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Abstract

Nanoscale thin films exhibit unique properties and functionalities and are significant in a wide
variety of applications and various sectors such as microelectronics, energy harvesting and storage
applications, optoelectronics, sensing, and various othmrging technologies such as flexible
electronics, 2D materials, quantum computing, micro electromechanical systems (MEMS), and
packaging. Atomic Layer Deposition (ALD$ one method for producing thin films; its advantages
include atomiescale precisionral control over film propertiesvhich are vital for these applications.

On the other hand, ALD is carriedit under vacuum and therefore the process is expensive and slow.
AtmospheriePressure Spatial Atomic Layer Deposition (BRLD) is an advanced technique for
fabrication of thin films with properties similar to ALD but under atmospheric conditions and up to 2

orders of magnitudfaster than ALD.

AP-SALD is advantageous for its ability teeposit uniform, conformal and pinhéiee thin
films. However formation of powdecan beobserved during deposition using{satale and industrial
scaleAP-SALD systemsA major reasonfor the formation of airbornpowder particulates is due to
intermixing of precursor gase$hiscan be a disadvantage asdahtead to noruniform film growth,
anincrease in surface roughness and poor adhesion, film quality and propéotiesver,formation
of powderaround the perimeter of th&P-SALD reactor head and the channdlse to undesired
materialdepositioncanaffect the performancand efficierty of the systemin addition to unwanted
powder formation, APSALD is a coating technique that deposits a film over the entire substrate area,
whereas selective depositioha patterned film is sometimes desiréd.overcome tasechallenges
methods ta@ontrol the location of material deposited by-8RLD are crucialTherefore, theobjective
of this workincludes developing methods 1) eitherprevent or minimie the powder formatioron
3D-printed ARSALD reactor headand(2) control what parts of the substrate are cobiedeposiing

thin films at specificregionson the substrate

Seveal advanced strategiesvolving around exhausystemsin-situ monitoring and process
optimizationare being explored at thaunctional Nanomaterials Group prevent powder formation
and effective removal of powdersn addition to these methods, coating &k-SALD reactorhead
with materials thapassivate the surface agaigasphasereactionanayreduce powder formation on
the reactor headdreaselective atomic layer deposition (A48.D) by areadeactivation is a technique
in which thin films are selectively deposited on specific regions or patterns of a sulgstnat Grea)
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by coating the undesired regiom®-growth area) with growth inhibitor$n this work,the effect of
dip-coatinga customAP-SALD reactor head witlgrowth inhibitorsto prevent materialucleationand
powder formatioris studied Samples made of the same material as the reactor head -@eatig
with various growth inhibitorgpolymersincluding polymethyl methacrylalgPMMA) andpoly(vinyl

pyrrolidone)(PVP) andselfassembled monolayers includinogtadecylphosphonic ac{®@DPA) and
dodecanethialDDT) for different durationsip to6 hoursand 53hours30 minutes respectively.Then
AP-SALD depositonsare performed on the samples to assess the effectivafrtessnhibitorsSome
of the selected inhibitordemonstrate a clear ability tionit film growth on the3D-printed samples
When 3Dprinted reactorsre coated with the promising growth inhibitd?¥P and ODPApowder
formationis still observedon the reactoafter performing depositionalthoughslightly less powder

formationis observedvhenthe reactor was coated widDPA.

Using 3D printing, AP-SALD reactors with complex channels tlainnot be fabricated with
conventionamanufacturingnethods can be fabricatdehbricatingcustom reactor heads with channels
that deliverprecursors at desired locations the substratean enable direct selective deposititm.
this work, novel areaselective APSALD reactors are developed selectively deposit thinfilm
patterns ora siliconsubstrateTwo types of reactorare designed andested to deposit wideand
narrow patternssepaated by a smaknd largegap respectively Using the formetype ofreactor,a
patternis visually observed after depositions, however film growith approximately half the
thickness of the patterns observed in the gaps duepieecursor leakage and intermixinglosely
spaced narrow patterase deposited using the latter type of reattpislightly offsetting the reactor
headrelative to the substrate subsequent depositiarihis method caalsobe extended to depositing
wide patternsand represents a significant advancement in the ability to deposithn@ighput
patterned films by AFSALD.
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Chapter 1

l ntroduct.i

on

1.1 Functional nanoscale thin films and deposition techniques

Thin layers or coatings of materials with thickness typically in the range of tens of nanometers and less

than 1 &em

ar e

referred to as funct

i onal

nanoscal

functionalities at the nanoscale thdiffer from their bulk counterparts. They play a pivotal role in

nanotechnology hy

i.  enabling miniaturization and integrationo nanoscale devices, making them essential

for the development of nanoelectronics, nano sensors, and nanodg&lices

ii.  providing materials with tailored properties (such as mechanical, structural, optical,

electrical conductivity, magnetic, biocompatibility, etc.),[2]

iii. enhancing device performance by protecting the surface from moisture, oxygen, and

pollution [3].

Theyfind applications in microelectronics, energy harvesting and storage, optoelectronics, sensing, etc.

and various other emerging technologies such as flexible electronics, biomedical devices, 2D materials,

guantum computing, micro electromechanical systitsMS), and packaging {B].

Thin films can be deposited by a variety of technigassshown in Figure 1,5nd the deposition

technigue is chosen based on the application or requirements and the desired properties [4].

SURFACE COATING METHODS

GASEOUS STATE SOLUTION STATE MOLTEN OR SEMI-MOLTEN STATE
(ATOMISTIC DEPOSITION) (PARTICULAR DEPOSITION) (FULL THICKNESS DEPOSITION)
|
l ] | | [ 1 1
H LUTION ELECTROCHEMICAL iy THERMI o o
. . PHYSICAL VAPOUR 10N BEAM [CHEMICAL SOLUTION | | 501, GEL A SPRAYING OVIRLAY)
cgegyron [ | vy | B —
5 DEPOSITION
5 ELECTROLESS :
_— CHEMICAL - CHEMICAL ?
PLASMA VARIANTS s DEPOSITION sl PLASMA VARIANTS

Figure 1.1 Various thin film deposition techniqueReproduceavith the permission of the authors and AIMS Pifess [4].



1.2 Atomic Layer Deposition

In recent yearsatomic layer deposition (ALD) has emerged as a powerful and ver#aitildilm -
depositionmethod and has been widely used to meet the challenge of continuous downscaling of
devices. ALD offers precise control over film thickness and composition, uniformity and conformality

which becomes essential as the feature sizes decrease and aspect ratio of the structures increase [5,6].

ALD is a vaporphase bottomup, ultrathin film fabrication technique based chemical vapor
deposition (CVD) [7]. ALD is a cyclic process based on the principle of sequentidinsgifg surface

half reactions between precursor molecules and the substrate surface. ALD achieves atomic layer
control by depositing materials one layer anaet{a monolayey, resulting in precise control over film
thickness, uniformity, and composition [8].

The steps involved in an ALD process, as shown in Figure 1.2, are as f@lows [

1. Precursor pulse and reactidrhe first precursgttypically a volatile compound that can undergo a
selflimiting reaction ipulsednto the reaction chambérhechamber is maintaineat a controlled
temperature to optimize the surface reaction kinefibge precursor molecules adsorb onto the

substrate surface, forming a monolaged the reaction stops once the surface sites are saturated

2. Excess precursor and 4pyoduct removalin this step, an inert gas, such as nitrogen or argon is
introduced, or a vacuum is generated to purge the excess first precursor molecules and reaction by

products to prevent their interference with the reaction in the following steps.

3. Precursor pulse and reaction: The second precursormactant is introduced into the chamber

to react with the precursor molecules on the substrate from the previous pulse step.

4. Excess precursor and+4pyoduct removal: Ecess second precurgopleculesand byproductsare

evacuated from the chamber by purging.

Steps 1 to 4 are repeated in a cyclic manner until the desired film thickness is achieved.
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Figure 1.2 ALD process stages showing two sktfiting reactions. Reproducesith permissiorfrom [10]. Copyright 2021

The Royal Society of Chemistry

A wide variety of thin films such as pure metals, metal oxides, metal nitrides and metal sulfides can be
deposited through ALD [8]. The chemical precursor that delivers the oxygen required for the reaction

to take place is r ef erdiffeecedce bebweea ALD fared rC\/@s shownam t o . A
Figure 1.3 is the presence of the precursors in the reaction char@bdn [ALD the precursor and

oxidant are pulsed separately into the reaction chamber with an inert gas purge step in thetween

pulses, wireas in CVD both the precursor and the oxidant are introduced simultan@&pusly [

ALD is a slower process due to the long precursor pulse and purge steps involved and the pulse and
purge times increase with the size of the ALD reaction chamliech affecs the throughput. Also,

ALD operates under vacuum which affects scatihthe process as it is expensive. ALD has numerous
advantages including atomic layer control, uniformity, and conformal coating on complex structures
while CVD offers faster deposition rates. Faster deposition rates and atmospheric conditions are

preferableor the commercialization of ALD [11].

w
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Figure 1.3 Precursor flow profile and expected film growth profile vs. process time for ALD and CVD prAdegsedwith
permissiorfrom [9]. Copyright 2014 MPDI.

1.3 Atmospheric-Pressure Spatial Atomic layer deposition (AP-SALD)

The throughput and scalability of traditional ALD methods are limited byoteleposition rate and
need for avacuumchamberrespectively. To overcome themospheriepressurespatialatomic layer
deposition (ARPSALD) has emerged as a promising alternative in recent yearSAAP enables

largearea, highthroughput, and cosffective thin film deposition under ambient conditions.

As mentioned earlier, ALD relies on sequential,-fieiiting surface reactions. As shown in Figure 1.4,

the key difference between conventional ALD apdtial ALD is how the substrate is exposed to the
precursos[12]. In conventional ALD, two precursors are introduced sequentially, allowed tooreact

the substrate surfade form a monolayer, with purge steps introduced in between to remove excess
precursor and reactant by products. Therefore, the exposure of the substrate to the precursors is
separated by time with a purge step in conventional AbBpatial ALD, the precursor exposure is

separatedh space by moving the substrate between differerupser zones. The substrate osciliate



between the zoneexposingt to the different precursor gaseghout a slow purge stepllowing for

faster deposition rates, up tm&lers of magnitudtaster than conventional ALD5[13].

