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Abstract

Atmospheric-pressure spatial atomic layer deposition (AP-SALD) is an emerging technique for the
rapid, open-air deposition of metal-oxide thin films. In this thesis, I study two metal oxides, namely

silicon oxide and zinc oxide, for use in two different applications.

Silicon oxide (SiOy) is first studied. It is a highly versatile material used in different applications.
However, its conventional growth and deposition methods often require very high temperature or the
use of plasma. In this thesis, I present a plasma-free, low-temperature process for depositing high-
quality SiOx thin films using AP-SALD. An aminodisilane precursor, diisopropylaminosilane
(SiH3N(C3H7),, DIPAS), was synthesized and tested with different oxidants such as ozone and 30%
hydrogen peroxide aqueous solution. Initial attempts with hydrogen peroxide solution resulted in
precursor condensation and the formation of nano crystallite SiOy contaminated with organic
molecules, indicating that the deposition process is oxidant limited. In contrast, using ozone as the
oxidant facilitated the deposition of high quality amorphous SiOy films. The microstructure was highly
dependent on the deposition temperature, transitioning from nano crystallites at lower temperatures to
amorphous films at temperatures of 70°C to 100°C. X-ray photoelectron spectroscopy (XPS) confirmed
the deposition of continuous SiOx films at 70°C or above using ozone, and the growth per cycle was ~1
Alcycle, consistent with atomic layer deposition (ALD) of SiOyx. This work shows that high-quality
SiOy films can be produced by AP-SALD using DIPAS and ozone, without the aid of plasma or any

surface functionalization, at low growth temperatures (T >= 70°C).

For the second study, I investigate the nucleation and growth mechanism of ZnO on different 2D
materials. Uniform deposition of metal oxides on 2D materials is a crucial step to realize the integration
of 2D materials in practical devices. In this study, I investigate the nucleation and growth of ZnO on
2D transition metal dichalcogenides, specifically MoS, and WS,. The ZnO depositions were carried
out using an atmospheric-pressure spatial atomic layer deposition system operated in atmospheric-
pressure spatial chemical vapor deposition (AP-SCVD) mode at 100°C. The nucleation of ZnO was
found to be different on MoS, and WS,, whereby the ZnO nuclei formed larger clusters and nanoribbon
on MoS; as compared to WS,. AP-SCVD led to rapid ZnO nucleation on both CVD-grown MoS; and
WS; in as little as 5 AP-SCVD oscillations and complete film closure was achieved on CVD-grown
WS; flakes in less than 60 AP-SCVD oscillations. This was attributed to the higher precursor partial

pressures and uniform precursor delivery afforded by the AP-SCVD process. Raman and

v



photoluminescence (PL) spectroscopy revealed that AP-SCVD is a benign process that doesn’t damage
the underlying 2D materials and rather helps to passivate defects via oxygen/water adsorption from the
air, when performed in the appropriate temperature window. Deposition of the ZnO was found to
impact the optical and structural properties of CVD-grown MoS; and WS, differently. For the MoS,-
ZnO heterostructure, electron doping and strain dominate, resulting in a reduction in the PL of MoS,,

whereas for the WS,-ZnO, strain and dielectric screening have a larger impact, resulting in an enhanced
PL.
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Chapter 1

Introduction

1.1 Introduction to atmospheric-pressure spatial atomic layer deposition

As technology advances towards increased miniaturization, functional nanomaterials are becoming an
integral part of our daily lives. The rise of the "Internet of Things" has accelerated this trend,
necessitating smaller and more integrated devices. While advances in vacuum-based deposition and
printing technology have aided in this downsizing, widespread use of nanomaterials demands more

cost-effective alternatives.

One important class of nanomaterials that is already finding use in a variety of industries is thin films.
Their versatility is evident in everything including food packaging, where they are used as protective
coatings'? and the fashion industry where they contribute to novel, high-performance textiles**. Thin
films also play an important role in the electronics industry where they are used in energy storage

5-7

technologies®’ as well as improved display technologies®’. Their diverse applications make them

indispensable in both ordinary everyday products and cutting-edge developments.

There are several established techniques to synthesize thin films, one of them being conventional
atomic layer deposition or temporal atomic layer deposition (ALD). ALD is a well-established
technique first developed in 1974 by Tuomo Suntola'®. This technique is a subset of chemical vapor
deposition (CVD) and has become a commercially critical thin-film deposition techniques due to its
ability to deposit high-quality thin films with precise atomic-scale thickness control, uniformity and

layer conformality''.

In addition to this, ALD can normally be conducted at lower temperatures than CVD due to its unique
self-limiting reaction mechanism (discussed below). Over time, ALD precursors have been designed
with greater surface reactivity while avoiding any thermally triggered CVD-like reactions on the

substrate so that the process follows a sequential deposition cycle, layer by layer."

The ALD process is typically performed under vacuum. The two reacting precursors are stored
separately, and the precursor delivery mechanism varies depending on the type of the system. A
conventional ALD cycle (Figure 1) begins with introduction of precursor “A” into the vacuum chamber,

where it would ideally saturate the substrate surface by adsorbing on all the active sites on the substrate.
1



Once the surface is exposed to precursor “A” to fully cover the surface, the entire chamber is purged
with an inert gas such as argon (Ar) or nitrogen (N). This purging step helps remove any excess
precursor that didn’t react with the substrate. Following the purge step, precursor “B” is introduced in
the chamber. Precursor “B” reacts with the adsorbed layer of precursor “A” to ideally form one atomic-
layer-thick monolayer of the desired material. This is followed by a second purge step, which ensures
the removal of excess of precursor “B” along with by-products produced during the chemical reaction.
The purge steps are very essential to avoid any CVD growth in the chamber and to ensure that the
adsorber layer of precursor “A” exclusively reacts with the precursor “B” to form a monolayer, namely
“AB”. The cyclic process is continued until the desired thickness is achieved, with each cycle
depositing one monolayer. This technique is known for its precise thickness growth at the atomic level

because each monolayer growth is precisely controlled by the number of cycles involved in the

deposition process.
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Figure 1. (a) ALD reaction cycle (b) Growth per cycle as a function of temperature

The development of the ALD process necessitates careful consideration of precursor selection,
composition, reaction temperature, and numerous other factors. Before starting the experiment,
precursor selection must be performed to determine the best precursor and co-reactant combination.

After the thin film is grown, the film's composition must be evaluated and checked to ensure that the
2



deposited material is of the desired composition. This analysis can be performed using a variety of
techniques, including XPS, EDS, etc. Varying the reaction temperature has a major impact on material
properties and growth behavior. It is always recommended to ensure that the response occurs within
the ALD regime or window. In this temperature frame, the growth per cycle is constant, and the self-
limiting reactions dominate (Figure 1b.). Outside the ALD window, precursor condensation can occur
at lower temperatures, where precursor molecules physically adsorb onto the substrate due to
insufficient thermal energy for chemical reactions. This is undesirable as it compromises the precision
and uniformity of ALD processes. Conversely, at higher temperatures, precursor decomposition may
take place, breaking down the precursor molecules without triggering the intended chemical reactions.
This can negatively impact the film's composition, leading to undesired by-products, contamination, or

non-uniform growth.

Given the ALD process discussed above and its associated advantages, it is important to understand
that its application is largely limited to high-value-added products due to the high costs associated with
the process. Most of the time, conventional ALD is performed under low-pressure conditions, requiring
expensive and advanced vacuum technology to maintain the controlled environment for the deposition.
Therefore, scaling up vacuum equipment to accommodate larger substrates or higher throughput rates

can be complex and expensive.

