOCI:* and SbG
3 have been investigated for PEDOT oCVD. In addition, M#Cand SbGF® have been
implemented for oxidative MLD (oMLD). Generally, the more volatile Sla@d VOCE oxidants
show better process reliability.

This work describes inherent PEDOT ASD on 5®.Si-H via oMLD and oCVD using
SbCk as an oxidant and presents sevesntifically novel findings. Specifically, we show a
unique capability for the inherent ASD of a conjugated polymer, PEDOT, with favorable
deposition on Si@vs. Si-H surfaces, achievin30 nm of selective deposition, which exceeds
that of most ASD regrts of metals and dielectriésAdditionally, we provide a direct quantitative
comparison of ASD using MLD and CVD, showing that the CVD process enhances selectivity. A
mechanism for selectivity loss is proposed, where thg Sirface promotes the rediact of the
SbCk inhibiting subsequent EDOT polymerization. In addition, we report featurelsjzendent
ASD growth comparing growth rate dependence on blanket and patterned surfaces, including
features as small 83100 nm, with less growth observed oritpaed waferys. blanket wafers

under the same deposition conditions. The high selectivity allows us to observe the extent of lateral
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Amushroomo growt h, i ndicating thatmay hoebegr owt |
completely uniform in all directiws. Overall, the results show feasible ASD of PEDOT on
nanoscalgatterned surfaces, thereby expanding the range of materials available for advanced

depositiorbased patterning.

3.3 Experimental Section
3.3.1Deposition Reactants
The EDOT monomer (3;dthylenedioxythiophene, 97%, Alfa Aesar) and antimony
pentachloride (Sbgl 99%, Alfa Aesar) were used as received without further purification. All
materials were transferred into glass and stainless steel vessels in a sptroggdnglovebox.
Nitrogen gas (N 99.999%, Arc3 Gases) purified with an inert gas filter (GateKeeper, Entegris)

was used as a reactant carrier and purge gas.

3.3.2Deposition Substrates

Silicon (borondoped Si (100),6L 0 gL cm, WRS Mat er i a@2,sl00 and s
nm of thermally grown Si®@on boronrdoped Si (100), WRS Materials) were cut iltb cm x 1
cm coupons. Lingatterned SH/SiO, samples with halpitch ofD3 € m an d DI@Gnmg ht o f
were prepared by optical lithography of thermalkidized Si wafers. Coplanar-&i/SiO; line-
patterned samples with hgdftch ofD130 nm and topographical-8/SiO; line-patterned samples
with half-pitch of D200 nm and height o100 nm were provided by collaborators. Before
deposition, all silicon, Si¢) and patterned wafers were cleaned in a hot piranha bath (1:1 =
H>SQyW/H0, by volume ratio) for 30 min, rinsed with deionized (DI) water, and dried with N

forming surface silicon hydroxide. To form hydrogemnminated silicon (SH), silicon and
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pattened wafers were dipped into 5% hydrogen fluoride (HF) aqueous solution for 30 s, rinsed
with DI water for 30 s, and dried with,NTo minimize surface oxidation and contamination, the

HF treatment was conducted immediately before use.

3.3.3Reactor Design anddaction Sequence

PEDOT deposition was performed in a hemalt, isothermal, and viscotfow ALD
reactor described previouslyThe reaction chamber was a stainless steel cylinder Ddtiem
inner diameter an@60 cm length. The sample deposition zone a&med by the substrate holder
with D30 cm long and4 cm wide, placed approximately in the middle of the reaction chamber.
The reactor was heated resistively using PID controllers, and the temperature was geit5t 100
°C. The chamber was pumped by atary vane pump (Adixen 2021, 213m) filled with
fluorocarbon oil and was equipped with a®il casing purge line. The inlet of the rotary pump
was filtered through activated charcoal and sodasorb filters (Massinc.). The working
pressure, measuradth a N> flow rate of 135 standard cubic centimeters per minute (sccm), was
D1 Torr. Nb and reactant flow were controlled by compttentrolled pneumatic diaphragm
valves. The EDOT reactant vessel was arranged as a bubbler container and heatedp&® °C.
EDOT delivery, the reactor pressure increase®®y mTorr. The SbGivessel was arranged as a
direct port to the Blcarrier line and was heated to either 40 or 50 °C, as described below. When
heated at 50 °C, the Shelivery led to a pressure m@ase 0D30 mTorr. At 40 °C, the pressure
increase wa®10 mTorr. For some experiments, the deposition was repeated in a second home
built reactor with similar geometry and design, and consistent results were obtained.

Prior to loading substrates into tteactor, the chamber was conditioned with 50 cycles of

Al203 ALD using trimethylaluminum (TMA, 98%, Strem Chemicals) and BDHThe AbOs
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ALD sequence followed TMA/MH>O/N. = 0.1/60/0.1/60 s at 100 °C, leading to 4.5 = 0.5 nm of
Al203 on SHOH.

After reactor wall conditioning, substrates were loaded into the reactor and exposed to N
flow for 30 min to reach thermal equilibrium with the reactor walls. For the ASD growthL.iy, M
two conditions were studied for the Sb@bse. Under high dose conditions showRigure 3.2a,
the SbC4 source was held at 50 °C, and the dose time was 0.5 s/cycle. The reactant dose sequence
followed: SbC¥/No/EDOT/N. = 0.5/60/2/60 s. For low dosenditions shown iifrigure 3.2b, the
SbCk temperature was set at 40 °C, and the dose time was 0.1 s/cycle, and the corresponding
sequence was SN/EDOT/N> = 0.1/60/2/60 s. For ASD growth by the CVD process, EDOT
(reactant vessel held at 80 °C) and Bl{@essel held at 40 °C) were simultaneously dosed using
N2 flow at 150 °C. The flow rates of Nvere controlled independently through the EDOT and
SbCk delivery lines and an additionabidurge line, with flow rates of EDOT/Sb{> = 6/20/30

sccm, resectively, producing a reactor pressure of 370 mTorr.

3.3.4 Sample Characterization
Quartz crystal microbalance (QCM) was used to measure the mass uptake in situ during
MLD. A QCM probe body (Kurt Lesker) with a 6 MHz getwated crystal sensor (Inficon) was
loaded into the reactor and allowed to stabilize at the reactor temperature. The resonant frequency
of the crystal was recorded with a control box (Maxtek-Z00) through a homdesigned
LabVIEW program and converted to mass change (my/arith the Sauerbregquation®® The
crystal holder was modified to allow 25 sccm oftdl purge the back side of the crystal to prevent

deposition in the electrical contact regions.

43



PEDOT thickness was monitored by ©K situ
ellipsometer, JA. Woollam). Measurements were performed at an incidence angle of 70 °, with a
spectral range of 30000 nm. Due to the optical anisotropy of PEDOT, biaxiapline models,
transmission data, and multisample analysis were used for SE {ittmgddition to SE analysis,
the same samples measured by SE were characterizedréy déflectivity (XRR, Rigaku
Smarttab %r ay Di ffractometer) using Cu KU radiatio
of incidence of D4 and crossectional scanning electranicroscopy (SEM, FEI Verios 460L)
operatedatiZ0 kV with 0.7 nm resolution to confirm
with the software GenX. The thickness differences between XRR, SE, and SEM results were less
than 3 nm. The thickness resukported here were the average of three samples separately placed
on the sample holder, and each sample was measured at three different locations.

PEDOT growth and nucleation were characterized by -plesv SEM and Xray
photoelectron spectroscopy (XPSakr os Anal yti cal Axi s Ultra) wi
Peak positions were calibrated by referencing the adventitious C 1s peak to 285¢ued/3.10
shows higkresolution XPS data in the Cl 2p, C 1s, Sb 3d, O 1s, and Si 2p regions collected from
PEDOT deposited on Sidand SiH after 50, 100, 200, and 400 MLD cycles. The elemental
compositions determined from the XPS results are giv@ialie 3.3.

PEDOT ASD on SH/SIO; line-patterned wafers were characterized by transmission
electron microscopy (TEM, FEI Talos F200X) operated at 200 kV with 0.12 nm resolution and by
SEM. Duatbeam focused ion beam (FIB, FEI Quanta 3D FEG instrument) with 7 nm resolution
at 30 keV for tle ion column and 1.2 nm resolution at 30 keV for the SEM column was used for
TEM sample preparatiod3 . 2 e m of Pt capping | ayer was cCo0z:¢

milled out by Gaions. Samples were thinned to a thicknes®1¥0 nm, with a final miing step
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of 5 kV at 48 pA ion emission current. After the-iftit, the specimen was transferred onto a 3
mm diameter Cu TEM grid using a micromanipulator. The TEM camera was a Thermo Fisher
Ceta camera that acquires 4 x 4 k images. Engigpersive Xray spectroscopy (EDX) elemental
mappings were collected using scanning transmission electron microscopy (STEM). In STEM
mode, the higlangle annular darkeld imaging (HAADF) detector with a camera lengtH>dfo0

mm was used. Typical STEM EDX collectionrpmeters yielded a beam current of 350 pA, and

each EDX collection time was longer than 5 min.

3.4 Results and Discussion

For this study, PEDOT films were deposited in a custorawradit tubular flow reactor
under both MLD and CVD conditions. For MLD, the reaavas heated to 100 °C, and MLD was
performed using sequential doses of EDOT and $Sh@pors separated by purging with
continuously flowing M. The MLD reactant dose time sequence was $SREZEDOT/N, =
0.1/60/2/60 s. The mass uptake was monitored 3@, and results are shownkhigure 3.1a.
For this test, the deposition was performed for 100 cycles, and for clarity, the HBagarm3.1a
shows results collected during the final 12 cycles. Before deposition, the QCM crystal and the
chamber walls we preconditioned by coating with 50 cycles of ALD@®@4 at 100 °C Figure
3.1b shows an expanded view of one representative cycle. The 8bsd leads to a relatively
large mass increase, and the following EDOT dose produces a smaller mass increese ligilo
some mass decrease. The results are consistent with the overall reaction mechanism shown in
Figure 3.1c.3*° During exposure, the SbCphysisorbs on the growth surface. During the
subsequent exposure of the EDOT monomer, thespl@hotes oxidatie polymerization to form

PEDOT, along with desorption of Sk@nd HCI byproducts. The relatively large mass increase
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during the SbGldose and the net mass loss during the EDOT dose reflect the larger molecular
weight of the antimony chloride reactanb(3s: 299.02 g/mol) and vapor product (ShE€IHCI),

respectively, relative to the EDOT monomer (EDOT: 142.17 g/mol).
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Figure 3.1 (a) Quartz crystal microbalance mass uptake during PEDOT MLD aysileg EDOT

and SbG at 100 °C, (b) enlarged view of (a) showing a large mass uptake during theast@l

slight mass decrease during the EDOT dose, and (c) proposed reaction scheme for the PEDOT

OMLD process.

3.4.1 Area-Selective MLD of PEDOT oBlanket Substrates
To explore the substrate dependence of PEDOT deposition, the reactor was loaded with

two different silicon wafer coupons; one was coated with 100 nm of thermally grown silicon
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dioxide (SiQ) cleaned by piranha treatment, and a secormsipiece was treated with piranha
cleaning, followed by a dilute HF dip to form a hydrogerminated surface ($i). Figure 3.2
shows the resulting thickness. cycle measured by SE on these two wafer pieces. The dashed
lines through the data are fits an analytical model for nucleation and island growth discussed
below and in the Supporting Informatiofigure 3.8).** The thickness per cycle was measured
under various reactant dose conditions, and results are giveguire 3.9. For Figure 3.9, the
SbCk exposure dose was set to 0.5 s/cycle, whereas for Figure 2b, thed8&&las 0.1 s/cycle
(see Experimental Section). figure 3.2a, PEDOT thickness on Sincreases linearly with a
slope ofD0.32 nm/cycle. On SH substrates, less growthasserved, consistent with inhibited
nucleation. InFigure 3.2b, using the smaller Sb€tlose, after some inhibition, the thickness on
SiOz increases linearly with a rate DD.12 nm/cycle, and again, less growth is observed-¢h Si
The decrease in growthte using the smaller Shy@lose is consistent with previous studies, where
the thickness per cycle during PEDOT oMLD was limited by §6QEven when growth was
limited by SbC4, we observed good uniform deposition under MLD conditions at 100 °C in our
tubular hotwall reactor system. For a deposition thicknesB2® nm, the thickness across the 2
cm wide and 10 cm long growth zone was uniform withi# &m. Repeating the process in a
second custom reactor with the similar design also showed goodmuityf@20 + 3 nm) across the

2 cm wide and 30 cm long growth zone.

We further tested film growth on-$i and SiQ at different deposition temperatures. Using
fixed reactant dose conditionise(, the same as used at 100 °C for the samplégyure 3.2a),
increasing the deposition temperature to 125 and 150 °C led to a net decrease in growth rate on
both SiQ and SiH (Figure 3.9c). This trend is consistent with other MLD processes and is

correlated with an increased rate in reactant desorption at highpertores.* - 3°: $/d 41
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difference in growth rates on Si@nd SiH was most pronounced at 100 °C, so this temperature

was used for subsequent tests.

150 . . . . 150 -
Si0, e~
,\1207(3) a7 A120_(b)
: o E
% 200 0.32nm/cycle ,7® o 0
0 - N
g 60 . 2 60 .
S "* Si-H -7 § T f Si0,]_ ]
S ‘e B = 0.12 nm/cycle’ -
~ 30 K. - I F 30l e
o'y bk o877 %S,
Oss -2 ", . rd Olpdds = — - 4 — - -7 - - 7
0 100 200 300 400 0 100 200 300 400
Cycles Cycles

Figure 3.2 PEDOT film thicknessvs MLD cycles at 100 °C on Siand SiH using (@)
SbCKE/N2/EDOT/Nz = 0.5/60/2/60 s and (b) SkdN/EDOT/N; = 0.1/60/2/60 s. The dashed lines

are fits to an analytical model described in the text.

Film thickness on Si@after 200 and 400 cycles at 100 °@hwSbCk dose = 0.1 s was
measured by SE, crossctional SEM, and XRR. The cressctional SEM images iRigure
3.3a,b show 18.2 and 44.3 nm after 200 and 400 cycles, respectively, which are reasonably
consistent with 16.8 and 47.4 nm measured by SE1@ridland 48.4 nm determined by XRR.
(Table 3.2). The films deposited on Sg@nd StH at 100 °C were also analyzed by XPS, and the
spectra collected in the sulfur 2p region are showfignre 3.3c,d. (Additional XPS data can be
found inFigure 3.10andTable 3.3). On SiQ, a weak signal due to sulfur is observed after 50 and

100 cycles, with a stronger peak observed after 200 and 400 cycles. OfHha Beak peak is
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visible after 200 cycles, with a stronger peak present after 400 cycles. These results are consistent

with the thickness data Figure 3.2b, as well as plawiew SEM images ifrigure 3.11

(a) 200cy on SiO, (b) 400cy on SiO,

(c) on SiO, (d) on Si-H
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Figure 3.3 Crosssectional SEM images of films deposited on SiGing (a) 200 and (b) 400
cycles of MLD. XPS spectra ected in the S 2p region on (c) Si@nd (d) SiH after 50, 100,

200, and 400 cycles of MLD.
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3.4.2 AreaSelective MLD on Patterned Substrates

As shown inFigure 3.2b, at 100 °C with an Sb€tose time of 0.1 s/cycle, 200 cycles of
MLD PEDOT can produc®15 nmof deposition on a blanket Si@vafer with minimal growth
on SiH. Using the same conditions, deposition was performed for 200 and 400 cycles on Si
H/SiO; line/space patterns wifh3 & m-pitcka liséd previously in our I&b. 4 2Fifdre 3.4a,b
shows plarview SEM images, where the top portion of the frame corresponds to theaBddhe
bottom portion is the Si region. After 200 MLD cycles, a rough texture is seen on the, SiO
consistent with PEDOT growth. In contrast, on thédSegion, tle surface appears smooth with
no distinct nuclei visible. After 400 cycles, both regions show similar surface texture, consistent
with loss of selectivity and growth of PEDOT on the-5iThese results agree well with SE, XPS,
and SEM results ifigures 3.2 and 3.3, and3.11, showing highly selective nucleation and growth
of PEDOT on SiQvs.Si-H.