Half reaction zone precursor A

Precursor A
Precursor A

I
b
|
8

o
=
o
(7]
-
-
(%]
(]
=

o

Inert gas zone

Substrate location
Substrate location >

Half reaction zone precursor B

a Time b Time

Figure 1.4 Process schematics for (a) conventional ALD and (b) spatial AdBpted with permissioftom [12]. Copyright

2011 AIP RiblishingLLC.

There arevariousspatial ALD techniguesand AP-SALD has been gaining popularity recently due to

its ability to operate under opetir conditions [1,8]. This eliminates the need for vacuum conditions,
therefore making AFSALD a faster, cheaper, and scalable alternative to ALD. In this method, also
knownasicl-ps@exi mity SALDO the substrate and the re
typically 1l ess than 1 GoOnixirgnlhet precursor eapa@sngeneratddeby pr e ¢
bubbling inert gas through liquid precursors and inert gas are fed separately to the reactotlhead [1
Figure 1.5 (a) presents the schematic of arSMRD reactor head. The reactor head consists of parallel
channels separated by a small distance to distribute the precursors into the respective reaction zones
and separated bgeért gas shielding in between. As the substrate passes through the first precursor zone,

a monolayer is formed as the precursmieculesare adsorbed by the reactive sites on the substrate
surface and the excess precursor atoms along with reaction by products are removed as it passes through
the inert gas zone as shown in Figure 1.5 (b). As the substrate passes through the second precursor
zone, a monolayer of the desired material is formed as the precursor reacts withitius pnenolayer

as shown in Fjure 1.5 (c). The substrate is oscillated back and forth until the desired film thickness is
obtained. Since the ALD cycles and reactions are reproduced, the films produced are of the same quality

as ALD films; uniform, conformal and pthole free. Another advantage of AAALD depicted in

5



Figure 1.6 is thait can be switched between clgs®ximity mode anditmospherigressure spatial
chemical vapor depositiolPAP-SCVD) mode by adjusting the reactor hesubstrate spacing-or
larger spacingsntermixing of the precursors takglace leading to CVRBype reactions.

(b)

(c)
| !
0000000000000 J;
—_—

Substrate Substrate —

Figure 1.5 (a) ARSALD reactor head with alternating precursor and nitregjealding channels. (b) The substrate first enters
precursor A zone, absorbing a monolayer of the precursor, and then through the inert gas shielding (l) to remove excess
precursor and bproducts. (¢) The substrate then enters precursor B zone, which reacts with the previously formed monolayer
to form a monolayer of the desired materRéproducedvith permission from1]. Copyright2016 American Chemical

Society.

Injection Head

a) Injection Head b)

Substrate

Figure 1.6 (a) SALD mode: close proximity between the substrate and reactor prevents precursor migigp (e

deposition due to precursor mixing as the reactor (injection)-fglagtrate spacing increasgss)



1.4 Lab scale AP-SALD system at the University of Waterloo

Can ad a 6 sscale ARSALD syistanbbuilt at the University of Waterloo under the supervision of

Dr. Kevin Musselman is shown in Figure 1.7. The reactor iseddtrate gap spacing can be adjusted
manually with the help of micrometer adjustment knoliee fieated stage reciprocates along the linear
actuator during deposition. Films up to 50 mm by 50 mm in area can be deposited using the system for
research purposes. Figure 1.8 presasthematic of the AISALD systemthe precursors are bubbled

and carried to the reactor head by nitrogesduring the depositiorA recent publication sl this
systemfor uniform and conformal coating gblypropylene fabrics used as outer and inner layers of

N95 respirators and cotton fabric$[1

adjustment knob

y

Figure 1.7A photo of Dr. K-scalé APSAUD systeendt tha Wnivessityl oVaterlodkeproducedvith

permission from Chee Hau Tefi®].
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Figure 18A schematic of Dr .-sceeARPSAND shstersas teel Umeersity sf WaterlbocAdapted with

permission from Chee Hau Tefi®].

1.5 Location of film deposition during ALD

A challenge for ALD and ARSALD thin-film deposition techniques is controlling the locatafrfilm
deposition.These techniques are coating processascthmpletely coat all the surface area that is

exposed tdhe precursor gases, whereas in many applications, patterned films are desired.

Furthermore, these techniques are prone to unwanted powder forrBatiorg ALD of alumina with
trimethylaluminum (TMA) andwater (HO) and the reactor chamber maintained at a temperature
between 10TC to 200°C, physisorption of #0 molecules at the cold spatong the chamber walls
takes place and does not fully desorb after the purging $tel8]. The HO desorbs from the walls
gradually and the phenomenon is called virtual |d&k [ In the following TMA pulse, the desorbed
H.,O reacts with TMA andeads to CVElike continuous film growth on the substratehile the
remaining HO canlead toCVD andthe formation of white alumina (ADs) powder on the walls of

the reactor17,18]. As powder accumulates on the cold region on the wall, it will increase the surface
area that may adsorb@ from subsequent oxidant pulses, causing the virtual leaks dugQto H

physisorption to grow with timel},18].



On the other handn spatial ALD, when the precursoeseineffectively isolated, precursor mixing
takes place and leads to formation of powadtich candeposit on the reactor head or end up in the
thin film. Powder formation is caused due to the intermixinghefmetal precursor and the oxidant
(either from oxidant channel or from ambient atmosphere) in the readistrate gap. For example,
during alumina deposition using TMA amdater, alumina powder is formeghen the following
reaction takes place in the reaesoibstrate gap due to ineffective isolatadrprecursorsi9]:

2AI(CH3)3 + 3HO Y O3+ 6CH;

In addition, during thermal ALD at low temperatures, the partial pressure of water plays a crucial role.
A higher partial pressure can lead to excess adsorption of water (due to its high coefficient of sticking),
which can eventually lead to powder fornoatiand affect film quality. Therefore, the temperature and
partial pressure must be controlled carefully to deposit-biglity thin films and avoid powder
formation. Figure 1.9 shows a ntwwmogenous alumina film deposited using spatial ALD &C75

with powder formation evident [20].

Figure 1.9 Al203 depositionat 75°Cwith TMA and water usinga rotary spatial ALD reactor and water partial pressure
optimized for a deposition temperature of 200°C. The powder formation was caused by CVD like reaction near the center due
to multilayer adsorption of wateReproduced with permission frof20]. Copyright2011 AIP Publishing LLC.



1.6 Thesis objectives and overview

This thesis will focus on developing strategies to control the location of material deposition in AP

SALD systemsQObjectives include:
1 Reduce the amount of unwanted powder depositiohR38ALD reactor heads
91 Develop the ability to deposit patterndigh-throughputilms by AP-SALD.

In Chapter 2, relevant literature will be reviewed, including filatterning techniques, arsalective

ALD that usegyrowth inhibitors to prevent film deposition, direct selective-@/.D methods that

direct the precursors onto specific areas of the substrates, and computational fluid dynamics modelling
of AP-SALD reactorsin Chapter 3coatingAP-SALD reactorheadswith chemical growth inhibitors

will be investigated as a strategyprevent powder formatioof the reactoheads. In Chapter 4, a new
direct selective AFSALD reactor will be developed to enable hitinoughput deposition of patterned

films. Finally, in Chapteb, key conclusions will be reviewednd future work discussed.
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Chapter 2

Literature Review

2.1 Patterning

In nanofabrication, patterning or nanopatterning refers to the process of creating specific nanoscale
patterns or features. Nanopatterning techniques are essentmihfering precise control over the
arrangement and placement of components at the nanoscale. It plays a significant role in modern science
and technology, including semiconductors, biomedical, optics, and energy harvesting, etc. According

t o Mo or ledunbdr af thansistors per chip on an integrated c{i€)idoubles every two years,

leading to a rapid increase in computing power and a decrease in cost per trar§istoroj2ier to

achieve this, the IC industry is driven by continuous downsgalithe components of an IC, so more
transistors could be packed into a smaller space thereby increasing the performance and reducing the

cost.

Conventional nanoscale patterning is a-dopvn or subtractive approach involving a series of
deposition, lithography, and etch cycles as showrignre2.1 (a) that are repeated to create a series
of patterned layers &.

@

After etching
+ resist strip

'
patterned sample deposited film | n— — resist film

. Edge placement

(b) error (EPE)

Area-selective ALD
non-growth area growth area

~Self-aligned

Figure 2.1 (a) Process flow for conventional patterning. A film is deposited (red) osaimple, which is coated with a
photoresist (grey). The photoresist is then patterned using lithography, but it becomes challenging to align the résést along
desired pattern on the sample. Therefore, when the pattern is then transferred to thetéhimgytbe feature is misaligned.

This results in sealled edgeplacement errors (EPES). (b) Schematic illustration ofaghed fabrication. In areselective

ALD, the edge placement errors are eliminated since the material is deposited onlydsirbe idgionsReproduced with

permission fronj22]. Copyright 2022 American Chemical Society.
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Photolithography is the widely used technique in industry for fabrication of microelectronics, whereas
other techniques such as electlmam lithography, soft lithography and imprint lithography are used

for research purposes3R Photolithography is the key enabling technology that has played a central
role in driving the continuous miniaturization of feature sizesramdting thancreasing complexity

of semiconductor devices, leading to more powerful and efficient electronic devices. However, as the
feature sizes become smaller and smaller, the complexity and the cost of the device fabrication
increases. Fabrication of 2D multilayer or 3D nanostructures with smaller feature sizes can be
challenging with photolithography as it can cause alignment isgitieshe structures relative to one
another édgeplacementerrors) and involves a large number of lithography and etch stdpsT2e
misalignments may result in open cirsot unwanted shorting of the circuit structure and energy loss

in the system [4)].