Another limitation of conventional ALD is its slow deposition rate. Since the process involves
introducing each precursor followed by purge steps in between, each deposition cycle is time
consuming. The separation of precursors in time slows down the process making it less suitable for

mass production in cost-sensitive, high-throughput applications.

Spatial atomic layer deposition has emerged as a promising, modified ALD technique that can help
overcome the above-mentioned challenge of slow deposition speed. In conventional ALD, the in-
between purging steps are the most time-consuming, taking up 50% of the entire cycle time.'* Also,
as previously stated in ALD, precursors are separated in time, requiring enough time to ensure they
react completely with each other, further slowing down the overall process. Spatial ALD provides a
more efficient alternative in which the precursors are spatially separated, allowing for continuous flow
of the precursors over the substrate in different regions (Figure 2). This allows each step to proceed

simultaneously, eliminating the slow purge cycles and shortening the deposition time.
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Figure 2. (a) Conventional ALD, where the precursors are separated in time, as compared to (b)
spatial ALD, where the precursors are separated in space. Reproduced with permission from J.
Vac. Sci. Technol. A. 2011;30(1). doi:10.1116/1.3670745. Copyright 2011, American Vacuum
Society.

More recently, atmospheric-pressure spatial atomic layer deposition (AP-SALD), an open-air
modification of spatial ALD, has been introduced and can help reduce the need for expensive vacuum
equipment, as it is operated in open-air conditions. This makes it a more appealing method from the

perspective of scalability and cost effectiveness.

In AP-SALD, a reactor head (a gas manifold injector) is used (Figure 3). It is placed in close
proximity with the substrate to avoid intermixing of the precursor gases. Depending on the type of
system, either the reactor head or the substrate oscillates, while the other remains stationary. The
precursor gases flow parallel to each other and are separated by streams of inert gas, typically acting as
a curtain to isolate the reactive precursors. This setup allows the precursors to coat the substrate in a
similar manner as conventional ALD, but without the slow purge steps, enabling the faster deposition

of thin films. The details of the process are introduced later in Chapter 2.



A%

\
O“?* 0@0
&% %(09 @0
O
O

Figure 3. Gas manifold injector

The possible advantages of AP-SALD over conventional ALD can be summarized as follows

12,13,

Vacuum-free process - AP-SALD operates at atmospheric pressure, making the process easy

to use, simpler to set-up and less expensive.

Faster deposition rate - Continuous parallel flows of precursors eliminate the long pulse and

purge steps, dramatically improving the deposition rate.
Cost effective - Due to an accelerated, vacuum-free process.

Scalable - By eliminating the vacuum chamber, it can help accommodate any substrate size
and can be adopted for high-throughput processes such as sheet-to-sheet or roll-to-roll

manufacturing.

Flexible - Dopants or any other precursor can be easily introducing by alternating or
modifying the injector manifold, providing the opportunity to create laminates and mixed

oxide thin films.

1.2 Metal oxides and their applications

As previously stated, thin films are an important class of nanomaterials, with metal-oxide thin films

making up a significant portion of this class. Usually, chemical synthesis of metal-oxide thin films is
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based on a metal precursor chemically reacting with an oxidant. Metal-oxide-based thin films are
widely popular due to their versatile properties, finding application in microelectronics, energy storage,
optics, sensors, barrier coating and catalysis.'*'> The ability to fine tune their properties, such as
electrical conductivity, optical properties, barrier properties and chemical reactivity make them integral

for these advanced applications.

1.2.1 Introduction to silicon dioxide in the packaging industry

Packaging materials are essential to protect food items, preserve nutrition, and facilitate proper
handling, storage, and transport of commercial goods. Most plastics used in food packaging are non-
compostable, including polyethylene (PE), high-density polyethylene (HDPE), and low-density
polyethylene (LDPE). These materials are strong, thermally stable, and provide food with high-quality
protection. However, the increased reliability of non-biodegradable polymers poses significant

environmental risks.

Currently, the packaging industry generates 47 percent of plastic waste and remains the dominant
sector in terms of plastic production.'® The use of environmentally friendly and sustainable materials is
essential for replacing non-degradable plastics and fulfilling various United Nations Sustainable

Development Goals of “Life below water”, “Climate Action” and many more.'’

A potential solution would be to use compostable and/or fully recyclable materials. However, current
compostable and recyclable sustainable packaging materials don’t have adequate gas barrier properties
to keep food fresh. Companies worldwide are urgently working to solve this problem due to increasing
regulations limiting single-use plastics.'® Incorporating nanomaterials into biodegradable polymers is

one way to achieve the required barrier properties for sustainable packaging.

Over the last few decades, there has been a growing interest in silicon oxide (SiOx) thin films for
barrier films for food packaging. The use of thin SiOx barrier films on a sustainable substrate is an
exciting research field because matching thin inorganic barrier films to substrates creates an

impermeable packaging material while remaining flexible, lightweight, and environmentally friendly.

As reported by Zhao et al., SiOx films are particularly of interest because SiOx when deposited on
top of a biodegradable polymer such as polylactic acid (PLA) increases the water contact angle, which

helps make the substrate more hydrophobic and improve the barrier properties.'’ Additionally, this



coating covers the holes and cracks naturally present in the PLA matrix and eventually forms a compact

layer, thus enhancing the barrier properties of the PLA."

1.2.1.1 Problem statement and research objectives

Various techniques have been developed to deposit SiOx films, such as thermal chemical vapor
deposition (CVD),? plasma-enhanced CVD,* and plasma-enhanced atomic layer deposition (PE-
ALD)* to name a few. However, these processes involve elevated temperatures or the use of plasma,
limiting their applicability to certain substrates and applications. Therefore, the ability to deposit high-

quality SiOx thin films using a scalable method at a relatively low temperature is highly desired.

One such scalable method is AP-SALD. As discussed above, AP-SALD separates the precursors
spatially, thereby accelerating the deposition process. Also, operating in an open atmosphere facilitates
scaling of the substrate size (e.g., roll-to-roll)* and allows for a high saturation dose, which further

speeds up the process.?

Some AP-SALD studies have been carried out to deposit SiOx using organic precursors. Mione et. al
reported the use of plasma-enhanced AP-SALD to deposit SiOx within the temperature range of 100-
250°C. They reported a growth per cycle (GPC) ranging from 1 to 1.2 A/cycle using
bisdiethylaminosilane (BDEAS, SiHy[NEt],) as the Si precursor and oxygen plasma as the oxidant.?®
In another study, Nguyen et al. successfully deposited SiOx using trivinylmethoxysilane (TVMS) by
modifying the reactor head to incorporate oxygen plasma. They increased the spacing between the
reactor head and the substrate, allowing for precursor crosstalk and thus operated in CVD mode.?® They
reported that the use of the modified reactor head and oxygen plasma led to the formation of SiO: films

at low temperatures ranging from room temperature to 80°C.%

While these studies emphasize the significance of AP-SALD, all the reported techniques use plasma
as an oxidant source. This damage-inducing process may limit the application of AP-SALD to sensitive
substrates such as polymers. Moreover, a plasma-based oxidation process is expensive and might not
be appropriate for high-throughput applications such as food packaging. Therefore, the ability to
deposit high-quality SiOx thin films using a scalable method at a relatively low temperature is highly

desired.

To the best of our knowledge, a plasma-free AP-SALD processes for SiOx has not been reported. In
this thesis, a custom-built AP-SALD system is used to test the plasma-free deposition of SiOy films
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using di-isopropylaminosilane (DIPAS) and either ozone or 30% hydrogen peroxide aqueous solution
(peroxide-30) as the oxidant. A systematic study of this plasma-free process is conducted to understand
the effect of various parameters such as temperature, metal-precursor flow rates, and oxidant flow rates

on the composition and morphology of the deposited materials.