Crosssectional STEM images of the patterned samples after 200 MLD cycles are given in
Figure 3.4c,d. The images shoWw7.8 nm of PEDOT on Si§ with no visible miclei on the
neighboring SH surface. The corresponding EDX elemental mapigure 3.4e shows sulfur
(from the PEDOT) only on the Si®egion, verifying ASD of PEDOT on Sid¥s.Si-H. After 200
cycles, the PEDOT thickness &7.8 nm on the Si@region ofthe patterned substrates is
substantially smaller than tHgl7 nm thickness obtained under the same conditions on blanket
SiO, wafers Figure 3.2b). During ASD, reactant gradients are expected to develop due to surface

diffusion and spatially dependentactant consumption, leading to featalependent growth

rates?*4°
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(a) 200 cycles - Top view (b) 400 cycles - Top view
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Figure 3.4 Planview SEM images for (a) 200 and (b) 400 MLD cycles at 100 °C d#/SiO,
substrates. Crossectional STEM images for (c) 200 MLD cycles at 100 °C oid/SiO
substrates, (d) enlarged view of (c), and (e) EDX elemental mapping of the corresponding region.
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3.4.3 AreaSelective CVD of PEDOT on Blanket Substrates
As another test, we studied film deposition under CVD conditions. In this case, the EDOT

and SbQ reactants were allowed to flow simultaneously and continuously into the heated tubular
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reactor. At 100C, film growth was nonuniform, with substantial growth near the beginning of the
growth zone, consistent with facile reactant adsorption. Increasing the reaction temperature to 150
°C led to good uniform growth across the 30 cm length of the substrater olthe reactor
deposition zone. The improved uniformity suggests that for the reactant pressure and dose
conditions used, the higher temperature leads to a more optimized balance between the rates of

reactant adsorption/desorption and the rate of deposi
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Figure 3.5 PEDOT film thicknesws CVD process time at 150 °C on Si@nd SiH under 0.37

Torr. The dashed lines are fits to an analytical model described in the text.

Using CVD conditions at 150 °C, the film thickness was measured by SE after various
deposition times on blanket Si@nd SiH substrates, and the results ahown irFigure 3.5. On
SiOy, after a short incubation time, the film thickness increases linearly as a function of time with

a rate of 3.2 nm/s. On-&l, however, SE analysis shows no measurable PEDOT growth after 15
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s, with some growth after 30 s. The dashed lines correspondt tw &he island growth modét.

As shown in Figure 5, 15 s of CVD leads to no measurable PEDOTFldmSile the SiQ surface
showsD40 nm of growth. On both substrates, the surface of PEDOT films is fairly conformal
(RMS =0.180.58 nm), as shown ihable 3.4. Comparing the CVD results Figure 3.5 to the

MLD results inFigure 3.2, MLD achievedD15 nm of PEDOT ASD on Sibefore measurable
growth appeared on-$l, whereas the CVD process allowed more than 40 nm of selective growth.

A more detailed compeson of MLD and CVD results is discussed below.

3.4.4 AreaSelective CVD on Patterned Substrates

To fully explore the CVD process, deposition was also tested on nanosdai8iGi
line/space patterns using deposition times of 10, 15, and 30 s at 150 °“Chedafiebstrates
included coplanar SH/SIO; lines with SiQ line width of 130 nm, separated by exposed silicon
regions with a width between 130 and 500 nm. We also used topograpHitz8iSi line patterns,
with SiO; lines 0of D200 nm width andd100 nm thikness, spaced 200 nm apart on silidos,
200 nm haHpitch). On the coplanar $i/SiO; surfaces irFigure 3.6a,b, 10 s of CVD leads to
D29.5 nm of PEDOT on the SiQegions, with no visible nuclei on -&i. Likewise, on the
topographical features figure 3.6¢, the film thickness on the top and side of the;S§122.4
nm, with no PEDOT visible on &i. After 15 s of deposition, the coplanar feature&igure
3.6d,e show 36 nm of ASD PEDOT on SiQand Figure 6f shows 31.3 nm of ASD on the
nonplanar gsbstrates. After 30 s of growth, corresponding imagésgare 3.6gii show 78 and
82 nm of PEDOT on Sig) respectively. In the images, 30 s of deposition leads to visible nuclei

and bridging between features, indicating selectivity loss. On the patterned wafers, the values for
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film thickness correspond to a linear CVD growth rat®af6 nm/s on Sig whichis less than

3.2 nm/s obtained on blanket Si€ubstrates in Figure 5 using the same growth conditions.

HQ)'%I; ;?s:\ g g;;;%
. ; -J.I m“; ‘"h\(- %

Figure 3.6 Angledview SEM images of PEDOT CVD on-8i/SiO,-patterned wafers at 150 °C

for (aic) = 10s, (df) 15 s, and (§i) 30 s.

3.4.5Vertical vs Lateral Growth
On the planar substrateskigure 3.6, mushroom growth is observed, where the PEDOT
growth on the Si@extends laterally over the top of the adjacenHSegion.Figure 3.7 shows
the mushroom growth after 15 and 30 s of CVD in more detail. If the growth proceeds only on
SiO with a rate that is uniform in all directions, the distance that the lateratlgeotends on top
of the SiH is expected to be the same as the net vertical film thickness on theéA\&&D both 15

and 30 s, the distance of the lateral growth over tHd &igion coincides well with the total
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thickness on top of the SiOHowever, tle thickness of the overgrowth appears to be tapered,
whereas a uniform growth rate is expected to produce a more rounded edge. To fully understand

feature shape evolution during ASD, featdeppendent deposition rates should be considered.

Figure 3.7 Angledview SEM images of PEDOT CVD at 150 °C for (a) 15 s on a coplanar 130
nm SiQ/130 nm SiH line-patterned wafer and (b) 30 s on a coplanar 130 nnf4&3®nm SiH
line-patterned wafer. The PEDOT growth $i©, extends laterally over the top of the adjacent Si

H, and the distance of the lateral growth is approximately equal to the vertical growth thickness.
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3.4.6 Mechanism for PEDOT Selectivity on Si@s. Si-H

To understand the ASD results, aansidered several mechanisms that enable preferential
deposition of PEDOT on Sg¥s.Si-H. Based on the general deposition mechanishigare 3.1,
PEDOT film growth proceedsia reduction of the Sb&land concomitant EDOT oxidative
polymerization. Theffere, two possible mechanisms could account for the observed lack of
PEDOT nucleation on St vs.SiOz: (1) the adsorption energy for Se@Gh SiH is much smaller
than that on Sig@) leading to preferential desorption from the-Bis.SiO2 surface; and/dR) the
SbCk readily adsorbs on both-&i and SiQ, but on SiH, the adsorbed Sb species is unable to
oxidize the EDOT monomer, leading to preferential growth on.SiO

Considering the first possible mechanifigure 3.2 shows that decreasing the Sb@@ise
leads to less film growth, but the extent of selectivity hardly chamgest{e change in growth is
similar for both the Si@and SiH substrates), suggesting that a large difference in reactant
adsorption is not a key factor. For the second passiichanism, we used thermodynamic
reaction analysis (HSC Chemistry 781tp examine possible reactions for Sb®ith silicon and
silicon oxide. It is important to note that, in general, experiments do not always yield the expected
thermodynamic produttecause kinetic barriers may limit the rate of product formation. As shown
in Figure 3.12 when Sb@ is exposed to solid silicon, the overall reaction energetics favor the
reduction of the Sb&to form Si Cl bonds. On Si@ however, while some dispropamation of
SbCE may occur, the Sb€ls not expected to react with the silicon oxide surface. Therefore, a
likely explanation for the observed substrdégpendent PEDOT growth is that on theHS3urface,
the SbG3 promotes a redox reaction, chlorinatihg StH and reducing the Sb§&ib SbC). In the
reduced form, the adsorbed Spah the silicon is unable to oxidize the EDOT monomer, thereby

inhibiting PEDOT polymerization. On the Sipbhysisorbed Sb€remains available to oxidize
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the EDOT, thereby enabling PEDOT ASD. Further evidence to support the second mechanism can
be obtained from careful inspection of XPS result§igure 3.10y, where after 50 cycles of
PEDOT MLD, the XPS spectrum shows evidefaeSh present on the-&i. This indicates that
Sb adsorption on Sil is favorable, showing that PEDOT growth is likely impeded by the
reduction of SbGlrather than the Sb&adsorption difference on Si@nd SiH surfaces.

On the silicon surface, thedlhmodynamic analysis irigure 3.12also indicates the Sbhg|
can react with silicon to form volatile Sidji.e., silicon etching). To examine possible effects of
silicon etching, SH/SiO-patterned wafers were exposed to multiple doses of onlysSAEI
shown in the STEM image ifigure 3.13 extended SbElexposure led to silicon etching,
particularly in the region adjacent to the Sibe. The enhanced etching at the feature edge is
ascribed to excess Sh@vailable in this region. Since the Sb&lless reactive on the SiCxthe
SbCk adsorbed on Si©can move to the Sl region by surface diffusion and/or by desorption
and gagphase transport. As a result, the enhancedsSh&lincreases the extent of etching at the
Si-H/SIO, boundary. Other feata and shapdependent phenomena have also been ascribed to
surface and gaghase transport, which changes the local reactant concentration and

supersaturation during ASE#?

3.4.7 Quantified Selectivity and Comparison of MM3 CVD
While many methods are kwm for ASD using ALD, MLD, and CVD, direct
comparisons of ALD (or MLD) and CVD processes for ASD are not widely reported. The data in
Figures 3.2 and 3.5 allows us to estimate a value for selectivity, S, that can be compared for the
MLD and CVD processes. Selectivity is formally defined by the ratio of thermodynamic driving

force for nucleation on the growth and nongrowth surf&&&sCommonly, the drivig force is
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assumed to be proportional to nucleation rate, which in turn is taken to correlaté arithd>,
the surface coverage on the desired growth surface and the nongrowth surface, respectively.
Because the coverage on the nongrowth surface deperitds extent of desired film growth, the

selectivity is given as a function of the thickness on the desired growth s&face:)

YO M ; (Eq 3.1)

As shown in the equatio&(tgrowth) can also bestimated from the measured film thickness
on the growthtg = tgromth) @and nongrowthtf) surfaces. However, using the thickness values, the
value ofSwill be larger (.e., better) than the value obtained using the surface coverages.

To compare theelectivity for the different conditions studied, we utilized a quantitative
nucleation model and two figuresof méfiG=10 nm, defined as the sele
film thickness is 10 nm, antd=0.9, the deposited film thickness when seletstivé 0.9 (see
Supporting Information). The resulting values for selectivity obtained from the daguires 3.2
and 3.5 are summarized ifiable 3.1. Notably, we find that the selectivity for both the MLD and
CVD PEDOT processes is larger compared totnposvious reports of inorganic and organic
ASD 24252743 yrthermore, noteworthy is the total time required for these processes. For the MLD
conditions used ifrigure 3.2a,b, i.e,, 30 and 100 MLD cycles, respectively (not optimized for
process speedhe total process time w&60 and 200 minutes, respectively. In contrast, for the
CVD process irFigure 3.5, D10 nm of ASD PEDOT requires less than 5 s of process time. We
also investigated the relationship between $h&ial exposure time and PEDOT grédwate by
CVD and MLD processes irigure 3.10 Clearly, CVD enables a decrease in the bgbosure

time with a faster growth rate on Si€urfaces.
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Table 3.1 Quantitative Comparison of PEDOT ASlia MLD vs CVD.

Method Deposition Selectivity Approximate total deposition
Rate? Parameter time for 10 nm of ASD?

ts=0.0  35.4 nm

MLD  0.32 nm/cycle 60 min
S:lOnm 0.933
ts=00 35.5nNm

MLD  0.12 nm/cycle 200 min
Slenm 0.933
ts=0.9 55.4 nm

CVvD 3.2 nm/s 0.1 min

Slenm 0.989

aLinear deposition rate on the receptive S8drface from model fitd={gure 3.9).
PParameters are outputs from model figgure 3.9).
‘Timeestimated from graphs of thicknessaygle (or time) Figure 3.9) on blanket wafers using

the processes described (not optimized for process speed).

3.5 Summary

This work describes the inherent asedective deposition of PEDOT on Si@s. Si-H
surfacesvia MLD and CVD using EDOT as a reactive monomer and Sh€lan oxidant for
polymerization. Results confirmed that both MLD and CVD can induce preferential deposition of
PEDOT onto SiQ@vs.Si-H. The observed slow nucleation onFbiwas asibed to the reduction
of the SbQ4 on the SiH surface, thereby inhibiting oxidative polymerization. Using the film
thickness values measured by SE for MLD PEDOT at 100 °C on blankeasiCsiH surfaces,
a fit to a quantitative nucleation model indeathat the MLD process could achidy85 nm of

deposition with a selectivity of 90%e., tsood 35 nm. When the same pro
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applied to patterned line/spacetBSiO, substrates witb6 € m f uik,l P i & apdcs( O
separateth y 3 -H limes)Sléss net film thickness was obtained on,SiO
Using CVD conditions at 150 °C, we also observed favorable ASD of PEDOT ervSi&-H,
with overall selectivity that exceeded the selectivity by MLD. Specifically, using values of
thicknessvs.deposition time measured on blanket wafers, the model fit indicateD%batm of
ASD could be achieved &=0.9,i.e.,ts00d 55. 4 nm. When ASD was per
Si-H/SiO, wafers using CVD, the extent of film deposition was less than that observed on blanket
wafers using the same CVD conditions, but the decrease was smaller than that observed for MLD
processes.