In order to overcome current challenges in nanofabricasielftaligned fabrication processusing
areaselectiveatomic layer deposition hee proven an effective tophs the material is deposited only

on the desired regionsf @ substrate, thus eliminating misalignments and processing teges.
selective ALD is a bottorap or additivenandabrication technique, hendeprovides better control

and accuracy in defining nanoscale features, esfabrication complexities (number of lithography
and etchsteps), and impras device performance and vyield. It is particularly advantageous when
dealing with sukb nm scale features, where conventional patterning methods face significant

challenges in maintaining precise alignmer[2

2.2 Area Selective Atomic Layer Deposition (AS-ALD)

Areaselectiveatomic layerdeposition enables dimension control in the lateral direction along with

atomic level thickness control and high conformality. Since ALD is based on sequentimisial

surface half reactions between precursor gas and the substrate surface, thierdepasacteristics

strongly depend on the surface chemistry of the subs@@}eBy tailoring surface chemistry and
functionalization, localized regions can be created that preferentially prevent interaction with precursor
molecules during the ALD process, leading to targeted deposition. As shown in Figure 2.1 (b), the
regions on the substrate or the material where ¢
the regions of the substrate or materials where grondsh undesired i s referred t
A major challenge with implementation of A&_D widely is the loss of selectivity after tens of cycles

due to the change in characteristic of the-goowth area with exposure to ALD precursd8,29].
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2.2.1 Mechanism of Area-Selective ALD

There are various approaches to achieve setsctive ALD as shown in Figure 2.2(R The selective
deposition of the film on the growth area dependsherprinciple of nucleation delay, i.eduring the

ALD processthe thin film readily nucleates on specific regions on the substrate (referred to as growth
area) whereas there is ghibition or delay of the initial nucleation and growth of thin film on other
areas (referred to as ngnowth area) of the substrate. For example, metal oxides readibateion

OH terminated surfaces, whereas nucleation begins after a short tiHetenminated surfaces IR

In the inherent selective approach, the substrate comprises of different materials and deposition does
not occur on the some of the materials due to the surface properties of different materials and precursor
preference to surface chemistry. As a result, selégiwiinherent in the specific ALD process. Since

the inherent selectivitynay last only for a few cycles, the surfacecemmonlypretreated to either
activate or deactivate the growth area or the-grmwth area, respectively JB Selective deposition

takes place Wwen m@rts of the substrate are deactivated and rendered inert by using photoresist or self
assembled monolayers or smablecule inhibitors. These materials are known as growth inhibitors

and this type of approach is known as area deactivation. In contrast to this, when the surface is activated
with surface activators before deposition, for example, by depositing an inltssted layer, the
technique is called area activation. There are no subtractive steps such as etching involved with this

type of deposition. Hencéhe area activation approach is also known as dingite ALD.

Inherent
selectivity

Area
. .
deactivation

Area .
activation

Figure 2.2 Mechanisms of various ABLD approaches (A and B are the rgrowth area and growth area, respectively):
inherent selectivity to the specific ALD process, area deactivation or area actiRamnduced with permission froj80].
Copyright 2022 The Royal Society of Chemistry.
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The nucleation behavior of an afselective ALD process is shown in Figur@ a). The substrate
consists of two chemically different surfacgsowth area and negrowth area. In the growth area,
nucleation of the precursors beg@mmost immediately, resulting in film growth in a linear fashion

with increagng number of ALD cyclesln contrast film growth is delayed on the nagrowth area for

a number of ALD cycles before the nucleation begins, referred to as the nucleation delay. The number
of cycles for which the film growth is observed only on the growth area and the thickriesfilm

on the norgrowth area remains zero is known as the selectivity windbwe.selectivity S is given by

- = 1)

wheredy, anddngarepresent the thickness of the material after deposition on the growth agcomdh
area, respectively B3. As shown in Figure 2.3 (b)heselectivity ofan aeaselective ALD process

a function of film thickness 3.

(a) A — growth area

non-growth area
Linear growth
w
g _ Selectivity window
S
[S
Nucleation delay
Number of cycles >
) A
2
2
S
2
@
(7}
Thickness >

Figure 2.3 (a) Nucleation behavior on the growth and qggowth areas duringreaselective ALD resulting in linear growth
and nucleation delay on the growth and 4goowth area, respectively. The numberAdfD cycles for which the growth is
delayed on the negrowth area is referred to #se selectivity window. (b)Selectivity ofareaselective ALD procesas a

function of film thickness calculated from equation ®gproduced with permission frof@2]. Copyright 2022 American

Chemical Society.
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In this thesis, direct selective deposition of patterned films IWSABPD will be investigated (Chapter
4), rather than chemical modification of the substrate. However, previously reported growth inhibitors
will be employed in Chapter 3 to prevent powdanmniation on APSALD reactor heads. With this in

mind, relevant growth inhibitors are reviewed in the next section.

2.2.2 Previously reported growth inhibitors for AS-ALD of Al,Os; and ZnO and their

coating techniques

Areaselective ALD has been reported for the-sdifined fabrication of various materials such as noble
metals and metal oxides. The most common method employed to achiegelantiae ALD is area

deactivation by surface functionalization with growth inhibit@4.[

Our research group frequentlgposis aumina (AkOs) andzinc oxide (ZnO) thin filmsfor a variety
of applications, usingrimethylaluminum TMA), diethylzinc (DEZ) anddeionizedwater(DI H20) as
the precursorsFocus will therefore be placed dhese materialsGrowth inhibitors reported for
aumina and zinc oxide deposition using these precueselssted inTable 2.1and2.2, respectively

Table 2.1 Previously reportedrowth inhibitorsfor AS-ALD of alumina

Type of growth o Inhibitor deposition
S Growth inhibitor used _ Reference
inhibitor technique
Polymer Poly(methyl methacrylate) | Spin coating [43]
(PMMA)
Poly(vinyl pyrrolidone) Spin coating [44]
(PVP)
Self-assembled Dodecanethiol (DDT) Vapordeposition [38], [40]
monolayer Octadecylphosphonic acid | Dip coating [39], [41], [46]
(ODPA)
Octadecyltrichlorosilane Dip coating [48]
(OTS or ODTS)
1H,1H,2H,2H- Dip coating and vapor| [48]
perfluorodecanethiol (FDT) | deposition

15



Table 2.2 Previously reported growth inhibitors for A&.D of zinc oxide

Type of growth o Inhibitor deposition
o Growth inhibitor used _ Reference
inhibitor technique
Polymer Poly(methyl methacrylate) | Spincoating [35]
(PMMA)
ICP-polymerized Plasma polymerizatior [36]

fluorocarbon (CR)

Poly(vinylpyrrolidone) Spin coating [37]
(PVP)
Seltassembled Octadecylsilane (OS) Dip coating [35]
monolayer Dodecanethiol (DDT) Dip coating and vapor| [38], [40], [42]
deposition
Octadecylphosphonic acid | Dip coating [39], [41], [47]
(ODPA)
Octadecyltrichlorosilane Dip coating [45]

(OTS or ODTS)

The commonly used growth inhibitors include unreactive polymer blocking layersasselinbled
monolayergSAMs), and small molecule inhibito(SMIs)to deactivate the negrowth surface against
reactions with the ALD precursor. Unfortunately, thereusrently very limited knowledge on the

growth inhibitor and substrate combinations for-ABD [ 34].

Polymerinhibitorsare ofterappliedby spin coating anthenpatterned by photolithography. The most
widely established technique in literature is the use of SAMs to deactivate the reactive surface sites on
the nongrowth area by chemical modification538-42,45-47,49]. In addition to the SAMs ifTable

2.1, several other SAMs have been reported for selectively depositing other metals and metal oxides.
The SAMs can be deposited either by wet chemistry or vapor deposition. SAMs consistaidong
organic molecules that spontaneously order on surfaces through physical or chemical adsorption

[49,50. The molecules are amphiphilic and consists of three key parts as shown in Figurd.2.4 [5
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They have a reactive head group that adheres to the substrate with high affinity, a long chain backbone
that causes the SAM to be ordered due to the Van Der Waals force of interaction with neighbouring
chains and a tail group that mad#the surface propdesto prevent interaction with ALD precursors
[50,51]. The process of SAM formation on a substrate is shown in Figure Z.5TJte first step is the
adsorption of the reactive head group with the substrate and the molecules lie on the surfate in a fla
and tilted manner. As the concentration of molecules on the surface ingréeesm®lecular order on

the surface changetue to the van der Waals forces resulting in formation of disordered clusters.
Eventually, this process leads to the formation of a densely packed uniform and conformal layer of

molecules on the surface, approximately normal to the surface.
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SAM Molecule Small Molecule Inhibitor

Figure 2.4 Difference between SAM and SMReproduced with permission frofal]. Copyright 2021 AIP PublishingLC

Figure 2.5 Graphical representation of the safsembly process of SAM molecules into monolay6g§
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Solution deposition of SAMs involves dip coating the specimen in the solution for more than 24 hours
to form a monolayer [§. The deposition time can be reduced by switching to vapor deposition of
SAMs, thiol SAMs have drawn significant attention in A&D of AlOs and ZnO on Cu substrates
because of their much shorter deposition times and vaporizable procéjsésigdnoted that DDT

vapor deposition for 30gcilitatedAS-ALD of ZnO for 200 ALD cycles and generatingheDDT at
intervals of 150 cycles aided the selective deposition for up to 650 ALD cydles [5

Recently, small molecules inhibito(SMIs) werereported for ASALD, which are similar to SAMSs.
SMisonly have a reactive head group and functional tail grasghown in Figure 2,4nd therefore,

lack selfassembly Small molecule inhibitors are highly volatile and can be deposited in the vapor
phaseABG-lyypieo cycl es as 55h dhis methoch is similgr uor tee SAM 6 |
regeneration techniquaowever in this type of ASALD, inhibitor molecules are dosed every cycle.
Each cycle comprises of three doses: an inhibitor dose (A), the precursor dose (B) ancdutacd
exposure (C). In dose A, the inhibitor molecules are introduced which selectively adsorb on-the non
growth aea. When the precursor molecules are dosed during step B, it only adsorbs on the growth area
while the small molecule hibitors block precursor adsorption. Lastly, thereactant is dosed in step

C. The cereactant removes the ligands from the adsorbed precursor resulting in selective deposition
on the growth surface. When plasma is used as theamtant, a part of thahibitor is also removed