1.2.2 Introduction to 2D materials and their heterostructures with metal oxides

Another emerging class of nanomaterials are the 2-dimensional or 2D materials. Since the pivotal
discovery of graphene, the family of 2D materials has grown?’ with transition metal dichalcogenides
(TMDCs) as an emerging class. These semiconducting materials have a chemical formula of MX,
where M is a transition metal atom such as tungsten (W) or molybdenum (Mo) and X is a chalcogen
atom such as sulfur (S), selenium (Se) or tellurium (Te).*® This class of materials exhibits unique
electrical and optical properties due to quantum confinement effects and surface effects and thus is
promising for ultra-small and low-power electronics, such as transistors and LEDs.* As miniaturization
continues, devices based on 2D materials are expected to be more efficient than current Si-based

devices.®

In this thesis, I focus majorly on two important TMDCs — MoS; and WS, Both MoS; and WS; have
similar hexagonal crystalline structure. Each monolayer consists of sulphur atoms with the metal atom
(molybdenum or tungsten) sandwiched between them, forming an S-M-S structure *'. Monolayer MoS.
has a thickness of 0.65 nm* (Figure 4a) and a sulfur-to-sulfur distance of 3.16 A (Figure 4b).** WS,
(Figure 4c and d) has a slightly different thickness of ~ 0.65 nm** and a sulfur-to-sulfur distance of
3.153 A. % The atoms within each layer are covalently bonded, however, the layers themselves are

bonded by weak van der Waals forces and hence can be isolated easily.
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Figure 4. (a) MoS; layer structure (Mo atom and S atom are represented by black and yellow,
respectively), (b) top view (honeycomb lattice). Reproduced from Springer Nature, Trans Indian

Inst Met76, 195-204 (2023). http://creativecommons.org/licenses/by/4.0/.>° (c) WS layer

structure (W atom and S atom are represented by blue and yellow, respectively), (d) top view.

Reproduced from John Wiley and Sons, Advanced Electronic Materials, Vol 7 (2020).**

Bulk MoS; and WS, have indirect band gaps; however, when isolated into monolayers, they
transition to direct-band-gap materials. Monolayer MoS has a band gap of 1.78 eV to 1.87 eV,>" " and
WS, has a value between 1.9 eV to 2.0 eV***? making them a very attractive choice for electronic

devices.

1.2.2.1 Problem statement and research objectives

To use 2D materials, such as TMDC:s, in devices, it is important to understand their integration with

other functional materials (e.g., oxides) and what impact this has on the properties of the 2D layer.

Different systems have been studied to date, including Al,O3; or HfO, as a high k-dielectric layer on

graphene for transistors,">* ZnO on WS, for LEDs* and ZnO on WSe; for photodetectors,*> among
9



others. These metal oxides were grown via atomic layer deposition (ALD) due to its ability to grow

pinhole-free, conformal thin films with precise thickness control.

However, depositing functional metal oxides, such as Al,Os or ZnO, on 2D materials has proven
challenging as the passivated 2D surface lacks dangling bonds which act as nucleation sites for ALD
precursors. Previous ALD studies have reported that layer closure for Al,Os on exfoliated monolayer
WS, surfaces was achieved at a very high thickness, i.e., more than 200 ALD cycles were required to
achieve linear growth after nucleation. Different approaches have been attempted to facilitate faster
nucleation on the inert surfaces of 2D materials, such as growing a seed layer,*® using a physical vapor
deposition technique that doesn’t rely on the presence of surface dangling bonds, and/or pre-treating
the 2D material using UV-Ozone or electron beam irradiation;’ however, these routes can

unintentionally dope the 2D material and degrade its properties.

To address these challenges, I investigate the nucleation and growth of ZnO on 2D WS, and MoS,
using an AP-SALD system operated in atmospheric-pressure spatial chemical vapor deposition (AP-

SCVD) mode.

1.3 Thesis structure

The primary objective of this thesis is to develop AP-SALD processes for different applications. The
thesis is structured in the following way: Chapter 2 presents a brief introduction to various
experimental and analytical methods used in the study. Chapter 3 focuses on developing the AP-
SALD process for silicon oxide deposition and the discussion of the results. Chapter 4 focusses on
the nucleation and growth of ZnO on different (2D) materials and the effect of the ZnO AP-SCVD
process on the 2D materials. The final chapter presents the conclusions of the thesis and suggestions

for future work.
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Chapter 2
Experimental Methods

2.1 Atmospheric-pressure spatial atomic layer deposition

As described previously, AP-SALD is an open-air technique in which the precursors are spatially
separated. Most of the time, the wide range of precursors available for ALD can be used for spatial
ALD as well. However, it must be remembered that since AP-SALD process is conducted in ambient,

precursors that may release harmful by-products should be avoided.

In this work, two custom-built AP-SALD systems were used. For the first study on the deposition of
silicon oxide, a sheet-to-sheet system was used that is capable of coating relatively large substrate sizes
(~600 cm?). For the second study of zinc oxide nucleation on 2D materials, a lab-scale AP-SALD
system was used since the substrate sizes were comparatively small. The lab-scale system can coat

substrate sizes of ~30 cm?. However, the mechanism for both the systems stays similar.

Starting with the precursor delivery system, the precursors are stored in bubblers. The bubbler has
two openings, an inlet and an outlet. Inert gas (nitrogen gas) flows through the inlet and is used to
bubble through the precursor. This saturates the gas with vapor of the precursor. The nitrogen gas
carries the precursor molecules to the outlet and hence usually precursors with high vapor pressure are
used. The precursor bubbler is usually wrapped in a heat jacket to provide enough thermal energy, if
required, to generate the required vapor pressure. As the precursor flows out of the bubbler, it is further
diluted with an inert carrier gas (nitrogen gas), before being delivered to the reactor head. The precursor

delivery is controlled by mass flow controllers (MFCs) that regulate the flow of nitrogen gas.

The precursor gases flow through the reactor head, which has multiple slits, as shown in Figure 5.
Each slit is dedicated to a certain gas. The precursor gases (Metal 1, Metal 2, and Oxidizer in Figure 5
are separated in space by inert gas curtains (nitrogen). These inert gas curtains can ensure that the
precursor gases do not interact with each other directly but only react on the surface of the substrate.
There are some extra slits in the reactor head, which are dedicated exhaust channels (Ex) to remove any

excess precursor or by-products formed during the reaction. For the AP-SALD systems used in this
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work, the reactor head is stationary, and the substrate is oscillated underneath the reactor on a heated

substrate stage.

Channel Flow ——[

Nitrogen Metal 2 Nitrogen Oxidizer Nnrogen Nitrogen Oxidizer Nitrogen Metal 2 Nitrogen

UL I\III\I|iTi|iWi|iTiII

Figure 5. Reactor head channel flow for lab-scale AP-SALD system

Each precursor has a dedicated zone, and the oscillating substrate moves through each of these zones
to replicate the pulsing sequence in conventional ALD (Figure 5). For example, diethyl zinc and water
will react together to deposit ZnO. The substrate oscillation is continued until the desired thickness is

achieved.