Comparing the MLD and CVD processes, the CVD enabled bettectisgly than the
MLD. Particularly noteworthy is the difference in total process time needed. To achieve 10 nm of
ASD, the CVD process was more than 100 times faster than MLD under the process conditions
studied. This result suggests that for other ASBenmls, CVD processes may be better than ALD.
Furthermore, using patterned substrates with coplarEfSSO,-patterned regions, the extent of
lateral PEDOT overgrowth,e., Amushroomingodo was observed and
the PEDOT grew in théateral direction from the SiDover top of the adjacent -&l region
matched well with the vertical film thickness on the SiBowever, the crossectional shape of
the overgrowth appeared tapered instead of the rounded shape expected if the PEDOT grew
uniformly in all directions on the SiD
The mechanisms leading to the observed differences in film growth rates on the blanket and
patterned wafers and the extent and shape of mushroom lateral overgrowth were not well defined,
but they are likely relatedotsurface and ggshase transport effects previously described to

account for feature and sigependent deposition rates during ASH
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3.6 Supporting Information

3.6.1 Definition of SelectivityS(rowth)), and AreaSelective Deposition Figures of Merit

During areaselective deposition (ASD), a value for selectivisyjs formally defined by
the ratio of thermodynamic driving force for nucleation on the growth andgrowith
surfaces®4’Commonly, the driving force is assumed to be proportional teeatioh rate, which
in turn is taken to correlate with the fractional surface covetagersus reaction timeg.number
of cycles), so thaS=S(n) During ASD, we are usually interested in optimizing the film thickness
on the desired growth surfadgewtr, Which is typically measured as a function of cycles (or time):
tgowth(n). Therefore, selectivity is suitably analyzed as a functiorig@fin Stgrowtn= ( £del
) ) u(d)) dvhered: andd: are the surface coverage on the desired growth surface and the non
growth surface, respectively®4’To compare two processes, for any valu&efn, the process
that allows a larger value &is more favorable. A problem with this definition isattsurface
coverage is not always easy to measure. ThereSgfiewtn)is sometimes estimated from the ratio
of the film thickness on the growthi=tgrowin) and noRgrowth (t2=tnongrowtr) SurfacesS  a-t2( ( t
) ) 1Bte)) Itis important to note thdbr any values oth anddz, the value foiStgrowthy Obtained
using the corresponding valuestofndt, will be larger {.e. better) than that the value obtained
using the surface coverages.

Using the above equations, values $@jowth) can be obtained directly from experimental
data. The expected trend Bigrowtn) as well as insight into mechanisms for unwanted raticle
can also be obtained using an analytical model for nucleation and growth evolution summarized
below?38

Generally, a single Afigure of merito make

processe& As an example selectivity figure of mienive identify a target thickness on the desired
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growth surfacee.g. trowth= 10 Nnm and report the selectivity achieved at that thicknessS(= 10
nm). AS an alternative figure of merit, we select an example target selecti\gtyS = 0.9and
report the thickness on the desired growth surface for that target selectvitfg-o0.9. Using this
scheme, depending on the application, other target valuggof@r or S could also be used to

define other associated figures of merit.

3.6.2NucleationModel Description

The nucleation and growth evolution model follows a procedure described pretiSusly
to identify the expected trend for film thicknessdeposition cycle (or time) on the desired growth
and nongrowth surfaces. In the model, thenilthickness deposited per cycle, givenc?as
[nm/cycle] (for ALD or MLD), or [nm/s] (for CVD), is assumed to be uniform in any direction
and constant on any receptive surface. The valueGfas obtained experimentally as the
thickness/cycle (during ALDr MLD) or thickness/s (during CVD) during steady linear growth
on areceptive surface. For the results shown thisethe slope in the linear region of the thickness
vs.cycle (or time) during PEDOT deposition on Si@n the norgrowth surface, desition is
assumed to begin at randomly distributed nucleation sites which may be present on the starting
surface, and/or generated during the deposition process. The density of nucleation sites on the
starting surface is denoted M$sites/nnf] and the ate of nucleation site generation is denoted as
& [sites/nnt cycle] (during MLD) or [sites/nis] (during CVD), and the values dfandd are
fitting parameters in the model.

When deposition begins on the agrowth surface, the model assumes thantietei grow
as hemispheres with radius increasingfiim/cycle]. As nuclei grow, the coalescence is modeled

using the Avrami formalisfi?®to obtain values for surface coveragecycle (or time). Integration
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of the surface coverage gives the net volume of material deposited on the substrate surface. The
film thickness is defined to be the total volume of deposited material per unit area of the planar

substrate surface.

3.6.3 Model Ftting and Results

The value of akEfirst is determined by fitting the measured thicknessycle (or time)
on the growth surface. The values foNbnd/oré are adjusted until the model output provides a
reasonable visible match to the thickneatadn the nogrowth surface. The values df andd>
versus cycle or time are used to calcul@tgowtn) For simplicity, the fits reported here were
obtained by adjusting the value Mfwith & = 0. Fits were also examined by settig 0 and
adjuging &, and the resulting fits showed similar overall trends. To better distinguish the
mechanism for unwanted nucleatione (nucleation sites on the starting Rgrowth surfacers.
nucleation site generation during deposition) the fitting require® ragtensive data sets and
systematic model output analysis.

Thickness/s.MLD cycle measured by spectroscopic ellipsometry (SE) fayare 3.2 is
replotted inFigure 3.9, including lines from the model fits. The corresponding plotSgbwth)
are alsshown, calculated usird) andd> (solid lines) and: andtz (dashed lines). As noted above,
the dashed line usirtgandt. overestimates the values®fThe solid red dots are the valuesSof
calculated usindz andt> measured by SE. For small valuestiondt,, the accuracy of the SE
measurement tends to skew the value$§fgiving values that are much smaller than the expected
model trend.

For the MLD data using Sb&k 0.5 s/cycle, the fit in Figure 2 and 8drresponds téE=

0.32 nm/cycle, antf'= 1.3x10° sites/nm, with & = 0. If nucleation sites are present on the starting
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nongrowth surface, we expect that changing the deposition conditions should not substantially
change the value of Therefore, tdit the thickness data obtained using S€D.1 s/cycle, we

first fit the growth rate on Si©and obtained téE= 0.12 nmé¢ycle andcalculated the expected
thicknessvs.cycle on SiH assumind¥ = 1.3x10° sites/n, i.e. the value obtained when SkG

0.5 s/cycle. The resulting model outputHigures 3.2b and 3.% agree reasonably well with the
measured data. Likewise, the data collected under CVD conditions was also fit using the model,
giving ££= 3.2 nm/s. Then, using the same valueNor 1.3x10° sites/nn3, the output thickness

on SiH was larger than obsestt experimentally. A reasonable fit was obtained ubfrg5.0 x

10° sites/nm, i.e.a smaller number of nucleation sites. Since the CVD process is much faster than
the MLD process, the smaller value ffor CVD suggests that nucleation site generatitay

be important. However, as noted above, unambiguous analysis of the nucleation mechanism will
require more data to obtain more accurate fits. The figures of merit V&lues and ts=o9

corresponding to these data sets are givdrabie 3.1.
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Figure 3.8 PEDOT ASD experimental results along with model output fits using (a) MLD with
SbCE=0.5 s/cycle at 100 °C, (b) MLD with Sh{G1 0.1 s/cycle at 100 °C, and (c) CVD conditions

at 150 °C. The model parameters corresponding to the resulting line fits are also given for each

data set.
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Figure 3.9 The effect of reactant dose times aj SbC4$ and (b) EDOT orPEDOT growth on

Si0Gzat 100

. EDOT dose was held constan®.0 s for (a) and Sb&dlose time was held constant

0.5 s for (b).Dashed lines in (a) and (Aye drawn as guides to the efganel (c) shows the

thickness/cycle at dérent temperatures using the dose conditions indicat#ddata were

measured by spectroscopic ellipsometry and the erravdsairomthe standard deviation of three

separate measurements

Table 3.2 PEDOT thickness 08I0, measured by SE, XRR and SEM. Films were deposited on

SiOz at 100 °C using Sbe/N2/EDOT/N; = 0.1/60/2/60 s.

Thickness (nm) measured by:
MLD Cycles
SE X-ray Reflectivity | Crosssectional SEM
200 cy 16.8 nm 19.5 nm 18.2 nm
400 cy 47.7 nm 48.4 nm 44.3 nm
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Figure 3.10 High resolution XPS scans ¢(d) Cl 2p,(b) C 1s(c) Sb 3d/O 1s, (d) Si 2pn SIG

substrates ange) Cl 2p,(f) C 1s,(g) Sb 3d/O1s, (h) Si 2pon StH substrates for various MLD

cycles at 100 . To clearly see the peak change, each spectrum was offset oraxie Peak

positions were calibrated by referencing the adventitious C 1s peak to 2850te\that forthe

Sb 3d peak demvolution, Sb 3¢ and 3d;2 peaks were separated by 9.32 eV with a relative

intensity of 3 to 2
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Table 3.3 Elemental composition from XPS analysis. Values are given in atomic %.

Substratg MLD cycles| C 1s| Si2p| Sb3d| O 1s| Cl 2p| S 2p| F 1s

25 10.2{ 359| 14 |522| 04 | 0.0 | -
50 146| 32.7| 16 [493| 14 | 05| -
SIO: 100 269|251 18 [423| 18 | 20| -
200 609 3.1 | 39 |16.0f 7.0 | 9.2 | -
400 620 26 | 44 |16.8| 57 | 85| -
25 1678, 0.(4.|0.10. -
50 1255, 0.132)0.1]0. -
Si-H 100 (1553, 0.7]31,) 0. (0. -

200 [([23]46. 0.124) 2. 41.|1.

400 |43/]21.,, 0.326] 2. (6. -




(c) 400 cycles

(a) 100 cycles

(b) 200 cycles

Figure 3.11 Planview SEM images of PEDOT film®rmed usinga) 100, (b)200, and(c) 400
MLD cycles on SiQand SiH at 100 . After 100 cycles o18iO,, panel (ashows nonuniform
surface structure, consistent with PEDOT nuclei. As MLD cyideease to 200 and 400 cycles,
the surface texture on tIf&0O, becomes more uniform, consistent withclei coalescence and
uniform growth. @ the Si-H substratesno PEDOT nucleare observed aftet00 or200 MLD

cycles. After 400 cycles, whiteapticles appear on the surface, consistent REDOTnucleation
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measur ement s

scanned

over 2 X

2

Substrate CVD time (sec)| RMS (nm)
8 0.416+0.029
SiO; 10 0.461+ 0.007
15 0.500+ 0.016
0 (bare) 0.098+ 0.015
8 0.208+ 0.042
Si-H
10 0.582+0.643
15 0.179+ 0.087

€

m.

Table 3.4 PEDOT surface roughness on $#nd SiH by AFM. Each RMS is the average of three
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Figure 3.12 Thermodynamic analysiéHSC Chemistry 7.Jlshowing the expected equilibrium
species concentrations at 1 Torr at temperatures between 25 andfé@Qa) 1 kmol of Sg)+ 1
kmol of SbCkg); and (b) 1 kmol of Sigks) + 1 kmol of SbGdg). The plots show thebCk is

expected to react with sibo, but no reaction is expected 8i0;.
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Figure 3.13 Crosssectional SEM images of bare-I9i SiO; patterned substrates antbss
sectionalSTEM imageof the StH/SiO; patterned substrates after multiple doses of S@thout
EDOT exposureat 100°C. Sampleto-sample variation in the starting pattern production process
causes differences in tI&0, edge profile shape. TI®bCE doses led ttoss of silicon, with more
etching at thé&i-H/SiO, boundary region. The extent 8bCk exposure was larger than that used
for ASD of PEDOT shown irFigure 3.4 For this test, th&bCk doses were performed with
PEDOT coated on the inner reactor wallshea than the typicahl O3 prepared during chamber
conditioning. We find that the PEDOT on the reactor wall abs8h€3t during the dose period

and releases it during the purge, leading to a largers8lo€é than expected.
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Chapter 4 Area-Selective Deposition of Conjugated Polymers

4.1 Abstract

Areaselective deposition (ASD) plays an important role for advanced electronic devices
by using bottorrup selfaligned deposition. Specifically, ASD of organic materials can be utilized
for nucleation inhibitors, sacrificial layers, and-gap materialdor nextgeneration nanoscale
processing. This work introduces fundamental growth behavior of various conjugated polymers
including polypyrrole, polythiophene and polyaniliwia oxidative molecular layer deposition and
chemical vapor deposition. Effectspgrocess parameters on film properties are described and ASD
behavior of different polymers are quantitatively characterized. This finding offers a fundamental
understanding of conjugated polymer depositions and a new perspective for developing organic

ASD capabilities.

4.2 Introduction

Areaselective deposition (ASD) of polymers provides higlality organic films with
nanascale thickness precision. ASD of polymers can be generally obtained by chemical vapor
deposition (CVD) and molecular layer depositidfiLD). Selective polymer deposition is based
on chemical specificity led by substratependent physical or chemical adsorption. Since the
smallest feature size of the semiconductor transistor approaches 5 nm regime, ASD of various
organic materials can lmme of the promising candidates to overcome the limitation of the current
photolithographic alignments. Specifically, selectively deposited organic films can serve as
nucleation inhibitors, blocking masks,-giap materials, and low materials to addresise critical
dimension error, lin@dge roughness, chemical mechanical polishing overburden, and high cost

of extreme ultraviolet (EUV) processgs.
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In a range of fields including naredectronics 1! biomaterialsi>*3and catalyst**>ASD
of polymers has been investigated. Previous ASD of polymers include {pblg@ylene
vinylene)(PPV), parylene N, parylene C on hydroxyl silicon oxideQ[8) vs.transition metals,
and poly(azomethine) on-8iH vs.hydrogenrterminated silicon (SH) by CVD processe¥:!1:16
ASD of polyured/® poly-p-xylylene!® silicon oxycarbide (SiCO), poly(3,4
ethylenedioxythiophene) (PEDOY)polyimide'® and polyamidé was demonstratedia MLD
processes by passivating the rgrowth surface with organic inhtbrs. InChapter 3, inherent
PEDOT ASD was achieved on-6H vs. Si-H using 3,4ethylenedioxythiophene (EDOT)
monomer and antimony pentachloride (S)Qlsing oxidative MLD and CVD processes.

Significant improved ASD of PEDOT can be obtained by CVD (80 vs. MLD (~8 nm) as

shown inFigure 3.4-6 due to the fast reaction by CVD processes. This result indicates that similar

ASD could be achieved for different conjugated polymers using the oxidative polymerization with

different monomers and tleameoxidart (SbCk). This works shows ASD of various conjugated

polymers including polypyrrole (PPY), polyaniline (PANI), and polythiophene (PTH). ASD is

compared using MLD and CVD processes, providing the comparative studies of monomer effects

on ASD of conjugategolymers.

4.3 Experimental Section

4.3.1 Substrate preparation

Boron-doped Si (100)-40Y A cwas used for substrates. The Si wafers were cleaned by

piranha solution (bD2:H2SQy=1:1 volumetric ratio) for 15 min, rinsed with deionized (DI) water,

and dried with M gas. To prepare for hydrogeéerminated Si (SH), piranhacleaned Si wafers
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were dipped for 30 s in dilute hydrofluoric acid (HF, 5 vol%, Sighidrich), followed by DI

rinsing, and dried with Ngas.