[56]. By repeating the cycles, material can be selectively deposited on the growth area. The nucleation
delay of SMs are shorter when compared to SAMs shown in Figure 2.7 [H. Since SMIs are
deposited irthe vapor phase anthe nucleation begins earlier, they are not considered for this study.
Differentpolymer and SAMbased inhibitors will be studied in Chapter 3 to prevent powder formation

on AR-SALD reactor heads.
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Figure 2.6 Ideal aresselective ALD process using growth inhibitor molecules and A ALD cycles. In this type of AS

ALD, inhibitor molecules are dosed during every cycle. Each cycle comprises of three doses: an inhibitor dose (A), the
precursor dose (B) and the-reactant exposure (C). In dose A, the inhibitor molecules are introduced which selectively adsorb
on the norgrowth area. When the precursor molecules are dosed during step B, it only adsorbs on the growth area while the
small molecule inhibitors blocgrecursor adsorption. Lastly, the-mactant is dosed in step C. Thereactant removes the

ligands from the adsorbed precursor resulting in selective deposition on the growth surface. By repeating the cycles, materia
can be selectively deposited or tirowth areaReproduced with permission frof5]. Copyright 2022 American Chemical
Society.
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Figure 2.7 Generalized graph for film growth during ALD with and without SAMs and SR&produced with permission
from [51]. Copyright2021 AIP Publishing LLC.
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2.3 Direct selective film deposition by AP-SALD

Direct selective methods attempt to deposit patterneeSAPD films without any patterning or

chemical modification of theubstrateAs in inkjet printing, patterned films are produced by physically
directing the film deposition on specific areas of the subsivisse de la Huerta, €t aldemonstrated

selective deposition afinc oxide usingan AP-SALD system p7]. The exhaust channels are used to
remove excess precursor gases and reaction by products. Poor exhaust may lead to CVD type reactions
even in ficlose proximityo SALD mode. However, d
top of the substrate alose poximity, and by suppressing the movement of the substrate relative to the
reactor head, localized intermixing of the gases can be achieved at reduced exhaust dffi@iency
enable selective depositi¢h7]. Figure 2.8 (a) and (b) shows the simulation and experimental results

of astaticAP-SALD deposition57]. When the exhaust efficien@nd the distance between the reactor

and the substrateasmaintained at4.5% n d 1 frGhe simulationdepositions in the CVD regime

were observed dbcalized regions as shown in Figure 2.8[&]. The simulation resulivasverified

by performing a deposition using eactor head with an exhaust efficiency6f1% under static mode

for 30 secondsstrips of zinc oxideveredeposited on the substraienilar to the simulation resultas

shown in Figure 2.8 (Hp7].
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Figure 2.8 Simulation and experimental result @&tatic deposition using ABALD: (a) Simulation resulwith exhaust
efficiency of 4.5% showindpcalized deposition in the CVD regimand p) pattern obtained aftehe static depositiorof
ZnOon a Si substratasing a reactor with an exhaust efficiency of 10. R#produced with permission frg7]. Copyright
2018 MPDI.

Another example of selective depositisas demonstrated by the same research gueing3D printed
custom reactors withoncentric circular channel8§]. This led to the deposition of a circular pattern
in the staticspatial CVD modeas shown in Figure 2.9 (and the film thickness can lsentrolled by
modifying the process parameters such as deposition time and floAratéher unique 3Eprinted
reactor referredtoai SAL D pen 0, circuangasihanhetarranged ih a concentric manner
is shown in Figure 2.9 (b]58]. The channels are positionedith the configuration:metalic

precursofexhaustiitrogen/exhaugbxidant precursofThis particular design can be used to depasit
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any direction, sincthe substrate will be exposedpmecursoralternatively[60]. Figure 2.9 (c) shows
the schemiéc of the setupo deposit in desired directions using 8%LD penby moving the substrate
ona plate, an@circular ZnO patterdeposited by moving the plateshown in Figure 2.9 (dp8].

(a) Silicon (b)

substrate

(d)

Figure 2.9 (a) Schematic of the reactor ustaldepositcircular ZnO patternsin the spatial CVD mode (lef@nd circular
patternsof different thicknessegright). (b) Reactor used in the SALpen approacieonsisting ofconcentric circular gas
outlets allowingreeform deposition. (c3chematic of the setup to depa@sjtattern usin@ALD pen (d) Circular ZnOpattern
deposited using the SALD peReproducedvith permission from58]. Multiple images are combined together into a single
image. Copyrigh2020 Wiley.

The lateral resolution of thdeposited patterrdepend on thediameter of the exhaust chanadjacent

to the metal precursor chanpabk thisdetermineshe region of the substrate exposed to the metal
precursor. Using the SALD pethe lateral resolutih achieved was in the range afew millimeters.
Theresolution reported b&TLANT 3D Nanasystemswith a similar design as the SALD penétallic
precursor/exhaust/nitrogen/oxidant precursor/exhauetl 0 0 & m eamgngaktandlard nozzle
and an advanced microfluidic nozzle respecti@9]. The resolution ismuch larger than what is
achievable with the AS\LD methods discussed in Section 2.2. Improvement in this resolution is
warranted; however, even these modest resolutions are suitable for patterning requirements in some

applications, e.g., cell patterning perovskite solar modules.
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2.4 CFD modelling of AP-SALD system and flow visualization

Computational fluid dynamicéCFD) is a branch of fluid mechanics that focuses on the numerical
analysis and simulation of systems involving fluid flow, heat transfer and other related phenomena by
means of computer simulations. CFD is a powerful tool utilized in a wide variety of iradasiti non
industrial applications including aerospace, automotive, biomedical, electronics, energy, hydrology,
HVAC, and metrology. CFD involves using computer simulations to solve the governing equations of

fluid motionand heat transfer in order to predict how fluids behave in various situations.

The workflow of a CFD process consists of three major stagegrpcessing, solving, and pest
processing. The prprocessing stage involves geometry creation, mesh generation, selection of physics
and fluid properties and setting boundary conditions.fireestep in a CFD process is the generation

of the fluid flow region , i.e. the computational domain in 2D or 3D using suitable CAD tools. In
meshing, the system is discretized into smaller elements. In the next step, the flow physics is selected
which exactly represents the features of the flow phenomena being analysed. The boundary conditions
are specified in the next step which include specifying the pressure, temperature, and velocity etc. Using
the CFD solverthe computer solves the set of equations describing the physics of each cell or element
in the mesh. This is an iterative process and continues until a converged solution is obtained. Finally,

the postprocessing stage involves analyzing and interpretingésults of the simulation

Numerical simulation has proven to be a valuable tool in understanding and optimizing/ddatidt
canplay a vital role in the design of reactor headdin adjusting the process parameters. As mentioned
earlier, the type of deposition (either SALD type or SCVD type) depends on the taatstrate gap

as precursor intermixing takes plaxsgthe gaps increasedn spatial ALD, the precursors are separated

in space with nitrogen curtains in between. The precursors must be effectively isolatedchi@mthea

and the ambient in order to achieve uniform and conformal films since precursor intermixing leads to
CVD type reactions and affect film qualityd&1]. In addition to this, spatial ALD systems can be used

to deposit thin films at a faster rate when compared to conventional ALD. The deposition rate not only
depends on the design of the reactor head, but also on the rate at which the precursot rthact wi
substrate [f]. To saturate all surface sites, the precursors should be in contactevithtxtrate for a
sufficient time period. Therefore, uniform deposition depends upon the speed at which the substrate

oscillates [@]. Moreover, the effective precursor isolation and reaction kinetics are temperature
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dependent [§]. Therefore, the reaction rate and maximum substrate speed for a specific design of the

reactor head varies depending on the temperature.

During the design stage, by modifying the various process parametersagsaabtorsubstrate gap,

flow rates, substrate speed, substrate temperature, pumping pressure stagtardiesign parameters

(such as channel width, wall thickness of the chaetel) in the CFD model, the effect of different

reactor designs and process parameter can be evaluated, and the optimal parameters can be obtained

with the help of computer simulations.

Experiments are required to verifgFD simulation results Observation of the properties of the
deposited films provides some indirect evidence; howelesct visualization of the gdkbws would
facilitate verification of the CFD simulatisnand optimization of the processd reactedesign
parameters. Various flow visualization techniques existvisualizing liquids and gasesdp The
commonly used methador flow visualization includevisualization byaddition of foreign materials

and optical methds.

2.4.1 Flow visualization by addition of foreigh materials

Since most fluids are transpareittis difficult to directly visualize the motion of the fluidhe most
common method to visualize fluid flow is achieved by adding a foreign material to the fluid in motion
These materials are also known as tracéesamonly used traceincludedyesfor visualizing liquids

such as wateasind smokdor visualizinggases such as aBJ]. Othertracersfor gaseous flowsclude

dust particles, oil droplets, etevhereagparticles neutrally buoyansphereshydrogen bubbles, etc.
are usedor visualizingliquids. Flow visualization by this technique ssill an indirectmethod aghe

fluid motion is estimated by visualizirige motion of théracers Thereforethe tracer must be selected
such that thelensity ofthetraceris similar to the fluid to avoid any errodsie to adifference between

the fluid and tracer motion

2.4.2 Optical methods

Optical flow visualization techniques avéien applied irthe field of research involvingpmpressible
flows [64]. The three principal optical flow visualization techniques include shadowgraph, schlieren
imaging and interferometrithese methods rely on the varying density of the fluid fldte refractive
index is a function ofluid density so any variation in densiggffects the refractive indeXhe basic

principle of this method is as followthe properties of the light wave transmitted throughfithie
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flow may beaffecteddue to changes of the refractive index of the fléidlight wave transmitted
through the flow with refractive index changes is affected in two different whgslight wave is
deflected from its original direction of propagation, éimelphase of the disturbed light wave is shifted
with respect to the undisturbed lighitve as shown in Figure 2.10

Recording plane

Test abject

Tncident
lightray

Figure 2.10 Deflection of light rays when passing throughiaimomogeneous flow field63]. Reproduced with permission

from [63]. Copyright 2007 Springérerlag.