The deposition process steps for AP-SALD are as follows. Before starting each deposition, it is made
sure that the tubes connecting different parts such as MFCs to the bubbler, the bubbler to the reactor
heads etc. are purged with nitrogen gas to ensure no oxygen is left. The purge cycle generally takes
around 10 minutes and helps make sure the whole system is clean and residue free. Once the purging
is completed, the other parameters such as the flow rate, stage temperature and the distance between
the reactor head and substrate are set. The latter is important as the spacing governs if the system
operates in ALD mode. At an optimum spacing, the precursor gases experience the least amount of
turbulence and are well isolated from each other by the inert gas curtains. A spacing that is too high or
too low can cause turbulence and lead to interaction of the precursors in the gas phase, leading to CVD-

type growth. A low vacuum is used to hold the substrate in place on the heated stage. The bubblers are
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finally opened, and the system is ready for the first deposition. At the end of all the depositions, the

system is again purged with nitrogen gas to remove any residues behind.

2.1.1 AP-SALD of silicon oxide

The custom-built sheet-to-sheet AP-SALD system (Figure 6) was used for SiOx depositions. In this
system, a reactor head with dimensions of 145 mm x 31 mm x 64 mm was kept fixed and the substrate
was oscillated beneath it on a stage that was heated from room temperature up to 100°C. DIPAS was
used as the Si precursor and was bubbled using high-purity nitrogen at flow rates ranging from 80 to
550 sccm. The bubbled DIPAS was combined with a nitrogen carrier line for a total flow of 800 sccm
from one outlet channel on the underside of the reactor, unless specified otherwise. Hydrogen peroxide
or ozone was used as the oxidant and delivered to two outlet channels. The hydrogen peroxide (30%
w/w in water, peroxide-30) was bubbled with 100 sccm of nitrogen and combined with a 300 sccm
carrier flow. For experiments conducted with ozone, an ATLAS -30 UHC ozone generator was utilized
to produce ozone from 92.5% oxygen gas (balance nitrogen). The generator is expected to produce
ozone at a rate of 22.48 g/h when operating at maximum voltage (100V) and 20 psig gas pressure. The
ozone generator’s potentiometer was adjusted between 10 to 80 V to control the ozone generation
percentage, and the oxygen/ozone flowmeter was set to 300 sccm. To prevent ozone exposure, the
reaction chamber was completely sealed. The DIPAS bubbling rate was consistently kept elevated
compared to the ozone generation rate. This approach guaranteed that all produced ozone reacted with
surplus DIPAS, limiting the presence of unreacted ozone. As shown in Figure 6, inert nitrogen curtains
and exhaust channels were used to separate the DIPAS and oxidants. The nitrogen curtain gas-flow rate
was kept constant at 3000 sccm, which was divided between 2 outlet channels. All gas outlet channels
were 1 mm wide and 130 mm long. 1.5mm-wide exhaust channels were used to help remove excess
precursor. The substrate oscillation speed was set to 30 mm/sec and the path length depended on the
size of the substrate, which was roughly 60 mm in length, implying it required 4 seconds to complete

one AP-SALD oscillation, which is equivalent to two temporal ALD cycles.
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Figure 5. Schematic of sheet-to-sheet AP-SALD system

2.1.2 Atmospheric-pressure spatial chemical vapor deposition (AP-SCVD) of zinc oxide

From our previous discussion we know that the deposition rate for AP-SALD is higher than for
conventional ALD, as the slow chamber-evacuation and purge steps are eliminated. It can be further
increased by operating the same system in AP-SCVD mode.***’ This can be done by varying process
parameters, such as the spacing between the reactor head and substrate, the substrate oscillation speed,
or the precursor flow rates to facilitate some mixing of the precursors in the gas phase. The presence of
both precursors on the substrate facilitates CVD-type film deposition without compromising on the
quality of the film; AP-SCVD is known to produce conformal and pinhole-free films similar to those
achieved with ALD.*

In this study a custom-built AP-SALD/SCVD system was used to deposit ZnO on top of WS, and
MoS:; (Figure 7). In this system the substrate moves underneath the stationary reactor head. Diethyl
zinc (DEZ, 96%, Thermo Scientific Chemicals) and distilled water were used as a zinc precursor and
oxidant, respectively. The reactant gases were mixed with high-purity nitrogen (5.0 rated) as a carrier
gas and were introduced simultaneously to the underside of the reactor head, but spatially separated by

inert N» gas curtains and exhaust channels, which help remove excess precursors and reaction products.
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DEZ was bubbled with high-purity N; at 40 sccm and was diluted by 200 sccm of N, carrier gas for a
total flow of 240 sccm. Similarly, the water was bubbled at 45 sccm and combined with a N carrier
flow of 200 sccm, resulting in a total flow of 245 sccm at the outlet channels. As shown in Figure 7,
1200 sccm of high-purity N, was delivered to five inert N, curtains to minimize mixing of the DEZ and
water. The spacing between the reactor head and substrate was maintained at ~110um, unless specified
otherwise, a spacing that results in some intermixing of the precursors in the gas phase leading to CVD-
like deposition. The substrate stage was heated to 100°C and the DEZ and water bubblers were kept at
room temperature. ZnO was deposited on top of both MoS, and WS by oscillating the substrate stage
25, 35 and 60 times. The term oscillation used here represents the back-and-forth movement of the

substrate. Therefore 1 oscillation is equivalent to 2 cycles in a conventional ALD system.

Water Vapor +N, carrier N, Curtains DEZ Vapor +N, carrier
N, —» + ; + <+ N

d =

Water Bubbler DEZ Bubbler

AP-SALD Reactor Head

N, curtain Oxidant N, curtain Precursor N, curtain Oxidant N, curtain
Exhaust Exhaust Exhaust Exhaust Exhaust Exhaust
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+— Oscillating stage —_—

__ Heater

Figure 6. Schematic of AP-SCVD of ZnO on TMDC:s using lab-scale AP-SALD system.

2.2 Synthesis of 2D materials

For the study of ZnO nucleation on 2D materials, WS, and MoS; were synthesized by CVD and by

mechanical exfoliation.
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2.2.1 Chemical vapor deposition of WS; and MoS;

Chemical vapor deposition is one of the most established techniques to grow large area 2D materials
on a supporting substrate. Unlike ALD, in CVD the precursors are introduced in the chamber together,

as shown in Figure 8.

a) b)

Figure 7. (a) CVD-reaction mechanism, where the precursors are introduced together on the

substrate. (b) ALD reactions are split into two sequential half reactions.

In a typical CVD process, the precursor material is usually transferred in the gas phase, which is
achieved via thermal heating. An inert gas is used as the carrier gas, which helps carry the reactants in
the gas phase and the mass transport of the reactants (in the gas phase) is achieved by diffusion on the

substrate. The reactants then react to form the desired film.

In this study, both WS, and MoS, flakes were grown via atmospheric-pressure chemical vapor
deposition (AP-CVD) in a tube furnace (Figure 9) at University of Duisburg-Essen. The substrates used
were highly doped p-type Si substrates with a 285-nm layer of thermally grown SiO.. The substrates
were cut to a size of approximately 15 mm x 15 mm and ultrasonicated for 10 minutes in acetone. After
ultrasonication, a 2% cholic acid sodium solution was spin-coated onto the substrates, for both MoS,

and WS,, acting as a seeding promoter.
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For MoS,, a drop of aqueous ammonium heptamolybdate (AHM) solution (1:1) was then placed on
the substrates. A single drop of roughly 2 mm diameter at the edge was sufficient. The substrates were
then annealed at 300 °C for 24 minutes in an oxygen-rich environment to convert AHM into MoOs,

which serves as the precursor for MoS:.

Similarly, for WS,, a fully saturated aqueous solution of ammonium metatungstate was used. A
microliter pipette was used to drop several droplets (approximately 1 mm diameter) of the solution on
the substrate, as the flakes tend to grow in the vicinity of the precursor. The samples were then annealed

in air at 500 °C for 30 minutes to obtain WOs.