4.3.2 Reactor and Process Sequence

Conjugated polymer depdisin was conducted in a honbilt tubular hotwalled
isothermal viscouiow ALD reactor of 60 cm length and 4 cm diameter under constant
temperature (25 25 0 ) usi ng Pl D Fgare 2.X dighlperity snitrogem o w n
(>99.999 %, Arc3 Gases) wased for purge gas and purified using an inert gas filter {Gate
Keeper, Entegris). The base pressure of the reactor (WALDO) wa8 &0rorr and the working
pressure was 1 Torr with a carrier gas flow rate of 135 standard cubic centimeters per minute
(sccm)

The EDOT (3,4ethylenedioxythiophene, 97%, Alfa Aesar), aniline (99.8%, Fisher
Scientific), pyrrole (98%, SigmaAldrich), thiophene (99%, Sigmaldrich) monomers and
antimony pentachloride (Sb$;199%, Alfa Aesar) were used as received without further
purification. All materials were transferred into glass and stairdessl vessels in a nitrogen

purged gloveboxTable 4.1shows the basic chemical information of monomers.
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Table 4.1 Basic chemicaproperties of different monomers.

Molecular Vapor
weight pressure (Torr Monomer Structure Polymer Structure
( g Ao | at 25
EDOT 142.2 0.28
Aniline 93.1 0.73
Thiophene 84.1 81.7
Pyrrole 67.1 12.2

Considering that the vapgrr e ssur e of aniline is 0.73 Tol
EDOT, the aniline monomer was heated betweeii 800 with diregdss fl ow
EDOT monomer was heated at 80 with a .bubbl e

Pyrrole and thiphene veredelivered at room temperature with direct flow over efgs due to

the high vapor pressure. All ALD processes were controlled by a custom LABVIEW program.
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Before the film deposition, sample substrates were loaded into the rector for 30reachdhe
thermal equilibrium with the chamber temperativetethat for the SbG| the heating temperature
varedb et ween 40 averht the Game heatingdtemperature, the actual dose of the
SbCk was dependent on the reactivity of the oxidameréefore, a very careful control is needed to

deliver a consistent dose of the Sh@hctant.

4.3.3 Characterization Methods

In-situ quartz crystal microbalance (QCM) was used to understand the growth behavior. 6
MHz gold-coated crystal (Inficonwas used with a QCM probe body (Kurt Lesker) and a control
box (TM-400, Maxtek). Before the measurement, the QCM probe was loaded into a reactor under
a steady Nflow at least 120 min for stabilization2lackside purge was used to protect the rear
side of electrical contact with 42.%cn of No flow. The measured resonant frequency of the
crystal was converted to mass change per an active surface are@)Yngiom the Sauerbrey
equatior?®?*For the data conversion, MATLAB was used to calculateétenass gain per cycle
(CVD time). The thickness of conjugated polymers was measured by ex situ spectroscopic
el | i ps o m&E dligsonfeterEl,A. Woollam) with an incidence angle of 70 ° and a spectral
range of 300900 nm. Given that the structuoé PPY, PANI, and PTH is analogous to PEDOT
(conjugated polymer), the same SE model used for PEDQGMhapter 3was employed for fitting.
X-ray photoelectron spectroscopy (XPS, Kratos .
gun was used to analy#iee chemical composition of the films. Peak positions were calibrated by
referencing the adventitious C 1s peak to 285
measured with a foypoint-probe (RM 3AR, Jandell) with 1 mm probe spacing=1 mm). The

sample size is ~1 cm x 1 cmh£ 1 cm) and the correction factor of 4.5324 with V/I was used to
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calculate the sheet resistance. Note that for more accurate correction factor, the relationship
between the film thicknes$ (the probe spacingg), andsample sized) should be considered??

Fourier transform infrared spectroscopy (FTIR, Nicolet 670dRETThermos Scientific) with a
deuterated triglycine sulfate detector was used to characterize the film composition. The
measurements were opa@maitin transmission mode with 200 scans at 4 casolution from 4000

to 400 cm' with a dry air purge.

4.4 Results and Discussion
Polypyrrole (PPY), polythiophene (PTH), and polyaniline (PAMgt)e depositedy using
pyrrole, thiophene, and aniline monomers witle SbCE oxidant through MLD and CVD
processes. The basic growth behavior of PPY, PTH and PAddsisribed and ASDproperties

are characterized

4.4.1 Polypyrrole deposition

Based on PEDOT ASD on-8H vs.Si-H surfaces inChapter 3, agrowth ofpolypyrrole
(PPY)was tested using pyrrole monomer and Shxidant. QCMwas used for confirming the
growth by CVD process in which the monomer and $@le simultaneously deliverefligure
4.1shows the mass uptake for the PPY growth by CVD for 60 s. As a control experiment, the mass
changes during only pyrrole or Ske@bse are also shown. While no mass change is observed for
the pyrrole dose, slight mass increase of ~ 50 ngiemeasured fothe SbCGJ dose, led by the
physisorption of the oxidant on the surface. Compared to the control experiment, the big mass

increase of ~12000 ng/&is obtained during the PPY CVD growth. Immediately after the doses
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of the reactants, the unreacted reastasetre removed by the purging gas, showing gradual mass
decrease and after 120 s of the purge, the mass change reaches plateau.

The effect of reactant dose time on net film growts studied for MLD processes at 125

I n t hi s sanepnolesourckwveere Sh€l d at 50 and 25 ,
thickness of PPY films on SDH substratesvere measured by SE. Data Figure 4.2a
corresponds to various Sk@ose conditions : Sb&N2/Pyrrole/N> = x/10/2.0/10 s for 200 cycles,
with x adjusted beteen 0 and 4.0 s anéigure 4.2b corresponds to various pyrrole dose
conditions: SbGIN2/Pyrrole/N = 1.0010/&/10 s for 200 cycles, witk adjusted between 0 and 4.0
s.Figure 4.2cdisplays that increasing purge times decrease the net growth rate. Considering that
the reaction of oxidative conjugated polymer relies on the physisorption of &i@ant on the
surface, the physisorbed SkGkidantwould begradually desorbed with ¢hlonger purge time,
resulting in lower net growth rat€he effect of the reactant dose times on PPY gralstrates
that the PPY growtlis softsaturated behavior: in particular, the Sh@se time and the purge
time are critically important to detmine the net growth rate. Even though the resultBigare
4.2a,bseem to beaturatedthe growth rate largely chardyeith different purge time and Sb(l
dose time. In general, the growth behavior of conjugated polymers studied here (PEDOT, PPY,
PANI ard PTH) by vapotbased oxidation polymerization using tB&Ck oxidant exhibited
similar trend, implying that controlling of the SkClose is a key factor to achieve more
reproducible results. One conditiaras used to observe the growth as a functiombb cycles
in Figure 4.2d SbCKN2/Pyrrole/N = 1.010)2.01 0 s at 125 . The resul

growth rate of 0.6 [ cycl e.
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held constant at 1 s for (b). The effect of purge time on the growth rate of PPY. PPY thickness at
125 as a funct i -©H. SkCandpyridle dogewdreehsld constanSait 0.5

and 0.5 for (c), and 1 and 2 s for (d), respectively. Alkingssesvere measured by spectroscopic
ellipsometry and the error barasfrom multiple sets average. Linegre drawn as guides to the

eye.
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Figure 4.3 displays the temperature dependence of PPY growth-@HSvy MLD and
CVD processes. MLD and CVD proseswere conducted in the same reactor, and the only
difference between MLD and CVD processewhether the reactantgere delivered separately
(MLD) or simultaneously (CVD). The condition of MLD experimavas SbCi/No/Pyrrole/N =
1.0/20/2.0/10 s with \aried MLD cycle and temperature. The thickness of PPY films eDHbi
significantly decreases with increasing MLD temperatur€igure 4.3a This phenomenon is
widely reported in MLD processes, ascribed to faster monomer desorption at higher
temperature$?+2® Furthermore, the Sb€bxidant would belecomposedt higher temperatures
From this regard, the lower growth rate of PPY with increasing temperatures can be explained by
both pyrrole monomer desorption and Sp@kcomposition. For the CVD processehe
deposition timavas fixed at 15 s with various temperatufggure 4.3bshows that plateau growth
is observed between 100 and 200 , Whereas th
This is associated with fast condensation reaction at 25wh er e most of —r eact
reacted near the inlet of the reactor and fast desorption of the reactants at higher temperatures
where no reaction occurBigure 4.3cindicates the substrate boat used. Note that the size of the
main chamberg0 cm lengh and4 cm diameterand the boat (30 cm length and 2 cm width). For
each run, three set of samplesre loaded with distance of 9 cm to study the thickness gradient of
the reaction. IrFigure 4.3b, the error bar at lower chamber temperatures increasggesing
that the condensation reaction becomes dominant with decreasing temperature. In order to obtain
more uniform growth with higher net growth rate, 15 0 0 woul d be reason

depositionvia CVD.
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Figure 4.3 (a) PPY film thickness as a function of MLD deposition temperature -@HsSusing
SbCHE/N2/Pyrrole/N = 1.010/2.0/10 s. (b) PPY film thickness as a function of CVD deposition
temperature on SDH. The CVD deposition time drthe working pressungere held at 15 s and

1 Torr, respectively. For both MLD and CVD processes, thesa@dlpyrrole source temperatures
were hel d at 50 an(@)TRée sampleserelsaged with distaede pf.9 cm to
test the thicknessrgdient of the reactorAll thicknesseswere measured by spectroscopic
ellipsometry and the error baras from multiple sets averageneswere drawn as guides to the

eye.

FTIR was used to confirm the film composition by MLD and CVD at different
temperatires as shown ikigure 4.4 To clearly observe the signal of the film outtbe StOH
substrate, all the spectra were normalized by tHgi feak at 610 crhwhich is the largest peak

and subtracted to the spectrum of bar®8i The spectra of film deposition at lower temperatures
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50125 ) exhibit characteristic PPY peaks incl
and 911 crt.?2*3 The bands at348 and 1477 crhare corresponding to-C stretching vibrations
and GN stretching vibrations of the pyrrole rings, respectively. The band at 1293 attributed
to C-H or GN in-plane deformation modes. The peak at 1189 émdicates the presence of
breathing vibrations of the pyrrole rings-HCand NH in-plane deformation vibrations are
observed at 1045 ctnThe peak at 911 chis due to GH out-of-plane deformation vibrations of
the ring. With increasing temperatures, the PPY peaks becomeslfyradualler illustrating that
thestructure of the PPY films chardje

Figure 4.4ashows the photographic image of profilometer measurement. To verify the
accuracy of the thickness data measured by SE, the profilometer was used. Step height was made
by removing the PPY films from the Si substrate with the end of a tweezer. While the smooth step
curve is observed for PPY fil m dobspreedarPRYd at 5
films deposited at 150 . T hi sositedsPPYfins and 8i t he
substrates at higher temperature, which is associated with the structure change observed in FTIR
spectra inFigure 4.3 Table 4.2i ndi cates t hat the thickness of
measured is 38.3 nm, consistent with thekiféss of 33.6 nm measured by profilometer. In
addition, the conductivity of the PPY film at
conductivity of PPY film deposited at higher
to the structurehange in the band between 1600 cm' in the IR spectra. IR spectra also show
that the background of absorption near 40@D00 cm! for conductive PPY films is higher than
non-conductive films® This could be due to the electron scattering (Druaelet) at higher

vibration energy.
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Figure 4.6andTable 4.3show high resolution scan of C 1s, N 1s, Cl 2p and Sb 3d/O 1s
for PPY films by CVD at different temperatures. Peak positions were calibrated by using the
adventitious C 1s peak to 285.0 eV. For a peak deconvolution between O 1s, Sb 3d5/2, and Sb
3d3/2,Sb3ds2 and 3d)2 peaks were separated by &€V with a relative intensity of 3 to. No
noticeable change is observed for C 1s, N 1s and Sb 3d peaks at different temperatures in terms of
peak shifts and atomic composition except relatively higher Shioatiloe film deposited at 50 .
Cl 2p peaks show a significant intensity decrease of ¢4 2p198 eV with increasing deposition
temperatures, suggesting that @ncentration decreas&s> This is consistent with FTIR and

conductivity results ifrigure 4.4andTable 4.2

The surface roughness of PPY films orC&il was characterized by AFM. Compared to
RMS of bare SOH (0.13 nm), the PPY films are conformal (RMS = 0.23%1 nm) inTable 4.3.
The largest RMS value (2.51 nmpistained or PPY fi |l ms deposited by

that the fast condensation reaction becomes dominant with decreasing temperature.
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Table4d2The conductivity and thickness of PPY fil

measurement, SE and profilometesre compared.

PPY CVD 5 PPY CVD 1!
Conductivity (S/cm) 18 Out of range
Thickness by SE (nm) 38.3+15 N/A
Thickness by profilometer (nm 33.6+1.8 Candét mea
nm nm

30 10

ofilometer Scan area |- (b)PPYCVD305C LiRRatEs e

w [

40 nm

| |
o M

-10
0
9 # i 0 ™ % 50 100 150 150
um

um

Figure 4.5 (a) Snapshot girofilometer scan region, and step height measured by profilometer of
(a) PPY CVD at 50 and (b) PPY CVD at 150
with the tweezer. Panel (b) shows a clear step height whereas panel (c) shows no stepéeight

to the strong adhesion of deposited film on the substrate.
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Figure 4.6 High resolution XPS scans of C 1s, N 1s, Cl 2p, and Sb 3d/O 1s after PPY deposition
on StOH at different CVDtemperatures. For a peak deconvolution of Sb 3d and O 1s, a peak

distance of 9.34 eV and a relative intensity of 1.5 between ShaBd Sb3el, were used.
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Table 4.3 Elemental composition from XPS analyaisd RMS values from AFM results for PPY

on StOH with various MLD and CVD temperatures. XPS values are given in atomic %.

Depa condition Cl C Si N SBed/ { O 1| RMS

18 MImD 50| 3. 62./0.7/10.| 4.4117.|058 6.
47 MInD 10| 8.5/67.[0.0/12.|] 1.7(10.][03XN 0.
14 MmD 15| 11./63.| 0.8 12.| 0.8]10.|04N a.
45 @WD 50| 2.4/62.|0.0/10.| 5.1(19.|2. 8120
48 @wD 10| 4.3/70./0.0/12.|] 0.8{12.|07HN 6.
42 @wD 15| 4.1/67.| 0.0/12.| 1.4]114.|05& 6
21 @wbD 20| 4. 63./0.0/12.] 0.6{18.|040N a.

(a) Bare Si-OH |

RMS =0.13 £ 0.07 nm

VRS0, i
Ry s Fow 9?;&.";

(c) PPY-CVD,200.°C

-
-

RMS = 0.41+0.01 nm

Figure 4.7 AFM images of (a) bare $)H, PPYdeposited on SDH by CVD processes at (b) 50

and

(c)

200

Each

RMS

v al
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S

t
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4.4.2 Polythiophene Deposition

Polythiophene (PTH) was deposited by using thiophene (TH) monomer ancbSio@ht.
Figure 4.8a, bshowthe thickness of PTH as a function of MLD cycles and CVD times. The MLD
process followed: Sb@N/Thiophene/N=0.51.000.1/1.0 s. The PTH deposition exhibits highly
temperatur@ependent growth: above room temperature, no deposition is observedhfbiliot
and CVD processe¥$.This would be due to the fast desorption rate of the thiophene monomer at
higher temperatures. Likewise, more desorption occurs with longer purge time, observing less net
deposition with increasing the purge time.