An optical devicerecordsthe uneven illumination caused by the phase change in the light beam as it
passes through the compressible flow beinglied If a recording plane is placéehind thedisturbing
media, three quantities can be measured: the displacement of the disturfopamayp) , the angular
deflection of the disturbed ray with respect to the undisturbeddnada,) and the retardation of the

deflected rayi.e., the phase shift between both rays

To-date, howevegas flows from APSALD reactor heads have not beseiccessfullyisuaized.Initial
trials will be conducted to tedifferentflow visualizationmethods on an ASALD reactor.These are

discussed briefly in Chapter 3, with details in Appendix C.

25



Chapter 3
Coati nQYAIAIP reactors with growpbwdehi bi

f ormati on

3.1 Overview

During depositionsusing theFunct i onal N a n APRSALDe systeas| whité rpomdgr 6 s
formationis observedilong the reactor head perimeter and the channels as shown in Figure 3.1. Powder

formation is due to the undesired intermixing of precursor gases or due to the interactiometaihe

precursor with oxidant from ambient and nuclemain the reactor head.

N T

Figure 3.1 Powder formation around the perimeter of a reactor head after deposition

The powder formation can have the following effects on the reactor head:

1 Reactor Contaminatior€ontinuous pwder formatioron thereactor head leado the build-
up of solid particles. This can obstruct gas flow paths, repteciursoiaccess to the substrate,

and result imon-uniform deposition on the substrate.

1 Clogging and Pressure Drop: Powslean accumulatalong the exhaust channels, tubing, and
thefilters. This can cause clogging, leading to an increase in pressure drop. Increased pressure
drop may negatively impact thexcessprecursorand by product removatesulting in non

uniform deposition and reduced film quality.
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9 Precursor nucleation: Powder formation on the reactor headsciucleation sites for more

precursors. This can intensify the powder formation issue with time.

Therefore, methods to minimize powder formation on the reactor head and effective removal of the
powders become crucial. The aim of tbigptelis to dip coat the reactor head with growth inhibitors
reported previously in areselectiveALD procesesto achieve selective deposition by preventing
precursor nucleatiorfor this study, four commonly reported growth inhibitorsdlomina andzinc

oxide depositions are selected for dip coating the reactor tressd includeMMA, PVP, ODPA and

DDT.

Most reactotheadused inth&cunct i onal N a n ARSALPR systemslare 3D@rinted p 6 s
using Formlabs Form 3 SLA 3D printer. The material used for 3D printing the reactdigh Temp

Resin from Formlabdt is aproprietary material made of liquid photopolymersprint partsfor high
temperature application3herefore, in order to determine if the inhibitors are compatible with 3D
printed parts, samples of size 11/ by11.25mm by2 mm were 3D printed with thdigh Temp

Resin,as shown in Figur8.2 (a). Figure3.2 (b) reoresents a schematic of the patterns oridpéace

of the sample; the topmost region (red) is referred to as the peak whereas the bottom region (green) is
referred to as the base. The samples are dip coated in various growth inhibitor solutions for different

time periods.

(b)

@)

Figure 3.2 (a) 3D printed High Temp Resin sample of size 1m2%by11.25mm by2 mm. (b) A schematic representation
of a 3D printed sample using SLA 3D printer. The topmost region (shown in red) and the bottom region (shown in green) are

referred to as the peak and base, respectively
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3.2 Experimental details

3.2.1 Deposition of Al,03 on 3D printed samples coated with growth inhibitors

To prepare the PMMA solution, 10 g/L PMM@M,= 350 KDa)was dissolved in isopropanolater
(20% wat er ) wasthend@ded down ta noam tempeeature.orhreet3D o n

printed samples were immersed in the solution for up to 4 hours and 15 minutes. The PVP solution was

mi xtur e
prepared by dissolving 0.25 wt.% PVP3 in diacetone alcohol and three samples were immersed in
the solution fo up to 4 hours and 10 minutes. For coating the samples with ODPA SAMs, four samples
1mM ODPA p r Sénplaaly, e d
wer e i mM DDT sol

ut i us i
10

hours. After dip coating, all the samples were taken out from the solution, dried under nitrogen, and

were i mmersed in s ol on

four sampl es mmer sed in uti on
placed together on a sample holder as shiowiigure 33 (a). The position of each sample on the

sample holder is shown in Figur&8b). Two 3D printed samplegith no inhibitor coatingvere placed

at the top right and the bottom left along with titeer dipcoated 3D printed sampleEhe different

dip-coating times were based on previous reports of these inhibitors for alumina and zinc oxide,

although it is recognized that different substrates were used in these previous reports.

@ (b)

Figure 3.3 (a) Sample holder with 3D printed samples dip coated with growth inhibitors for different time periods and (b)

PMMA | PMMA PMMA No
~3h 30min|~3h 45min|~4h 15min| inhibitor
ODPA ODPA ODPA ODPA

~48h ~23h ~15h |~4h 15min

DDT DDT DDT DDT
~4h 15min| ~15h ~23h ~48h

No PVP PVP PVP
inhibitor | 4h 10min [~3h 40min |~3h 20min

position of each 3D printed sample on the sample holder for depositiopQf Al
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The deposition parameters for.8% are listed in Table 3.IThe labscale ARSALD system in the
Functional Nanomaterials Group was udeok the deposition, nitrogen gas was bubbled thraigh
trimethylaluminum precursor at 45 sccm and combined with a 105 sccm nitrogen carrier flow.
Similarly, water was bubbled at 100 sccm and combined with a 150 sccm nitrogen carrier flow. A 750
sccm nitrogen curtain was used to separate the precursors and remove excess unreacted precursors or
by-products. A reactesubgrate spacing of 300 um was used. Two batches of sampleslemosited:

oneat 100 °C andne at70 °C. For the depositions, the stages oscillated at a speed of 60 mm/s for

500 oscillationsThe depositionsvere carried out in batches in order to maintain uniform deposition

conditions on all the samples on ga&mple holderas shown in Figure 3.

Table 3.1 Al,O3; AP-SALD conditions

Deposition temperature (°C)for 15 batch 100
Deposition temperature(°C) for 2" batch | 70

Number of oscillations 500
Oscillation speed fhm/s) 60

Flow per channel (sccm) 150
Gas flows for | Metal bubbler (sccm) 45

TMA Metal carrier (sccm) 105
Gas flows for | Water bubbler (sccm) 100
H20 Water carrier (sccm) 150
N2 rate (sccm) 750
Reactor height(um) 300
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Figure 3.4 Sample holder along with all the samples placed on the heated stage for deposition.

3.2.2 Deposition of ZnO on 3D printed samples coated with growth inhibitors

The growth inhibitor solutions were prepared by the same procedure mentioned in se2tlon 3.
However, the dip coating times were different for zinc oxide depositisrcompared talumina
deposition. The PMMA, PVP, ODPA and DDT samples were coated for up to 6 hours, 53 hours 30
minutes, 53 hours 30 minutes and 6 hotespectively After dip coating, all the samples were taken

out from the solution, dried under nitrogen, and placed together on a sample holder at different positions
as shown in Figure 3.5Mi0 3D printed samples with no inhibitor coating were placed at the top left

and the bottom right along with the dip coated 3D printed samples.

No PMMA PMMA PMMA
inhibitor |~5h 20min | ~5h 40min ~6h

ODPA ODPA ODPA ODPA
~-53h 30minf-29h 30min|~21h 30min| ~6h 30min

DDT DDT DDT DDT
~6h 30min [~21h 30min|~2%h 30min{~53h 30min

PVP PVP PVP No

~6h ~5h 40min | ~5h 20min | inhibitor

Figure 3.5 Pasition of each 3D printed sampldip coated with growth inhibitors for different time periaals the sample
holder for zinc oxide deposition.
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For the deposition of ZnQhe labscaleAP-SALD system was again usdditrogen gas was bubbled
through a diethylzinc precursor at 23 sccm and combined vifY sccm nitrogen carrier flow. Water

was bubbled at 45 sccm and combined with a 255 sccm nitrogen carrier flow. A 900 sccm nitrogen
curtain was used to partially separate the precursors and remove excess unreacted precufsors or by
products. A reactesubgrate spacing of 100 um was used. Two batches of samples were deposited
oneat 100 °C andne atc0 °C. For the depositions, the stagas oscillated at a speed of 60 mm/s for

500 oscillations. The deposition parameters for ZnO deposition are listedlan3.2.

Table 3.2 ZnO AP-SALD conditions

Deposition temperature (°C)for 1% batch 100
Deposition temperature(°C) for 2" batch | 50
Number of oscillations 500
Oscillation speed (hm/s) 15
Flow per channel (sccm) 150
Gas flows for | Metal bubbler (sccm) 23
DEZ Metal carrier (sccm) 127
Gas flows for | Water bubbler (sccm) 45
H20 Water carrier (sccm) 255
N2 rate (sccm) 900
Reactor height(um) 100

3.2.3 Characterization methods

Initial characterization of the samplesaswerformed usingan OMAX trinocular lab compound
microscope The various magnification options were 4X, 10X, 40X and 1G04 all themages were
obtained under 10X magnificatiorEnergydispersive xay spectroscopy EDX) was used to
characterize the surface composition of the samplesvasdione either on a Zeiss LEO 1586ld

emissionscanning electron microscop®EM) or Zeiss Ultra Plus field emission SEM.
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3.3 Results and discussion

3.3.1 Deposition of Al,O3 at 100°C on 3D printed samples coated with growth

inhibitors

For simplicity, the samples aotassifiedinto three groups: uncoated sangiieo inhibitor or alumina
present on the sampjell.Os-deposited sampewithout inhibitor and AbOs-deposited sampdedip
coatedwith inhibitor.

Initially, all the 3D printed samples were characterized using a Hepchptical microscope. The
microscope images of an uncoated sample (on which no inhibitor or alumina is present) are shown in
Figure 36 (a), (b) and (c). Figures@(a) and 3 (b) correspond to thiep faceof the sample focused

on the peak and the bagespectively while Figure 36 (c) corresponds to thieottom faceof the
sample.