The growth process was conducted in a three-zone hot-wall tube furnace (ThermConcept ROK
70/750/12-3z). In the first zone, 100 mg of S powder (99.98% purity, Sigma Aldrich) was placed in an
alumina crucible at 150 °C. The coated substrates were placed in alumina combustion boats in the
second zone, where a temperature of 750 °C was used for the growth of MoS; and 800 °C for WS,. The
tube was purged with 500 sccm of Ar gas (99.9% purity) to remove O, and H>O before the CVD process

commenced and was maintained at that flow during deposition. The growth process lasted 30 minutes,
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after which the furnace was rapidly cooled to 100 °C. Finally, the samples were retrieved from the CVD

furnace.

2.2.2 Exfoliation of WS; and MoS;

Mechanical exfoliation of 2D materials is a technique in which the layered materials, bonded by weak
van der Waals forces in the vertical direction, can be easily “peeled off” using adhesives such as a
scotch tape. This technique is known to produce almost defect-free 2D materials, retaining their original
properties, however, it is not scalable. Here, WS, and MoS, were exfoliated as reference materials to

examine the ZnO nucleation in comparison to that on CVD-grown WS, and MoS..

Bulk MoS; crystal (supplied by SPI supplies) was exfoliated using adhesive tape. This led to the
exfoliation of multilayers. Another piece of tape was then used to exfoliate a few layers from the
multilayer MoS, and the process was repeated a few times. The tape carrying the MoS: flakes was then
gently placed onto a Si substrate (76.2mm Si, N-type, P doped <100>, 1-10ohms-cm, SSP prime).
Later, these samples were dipped in acetone, to remove the tape and adhesive residue, leaving few-
layer MoS, flakes. The substrate was dried and examined under an optical microscope, using color

contrast to identify and locate monolayer and few-layer MoS. flakes.

Similarly, bulk WS: crystals (supplied by HQ Graphene) were mechanically exfoliated using
adhesive tape at University of Duisburg-Essen. Silicon with a 100-nm-thick SiO: layer was used as a
substrate. The Si0-/Si wafers were cut and then cleaned using nitrogen gas, followed by heating on a
hot plate at 80°C for 10 minutes. A bulk WS: crystal was pressed onto the tape, which was then peeled
away, removing layers of WSz. To further reduce the thickness of these layers, the tape was repeatedly
folded and unfolded, gradually thinning the WS. until monolayer or few-layer flakes were obtained.
The tape carrying the WS: flakes was then gently placed onto the heated substrate and left for
approximately 5 minutes to transfer the flakes to the substrate. The tape was then carefully peeled off,
leaving WS: flakes deposited on the substrate surface. The substrate was then examined under an optical

microscope, using color contrast to identify and locate monolayer and few-layer WS: flakes.

2.3 Characterization

Different characterization techniques were used for measurements and analysis in this thesis. The

operating principle of each method is explained followed by the experimental details.
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2.3.1 Atomic force microscopy

Atomic force microscopy (AFM) is widely used for studying the topography and roughness of thin
films at the nanoscale. The working principle of an AFM is that a sharp tip is used to probe the sample
surface (Figure 10). As the tip approaches the surface, the close-range forces become dominant which
influence the attraction/deflection of the tip. To measure the deflection of the tip, a laser and a
photodetector setup is used. The laser beam is shined upon the cantilever that holds the sharp tip. The
surface of the cantilever is polished, to reflect the laser onto a four-quadrant photodetector. Any
deflection in the tip caused due to unevenness of the surface or the force experienced between the tip
and the sample is recorded by the position sensitive photodetector.’® The tip is scanned over the surface

of the sample and topographical information of the sample surface is recorded.
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A Sample
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Piezo scanner system

Figure 9. Schematic of atomic force microscopy
There are three modes in which the AFM is operated: °'

e Contact mode: In this mode, the distance between the tip and the samples is kept constant by
piezoelectric adjustment of the sample position in the vertical direction. Since the distance
between the sample and the tip is very small, the repulsive forces become dominant.

However, this mode can damage sensitive samples.

e Non-contact mode: The cantilever with the tip is kept in oscillation at its resonance frequency

just above the sample surface. When the distance between the tip and the sample changes,
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the frequency of the oscillation is changed accordingly. A feedback loop is used to adjust the

sample position and maintain a constant frequency.

e Tapping mode: In this mode, the oscillation of the cantilever is kept constant as in the non-
contact mode, however the oscillation frequency is much higher. The tip approaches the
surface by lightly tapping the surface so that repulsive forces become significant. Depending
on the sample topography, the oscillation of the cantilever changes, which is then adjusted

using a feedback loop and recorded to produce the final image.

In this thesis the microstructure and roughness of the deposited films were studied using atomic force
microscopy (Bruker, Dimension FastScan) using the Bruker’s ScanAsyst mode, which is a proprietary
Bruker algorithm that uses the advantages of both the contact mode and tapping mode. However, unlike
tapping mode, the cantilever operates in non-resonant mode thus avoiding filtering effects and also
gives an advantage of direct force control. The key parameters are automatically selected and constantly
adjusted without any manual intervention. For this study, the scan frequency was kept constant and was
set to 0.5 Hz and the lines per scan was kept constant at 512 unless otherwise stated. The images were
processed using Nanoscope Analysis software. Usually, the processing steps included flattening or
levelling the images to correct unevenness caused during the scanning process. The threshold for
flatness was adjusted to the images and varied. The built-in tools, such as roughness measurement and
section analysis, were used. To determine the film roughness, the images were cropped, and the

substrate was neglected during roughness calculations.

2.3.2 Ellipsometry

Ellipsometry is an optical tool that uses the change in polarization state to measure the thickness and
optical constants of a thin-film sample. An elliptically polarized light was shined on the sample surface
and undergoes changes in the phase and amplitude.’ This change in polarization state is measured in
terms of ¥ and A, representing the amplitude ratio and phase difference respectively, between the p-
and s-polarized components of the reflected or transmitted light.”> A mathematical model is constructed
based on the Fresnel equation to predict the optical constant of the film. By fitting these predicted values
to the experimental values, an estimation of the optical constants and the thickness are obtained.” For
this work, a Filmsense FS-1 ellipsometer was used with a standard built in model “SiO2 on Si” for

measuring the thickness of SiOy films.
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2.3.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive chemical analysis tool. The working
principle of XPS is based on the photelectric effect. When x-rays of known energy bombard the surface
of the material, it leads to absorption of part of this energy by the electrons of the sample (in the form
of kinetic energy) and the electrons can be ejected from the sample (Figure 11).>* Almost all the

elements from the periodic table (except for H, and He) can be measured/characterized using XPS.
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Figure 10. Emission of a photoelectron during XPS
The energy of the bombarding x-ray is given by:>*
hv = Binding Energy + Kinetic Energy + Work function of spectrometer (constant)

Given all the knowns, i.e., the wavelength of the incident beam and the work function of the
spectrometer, the kinetic energy of the outbound beam is measured during the experiment. Later,
binding energy can be calculated from the above equation and hence the element along with its chemical

state can be determined.

In this work, XPS measurements were conducted using a Nexsa G2 Surface Analysis System from
Thermo Scientific. The X-ray source used was monochromatic Al K-alpha (10 - 400 pm spot size). The
results were analyzed using CasaXPS software and the energy scale was calibrated using Cls as the

reference.
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2.3.4 Scanning electron microscopy and energy dispersive x-ray spectroscopy (SEM/EDS)

Scanning electron microscopy (SEM) is an imaging technique which uses an electron beam to image
the surface of the sample. The electron beam rasters over the surface and interacts with the atoms of
the sample. It mainly uses two types of signals to produce images, namely, secondary electrons and
backscattered electrons. Secondary electrons are produced from the sample as a result of inelastic
interaction and contain topographical information, whereas the back scattered electrons are the
electrons reflected after elastic interaction between the sample and the electron beam.> Since the back
scattering depends on the mass of the nucleus, it contains compositional information, producing a

different contrast than the secondary-electron topography contrast image.