Figure 4.9andTable 4.4display XPS results of a PPY film by CVD for 45 s. Similar to
the Sb 3d/O 1s deconvolution of PPY films, the same split conditions were used. Considering the
thickness of PTH (15 nm), the smsiliconintensity of 1.27 at% is measured. The Pilid Ehows
good conformality (RMS = 0.41 nm) and high resistivity (out of range measured bgdimir

probe). This is also confirmed by the absence ob&the Cl 2p irFigure 4.9
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Figure 4.9 High resolution XPS scans of C 1s, Cl 2p, S 2p and Sb 3d/O 1s after PTH deposition
onSIOH at 25 . For a peak deconvolution of Sb

relative intensity of 1.5 between Shs3d@ndSb3d/, were used.
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Table 4.4 Elemental composition from XPS analysis and RMS values from AFM results for PTH

onSIOH at 25 by CVD. XPS values are given in

NY
@]
=

Deposition condition | C| S2gS 2Sb s3 O 1] RMS (

2,
®

15 nm PTH (¢ 216 |52.46| 1.27|10.16|] 8.80 | 25.15| 04

4.4.3 Polyaniline Deposition

Polyaniline (PANI) was deposited by using aniline (Ani) monomer andsIb@lant. In
comparison with pyrrole and thiophene monomers which were held at room temperature, the
aniline monomer was heated betweer840 with dir edgds.Fidguled®Wa over ¢
displays the purge time effect on net PANI growth. Analogous % &t PTH growth, PANI
growth rate decreases with increasing purge time, illustrating that the film growth is dependent on
the physisorption of Sb€loxidant. Note that the purge time effect on the PANI growth rate
becomes substantial at higher temperature( > 1 0 0 ) . I n order to kee,|
above 100 , t he pur gkgure 410k c Rigare 4.1l0bdeserides the 1 0 S
PANI growth as a function of MLD cycles using SBEGk/Aniline/N2=0.7100.71 0 s at 75
showing the | i near HRgureddbdndicatastthe temderatbre dependéncey c | e
of the PANI growth by MLD processes. The MLD conditions were followed: SgRAniline/N2
= 0.2/10/0.7/10 s for 50 cycles. The result shows $antrend with PPYgrowth, exhibiting lower
growth rate at higher temperatures due to the monomer desorption. For CVD processes, the
deposition time was held at 30 s with various temperatur€sgure 4.10d Significant large

thickness gradient is obsedre at 75 , whereas the growth rat.
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, consistent wi trigureRLBbYNote th& the grosvih Fatie ef PANh by CVD
i s extremely sensitive to source temperature
due to the fast reaction between aniline and SatCthis temperature window, therefore careful
temperature control required to achieve reproducible processes.

Figure 4.11 shows vibrational spectrum to evaluate the film composition at different
temperatues. The results depict characteristic PANI peaks at 3377, 3081, 1611, 1586, 1497, 1318,
1250, 1158 and 812 ch?>38 The peaks at 3377 and 3081 tshow NH stretching and ¢
stretching vibrational mode from aromatic ring. The bands at 1611 and 11¥7&emssociated
with delocalization effects of semiquinone radicalsCHC-) and CH in-plane ring
deformation/ringamine stretching vibration, respectively. Quinoid and benzenoid ring stretching
vibrations are confirmed at 1586 and 1497'cifihe spectrat 1318 and 1250 cfare owing to
C-N stretching mode of aromatic amine structureH Gn-plane/GH outof-plane bending
vibration of aromatic ring is observed at 812 ciNote that the thickness of PANI films deposited
at 25, 75, 1250,%900,d80nhm, Eespectivelys Duk  thinrieidthickness of PANI
film at 25 , the FTI R s p-©H dubstrate. GivéndhatSE maded ma i
fit is difficult to estimate thick PANI samples (> 100 nm), profilometer was used to measure
thickness of thicker films. The same samples were used for FTIR, AFM and XHgune 4.11-

13.

The surface roughness of PANI films or@H was evaluated by AFM as showrHigure
4.12andTable45 The fast condensati on efermaionihaving at 75
the height of ~ 400 nm and the RMS of 164 nm. Larger scan size (50 pum x 50 um) was used to

capture the | arge bubbler formation. Even at

|l eads to smoot her s ur feratares, more smooth/sGrfaces aredlisenred. g h e |
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Since the surface roughness increases with the rate of the condensation reaction, decreasing the
growth rate at lower temperatures would be helpful to obtain smoother PANI films.

High resolution XPS results are showrFigure 4.13 and Table 4.5No substantial peak
shifts are observed for C 1s, N 1s, and Sb 3d/O 1s, implying no chemical change with different
CVD temperatures. Howevet] 2p peak at 198 eV gradually decreases hiiginer temperatures,
leading to lower Cldopants. In terms of elemental composition, larger Sb components are
observed for the films deposited at lower temperatures. The large deviation of Sb ratio at different
temperatures is attributed to the tempertlgpendence of the PANI growth rate. Given that the
growth behavior of PANI films in the range of-Z55 mar kedly changes depe

temperature, careful process control is substantially critical to obtain reproducible film growth.
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Figure 4.10 (a) The effect of purge time on the growth rate of polyaniline (PANI) edtbat 25
Sslar@ laniline dose times were held constant 0.1 s. (b) PANI thickness as a function of
MLD cycles on SiOH a't 75 . The effect of (c) MLD an:
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) /2N 0.1/10/0.1/10 s. For (d), CVD process time was held at 30 s. All thicknesses
measured Y spectroscopic ellipsometry and the error Wwas from multiple sets average. Lines

were drawn as guides to the eye.
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Figure 4.11 FTIR spectra of RNI on doubleside polished SDH at differentCVD. All the
spectravere normalized by the $Bi peak (~610 crt) and subtracted to the bare@H spectra.

Same samplesere used foFigure 4.11, 12and 13.
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(a) PANICVD 25 °C B PanigvD 75 °@ (c) PANICVD 125 °C
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Figure 4.12 AFM images of PPY deposited on-GH by CVD processes &) 25 , (b) 75
and (c)125 . Each RMS wvalue is the aveFoa(g,eedinE t hr e

on 2D mapping indicates the linescan on the bottom of 3D mapping.
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Figure 4.13High resolution XPS scans of C 1s, N 1s, Cl 2p, and Sb 3d/O 1®Afddeposition
on SiOH at different CVD temperatures. For a peak deconvolution of Sb 3d and O 1s, a peak

distance of 9.34 eV and a relative intensity of 1.5 between $eBd Sb3el> were used.

Table 4.5 Elemental composition from XPS analysis and RMS values from AFM results for PANI

on StOH with various CVD temperatures. XPS values are given in atomic %.

Deposition condition| C | C 1Si N 1Sb s3 O 1] RMS (
10 @wD 25 1.2/46.[12.{5.7 8.0[|26.|1. 89301
500 Crvrirs 2.8/46.[000|6.113.{30.[16M16.
500 CWrl2 5 4.2/61.|/000(7.49 7.09(19.|0. i 7001
180 Cwvril 3 3.874./00[9.q 2.6{10.|0. 82003

105



4.4.5 Areaselective Deposition of Conjugated Polymers

To study the substratdependent growth of PPY, two different silicon wafers were loaded
into a reactor100 nm of thermally grown silicon dioxide (S)@leaned by piranha treatment, and
a silicon piece was treated with piranha cleaning, followed byugedtlF dip to form a hydrogen
terminated surface ($i). Figure 4.14ad depict the thickness of PPY as a function of MLD cycles
at different MLD temperatures betweenwd&5 and
SbCE/N2/Pyrrole/N = 1.0)10/2.0/10 s. All the results were measured by SE and each measurement
is the average of three different samples. Throughout all temperature regimes, less PPY growth is
observed on SH, which is similar with PEDOT ASD i€hapter 3. As the chamber temperature
increases, the growth rate on both surfaces decreases, decreasing the PPY selectivity between SiO
and SiH surfaces. In order to explore different substrate dependence of PPY growth, PPy was
deposited at 124, 150 nm of Sil, 5 nnmahTiNg &15/nm of Ru as shown
in Figure 4.14¢ showing similar growth with Si©substrates. Different substratescluding W
and SiC surfacewhich is not shown hera)so exhibit similar trend, illustrating that PPY growth
is only inhibited on SH surfaces. Haever, different growth is observed on Cu and Co substrates
due to the chlorination reaction between/@u and SbGloxidants.Figure 4.16 shows cross
sectional SEM of Cu substrates after Si¥posure. With the exposure of SbGh Cu surface,
35 nm of @ films are expanded to ~150 nm with forming GuCTonsidering the molar
concentration of Cu should be conserved, t/Mcu = teue* guck/Mcuek Where tu= 3 5 cuFm, )
8.96 glcm, cuj= 4.14 g/cm, cuwp = 3.39 g/cm, My = 63.55 g/mol, M = 98.99 g/moland
Mecuwei2 = 134.5 g/mol, respectively. If all Cu films were converted to CuCl and Cth@lthickness
would be 118 or 195.8 nm, respectively. This implies that the converted layer is composed of

CuCl/CuCh mixture (~6:4 ratio). To prevenhe fast chlorination reaction, barrier layer such as
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TaN would be necessary for the Sb®hsed oxidative polymerization. Otherwise, different
reaction using plasmanhanced radical would be helpful to bypass the undesirable reaction on Cu
and Co surface

Figure 4.14f shows the temperature dependence of PPY growth at different CVD
temperatures ranging from 50 to 300 . At | ©
selectivity on SiQvs.Si-H is small and depending on the sample position, higher PRMtyis
observed on SH vs. SiO,. This is associated with the fast condensation reaction, driven by the
reactor geometry rather than the chemical reaction propensity of the substrates. At middle
temperature regime (100 <btalhedon SAAE Si-H, kansistemt g h e r
with PEDOT ASD. At hi gher temperature regi me
decreasewing to the lower overall growth rate at higher temperatures. To compare the
temperature effect of MLD and CVD on PPYesslvity, a value for selectivity§, in Eq 1.1, was
implemented irFigure 4.15 The value ofS can be between 1 to 0, whe®e= 1 for the perfect
selectivity, andS = 0 for the full selectivity lossdg = db). In Figure 4.153 S was plotted as a
functionof the thickness of PPY at different MLD temperatures. For better ASD procesagss
should be near 1 as increasing the thickness of PPY films. While similar trend is confirmed at 75,
100, and 125 , t he sel ecti vi dgrowih rate @tphgler at 1
temperatured-igure 4.15bindicates the CVD temperature effects on PPY ASD. As illustrated in
Figure 4.14f three different regimes are confirmed for PPY CVD processes: i) no/reverse
selectivity on SiQvs.SirH ( T < 1 0 Og negatiye saleatiwity, i) good selectivity on SiO
vs.SrtH (100 < T < 200 ), and i1ii) poor selectiywv
films were achieved at 200 , but similar sel

that the A® temperature regime would change depending on the; Sbiice condition. Similar
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to PEDOT ASD processes, higher PPY ASD was obtained by &MMLD processes, attributed

by the fast reaction rate of CVD processes.
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Figure 4.14 Areaselective deposition (ASD) of polypyrrole (PPY) on 5iQ Si-H as a function
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H. CVD deposition timewas held at 15 s. All thicknessegere measured by spectroscopic

ellipsometry and the error batas from multiple sets average.

Figure 4.17 shows the summary of conjugated polymers ASD by CVD processes. All

monomers including EDOT, pyrrole, thiophene and aniline were polymerized by the SbCI

oxidant. Regarding PEDOT ASD on Si®@.Si-H, the delayed PEDOT nucleation onkbis due

to the SbGreduction on SH surfaces, showing 40 nm PEDOT ASD. PPY ASD indicates similar
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ASD behavior (~30 nm ASD) whereas lower ASD is obtained for PTH (~7 nm ASD) and PANI

(~ 5 nm ASD) growth. PTH and PANI growth are highly temperature dependent. For PTH growth,
the chamber temperature should be kept at 25
film growth, possibly decreasing the selective Slr€tuction on SH surfaces. For the similar
reason, PANI ASD is difficult to control. The growth rate éf\NR rapidly changes depending on

the source temperature of Sb@hd aniline. Below the threshold source temperatures which can

be varied at reactor temperature, no growth would occur on both surfaces, whereas rapid nucleation
would be observed on both stitates above the threshold point. More rigorous studies to find out
the relationship between the source delivery and the growth rate would be helpful to enhance PANI
ASD, but this work illustrates that PEDOT and PPY shows more reproducible and better ASD

compared to PANI.
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Figure 4.15 Polypyrrole (PPY) selectivity as a function of the thickness of PPY on &i(»)
various MLD temperatures and (b) CVD temperatures. Selectivity was calculated based on th

thickness data measured by spectroscopic ellipsometry and Eq. (1.1).

Figure 4.16 Crosssectional SEM images of (a) bare Cu and (b) after 50 cycles of(SHQD > ) / N
= 0.1/60 s) doses on Cu substrates. All scales are the same. Top right of each image shows the

photographic image of each sample, describing the surface color change.
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pulse CVD was used to improve the film uniformitll thicknesseswere measured by
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4.5 Summary

Basic growth behavior of a range of conjugated polymers including polypyRel€),
polythiophene (PTH), and polyaniline (PANVgs investigated by CVD and MLD processes using
various monomers and SkQixidant. The effect of reactants on net growth rate of PPY films
descriled soft-saturated behavior, illustrating that the film deposition rate relies on the balance
between reactant dose and purge time. In terms of purge time, shorter purgedinmecesary
for PPY (10 s), PTH (1 s) and PANI (10 s) to obtain reasonable growth rate compared to PEDOT
(60 s). Otherwise, longer purge time substantially decdetige growth rate. This is mainly
associated with the fact that the ShG@kidant sticks on the siace via physisorption during
oxidative polymerization, suggesting controlling the physiosorbed sSt@iant is critical to

obtain good reproducibility.

The film growth rate of PPY, PTH and PANI during MLD processes deateaik
increasing the reactotemperatures, attributed to the faster desorption of monomers and
decomposition of the oxidant at higher temperatures. In particular, PTH proces tgly

temperature dependent growth, requiring room temperature for deposition. For the CVD processes

of PPY, the growthratevas st eady bet ween 100 and 20 , wh
at 25 and 300 . This is due to fast condensat
be consumed near the inlet of the reactor and faster monomer desonpt at 300 . \
conductive PPY films (~16 S/crmjere achi eved at | ower depositior

non-conductive filmswere obtained at higher temperatures. This is also consistent with FTIR
results, exhibiting noticeable peak change abo®e 15 . The CVD procesls of P

large growth variation depending on temperatures, affecting film roughness and composition ratio.
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Due to the fast growth r avesel6élam reldtige to~, 1 ninhte sur
different temperature®espite different surface roughness and Sb atomic ratio, the FTIR peaks
were independent on different temperaturesi(157 5 ), showing good thern

films.

Areaselective deposition (ASD) of PPY, PTH and PAN studied. While the nuaéon
of PPY filmswas observed on various substrates including; SR, lowk, TiN, SiN, W, and
SiC, the film growthwas impeded only on Sil surfaces, consistent with PEDOT ASDOhapter
3. This is explained by the selective Sb@duction on SH suface. Undesirable chlorination
reaction occtred on Cu and Co by reacting with Sk@Ixidant. A value for selectivity§, was
employed to evaluate PPY ASD on $i@. Si-H by MLD and CVD processes. PPY ASD by
MLD decreasd a t hi gher t e mp eCGVD tyieldedbettér PBYOASD jhan aMhd
processes. For CVD processes, ASD behavior dramatically ahaegending on the chamber

temperature, potentially beneficial for controlling selectivity.