Figure 3.6 10X magnification images of the uncoated sample. (a) & (b) Focused on the peak and base on the top face of the
uncoated sample, respectively, and (c) focused on the bottom face of the uncoated sample.

The microscope images of thex@k-deposited sample without inhibitor (High Temp ResiglA)

are shown in Figure 3.7. When compared to the uncoated sample from Figure 3.6, a difference can be
observed between the samples. On th©®Ateposited samples without inhibitor, some cracks are

visible in a surface coating, as shown in Figure 3.7 (a), 3.7 (b) and 3.7,@) d&posited on the top

face of the sample without inhibitor is shown in Figure 3.7 (a) and 3.7 (b), focused on the peak and
base, respectile Figure 3.7 (c) corresponds to the®d deposited on the bottom face of the sample
without inhibitor
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Figure 3.7 10X magnification images of the Abs-deposited samples without inhibitor (High Temp Resif@4). (a) & (b)
Al203 deposited on the top face of the sample without inhibitor, focused on the peak and base respectiv€lydéposited

on the bottom face of the sample without inhibitor.

Both the samples were then analyzed by EEBM to confirm that the different surface morphology
is due to thadepositionof Al.Os. The samples were coated with a thin layer of gold for performing
EDX-SEM. From Figure 3, it is clear thatAl,Os is depositedn the sampl&vithoutinhibitor. In the
compositional analysis of the uncoated sample, oatipon ancdxygen peaks are detected by EDX
SEM, as shown in Figure 8(a), whereasluminum peaks can be observed in the ESEM spectrum

of the Al,Os-depositedsampleswvithoutinhibitor in Figure 38 (b).

33



(a) = 7 Spectrum 16
- |
= |
- |
i Weight % 30%
S z
S
5 -
w
Q‘ -
9 -
St -
2 2=
7 ;3
§ 5
=p =
O—IIIII|lllllllll'lllIlllll|IIllllllllllllllllllllll'
0 2 4 6 8
Energy (keV)
(b) & [} Spectrum 1
5 |
T |
A= c i
= Weight % 10%
= 3
> -
o T
7] %
e
B¢ 2
S -
2 27
B | 8
il Q
O-IIIII|l!lllllll|IIIIIllll|lllllllllllllllllll'lllll
0 2 4 6 8
Energy (keV)

Figure 3.8 EDX spectra of the (a) uncoated samples and (BpsAdeposited samples without inhibitor. Only carbon and
oxygen peaks are present on the uncoated sample, whereas aluminum peaks are observegOardépoded samples
without inhibitor. Note: Results generated from the system softwainga Zeiss Leo 1530 FESEM coupledth anOxford
Instrument€EDS detector.

The samples dip coated with growth inhibitarere also characterized using the optical microscope.
Figures 3.9 and 310 show the microscope images of tAbOs-depositedsamples dip coatetbr
different time periodsvith PMMA and DDT, respectively From the images, it is clear thfim

formationand crackingccurredon all the samples.
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PMMA

3h 30min
Bottom
PMMA
3h 45min
Peak Base
PMMA
4h 15min

Figure 3.9 10X magnification images of the As-deposited samples dip coated with PMMA for different time periods (High
Temp Resin/PMMA/AIO3).
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DDT
4h 15min

DDT
15h

Bottom

DDT
23h

Bottom

DDT
48h

Figure 3.10 10X magnification images of the Zbs-deposited samples dip coated with DDT for different time periods (High
Temp Resin/DDT/AIOs).
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In contrast when the sampledip coated with ODPA and PVP are observed under the microscope, no
film formationand crackingwas observed on some of the samples after depositidid.08. The
microscope images of thd ;Os-deposited samples dip coated wlbDPA and PVHor different time
periodsare shown in Figure Bland Figure 3.2, respectively. In the case of ODPA, filen formation

and crackingvas only observed on the samgip coated for the shortest time period of 4 hours and
15 minutesas shown in Figure B1 (). The samples in Figure 13 (b)-(g) that were dip coateih
ODPAfor 15 h or longer appear unchanged from the undosdenples in Figure @.In Figure 312,

no film and crackformation was observed any ofthe sampleslip coatedn the PVP solution for

periods ranging from 3 h 20 min to 4 h 10nmi
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ODPA
4h 15min

Peak Base

ODPA
15h

ODPA
23h

ODPA
48h

Figure 3.1110X magnification images of the Zs-deposited samples dip coated with ODPA for different time periods (High
Temp Resin/ODPA/AI:3).
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PVP
3h 20min

PVP
3h 40min

PVP
4h 10min

Figure 3.12 10X magnification images of the Abs-deposited samples dip coated with PVP for different time periods (High
Temp Resin/PVP/AD:3).

To confirmthatthe PVP and ODPA growth inhibitors prevented the formatioAlgDs; on theHigh
TempResin samplesilOs-deposited samples dip coated wW@iDPA and PVP for 48 hours and 4h
10min, respectivelywereanalyzed byeDX, as shown in Figure 3.3 (a) and Figure 33 (b). It can be

observed that nduminum peaks are presedhort either ofthe samples.
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Figure 3.13 EDX-SEM spectra of the ADs-deposited samples coated with (a) ODPA for 48h and (b) PVP for 4h 10min. No
aluminum peaks are observédbte: Results generated from tsgstemsoftwareusinga Zeiss Leo 1530 FESEM coupled
with an Oxfordinstruments EDS detector.
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3.3.2 Deposition of Al,O3 at 70°C on 3D printed samples coated with growth inhibitors
The samplesn whichAl.Os; was deposited at 70%ere also characteridausing optical microscopy
A microscope image of the ADs-deposited sample without inhibitor (High Temp Resig4) is
shown in Figure 34. As seerfor the deposition condition of 100°Gijm formationand crackingare

observed after the depositionAif,Os.

Figure 3.14 10X magnification image of the bottom face of the@tdeposited sample withoumhibitor (High Temp
Resin/AbOs).

The microscope images of the @k-deposited samples dip coated with PMM#e shown in Figure
3.15. It can benotedfrom Figure 315 (a)-(c) thatfilm formation is observed on all samples dip coated
with PMMA after the deposition 4l 0.
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PMMA
3h 30min

PMMA
3h 45min

PMMA
4h 15min

Figure 3.15 10X magnification images of the Abs-deposited samples dip coated with PMMA for different time periods
(High Temp Resin/PMMA/AO:3).

In contrastin the case of ODPAilm formation and crackingreonly observed on the samples coated
with ODPAfor the shortest time period of 4h 15m@sshown in Figure 3.6 (a), similar to deposition
of Al,Osat 100°C
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Peak

ODPA
4h 15min

Bottom

Peak Base

Figure 3.16 10X magnification images of the Abs-deposited samples dip coated with ODPA for different time periods (High
Temp Resin/ODPA/AD:).
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After the deposition ofl>-Oz0n the samples coated with DDfl;n formationand crackingvas only
observed on the samples coated for 4h 15min anda®3thown irrigure 317 (a) and 317 (d), whereas
film formation washot clearlyobserved on the samples dip coated for 15h andHi8ite these results
for DDT areinconsistenti.e., film formation was observed dhesample coated fd3h while ndfilm
formation was observed on the sample coated for ite DDT desorbs or decomposes at around
110 °C,DDT only prevented film growth at 70 °CAlso, furthertesting is needed to determities
efficiency of DDT against ADs; formation after dip coating for 15h sincethere is a possibility of

formation of multilayes of SAMon the surface of the sample due to undesired conditions.
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Bottom

DDT
4h 15min

DDT
15h

Bottom

DDT
23h

Peak Base

DDT
48h

Figure 3.17 10X magnification images of the Zbs-deposited samples dip coated with DDT for different time periods (High
Temp Resin/DDT/AJOs).
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In addition to thisfilm formation was observed on all PVP coated sampeshown in Figure 381
(a)-(c). Since moisturesorptionon PVPis expected tincreasewith decreasingemperaturethis can

be oneof thereasos for film and crack formatiomn PVP coated samplesthelower temperature of

70°C.

Bottom

PVP
3h 20min

Bottom

PVP
3h 40min

Bottom

PVP
4h 10min

100pm

[ —

Figure 3.18 10X magnification images of the bottom face of #&i2O3-depositecsamples dip coated with PVP for different

time periods
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3.3.3 Deposition of Al,Oswith 3D printed reactors dip coated with growth inhibitors

FromSectiors 3.3.1and 33.2, it can be concluded that #d,Oswas present on the samptép coated
with PVP and ODPAafter deposition at 10C, whereador deposition at 70°Conly ODPA worked
effectively as a growth inhibitor on the High Temp ReBimsed on these initial results, PVP and ODPA
wereconsideredor dip coatingan ARSALD reactor head. However, since a lower dip coating time is
preferredto prevent any warpagef the reactor heaih the solventPVPwas chosen because of its

shorter dip coating period of approximately 4 hcamd 10 minutes

The objectiveof this workis to determine if dip coating the reactor headwofndustriatscale AR
SALD systemcan prevent or reduce powder formation on the reactor. liaadently,the system is
used for coatingplastics at low temperaturder sustainable foodhackagingapplications The

temperature of the depositiossusually in the range between 50°C and 100°C

From theAl,O; depositionait 70°C it was clear thaPVP was unable to prevetieformation of AbO3

after 500 cyclesTherefore, the initial goalas to determine if the PVP coating can prevAhiOs
formationat a temperaturef 100°C for a lower number of cycle§~200 cycles)For dip coatinghe

reactor heawith PVP, the PVP solution was prepared by dissolving ~0.25 wt.% P\2B i diacetone

alcohol and half of the reactor head was immersed in the solution for 4 hours and 10 minutes. Then the
reactor heawas removed from the solution, blow dried with nitrogen ag@0-cycle ALOsdeposition

was performed &at00°C by collaboratord.ouis Delumeawand Tristan Grovusing the industriascale
AP-SALD system.The reactoisubstrate gap was maintained at 0.5 Mheappearance of threactor

head aftethedeposition waperformed is shown in Figurel®. After 200 cycles of AIOsdeposition,

powder formation was observed on both the coated and uncoated side.
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Half of the reactor dip coated with PVP

Figure 3.19 3D printed reactor head coated with PVP onrigbkt side, after 200 cycles of Zbsdeposition at 100 °C using

the industrial scale ABALD system.