During the interaction between the electron beam and the sample, characteristic x-rays, unique to
each element, are also produced. The energy of the x-rays and their intensity are detected and measured

to produce an elemental map. This technique is known as energy dispersive spectroscopy (EDS).*®

SEM/EDS are usually used as a combined technique to analyze both the topographical and
compositional information of the materials. In this study, a Merlin SEM (Zeiss) was used with an

electron beam energy of 2kV. EDS data were obtained with an EDAX Octane detector.

2.3.5 Raman spectroscopy

Raman spectroscopy is a non-destructive analytical technique based on the Raman scattering effect first
introduced by the Indian Physicist, C.V. Raman. It is based on the observation that when molecules
interact with light, they scatter light in all directions. Much of the scattered light has the same frequency
as the incident light, however a small fraction of scattered light has a change in frequency due to in-
elastic collisions between the incident light and the molecules in the sample.”” Therefore, we can say
that the energy of the scattered photon after inelactic interaction is hv' - Eibration, Where Evipration 18 the
energy of a phonon generated during this process. This frequency shift is unique to the materials and is

measured as the Raman shift.

For the characterization of 2D materials, Raman spectroscopy is known to be a very important
technique. Based on Raman spectroscopy, one can comment on the number of layers in the material,
the effect of doping, stress-strain properties, presence of defect etc.’'***° MoS, and WS, have similar

in-plane E'5; and out-of-plane A, modes due to their similar crystal structures. The in-plane mode is
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more sensitive to the strain in the materials whereas the out-of-plane mode is known to be more

sensitive to the doping effect in both the materials.*'**%

Raman spectra were measured using a Renishaw inVia Reflex system, which comes with a sample
stage capable of 100 nm positioning accuracy across three dimensions. A 532 nm laser (Renishaw
DPSSL) filtered to 5% intensity was focused on the samples, with a 2400 lines/mm grating used to

analyze Raman-scattered light.

2.3.6 Photoluminescence spectroscopy

Photoluminescence spectroscopy (PL) is another important analytical tool to characterize 2D materials.
In this method, a laser beam is shined on a sample, which absorbs and then emits photons. The absorbed
photons excite electrons in the material from the valence band to the conduction band. When these
electrons return back to their original state, they emit energy in the form of light (photons). The energy

of the emitted photons provides information about the electronic properties of the material.

The electron-hole pair generated during the excitation process may form quasi-particles, such as
excitons, trions, bi-excitons etc. The formation of quasi-particles is less stable in bulk materials due to
dielectric screening. However, in 2D materials, due to quantum confinement, the dielectric screening
becomes negligible, and these quasi-particles become stable and play a major role in determining the
electronic and optical properties of the 2D materials. Therefore, PL spectroscopy is an invaluable tool
for understanding various properties of 2D materials, including the excitonic behavior, band gap, defect

states etc.

In this study, the same Renishaw inVia Reflex system was used for PL measurements. The
wavelength and the intensity of the laser were kept the same for PL measurements, and the grating was

changed to 1800 lines/mm.
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Chapter 3
Atmospheric pressure spatial atomic layer deposition of silicon oxide

using DIPAS and ozone

3.1 Introduction

Thin-film silicon oxide (SiOx) is a highly versatile material that finds use in many different areas of

! electrode materials for

nanotechnology, including dielectric materials in microelectronic devices,®
supercapacitors,*” nanocoating films for barrier applications and many more.”* However, its
conventional growth and deposition methods often require very high temperature, or the use of plasma,

as mentioned previously in section 1.2.1.

3.2 Precursor selection

Given the versatility of SiOy, various silicon-based precursors have been investigated. Some of the
important conventional precursors which have been widely studied using CVD and conventional ALD
include heterosilanes like SiH4** and halide-based precursors like SiCly,% SiH>Cl,,% and Si,Cle.*” While
these precursors produce high-quality films, they pose risks of film contamination due to adsorption of
by-products when deposited at low temperatures. The by-products released are also hazardous and thus

should be avoided for open-air, high-throughput processes such as AP-SALD.

A preliminary screening was carried out to assess possible silicon precursors for use specifically in
AP-SALD. The organosilanes class of Si precursors, such as tetracthoxyorthosilicate (TEOS),*®
bis(diisopropylamino)disilane ~ (BDIPADS),”  bis(dimethylaminosilane) ~ (BDMAS),””  and
trivinylmethoxysilane (TVMS)** emerged as promising candidates. Diisopropylamino silane (DIPAS)
(Figure 12), one of these amino silane organic precursors, has a high vapor pressure of ~23 torr at room
temperature, is non-pyrophoric, and is not expected to produce any harmful reactive byproducts,
making it well-suited for AP-SALD.”" Therefore, DIPAS was synthesized in this work for the
development of a plasma-free AP-SALD process.

Various conventional ALD studies have been conducted using DIPAS. For instance, the study by

72,73

Nam et al. and another similar study'*"” reported the deposition of SiOy films using DIPAS and ozone.

However, films could not be deposited below 100°C.”*" Plasma was required to reduce the deposition
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temperature; for instance, Lee et. al. deposited SiOx films using DIPAS and oxygen plasma at 60°C

using conventional ALD."™

To address these challenges, in this study, I use a custom-built AP-SALD system to test the plasma-
free deposition of SiOx using DIPAS and either ozone or 30% hydrogen peroxide aqueous solution
(peroxide-30) as the oxidant. I conduct a systematic study of this plasma-free process to understand the
effect of various parameters such as temperature, precursor flow rate, and oxidant flow rates on the

composition and morphology of the deposited materials.
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Figure 11. Diisopropylamino silane (DIPAS) molecular structure.

3.3 DIPAS synthesis

DIPAS was synthesized in a two-step process — SiCly and diisopropylamine reacted to form 1,1,1-
trichloro-N, N-diisopropylsilanamine (C¢H14CIsNSi) which was then reduced to DIPAS (C¢H;7NSi) in
a second step (Figure 13a).

An oven-dried, 3-neck, 3-L round-bottom flask was filled with 1.2 L of anhydrous pentane followed
by the addition of 100 g of SiCls. 250 ml of diisopropylamine was added to the silicon chloride solution,

resulting in vigorous evolution of HCI along with salt formation (CsH4CI3NSi) after continuous
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overnight stirring. The excess pentane was distilled off. This salt mixture was dissolved in ~500 mL of

dry tetrahydrofuran (THF).

Later, 18.5 grams of LiAlH4 (Pellet form, Aldrich product 323403) was dissolved separately in 500
mL of THF to form a suspension. This suspension was added slowly to the CsH4CI3NSi salt mixture
at -1°C with temperature rising to 13°C later. The reaction mixture was a grey slurry. This mixture was
stirred overnight at room temperature. The volatiles were distilled from this solution. Later, excess THF
was removed by distillation, leaving behind 46.2 grams of colorless liquid, DIPAS. The 'H NMR
spectrum confirmed the formation of DIPAS with small amount of THF (~7%) (Figure 13b).
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Figure 12. (a) Reaction scheme for DIPAS synthesis. (b)1H NMR spectrum for DIPAS.