Compared to PEDOT ASD of 40 nm on $¥3.Si-H, similar ASD of 30 nmwas achieved
for PPY, whereas lower ASD of 7 and 5 mvas obtained for PTH and PANI, respectively. The
underlying reason of poor ASD for PTH and PANI films would be a difficulty to control the
chemical reaction. Regarding PTHogith, temperature restriction which should be near room
temperature resdtlin the fast condensation reaction, decreasing the selective ®dGttion on
Si-H surfaces. From a similar perspective, PANI growft#s challenging to achieve reliable
growth rde. More systematic studies to control the reactant delivery and growth rate would be
helpful to improve ASD of PTH and PANI films. Overall, this work provides an important insight

into developing various polymer ASD using MLD and CVD for botiopnnanosda fabrication.
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Chapter 5 Multimaterial Self -Aligned Nanopatterning by Simultaneous Adjacent Thin
Film Deposition and Etching
The following work is a reprint published ACS Nan@®021, 15, 12276 12285.S.K. Song
and J. Kim are cdirst authors on this work and J. Kim contributed to Tungsten deposition and

thin film characterization using TEM.

5.1 Abstract

Printed component sizes in electronic circuits are approaching 10 nm, but inherent
variability in featire alignment during photolithography poses a fundamental barrier for continued
device scaling. Depositiebased sefalligned patterning is being introduced, but nuclei defects
remain an overarching problem. This work introduces-temuperature chemicallgelf-aligned
film growth via simultaneous thin film deposition and etching in adjacent regions on a
nanopatterned surface. During deposition, nucleation defects are avoided in nongrowth regions
because deposition reactants are locally conswmaesicrifidal etching. For a range of materials
and process conditions, thermodynamic modeling confirms that deposition and etching are both
energetically favorable. We demonstrate nanoscale patterning of tungsten at 220 °C with
simultaneous etching of TiO Area séective deposition (ASD) of the sacrificial TiQayer
produces an orthogonal sequence for-akifned patterning of two materials on one starting
patternj.e, TIOoASDon SiQf ol | owed by W ASD on SiTH. Exper.
selfaligned delectric patterningvia favorable deposition of AF-on Al,Oz at 240 °C with
simultaneous atomic layer etching of sacrificial ZnO. Simultaneous deposition and etching
provides opportunities for loemperature bottorup selfaligned patterning for electnec and

other nanoscale systems.
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5.2 Introduction

The smallest printed features in semiconductor manufacturing are currently less than 15
nmZ! Continued scaling poses significant problems in material patterning and feature alighrhent.
Techniques to create small features are-delleloped, but a key barrier is the limited ability to
control minute variations in feature pattern alignment. Desvare constructed with hundreds of
layers of patterned metals and dielectriagd achieving circuit performance requires the
conductors and insulators in each layer to be precisely registered as they form on top of each other.
Patterns that are misaligsh®y only a few nanometers (a distance correspondifg @oatoms in
crystalline silicon) can lead to faults including electrical shorts, open circuits, and excess
resistancéTo avoid metal diffusion-senrde®a d¢ taiblimiedtad mmper
to <400 °C2 putting stringent demands on surface chemical processes. Advanced 13.5 nm extreme
UV (EUV) lithography can address some of these challenges, but equipment costs are expected to
be substantial,especially when multiple EUV steps areeded. Also, alignment problems will
become more acute in future 3D devices being considered to overcome impending obstacles of
silicon memory density and computing energy consumption.

To overcome inherent variability and stochastics in lithography, selvalignment
methods are needed where the chemistry of the underlying surface can guide the placement of
overlying material layers. Sed#fligned ASD uses surface chemistry to promote deposition in
predetermined growth regions and minimize growth in @tjaoongrowth regions. At <400 °C,

ASD can proceed using chemical vapor deposition (CVDY drtatomic layer deposition
(ALD).' 27 48 these methods, the vapohnase reactants are generally selected to favor net
depositionj.e., the Gibbs freeenergyain ge f or deposi t i"6Howdves,theaegat i

strong reaction energetics is problematic for ASD because it leads to creation of unwanted
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nucleation defects. Surface passivation layers or other means can slow the rate of nucleation, but
unwantel nuclei eventually form, leading to undesired growth and loss eakgifment. During

Af reemdd processing, temperatures can exceed
used to sefalign the source/drain contacts to silicon channels. Usigly temperatures, defect
nuclei are effectively avoided by optimizing reaction thermodynafni€s! ® "For selective
silicon epitaxy, a single set of gphase precursors (often including a mixture of chlorosilanes,
HCI, and hydrogen) can allow favotabsilicon film growth on receptive regions, while, in
neighboring regions, the same reactants favor formation of only volatile silicon products, such as
SiChL.1*20 In this way, seHaligned selective epitaxy avoids defects using thermodynamically
favorable reactions that locally consume the deposition reactant in the regions where growth is not
desired.

Several vapor/surface exchange and conversion reaction mechanisms are known where
material deposition simultaneously liberates another volatile specid® aurface deposition
site? 2" 91t contrast, lowtemperature surface reactions that achieve simultaneous delocalized
deposition and etching in neighboring regions on a patterned surface are not well known.

In this work, we demonstrate letemperatur€<400 °C) seHaligned deposition using a
single set of vapephase reactants to achieve deposition in a desired growth region while
simultaneously etching a neighboring sacrificial surface in a nongrowth region. The primary
example reported here showsfdehiting ALD with simultaneous continuous chemical vapor
etching (CVE), and an alternate example shows ALD with simultaneotigyaétig atomic layer
etching (ALE). Akin to hightemperature selective epitaxy reactions, the resulting net deposition
is inherently seHaligned with the prepatterned starting surface because the etching reaction locally

consumes the deposition reactant, thereby avoiding unwanted nuclei.
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Starting with a patterned surface with ex|
TiO2 regions, we show that sequential exposures of &itd Wk at 220 °C produce setfligned
growth of tungsten only on the silicon, while simultaneously, on the neighboring thedWFks
preferentially reacts to form volatile W& and TiF, thereby avoidig tungsten metal growth. At
the reaction temperature, the deposition and etching rates are sufficient to avoid accumulation of
unwanted W metal until the sacrificial layer is consumed. By creating the starting pattern using
ASD of TiO; on SiQ,® we estalbish a primary experimental demonstration of multipiaterial
orthogonal areaelective depositioff. Using a combination of thermodynamic modeling and
experiments, we further show that saligned deposition and etching can be extended to a range
of other material systems and show experimental results confirming that depositionzof AlF

dielectric can proceed with atomic layer etching of ZnO.

5.3 Experimental Section

5.3.1 Substrate Preparation.

For all deposition studies reported hexach run waperformed using wafer pieces with
Si 1T Hifattedsand/ or separate bl anket Si 1T Hawaysd Si i
present in the deposition chamber. Surfaces ¢
silicon producing hydroxyterminatonwh er eas sur f ac e 30 daerse gtnlad rerda
oxidized silicon, al so with hiprchedoby glippingttleer mi n a1
Si TOH in 5% HF fhypdrogeB t@rmisation. Befareddepositiong lithographically
patterneds i T H 4 s8hist@tes were prepared by piranha cleaning ardipping of Si/SiQ. The

piranha solution was prepared by mixing 3@%arogen peroxide (electronic grade, J.T. Baker)

and 98% sulfuriacid (certified ACS plus, Fisher Chemical) with 1:1 volume ratio.

122



Aborondoped silicon (100) waf ercleaved intosn@alil 10 qlL
pieces (10 mm x 10 mm). These wafer pieces wiet@ned with the piranha solution for 15 min,
rinsed with deionizedDl) water, and stored in a DI water filled glass viahey served asur
oxidet er mi nated bl anket si |l i crinsed vatluDl svater antd éried ( Si T
with N2 flow.

Hydrogent er mi nat ed bl anket siplriepam e @ Sifir d)m 4 are
pieces described above by employingQas dip in5% HF solution, a 30 s rinse in flowing DI
water, and thedryingwithNoe. The SiTH substrat e sreast@ within al way
10 min after preparatio®i/SiC; line patterned substrates were prepared by photolithogragehic
etching of 100 nnthick thermally grown silicon dioxid€SiO,) on silicon wafers. The pattern
consists of long (>10 mnglternating linesof Sikand Si, each 3 em wide f
wafer was cleaved into small pieces (10 mm x 10 mm) and preipameztiately prioto loading,
as descri bed ab preparatidnoThe 280 nm Halftshapatterhed samples were

providedby industry and prepared in the same way.
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5.3.3TiO2 ALD/ALE Supercycles Condition.

TiO2 ALD was performed using 99% pure TigIStremChemicals) and deionizegater
(DI water), and the ALE was performed using 99.999% JVire (Galaxy Chemicals) and 99.9%
pure BC} (Matheson). ThALD/ALE supercycles were conducted in a custbuilt tubular hot
walled isothermal viscouflow ALD reactor,f ur t her n ooriefaicadras @whid@r
wall temperature (150 °C)and press(gré . 91 1. 1 Torr ) with 2JAAE sccm
Gases) asearriergas. One TEDAL D cycl e was spleef(0.1rs)¥ d Noarge (45T i ClI
s) XphiseQ. 05 spurYgeN ( 4eTi®OAbLEacgcl e wasegpusef i ned
(0.1 purge(Y4 N s );p¥| BEI cAusye Y( N5 s) 0. shpereycleli 02 A
consisted of 30 cycles of TigZH>O (for TiO, ALD) followed by 7 cycles of W&BCls (TiO2
ALE). The supercycles weperformed in a single reactor at a fixed temperature of 150 °C. Using
12 or 20 supercycles producBd 1.5 andD16.4 nm of TiQon Si 1T OH, respecti ve

than 1.9nmof Tion e x p o swfatesSi 1T H

5.3.4W ALD Cycles Condition.

W ALD, using 2% SiH (Custom GasSolution) and 99.999% pure WHRGalaxy
Chemicals), was performewl a separate custebuilt tubular hotwalled isotlermal viscoudlow
ALD reactor, further noti f i etdmperagure {280 °C)eandc t or O
pressure (2.071 2. 499P%% pure Aw(Arc3hgasds] & a sarier gas. ©@he W
ALD cycle wasd e f i nespausl sfeSi(H 5 es )( 4Y5 /Asip u pYs egFAr purge ) Y
(45 s)o. W film was deposhnnhedgoliv AL®pd0e@0sch
experiment, we first performedll.Oz ALD to initialize the internal surface of the hetlled

reactorand the surface of the@M crystal. Trimethylaluminum (TMA; 98%&trem Chemicals)
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and DI water were used for thex®s ALD to initialize the wall condition of the W reactor between
batches.Oneycl e of TMA/ H20 was defined( 4% SO MA kul

pulse (0.ls) Y Ar purge ( 4 3MAH® wereasedifor thé init@lizatione s o f

535l ntegrated Sequence of ATiIiAMI2DOALD/ ALE Y
Prepared bl anket Si 1T OH an dpdétenedsulssteatapweres a s

loaded into the Ti@reactor andallowed to reach thermal equilibrium for 60 min under 150 sccm
of N2 flow at 150 °C wall temperature. Ti}@ALD/ALE 12 or 20supercycles were performed for
TiO2 ASD on SiQ. Following TiG» ASD, the samples were removed from the readipped into
5% HFfor 5 s, rinsed with flowing DI kD for 30 s, and dried with Nflow in atmospheric
conditions to remove un dNexg ithesampleowele tbaded intothe Si 1 H
W reactor and allowed teeach thermal equilibrium for 30imwith 210 sccm of Ar flow at 220
AC wall temperature. Sub s ecgriedautat2g0°C tbfelectiely W AL I

deposit W film on SiTH.

5.3.6 HF/TMA Exposures on ZnO and ADs.
Hydrogen fluoride pyridinel§70% HF +D30% pyridine, SigmaAldrich) was used as the
HF source. One cycle of HF/ TMA exposgee( wassi
TMA pul sezp(ulr gse) (VYON s) o, and 15 cycles of HF/T
°C after either ZnO or ADs predeposition on QCM crias at 150 °C.
95% pure diethylzinc (DEZ) from Strem Chemicals and DI water were used to deposit ZnO

films on QCM crystals. One cycle of DEZB was defined as nA@mBZ pul s
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(60 s MuHse (Puninge)( &0 Ns) 0 DEZiHpOdexpbstire at@5p eCl es o
were performed before the HF/TMA exposures at 240 °C.

One cycle of TMA/ H2O0 was dedpiumrege o@D BTMA Yp
pul se (9pulr gsee (Y6N s)o, and 100 cycles of TMA/H

before the HF/TMA exposures at 240 °C.

5.3.7 Characterization.

For monitoring mass uptake on Li@r W films during deposition, a quartz crystal
microbalance probe (Kurt Lesker) with a 6 MHz gotwhted crystal sensor (Inficon) was inserted
into the reactor anétept in the reactor at least 120 min to be thermally stabilized. To avoid
deposition on the exposed electrical contacts, the backside of the crystal was purged with 25 sccm
of carrier gas flow during the measurement. In situ mass loading Hgv¥eas obtaied by
electronic data acquisition.

W or TiO; thickness was measured by ex situ spectroscopic ellipsometry -@ipha
ellipsomter, J.A. Wooll am) i rfintidertan@e8ACaBcBy0 n m
model provided from J.A. Woollam was usedcalculate the Ti@thickness.The values for W
thickness were estimated by correlating ellip
to film thickness®

Chemical composition of obtained Ti@nd W films was characterized using ex situ X
rayphot oel ectron spectroscopy (XPS, Kratos Anal
gun (operating at 15 kV and 10 mA). A neutralizer was used to reduce the charging effect. Survey
and highresolution scans were carried out for C 1s, O 1s, F 1s, dliZp, W 4f, W 4d, B 1s,

and Si 2p. Casa XPS software was used to process the collected raw data, and peak positions were
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calibrated with the adventitious C 1s peak as 284.8 eV. Theéggtution and survey scans were
used to obtain atomic concentraiso(at. %).

Angled and topview images of patterned samples were obtained using field emission
scanning electron microscopy (SEM, FEI Verios 460L). A fighrent Ga liquid metal focused
ion beam (FIB; FEI Quanta 3D FEG) was used to prepare samples for TEM. TledomaFIB
provided 7 nm resolution at 30 keV for the ion column and 1.2 nm resolution at 30 keV for the
SEM column. Prior to the Ifbut, samples were coated with a Pt capping layer with thickness of
D3.2 em. The Ga+ ionowtoumckO dasmusedi oo, miadoll
milling to D100 nm thickness using of 5 kV at 48 pA ion emission current. The TEM specimen
was then removed from the sample using a micromanipulator and placed directly onto a 3 mm
diameter Cu TEM grid. Crossectional images of patterned samples were collected by
transmission electron microscopy (TEM; FEI Talos F200X) operated at 200 kV with 0.12 nm
resolution. The TEM camera (ThermoFisher Ceta) acquired images with 4k x 4k resolution.
Energydispersive Xray spectrosqoy element mapping was performed using scanning
transmission electron microscopy (STEM). In STEM mode, the HAADF images were acquired
with camera length oD100 mm. The FEI Talos F200X TEM uses the Supd&DX system,
which is comprised of four ioolumn EDX detectors with a collection anglel0.9 sr. The typical
parameters for STENEDX used a beam current of 350 pA, and each EDX collection time

exceeded 5 min.