No significant difference between coated and uncoated sides aairsbesedlnitially, the powder
formationwas attributed tan insufficient concentration of PVP to properly coat all thefaces
Therefore, for the next deposition, the concentration of PVP was increased to 1 wt. % PVP K30 in
diacetone alcohol and a new 3D printed reactor head was immersed in the solution for 4 hours and 10
minutes. In this case, the depositimnditionswere 100 °C and500 cycles of deposition. It can be
observed from igure 320that the powder formation on the coated side siuadar orhigher than the
uncoated siddn this casepowder formation can be due to arfehe following reasons

i) SincePVP is a hydrophilic polymethe PVP coating with increased concentratamthe
coated side caadsorlbmoisturefrom thewaterco-reactant or the ambient atmosphevkich

leads to more powder formation on the coated, side

i) The reactoisubstrate gap maintained was 0.5 mwhich could lead tsomeCVD type

reactionsn the reactossubstrate gap.
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Figure 3.20 3D printed reactor head coated with PVP on the right side, after 500 cyclefOefidposition at 100 °C using

the industrial scale ABALD system.

Therefore, ODPA was selected for dip coating, but only the samples dip coated for @8iger

showed successful inhibition agaia$i0 cycles ofAl Oz depositionat 70 °Cin Figure3.14 In order

to determine if the 3Printedpartis compatiblewith the long dip coating tim&s the samples begin

to absorb the solvent after some time, adable 3D printed reactor was immersed in the 1mM ODPA
solution prepared using toluene and maintained at 50 °C. After approximately 6 hours, the reactor head

warped and broke

In order to determine if short@DPA dip coating times caprevent powder formatigran industrial
scalereactorheadwas dip coated for 20 minutestime ODPA solution prepared with toluene at 50 °C.
After 20 minutes, the reactor was taken out of the solution, blow dried with nitrogen #hdvabk
depositedby Louis Delumeawsing the industrial scale ABALD system for200 cycles. It can be
observedn Figure R1thatless powder was formed on the coated side when compared to the uncoated
side. However, onlgome areas showed powder formation. The reason behind timiay bedue to
uneven distribution of ODPAtoms due to shorter dip coating timasit cantake up to 48 hours for a

completeuniform monolayer to form.
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Less powder formation on the coated area
(right) when compared to uncoated area (left)

Figure 3.21 3D printed reactor head coated with ODPA on the right side, after 200 cyclegOaflaposition at 70 °C using
the industrial scale ABALD system

In order to determine if increasing the concentration of ORRA dip coating timewould improve
the ALOsgrowthinhibition, 10nM ODPA solution was preparédtoluene ab0°C andanotherreactor
headfor the industriatscale ARSALD systemwas dip coatedor 3h 30min The reactor headas
removed from the solution and blow dried undéragien. Then, the reactor head was usedeposit
Al,Os at 100 °C.After deposition of AIO; at 100°Cfor 250 cycles,less powder formation on the
uncoated sidas compared to the coated std@ be observeds shown in Figure 32.

Figure 3.22 3D printed reactor head coated with OD&#\the right side, after 250 cycles ob®4deposition at 100 °C using
the industrial scale ABALD system
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3.3.4 Deposition of ZnO on 3D printed samples coated with growth inhibitors

Similar tothe Al,O3 depositios, the growth inhibitors were tested to identify potential inhibitors to
prevent ZnO formation on thidigh Temp ResinAs for Al,Os, the 3D printedsamples coated with

ZnO at 100°C and 50°C were characterized using an optical microscope. In the case of ZnO, no visible
difference between the uncoated sample and-de@vsited samples without inhibitor was observed
using the optical microscopéll the microscope images of the samples after ZnO deposatien
included inappendix A and BFor instance, an uncte sample on which no inhibitor is present is
shown in Figure 23. Figure 323(a) and (b) are the microscopic images of the uncoated sample before

ZnO deposition, whereas the uncoated sample after ZnO deposition at 100°C is sh@Biicnadhd
(d).

Uncoated samples

ZnO-deposited samples
without inhibitor

Figure 3.23 10X magnification images of uncoated samples and-degbsited samples without inhibitor.

Since noclear difference was observeby optical microscopythe samples coated with growth
inhibitors on which ZnO was depositaslere only characterized using SEEDX to determine the

presence ofinc on them.

3.3.4.1 EDX analysis of samples after deposition of ZnO at 100°C

For the purpose of EDX analysis, only the samglipscoated withgrowth inhibitors for the highest

time periodswvere analyzedandcompared with theample withoutny inhibitor. Figure 324 shows
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theSEMimagesof the samples after ZnO depositimiong with theareaanalyzedy EDX. The sample
with no inhibitoris shownin Figure 324 (a), whereas the samples coated with PMMA, PVP, ODPA
and DDT areshown in Figure 24 (b), 3.24 (c), 3.24 (d) and3.24 (e), respectively.

High Temp Resin/ZnO High Temp Resin/PMMA/ZnO
(a) uﬁ-mnf “»wg‘nm‘ (b) " o i

Figure 3.24 SEM images after ZnO depaaitat 100 °C on (a) sample without any inhibitor and samples dip coated with (b)
PMMA, (c) PVP, (d) ODPAand(e) DDT.
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The EDXspectraof all five sampes are shown in FigureZh. Zinc peaks were observed on all the
samplesin this case, it can be observed thatdime peaks arlwwer onODPA andPVPcoated sample

when compared to PMMA and DDT coated samipldicatingbetter inhibition against ZnO degition.

High Temp Resin/ZnO High Temp Resin/PMMA/ZnO
Zn
(@ 108 i 0 g () 5
96/ 760
Lo . 665
:.; 72| : 570]
< <
- 6 g o
E\ é‘ 475
Rz é 380
E 36 ‘_;__l: 285,
24 190}
n [
12} 95)
o J.nln..lkm.k JAM - S z
0.00 033 0.66 099 132 165 198 231 00 13 26 39 52 65 78 91
Energy (keV) Energy (keV)
High Temp Resin/PVP/ZnO High Temp Resin/ODPA/ZnO
{2 [
603
© (@ a0
536 720}
469 630)
:'; 402 ; 540|
E 5 | o &
450/
E. 8 %‘ sl |
5 5
<= 20
g ™ 2n g ® 2
134 180
N 0 l
. e e R - 2
00 13 26 39 52 6.5 78 91 00 13 26 39 52 65 78 91
Energy (keV) Energy (keV)
High Temp Resin/DDT/ZnO
Zn
(e) 747)
664
581
.'-'-: 498]
<
E as| ©
12} 332
5
= 249
=
166| C
83|
Zn
oLAS

00 13 26 39 52 65 78 91

Energy (keV)

Figure 3.25 EDX spectra of th&nO-deposited samples (a) without inhibitor, and dip coated with (b) PMMA, (c) PVP, (d)
ODPA and (e) DDT.Note: Results generated from the system softwesiag a Zeiss Ultr&lus FESEM coupled with an
EDAX EDS detector.

53



3.3.4.2 EDX analysis of samples after deposition of ZnO at 50°C

In the same manner as the previous sectifter, the deposition of ZnO at 50°€ampledip coated

with inhibitors for the highest timeeriodswere analysedby EDX and compared to a Zn@eposited

sample without inhibitarFigure 326 showsSEM images along with the area analyzgdEDX.

High Temp Resin/PMMA/ZnO
.. YT

WS

High Temp Resin/DDT/ZnO

s SRS
P - o g -

O T s

Figure 3.26 SEM images of ZnO deposited at 50 °C on High Temp Resinple(a) without any inhibitor, and dip coated
with (b) PMMA, (c) PVP, (d) ODPA, and (e) DDT.
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The EDXspectreof all five samples are shown in Figur3.From Figure 7 (c), (d) and (e) no

Zn peaks were observed on the samples coatedPWihODPA, and DDT, whereas the percentage of
zinc on the uncoated sample was significantly higher.
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Figure 3.27 EDX-SEM analysis of the ZnO depositeg@imple (a) without inhibitorandcoated with(b) PMMA, (c) PVP, (d)

ODPA and (e) DDTNote: Results genetad from the system softwatessing a Zeiss Ultra Plus FESEM coupled with an
EDAX EDS detector.
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3.4 Conclusion

In conclusionseveral growtlinhibitorsweretestedon 3D printedsamplesand 3D printedeactor heads
to see if they could prevent the formation of alumina and zinc okidbe case oAl.O;deposition,
the growth inhibitors wertested a70°C and 100°Gor 500 deposition cyclegt 100°C,ODPA SAM
and PVPgrowth inhibitors prevented AD;formatiornn however ODPA and DDT prevented AlO;
formationafter 500 cycles of depositiat 70°C.