3.4 Film Characterization

The ellipsometry, AFM, SEM/EDS measurements were performed on silicon wafer (76.2mm Si, N-

type wafer, P doped <100>, 1-10ohms-cm, SSP prime). The XPS measurements were conducted on

ITO/glass substrates from Delta Technologies Limited (polished float glass, 16 x 16 x 1.1 mm, SiO,

passivated/indium tin oxide coated on polished surface).
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3.5 Results and discussion

3.5.1 Peroxide-30 as an oxidant

As an initial step, I examined the interaction of DIPAS with peroxide-30, a mild oxidant. I found that
DIPAS showed minimal reactivity with peroxide-30 at temperatures below 50°C. At room temperature,
AFM analysis revealed that nano crystallites were deposited on a silicon substrate (Figure 14a). At this
temperature, the deposition process is expected to be in the precursor-condensation regime. The
precursor molecules were primarily physically adsorbed onto the substrate surface, which facilitated a
degree of reactivity, leading to the formation of the nano crystallite phase. However, the lack of thermal
energy is expected to lead to accumulation of contaminants, such as unreacted ligands from the

precursor.

XPS was conducted to assess the composition of the nano crystallites deposited at room temperature.
Figure 14b presents the XPS survey. The Si signals were weaker than those from SiOy films grown
using ozone, as discussed later, implying a smaller amount of Si was present in the nano crystallites.
The broad Si 2p spectrum (Figure 14c) was deconvoluted into multiple peaks. The peak at 103.3 eV
was attributed to SiO», while the peak at 102.11eV might correspond to aminosilane on SiO,.”> The
peak at 105.8 eV was attributed to the presence of Si** of SiO» and SiOx (x<2).”%"" In Figure 14d, the
deconvoluted peaks of the O 1s spectrum at 530.43 eV and 531.28 eV are related to the ITO/glass
substrate,”® and the peak at 532.88 eV was related to the strong Si-O bond in SiO,.” The XPS survey
also showed the presence of a high carbon content as compared to the amorphous film formed using
ozone that will be discussed in Figure 19a. Similarly, I observed a very small peak at ~400 eV (inset of
Figure 14b), which indicated the presence of nitrogen. It was observed that this peak was not present
in the films deposited using ozone as the oxidant (Figure 19a). The excess carbon and nitrogen are
consistent with condensation of the DIPAS. It was reported that the desorption energy of the primary
by-product, di-isopropylamine (DIPA), is relatively high (~0.40 eV) due to the presence of a lone pair
of electrons on the N atom, inhibiting the adsorption of new DIPAS molecules, depending on the
configuration.*” This makes the formation of a dense film difficult, leaving organic contaminants

behind.
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Figure 13. Nano crystallites deposited using DIPAS and peroxide-30 at room temperature. (a)

AFM image on silicon substrate. (b) XPS survey, (¢) Si 2p spectrum, and (d) O 1s spectrum on an

ITO/glass substrate.

XRD was used to examine the structure of the nano crystallites (Figure 15). Additional diffraction

peaks at 20 angles of 24.9° and 34.4°, as compared to the XRD pattern of an amorphous SiOy film

deposited using ozone (Section 3.5.2), confirmed the formation of a crystalline phase. Most of the peaks

that appear are from the substrate (Si- wafer); the peak at 29.05° might

be due to the presence of SiOy."!

The peak at 24.9° was tentatively attributed to ethanolamine silicon oxide (JCPDS 00-051-1423), based

on analysis using X'pert Pro software. However, the origin of the peak at 34.4° remains undetermined.

As continuous SiOx films are ultimately desired, [ next investigated depositions at higher temperatures

with DIPAS and peroxide-30.
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As the substrate temperature was increased up to 50°C, no reaction occurred between DIPAS and
peroxide-30. A transition from the precursor-condensation regime to the atomic layer deposition (ALD)
regime is expected at higher temperatures. In the ALD regime, the precursor molecules may undergo a
self-limiting chemical reaction with the substrate, resulting in the formation of a monolayer of silicon
oxide. However, this reaction is highly sensitive to the oxidizing power of the oxidant used. The first-
principles study by Lee et al stated that the Si-H bond cleavage (by oxidation) of SiH3 adsorbate has a
high activation energy of 1.19 eV and is the rate-determining step in the deposition process.** Therefore,
we can conclude that hydrogen peroxide and water, due to their relatively weak oxidizing properties,

are ineffective to oxidize the DIPAS molecule in the desired low-temperature ALD regime.
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Figure 14. XRD data for depositions at room temperature using DIPAS and peroxide-30 and
using DIPAS and ozone at 100°C.
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3.5.2 Ozone as an oxidant

Due to the inability to get a continuous film with peroxide-30 at the low temperatures of interest, I
transitioned to a more potent oxidizing agent, ozone. The effect of 0zone concentration and temperature
were studied (Figure 16a) by varying the ozone-generator voltage from 10V to 80V and the temperature
from room temperature to 100°C. The DIPAS bubbling rate was kept constant at 100 sccm, and

depositions were performed for 300 cycles.

At lower temperatures (i.e., 28°C and 50°C), a cloudy film texture was observed, similar to that seen
with peroxide-30, and the film thickness increased with increasing ozone voltage, as shown in Figure
16a. However, ellipsometry analysis using the standard "silicon dioxide on Si" model showed a high
fit error, indicating a complex film structure (Figure 17a). The continuous increase in GPC with ozone
voltage at 28°C and 50°C suggested that ALD-type growth was not occurring. Indeed, the measured
GPCs at the higher ozone voltages are larger than what is expected for ALD of SiOx.
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Figure 15. Depositions using DIPAS and ozone. (a) Thickness and GPC as a function of ozone-
generator voltage and deposition temperature. (b) Thickness and GPC as a function of DIPAS

bubbling rate.

At a substrate temperature of 100°C, an improved film texture was observed (Figure 17b). The GPC
increased slightly as the voltage was increased from 10 V to 50 V. This was expected; as the oxidant
concentration is increased, the probability of DIPAS molecules reacting with ozone molecules should
increase, leading to a higher GPC. However, beyond 50 V, the GPC stabilized at approximately 0.8
Alcycle. This is slightly less than the GPC of 1.2 A/cycle at 150°C that has previously been reported
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for SiOx,* suggesting that the 100 sccm bubbling rate might not be delivering sufficient precursor to

saturate the surface.
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Figure 16. (a) Cloudy film texture as observed by eye at T=28°C. b) Dark grey SiOx film texture
as observed by eye at T=100°C.

Therefore, I fixed the ozone-generator voltage at 30 V and the deposition temperature at 100°C and
systematically varied the DIPAS bubbling rate to verify if the deposition process was occurring under
ALD conditions (Figure 16b). The number of cycles were kept constant at 500, and the DIPAS carrier-
gas flow rate was adjusted accordingly to make sure the total flow from the DIPAS channel was kept
constant at 800 sccm. It was observed that as the DIPAS bubbling rate was increased from 80 sccm,
the growth per cycle increased, which implies that the surface was not fully saturated. At a DIPAS
bubbling rate of 400 sccm, the GPC saturated at ~1 A/cycle, implying complete saturation of the

32



surface. Notably, this GPC of ~1 A /cycle achieved for AP-SALD with DIPAS and ozone is similar to
what has been reported in the literature for temporal ALD.* However, the rate of deposition was ~0.5
A /sec, based on a 2-second cycle duration, whereas temporal ALD studies employing DIPAS and
ozone reported cycle times of 23 to 32 seconds, including purging time.”** This deposition rate could

be further optimized in the future and highlights the rapid nature of AP-SALD.