5.4 Results and Discussion
The reaction scheme for salfigned pattern generation usisighultan@us deposition and

etching is shown idrigure 5.1a.Fort hi s exampl e system, a surfac:
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regions is exposed to multiple cycles of \MFs co-reactantseparated by Ar purge at 220 °C,
resulting in W depositionon h e Si T H simatgneocasetclaing df the sacrificiaD2. We
performedn situQCM experiments to monitor the surface mass changemdifferent surfaces
exposed to the same reaction conditiarg] results are given figure 5.1b. For this study, a
QCM crystal waspretreatedn situwith 25 cycles of AMOs ALD to create a surface receptive to
W growth, similar to QCMcrystals coated with silicotf. This was followed immediately ithe
same reactor by 20 cycles of sequentiala#BIHWFg¢/Ar exposures at 220 °€.

The blue line irFigure 5.1b shows the mass change (ngfrduring the Sik/WFs cycles,
indicating that after a few initiaycles this process gives net atomic layer depositidnngfsten
on AlLOs. Consistent with previous studi®safter D5 cycles of gowth initiation on AbOs, mass
increases linearlyith cycles, which on the basis of the density of W correlatadftogrowth rate
of DO.5 nm/cycle. The black line Fgure 5.1b gives the mass change collected during 20 cycles
of SiHa/Ar/WFe/Ar under icentical reactor conditions, except, for thase, the QCM crystal was
prepared by coating with 200 cycleSTiO2 ALD using TiClW/H20 doses at 220 °C. The results
show a small mass gain due to initial uptake of tungsterilamgine, followed by nemass loss,
consistent with Ti@ etchingvia reaction with Wk to form volatile WF02 (g).?%%° Using the
density of TiQ, the mass chang®rrelates with a loss dd2 nm during the 20 cycles, for an
average oD0.1 nm/cycle®?®

Figure 5.1b also includeschematics of the reactionsrresponding to the QCM results,
andFigure 5.1c and d show corresponding thermodynamic equilibriamalysis of the expected
reactions and reaction produét&Vvhen SiH and Wk react on a receptive growth surface, rie¢
Gibbs free energy change (black lineRimgure 5.1c) showsl ar ge 1T @G val ues ac

temperaturerange. The SilHct s as a reducing agent sufage t h s o

128



after exposure. Thesurac Si T H i s t preamote redudionlarad Ibdt gepositmn during

the Wk exposure stef*! This produces the stepwise mass upialierved in the QCM data.

On the TiQ surface, howevertching reactions become available Figure 5.1c, the red ihe

shows the overall Gibbs free energy change when&iHBWFs react with TiQ. For temperatures
above75°C,Aaavorabl e reacti on [agudVES; with no ypet redctdrs v ol a
for the SiH. Because SikHdoes not reaan TiC; atlowtemg r at ur e, sur face Si T}t
available to reduce the WRhereby promoting W§to reactand be consumed by the etch reaction.
Likewise, Figure 5.1d gives the expected equilibrium product concentrations WHEg reacts

with TiO; at different temperatures. At 220 °C, theected products are Li&nd WEO; vapors.

Some tungstenxide solid may also be expected, but oxide buildup is avaidedo continued

formation of WEO; (g) as a volatile etcproduct?®?° For the SiH/WFs reaction on TiQ, the

QCM results inFigure 5.1b are consistent with negligible reactidaring Sikk and net mass loss

during the Wl dose. XPSsurface analysis resulisgure 5.6 further confirm minimal reaction

with SiHa.

We also used ellipsometry and SRo analyze simultaneowteposition and etching
reactions during SiMWFs exposureo n Si T H 2 sarrfacks. On patterned wafers discussed
bel ow, Si.swfacasra forffneddy applying BI@S D t o S paitekhs. ShisG
followed by W ASD,producing a multiplenaterial orthogonal ASD sequefté.e., TiO2 ASD
onSIGf ol | owed by W ASD fooellips@netryldryd XPSTahafysisetlie startng
Si 1T H axnsdmplés aSo were prepared by Fi&88D, following the sameorocedure used
bel ow f o p-paernediwafdrspecifically, a pair of silicon wafer pieces, one with silicon
oxide (SiTOH) and one similtanboust iexpdsedttocH@BD at 60 i o n ,

°Cusing & s u p e r guecce, mdudisgeli®ALD cycles withperiodic atomic layer etching
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stepst® This was followed by & s dip in dilute (5%) HF solution and immediate transfethéo

SiH4/WFg reactor. The intermediate HF dipsfema c i | i t at ed t he désndred W
removedD5 nm of the deposited TiQayer (Figure 5.7 andTable 5.4). The procedure was also

tested without any intermediateecatment and with intermediatex/Ar plasma exposure. As
discussed in th8upporting Information, samples without HEreatment or with HAr plasma

exposure showedannf avor abl e del ay i n W gHPdptwasused t he
for further analysis.

After TIOASD on Si 1T OH and SiTabk5.4) shbwsiTiQ thicknesst r y d a
of 16.4 nm odbDlit@&@en®i 0o®OHt he SiTH. After HF, el
Si TH, with 20oIn. 4 hrem Sa fi OHi, O D5muh of Fi@.tAftensgmuleanebus s s o f
exposure to 15 cycles of SilVFeat 220 AC, the SiTH sample show
W, while the TiQ film showed a net thickness decreas®adf. 1 n m. Using newly p
and TiQ samples, the experiment was repeated using 20 cycles a8tk On SiT1H, 2

SiH4/WFs cycles produced 12.6 nm of W, with a net TtBickness decrease DfL.4 nm.
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Figure 5.1 Schematic for seléligned patterning using simultaneous deposition and etching: (a)
st art i n gpaerniexpboséd tda set of reactants (in this example/V8idin an ALD-

type reaction sequence for 20 cycles), yielding W growth on silicon, with no growth in the TiO
region due to simultaneous Ti@tching. (b) Mass change (ng/@nmeasured by QCM ding
SiH4/WFs exposures (SilAr/WFe/Ar = 45/45/1/60 s) at 220 °C, along with the expected reactions
during SiHh and Wk exposure steps on W and on 7i€urfaces. The indicated product species
are from thermodynamic analysis. A QCM precoated wit®©Ashonvs net mass gain indicating
favorable ALD of W (blue line). On the basis of the density of W, the growth r@atesnm/cycle.
Under identical conditions, a QCM crystal precoated with Bitdws net mass loss corresponding
to etching (black line), with aetch rate 0D0.1 nm/cycle. (c) Overall Gibbs free energy change
for SiH4/WFe reactions on Ti@(red) and Si (black) surfaces, consistent with the QCM results in
panel b. (d) Thermodynamic equilibrium product compositions fog M#écting with an equimolar

composition of TiQ, further supporting simultaneous deposition and etching.
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The measured tbikness change indicates the 8iMFe allowed simultaneous deposition
and etching, consistent witPCM in Figure 5.1. From the thickness data, the W depositiate
is D0.6 nm/cycle and the etch rate of the Fi€D0.1 nmper ALD cycle, in reasonable agreent
with the depositiomate ofD0.5 nm/cycle and etch rate 0.1 nm/cycleestimated from the QCM
results inFigure 5.1b. Under theconditions used, this etching rate is sufficient to avoigrdvth.

For this approach to be useful, it should be comfgubth different methods to form
patterned sacrificial materials.pssible issue is that the rate of etching will depend oprteess
used to form the sacrificial layer. For example, udiit@p deposited by physical vapor deposition,
initial experimens show a slower etch rate. The slower etching consuesss reactant, and
therefore promotes unwanted depositionad@ldress this, the process provides flexibility to allow
tuning ofthe relative deposition and etching rates. For the WYE3tem, increasing substrate
temperature from 220 to 275 Hdes not substantially change the W depositior?fatat alarger
etching rate is observeididble 5.5), thereby allowingrocess adjustment and optimization.

The same blanket samples usedtfickness measurementere also analyzed by XPS to
evaluate the surface elemeonmposition after SidWFs treatment, and results are shawiable
5.1. As expected, all samples show oxygen and carbsulting from exposure to the ambient
between depostna nd anal ysi s. On t he SiJWH cyslasteddac e , b o
strong W signals, consistent with expectedlW posi ti on on the receptive
the signafrom Ti 2p was below the detection limit (<0.1 at. %). A srieakigral after SiH/WFg
is ascribed to remnant surface silicoom the silane reducing agent. On the I8Drface, the
SiHi/WFsleads to a smallamountof W2 . 51 4. 1 a t to forftgtion ofdusgsteni oxides)
as expected from théhermodynamic analysishown inFigure 5.1d.2° We also notehat the

amount of W on Ti@does not increase when thember of W ALD cycles increases from 15 to
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20, furtherindicating that tungsten oxide does not accumulate ofi®e?®2°This small amount

of tungsten oxide on the Ti@an be effectively removed by exposing the surface ta #jor

at the reaction temperaturgaple 5.6).

Table 5.1 XPS atomic fraction (at.%) measured orHsand TiQ before and after exposure to 15

or 20 cycles of SiHWFs at 220°C 2

Surface SiH4/WFs XPS atomic fraction (at.%)

@ 220°C Ti2p|Wa4d| Si2p| O1s| Fi1s|Cl2p| Bis]| C1s
none 0 0 79.2 7.5 1.2 0 0 12.1
Si-H 15 cycles 0 202 15 537 03 0 0 24.3
20 cycles 0 222 26 474 0 0 0 27.8
none 180 04 0 485 6.8 0.7 49 20.7
TiO2 15 cycles 17.7 4.1 0.2 55 2.1 0.4 3 17.5

20 cycles 151 25 16 52 1.3 0 2.5 25

¥The starting SH and TiQ were prepared by exposing-Sior StOH wafers to TiQ ALD/ALE

supercycles® following the same procedure applied teFH85i0, patterned wafers discussad

the text.

We applied this approach on microscale and nanoscale line/space patierascale

patterned substrates, used previously for ASD stdéiiés?c onsi st e d

D100 nm
sacrificial TIG: | ay er s, >s&mpleshher8coad at 150 °C by ASD Ti@using a supercycle

sequence as mentioned above. A sequence of 20 supercycles ptiaeedm of TiQ atop the

hick,

SiOp regions, with minimal TiQo n

separ atied

B y epitch)é Tm fotonfthe paktgoneds e d

o f2lin8s,

adj acent!®gerTia, ABR gamples svere

treated with a 5 s dip in dite (5%) HF solution and immediately transferred to thes/®iHs

133

EM Wi

S



reactor to perform the second ASD step using simultaneous W deposition aretchi@g. This
sequence of TiI9DASD on SiQf ol | owed by W ASD on SiTH pro
demonstration ofmultiple-material orthogonal ASE®

The resulting microscale selfigned W/TiQ patterns are shown figures 5.2 and5.3.
Figure 5.2b shows crossectional STEM images and corresponding STEDMX data after
treating the TiI Si T H pattern wi/WH at 220 °Cc & ngsten film Wwith Si H
thickness of 7.0 £ 0.4 nm (given as the mean of 8 measurements * 1 standard deviatibi® is vis
only on the Si 1 Hisvisbliordyratop tlzerSi Thie hemaining ABD Ti®
layer is 4.9 £ 0.3 nm thick, indicating that the HF dip + B treatment removeB®11 nm of
TiO2. The experiment was repeated on anothep/Ti®i T H  swithhDdG.4rnm bf ASD TiQ,
except for the second ASD step; the HMFs exposure was performed for 20 cyclegure 5.2¢
shows the resulting STEM and STEBDX images. In this case, the samples show 10.0 + 0.6 nm
of W on SiT1H, wion the Si0 Ther 203N ALD eycleb wée sufficient to
completely remove the sacrificial TiDwhile simultaneously depositing 10 nm of W in the

neighboring SiTH regions.
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deposition

(a) Tio, ASD
—

ASi/H4

WFg

etching

deposition

Figure 5.2 Self-aligned orthogonamicro-scale patterning of TiQand W films: (a) schematic
sequence used for preparation of patterned sacrificiap Tger, followed by simultaneous
deposition and etching to form the saligned W and TiQ (b) crosssectional STEM and STEM
EDX after 15SiH4/WFs cycles; and (c) data collected from an identical sample after 2V&itd
cycles. The images show the @WFs cycles produce net W deposition in exposeti $egions,

with simultaneous etching of the sacrificial Tilyer.
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Comparing the tlwknesses of the Tigxand W films inFigure 5.2 to those measured by
ellipsometry on blanket substrates following identical process conditions, the patterned wafers
show somewhat thinner W layers. The patterned wafers also show net thinnelaye®
compaed to the blanket samples. This thinner Ji@er may result from faster etching on the
patterned surface. Mechanisms leading to patiependent deposition and etching rates are well
known during ASB®3133and generally relate to gasnsport and surface diffusion effects that
alter the local reactant concentration and supersaturation across the sample surface. As discussed
below, understanding pattedependent reaction rates remains an overarching fesuself
aligned depositiofibased patterning.

The selfaligned patterned samples showrFigure 5.2 were also analyzed by angted
view SEM, and images are presentefligure 5.3. Figure 5.3as hows a compwafeo!|l Si T |
(with no TiQ initially present)treated with 20 cycles of SiWVFs. The SiH/WFs produces a
cohesive W film on Si 1 HjziscansistenttwhheW nuaétifighre t e x t ur
5.3b shows the sample frorfigure 5.2b, correspondkp aftgr 15 o/cleSofT H/ Ti
SiH4/WFe. Both he TiG: and W regions appear smooth, with no visible W nuclei on the. TiO
Figure 5.3cshows the sample frofigure 5.2¢, identical except after 20 SilVFs cycles. Some
particles appear in the Si@egion likely corresponding to W nuclei that are expetiddrm after
complete consumption ofthe IO Si mi | arl'y si zed nucl ei (10120
previously analyzed using SEMDX, but sensitivity was limited by the small volume of the

nucleil®
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TiO,

i SiO,
Silicon

Figure 5.3 Angled view SEM for: (a) SH/SIO, patterns with no Ti@present after 20 cycles of
SiH4/WFs, indicating W deposition on both of-8i and SiQ; (b) the sample frorfigure 5.2b,
showing surface texture consistent with W déjpms on StH and simultaneous etching of the
TiO2; and (c) the sample froRigure 5.2cshowing a small number of W nuclei on $jConsistent

with consumption of the Tigsacrificial layer.
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We further confirmed that the approach could extend to-saded patterns, and results
are given irFigure 5.4. The figure includes a schematic diagram, along with corresponding STEM
and STEMEDX images of selligned W and TiQon D200 nm o fz-paBamedd/ Si O
substrates¥400 nm fultpitch) using the same condition as for sample&igure 5.2b. Four
neighboring features iRigure 5.4b show consistent pattern duplication, with an expanded higher
resolution view of one example regionFigure 5.4c¢,d. The sequence yielded 6.1 £ 0.5 ahwW
on the SiTH regi onzoathedSiG5Theése vilued are3reasonably similaF fo O
those inFigure52bo bt ai ned on the 3 em features.