These growth inhibitorsvereused to dip coat 3D printedreactor head used a commercialscale
AP-SALD system built aithe University of WaterlodDuring depositions a&t00°C, powder formation
was observed on the reactor hegucoated with PVRfter 200 cycledn addition to this, the powder
formation increased withAnincrease irthe PVP concentratiorin the case of ODPA, significantly less
powder formation was observed on ttuated sidef the reactor headompared to the uncoated side
after200 and 250 cycles @&°C and 100°Crespectively.For deposition at 70°C, the concentration of
ODPAwas 1mMand the dip coating time was 20 minuté¢hereasfor the deposition at 100°C, the
concentratiorwas increased tb0 mM ODPA andthe time for dip coating was increased3ttours
and 30 minuteslt is to be noted that éhdip coatingtimes were shorter than the coating time that
successfully preventedl,Osformation completelyon the tested samplesd thepowder formation
was reduced but not completely prevent@idce he inhibitors preventefilm growth on thesamples
but could not completely prevent the powder formation orrélaetor headstudying the flow of gases
can helpto better understandowder formationPreliminary flow visualization attempts to study the
gas flows in the reactesubstrate gaprere unsuccessfiblutare discussed in Appendixa3 a basis for

future work

In addition to this, the growth inhibitors were testedZnO deposition at 100°C and 50f@ 500
cycles At 100°C, the nucleationof ZnO wasdelayed on samplesated withPVP and ODPA. For

deposition of ZnO at 50°@0 zinc was observed on the samples coated with,DIFPAand DDT.
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Chapter 4
Direct depospatoeavi o i-SARO

Direct deposition of thin films over desired regionsasubstrateising ARSALD has beerexplored
over the past few yearas discusseéarlierin Section2.3. With the help of 3D printingseactor heads
with channels that can deliver precurstirdocalized regions on the substrate carfateicated and
used to achieve direct selective depositionthis work, reactorheadsare desigred, 3D printedand
testedto depositcontinuousstrips of nanoscale thin filmgeparated by a small distance between them
as well as narrow strips of thin films separated by larger distaihgealso shown that by mechanically
adjusting the position of the reactor, the thin strips can be placed close to dme. &wath thinfilm
patterns would be useful for lighroughput manufacturing of devices suchi@s-cost perovskite

solarmodules

Jhi Yong Loke, a former mast eradAP-SAUDuedctonheadi n our
to depositthin films with thicknesgradiens, 3D printed it usinga SLA 3D printer and successfully
demonstrated nanoscale gradient thin film deposition using thecédb ARPSALD system[65]. The
design of the reactor was further optimibgcturrent PhD student, Denys Vidiskhis 3D-printed AR
SALD reactor designvas used as a starting point for this wddowever, for the purpose of direct
selective deposition, the design of the reactor chameelg&dto be modified to localize the precursors

to the desired region of deposition.

4.1 Design and process guidelines for 3D printing

Some of the key parameters to be considerewbiel thedesign of the reactor and to ensure successful

3D printing with SLA 3D printers are as follows:

1) Build volume of the printer

The build volume of the Form 3 SLA 3D printer is 145x145x185°niihe design of the

reactor head must fit within this volume.

2) Resin for 3D printing the part

Formlabs offersa wide variety of resinganging from standard prototyping materials to
engineering materialDepositions are performed using the -8RLD system up to a

maximum of 200 °C. Since the reactor is in close proximity to the heated stage, the parts
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3)

4)

5)

must be printed using a resin with high thermal stabilitye High TempResin V2 has a

heat deflection temperature of 238 °C and is ideal for this application.

Minimum wall thickness, distance between the walls and hole diameter

According tatheFormlabs design guide ftre Form 3printer, the minimum wall thickness

and hole diameter are 0.2 mm and 0.5 mm, respectively. In addition, the minimum distance
between walls according to the Formlabs design commig®ty mm Therefore, the part

must be designed with these dimensional constraints in mind to avoid closing off of the

features during printing.

Part orientation

The success of the print dependstondrientation of the part within the space of the build
volume This is akey parameteasit determinegactors such astrengthandquality of the
print, supports required and time taken for printing the part, tmne orientation
considerations for printing a part includew the uncured resin is drained, critical features

to preserveprint time warpingetc.

After each layer is cured and solidified by the lasesjin which is not part of the cured
layersadheres to the layer due to its viscous nature. This excesaeesdisito be efficiently
drained or removed to ensure the quality of the final printed \ddrén a part is oriented
at an angle during the printing proces#ise excess resin is naturally drained away
Therefore, the model is oriented such that the channels and the gas inlets are facing towards

the resin tanlas shown in Figure 4.1
Supports

Almost all parts or geometri¢s be 3D printedequire some form of suppofthe support
structureswill leave marks on theurface wherthey are removedThe parts are oriented
such that the supports are located away from critical features and surfaceshighere
quality and surface finish are cruci&lince the bottom surface of the reactor must have a
high surface finish, this side is located on the other side of the supports during 3D printing

as shown in Figure 4.1.
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6)

7

After printingand washingthe part needs to be cunaeaider UVlight. During this process,
the part is heated and exposed to. f'\the modelis not supported propetlit can lead to

part warping.
Residual resin

After the part is printed, the part is transferred to a wash bath along with the build platform
to wash off the excess resin from the 3D printed part. However, it is advised to not wash
the high temp resin parts for more than 6 minutes since the pars beginsorb the solvent.
Leftover resin in thehannels of the reactor results in the formation of partially cured resin

in undesired locations. Therefore, the part is washed, and a shim is used to manually
remove the resin from the channels. The chanasdghen cleaned with the help of
isopropanol and clean compressed air to avoid anyuasiesin

Cure time and temperature

The curing time and temperature of the 3D printed parts depends on the type of the resin
and the intended application. The partscanmed underUV light to achieve properties such

as increased strength and stability. To achieve high thermal stability, it is recommended to
cure the part at 80 °C for 2 hours. It must be noted that the part must be completely dry to

avoid cracking of the part during réng.
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Reactor is| oriented such that the

mlet ports and gas channels are

facing towards the resin tank for
easy draining of the resin

A

LNOYH

Build platform

MIXER SIDE

Figure 4.1 Orientation of the reactor head using preform software such thatlé¢ie and channelare facing towards the
resin tank (located opposite to the build platform) for easy draining of the resin from the chidarseipports on the bottom

face near the channels to ensure a smooth surface.
4.2 Patterning reactor for depositing wide strips

4.2.1 Design of the reactor for depositing wide patterns

The channel configurationf the reactor to print patterns directly on the substsaghown in Figure

42 (a) The channels follow arENEAENEBENE (E=Exhaust, N=Nitrogen, A=Precursor and
B=Precursor B or coeactantsequencand aralivided into 4 regions separated by nitrogeannels

which arereferred to as dividing channdlgertical channels in Figure2). The channel dimensions

are shown in Figure 4.). All the channels are B.mm wide, whereas the dividing charsiel the
direction perpendicular to the precursexhaust and shielding channelere 0.45 mmwide. The
channels adjacent to the dividing channels are at a distancmfi®oneach sidas shown in Figure

4.2 (b). The reactor modelled earlier by past students to print gradient thin films was modified with the
channels and dimensiomsFigure 4.2 (a) and 4.2 (Bs shown in Figure 2.(c)and 42 (d). Figure 42

(c) and 4.2 (dshow thegas flow paths andometric view of the reactor hea@spectively
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O Exhaust

Figure 4.2 Design of the reactor to print wide patter(e Location ofeachgas channebnthe reactor head, (b) dimensions

of the channels in mm (c) gas flow paths and (d) isometric view of the reactor. The arrow indicates the direction ef substrat

oscillation and the legend of each color corresponding to each channel is provided at the botto

The modelvas then 3D printed using a FormlaEsm 3 3D printer using High Temp Resin according
to the guidelines mentioned in section 4.Eiure 4.3 shows a reactor on the build platform of the

Form 3 3D printer after a successful print.
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Figure 4.3 Reactor head 3D printed using a Formlabs form 3 3D printer

The initial design for the patterning reactor was tested by depositingxiteusing the Functional
Nanomat er i adiscale APSALD gydtesnFdr thddepositionfazinc oxide nitrogen gas was
bubbled through the diethylzinc precursod@tsccm and combined with280 sccm nitrogen carrier
flow. Water was bubbled 46 sccm and combined withz®0sccm nitrogen carrier flowlhe nitrogen
curtainflow rates were varied between 900, 1100 and 1300 .s&amactorsubstrate spacing of 100

pum was usedThe substrate was heatedl@C and oscillated at a speed of 30 mm/s for 500 cycles.

After depositionof zinc oxide thefilms were characterizelly ellipsometryusing a Filmsense F8§

ellipsometer.

4.2.2 Results and discussion

Figure 4.4 shows pictures of the ZnO films prodused0 mm by 70 mm by 1.1 mm glass substrates
(top) and ellipsometry measurements acrosstiteewidth of the sampleqfrom left to right end}o
determine their thicknesbdgttom).
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Figure 4.4 Pattern deposition on samplgsp) and ellipsometryneasuremerecross the substrate showing the measured film
thickness ljottom) of the ZnO films deposited using the patterned reactor with different nit@géain flow rates (a) 900

scem, (b) 1100 scem, and (c) 1300 sccm.

After the deposition of zinc oxide on the samplswn in Figure 4.4a), (b) and (c)a clear pattern

can be observed on the samples 4.4 (b) and (c). However, upon measuring the thickness of the sample
with ellipsometry film formation wasalsoobservedn thegags. The thickness of the film depositin

the gap waspproximately half théhickness of the filmdepositedn the otherareas. The reason for

this could be due to ineffectiy@ecursoiisolationby the nitogenchanneldocated along thdiredion

of oscillation or precursor getting carried away from ghiecursorchannel locatedt0.2 mm on either

side of thedividing channelndreacting with oxidant.

4.3 Patterning reactor for depositing narrow strips

4.3.1 Design of the reactor

In order to deposit narropatternsa reactor head watesigned, as shown in Figur&4Figure 45 (a)

and 45 (b) shows the position of the gas outlets on the reactor head and the dimensions of the channels,
respectively. The gas flow paths on the reaateshown in Figure 4. (c) and the isometric view of

the reactois shown in Figure 4. (d). The metal precursor channel is 0.5 mm wide, and the adjacent
exhaust channel is at a distance of 1 mm on each side. Therefore, the width of the deposited film can

63



be between 2.5 mm to 3.5 m¢dimensions of the exhaushannel) The channels ithe middle

(representeth grey) were not used in this deposition process.

Figure 4.5 Design of the reactor to print narrow patterns. (a) Location of each gas channetesctbe headiewed from
the top (b) dimensions of the channels in mm (c) gas flow paths and (d) isometric view of the reactor. The arrow indicates

the direction of substrate oscillation and the legend of each color corresponding to each channel is provided at the bottom.

4.3.2 Deposition of closely-spaced strips by moving the substrate by a slight offset

The closest distance between two adjacent deposited strips is limited by the type of fabrication method
used for fabricating the reactdro overcome this, the reactor or the substrate can be manually offset

(moved)by a small distance relative to the othedeposit closehgspaced strips of film

A schematic of this method is described in Figure Afeer the first depositiortwo stripsare formed

on the substrate as shownadrange inFigure4.6 (a).As shown inFigure 4.6 (b)the substrate ithen

64



































































