Careful inspection of the higtesolution images shows that the Ti@yer may be thinner
on top of thecorner edge of the SpOpossibly indicating faster Tiletching on exposed corners.
The highresolution images also show uniform W thickness on the exposed silicon, with no visible
W nuclei on the Ti@ The TiQ/W feature edge boundaries appear wlefined, but understanding
feature development at the atomic scale remains a chall&ngee 5.8 shows additional
TEM/STEM images of selaligned nanopatterned W/Ti@amples.

This work presents simultaneous deposition and etching as a route forpditected
areaselective deposition. Also importantly, as showrkigures 5.2 and 5.4, we show that the
starting sacrificial pattern can be formed by &asekective deposition, thereby confirming
experimental feasibility for orthogonal multipheaterial pattening? as a step forward in bottem

up nanomaterial surface synthesis.
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Figure 5.4 (a) Broadview schematic of the orthogonal selective deposition of W and anGs
H/SIO; patterned surfaces (200 nm width and ~100 nm height) afterZliGupercycles and W
15 cycles; (b) crossectional STEM of the multiple patterns: (c) zeonview of one pattern from

(b); (d) STEMEDX corresponding to image (c).

139



5.4.1 Extension to Other Matml Systems.

In addition to the W/Ti@ system, thermodynamic modelfigand published rate data
indicate that simultaneous deposition and etching can be achieved for a range of other deposition
and sacrificial materials. Examples are presentd@bie 5.2. The table include calculated values
of the Gibbs free energy changes for atomic layer deposition and etching and the approximate
overlapping temperature range, where both reactions are expected to be energetically favorable.
Where available, théable also includes experimental values for atomic layer deposition and
etching rates at an example temperature within the favorable temperature range. For some systems,
a range of etch rates is reported because etch kinetics can depend strongly ah ptetaks
conditions. The etching rates (nm/cycle) correspond to the expected thickness loss during the
simultaneous atomic layer deposition cycle. We further note that, for some materials sets, reaction
thermodynamics may favor simultaneous depositionedoking but slow reaction kinetics may
make them experimentally difficult. The deposition reactions are expected to proceed on any
receptive surface where etching does not occur.

As one example, data ifable 5.2 indicate that, with use of trimethylalumim (TMA)
and hydrogen fluoride (HF) as -teactants at 240 °C, a receptive surface (such #3:)At is
expected to yield favorable deposition of AlFurther, when a ZnO surface is exposed to these
same conditions, reaction energetics favors ZnO at@yér ketching, producing volatile dimethyl
zinc, dimethyl aluminum fluoride, and watf®r.

To confirm the feasibility of the AlFand ZnO system, we used QCM analysis to observe
mass changes on different surfaces exposed to HF/TMA and results are slkagumnerb.5. For
these data, the experimental procedure follows that was used to collectkigtaéb.1. First, a

QCM crystal was precoated with ALD Abs at 150 °C to be receptive to AlFollowed by
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exposure to repeated doses of HF and TMA at 24TK€ data irFigure 5.5 show stepwise mass

gain, consistent with ALD of AlE** Also in Figure 5.5, a second QCM crystal was precoated
with ZnO at 150 °C and then exposed to HF/TMA under identical conditions at 240 °C. The QCM
results show clear mass lossnsistent with ZnO etchinty.Therefore, the concept demonstrated
above for simultaneous deposition and etching can also be extended to other ASD material

systems, including Alkon Al-Os with sacrificial etching of neighboring ZnO.
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Table 5.2 A patrtial list of example material systems showing thermodynamic feasibility fer self

aligned patterningia simultaneous deposition and etching

&G
s kJ/mo
ASD [Sacrificial T range . Exampld¢ Rate (
Materiall Material Reactant (°C) Expected Reactions T (C) | (nmicycle) @)T Ref.
Q)
iy SiHag)+ WFes(g) Y This
Deposition i J 0.58 -598 | work,
' y W(s) + SiFag) + 2HRg) + Ha(g) 3
. SiHa 200
W | TiO2 , - 220 _
Whe 1 300 ohin TiO2(s) + Wheg Y 0.026 0.2| -38 | work
9 TiFa(g) + WO2F2(g) ’ ’ 4
) . SiHag)+ WFes(g) + 3H0(q) Y i
. SiH4 200- Deposition WO+ SiFitg) + 2HFg + Mz 0.58 653 | 35
WOs | TiO2 | WFs |- Tt Whee ¥ 220 This
H.0O . 102(s)+ (9) - K
Etching TiFag + WOzF2(g 0.020 0.2 -38 wc:lr ,
i, SiHa(g)+ WFs(g) + 3H0(q) Y
Deposition . 0.58 -653 | 35
H0 | 0. P WOs(s) + SiFug) + 2HRg) + 4Hp(g)
W03 TiN SiHa 275 TiN¢s) + 2H0(q) + WFs(g) Y 220 This
WFs Etching TiFa(g) + WO2F2(g) + NHz(g) + 0.028 0.2| -158 | work,
0.5Hx(g) 4
Deposition WFe() + 3H:So ¥ ~01 | -205| &
- WSzs) + 6HRg) + 0.5S(g)
. WFs 250
WS, TiO2 S 300 . - 300
H2 Etching Ti029 + Whs(g Y ~03 | 57 | 4
TiFa@) + WOzF2(g) '
Deposition 3HRg) + Al(CH3)3@) Y ~0.05 | -701| 7
AlF3(s) + 3CHyg) '
AlF ZnoO HF | 200- 7 220
: : TMA | 250 ZnOg + 2HRg) + 2AI(CH)aig) Y
Etching Zn(CHg)2(g) + 2AIF(CHg)2g) + 0.11 <0 8
H20(g)
iy 3HFg) + Al(CH3)3g) Y _ i
Deposition AlF 36+ 3CHig) 0.05 699 7
HF 200- .
AlFs | Ga0s | A | 250 | Ga&Os9+ 6HFg + 4AI(CH)sg ¥ | 250
Etching 3H0(g) + 2GaF(CH)z() + ~0082 | <0 | 9
4AIF(CH3)2(g)
o 3SiClyg)+ 4NHsg) Y i
HF 300- Deposition SisNa+ 12HClg 0.2 104 | 10
SisNa HfO2 SiCls 350 o AHF+SiClig ¥ 350
NH3s ; 2(s)F 0)+S1C k() )
Etching 2H:0() + SiFag)+ HClagg) 0.005 | -77 | 1
"y Sn(acac)g)+ H2Sg) Y
HE 200. Deposition SnSe+ 2H(acac)) 0.019 <0 12
SnS | HfOz2 |Sn(acag) ¢, HfOz() + 4HRg) + 4Sn(acag)g Y | 200
H2S Etching Hf(acac)q)+ 4SnF(acag) + 0.006 <0 11
2H20(q)
"y Sn(acac)g)+ H2Sg) Y
HE 200. Deposition SnSe+ 2H(acacy 0.019 <0 12
SnS | Al20s |Sn(acag) *,c ) Al20s3)+ 6HFg) + 6Sn(acae)y Y | 200
H2S Etching 2Al(acack)+ 6SnF(acag)+ 0.023 <0 | 11
3H20(g)
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Figure 5.5 (a) Collected QCM mass gain data from@d or ZnO precoated crystals during 15
cycles of (HF/TMA) exposures. (b) AdFdeposition mechanism on A&)s surface and (c) ZnO
atomic layer etching mechanism on ZnO during 15 HF/TMA cycRsaction schemes indicate

the expected dominant products from thermodyinanalysis.
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5.5 Summary

In summary, our findings highlight the importance of thermodynamically designed surface
chemistry for nanoscale selfigned thin film patterning. Counterintuitively, results show that, at
low temperatures, using a single séteactants, it is possible for both deposition and etching to
be favored at the same time on different regions of an exposed patterned surface. This means that
unwanted nucleation, a broad problem in aselective deposition, can be avoided because the
etching reaction locally consumes the nucleation reactants. This approach to avoid unwanted
nucleation may be useful for letemperature seliligned patterning in baeénd electronics
manufacturing and other nanoscale material systems. As one key pragpsgiabw a sequence of
two deposition processes can orthogonally-akdfn two different materials in different regions
on a single starting patterned substrate.

Our findings also reveal several challenges and remaining problems. One challenge is that
reaction conditions should allow the etching and deposition rates to be balanced so that the etching
rate is sufficient to consume the gasase reactants and avoid unwanted nucleation, with fast
enough deposition to develop the desired pattern thickness, while we show the approach
works using tungsten and TiOwhich are important materials in semiconductor processing,
semiconductor device manufacturers are seekingabgitfed patterning solutions for a broad and
expanding set of materials. Discoveyiadditional material systems will require more extensive
modeling and may include the design of new precursors and reactants. Another important
outstanding problem is to what extent this process can apply to features approaching atomic scale
dimensions. Bsults show uniform patterning at the 200 nm scale, but we see that etching and
deposition rates may depend on feature shape and size. Further scaling will require better

understanding of these effects.
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Eventually, scaling of depositidmased selflignedpatterning to singlatom dimensions
will allow ultimate precision in materials fabrication. Achieving this feat using designed surface
chemistry will be a critical step toward producing large numbers of devices in parallel across large

surface areas undeonditions using limited thermal exposure.

5.6 Supporting Information

5.6.1 Effect of intermediate surface treatments#Ar plasma and HF dip) on W growth

To achieve multmaterial orthogonal areselective deposition of W and Tin St
H/SiO; patterns, the suweite condition of the Si surface ice. the TiG: nongrowth surface and
W growth surface) after the T¥ALD/ALE is important for favorable W growth. After multiple
TiO2 ALD/ALE supercycles, the SH surface can lose surface hydrogen termination allowing
some surface oxidatioft*2 The loss of hydrogen can allow partial oxidation of thé1Sluring
the water dose used for TA@LD (i.e. TiCl4/H20), and this oxidation may inhibit the subsequent
W growth, producing a net reduced rate of W At

Inhibited W growth in the SH region following TiQ ASD is observed in the experimental
spectroscopic ellipsometry and XPS dataFigure 5.7 and Table 5.3. Figure 5.7a shows
spectroscopic ellipsometry paramedeitameasured at 700 n(n ggonn) On the SiH sampes after
different surface treatments. Immediately following a 30 s dip in dilute HF solution, a cleln Si
surface showgyoonm= 178+ 1(1st data point on the left). After performing 10 cycles of W ALD
on the clean SH at 220 °C, thepparameter decreasesmonm= 158+ 2.3 However, if the clean
Si-H is first exposed to 12 supercycles of ASD Ji9 ALD/ALE at 150 °C®the same 10 ©jes
SiH/WFs W ALD showsgroonm= 17Q consistent with less W depositidnin this case, the Ti©

ALD/ALE produces a minimal amount of Tin the SiH,® but the surface damage inhibits
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subsequent W growth. Similar trends are shown in the XPS resuligbie 5.3. After TiO»
ALD/ALE, treating the surface with 10 cycles of SIWFs (i.e. Si-H + TiO2 + W) leads to only a
small amount of W (3.7 at.%).

To improve the extent of W growth on-Biafter TiG: ALD/ALE, we compared samples
prepared with three défr e nt s e g u g+tnh cWos;: 2HH* AMHI IO ; aAHKF 3) AT
+ WOo. » reatmentlconBisted of 12 ALD/ALE supercycles at i60and the W step was
10 cycles of Sil/WFs at 220°C. We examined two intermediate steps between theahitDW
stps:* @H= /4R« Hpl asma for 300 s with 10 Watts p
HF solution. As shown ifigure 5.7a using B* as the intermediate stepg. Si-H + TiO2 + Ho*

+ W), ellipsometry showegyoonm= 167, whereas the HF dip€.Si-H + TiO> + HF + W) produced
goonm= 161, indicating improved W growth with the HF treatmdrigure 5.7b shows XPS W

4d spectra for the samples prepared without intermediate treatment and svigndH HF
intermediate treatment. The largest W signabined using the HF intermediate treatment. The
surface composition of each sample obtained by XPS is giv&alle 5.3, further showing the
HF step provides the most favorable W growth ol @ifter TiG: ALD/ALE.

While the HF treatment promotesvéaable W growth on the S surface, it is also
expected to affect the deposited T&drface. To better understand the effect of the intermediate
HF dipping treatment on the TiOwe started with blanket ®H and SiH substrates and treated
them both tdhe same Ti@+ HF + W treatments, producing net Bi@rowth on the SOH and
net W growth on the Sil. After each process step, we measured the resulting thicknesszof TiO
(on SHOH substrate) and W (on the-Bisubstrate), and results are showrrigure 5.7c. Note
that W thickness is estimated by matching measqyeghm with published thicknesss. goonm

relation3! The TiQ; step produced ~11.5 nm of Ti@n SiOH. The HF dip etched ~ 2.1 nm of

146



this TiOx. Then, the W sequence etched ~ 1 nm of,J&d simultaneously deposited ~ 5 nm of

W. On a similar sample without intermediate HF treatment, the W film thickness was ~2 nm after

10 SiH/WFs cycles.
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Figure 5.6 XPS spectra collected from blanket@H wafers afterTiO> deposition at 150°C

followed by SiH/WFs at 220°C. The Ti@was done using 20 ALD/ALE supercycles, leading to

favorable TiQ growth on the SOH. The SiH/WFs was performed for 15 cycles. (a) Ti &ggion

showing TiQ with no signal for TiSj, consistent with no reaction during the Sdtbse step. (b)

W 4f spectra showing some W@resent afte6iHis/\WFes at 220°C. The thin residual W@ayer

does not accumulate during SilW/Fs treatment, and can be removed by exposuBCla (Table

5.5).16,29
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Figure 5.7 ( a) Elli psometry delta pHsusnates adter valiog at
treat medot s: sh-Bhsurface prgpar8d by treating@H with 30 s dip in dilute (5%)
HF; -Hi S Wo = Hir.ndTiQeAl+D/MMA L EH + TiGd 61 Wao iatermediate
treatment between Tkx nd WH+TWCs# H* + WO = inter medArat e t

pl asma for 300H+4TiOa# HR +waWd s= ifirStier medi at e t

r

r

dilute 5% HF. A s mal | e hicker @ film &hefTi@ treatppentwas 1”2e s p o n

ALD/ALE supercycles at 150°C, and the W step was 10 cycles of\8i4 at 220°C. The 12

TiO2 ALD/ALE supercycles leads to minimal Ti®@n SiH, but surface damage can influence
subsequent W nucleation and growttAfter TiO, deposition, the HF dip allowed the largest
amount of W growth on Si during the Sil/WFs. (b) XPS W 4d spectra collected from the last

3 samples in (a). The largest W signal is observed for the sample treated with the intermediate HF
dip. (c¢) TiO2 and W thickness on $)H and SiH substrates, respectively, after each step during

the Ti ALD/ALE + HF + W ALD sequence. The HF dip etched a small amount of, TGt the

TiO2 thickness was sufficient to enable sacrificial etching during W depositio
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