Having observed the ability to achieve ALD-type growth with DIPAS and ozone, I studied the
microstructure of these films as a function of the deposition temperature (Figure 18) to better
understand the growth window. The DIPAS bubbling rate was set to 80 sccm, the DIPAS carrier flow
was set to 800 sccm, the ozone-generator voltage was set to 40V, and the depositions were carried out
for 300 cycles. Figure 18e shows that at 100°C, an amorphous, smooth, pinhole-free SiOx film with an
average roughness of 0.3+£0.03 nm was obtained. The lowest temperature to get an amorphous SiOy
film was observed to be 70°C (Figure 18d). The GPC was unchanged at 70°C (Figure 18f) and only a
slight increase in surface roughness to 0.5+0.3 nm was observed. This deposition temperature is lower
than what has been reported in the literature by Nam et al. Their study showed that the lowest
temperature possible to deposit SiOx via conventional ALD using DIPAS and ozone was 100°C. The
ability to deposit at 70°C increases the range of temperature-sensitive substrates to which amorphous,

ALD-quality SiO films can be applied.
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Figure 17. Microstructures produced using DIPAS and ozone at different temperatures.

It is seen in Figures 18a-c that at deposition temperatures below 70°C, the structure became more
crystalline, similar to the nano crystallites produced using peroxide-30. I suspect that a similar
phenomenon of precursor condensation was occurring. To confirm the composition of the amorphous

films and the nano crystallites, XPS and EDX were conducted.

XPS of a film deposited on ITO/glass at 100°C with ozone as the oxidant is shown in Figure 19. The
film was deposited in the same manner as those in Figure 18. The XPS survey in Figure 19a clearly
indicates the presence of silicon oxide. It can also be seen that signals from In and Sn are almost
negligible, implying that the SiOy film entirely covers the substrate, as expected. In Figure 19b the Si
2p peak was deconvoluted. The peaks at 103.06 eV and 103.69 eV indicate the presence of SiO; thin
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Figure 18. (a) XPS survey, (b) Si 2p spectrum, and (c) O 1s spectrum for a silicon oxide film
deposited using DIPAS and ozone at 100°C on an ITO/glass substrate.

film and Si-O bond.** Similarly, the O 1s peaks at 532.6 eV and 532.9¢V in Figure 19¢ show the
presence of the non-bridging oxygen, Si-O, and SiO» bond respectively.***” The carbon peak at ~285eV
has a reduced intensity compared to that observed for the nano crystallites formed with peroxide-30
(Figure 14b), suggesting significant precursor condensation was avoided. XPS was not used for the
samples deposited at low temperatures, as these had very small crystallite sizes (Figure 19a-c). This
would result in the majority of the XPS signal originating from the ITO/glass substate. Hence EDS was

used for compositional analysis of the nano crystallites.

Figure 20a shows a back-scattered SEM image of the nano crystallite phase formed at room
temperature on a Si substrate using DIPAS and ozone. A 2 keV electron beam was used to reduce the

depth of penetration and probe the sample and not the substrate. Spot 1 and spot 3 include areas covered
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by the nano crystallite phase, whereas spot 2 is focused on the area not covered by this phase. Spot 1
and spot 3 show a high presence of carbon and nitrogen, exhibiting N:Si ratios of 43 and 50.3,
respectively, compared to spot 2 which contains less carbon and nitrogen (N:Si ratio of 14.4). Hence,
the nano crystallite features at spots 1 and 3 are contaminated with nitrogen-containing compounds,
suggesting the presence of unreacted or partially reacted DIPAS. This suggests that at lower
temperatures the by-product desorption is difficult, even with the use of ozone, which eventually leads
to formation of a complex Si compound. As previously mentioned, this has been reported in various
theoretical studies on DIPAS, which stated that the desorption of by-products and oxidation of the Si-

H bond are the most-energy-consuming steps. ">
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Figure 19. (a) Backscattered SEM image of nano crystallites deposited on a Si substrate at room

temperature using DIPAS and ozone. EDS spectra at (b) spot 1 — nano crystallite phase, (c¢) spot

2 - substrate, and (d) spot 3 - nano crystallite phase.
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Chapter 4
Rapid nucleation of ZnO deposited using an atmospheric-pressure

spatial atomic layer deposition system on 2D -MoS: and WS;

4.1 Introduction

Uniform deposition of metal oxides on 2D materials is essential to employ these materials in many
applications, therefore in this chapter, I describe our study on the nucleation of zinc oxide on 2D

TMDCs (MoS; and WS,). ZnO was deposited using an AP-SALD system operated in AP-SCVD mode.
4.2 Results and discussion

4.2.1 ZnO nucleation on CVD-grown MoS; and WS,

Figure 21a shows an AFM image of the pristine CVD-grown MoS, (CVD-MoS,) with a flake edge and
underlying Si substrate visible. Figures 21b-d show the nucleation and growth of ZnO on the CVD-
MoS; as the number of AP-SCVD oscillations is increased from 25 to 60. A high density of nuclei is
visible near the flake edge in Figures 21b-c, indicating that the nucleation initiated from these edges.
The nucleation density and surface coverage increased with the increasing number of oscillations;
however, the initial nucleation density was such that ZnO layer closure was not achieved after 60
oscillations (Figure 21d). The ZnO nuclei exhibited clustering on CVD-MoS,. Figure 21b shows the
AFM image and line scan after 25 oscillations of ZnO. Some initial clusters were visible, with lateral
dimensions on the order of ~105 nm. After 35 oscillations, almost all ZnO nuclei were part of a cluster.
This is evident from the AFM line scan in Figure 21c, as the lateral dimension of the clusters were
now~175 nm. Furthermore, these clusters were seen to be connected together to form continuous

ribbon structures (Figures 21c-d).

Figures 21e-h show equivalent AFM images and line scans for the nucleation and growth of ZnO on
CVD-WS;; however, the AFM scan size was reduced from 2 um to 500 nm, as a higher density of
smaller nuclei were observed than for CVD-MoS,. This is evident by comparing the line scans (Figure
21b-c and 21f-g). The CVD-WS; line scans show ~17 peaks as compared to ~7 peaks in CVD-MoS,.

The smaller values of peak height, width and spacing between the peaks in the line scan suggest a
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higher nuclei density of ZnO on CVD-WS,. In contrast to the CVD-MoSo, this higher initial nucleation
density of ZnO on CVD-WS; led to complete layer closure for most of the CVD-WS, flakes after 60
AP-SCVD oscillations. A continuous ZnO layer is visible on the WS, surface in Figure 21h and the
line scan from that sample is noticeably smoother than the line scan of the CVD-MoS; after 60

oscillations (Figure 21d).
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Figure 20. AFM images and line scans of CVD-grown (a-d) MoS; and (e-h) WS; with varying
quantities of ZnO deposited via AP-SCVD.

Another notable difference from the nucleation on CVD-MoS; was the minimal nuclei clustering
observed on the CVD-WS; in Figures 21e-h. This claim is supported by the line scan analysis, which
showed nuclei clustering at irregular intervals and cluster widths that were ~8 times smaller than what
was found for CVD-MoS,. The ZnO clusters formed on CVD-WS; after 35 AP-SCVD oscillations, for
example, were only ~20 nm in width (Figure 21g). To allow a more direct comparison, AFM scans for
35 oscillations of ZnO on CVD-MoS,; and CVD-WS, are shown in Figure 22 under identical

magnification. More significant nuclei clustering is clearly seen for CVD-MoS..
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Figure 21. ZnO nucleation for 35 AP-SCVD oscillations on (a) CVD-MoS; and (b) CVD-WS,.
These measurements were done under similar conditions, i.e., similar deposition and AFM

parameters (scan size, frequency etc.).

Park et.al showed that the adsorption energy of a precursor molecule has a strong dependance on the
2D material on which the deposition is performed. Since 2D materials have very low surface energy,
the film formation is dominated by physisorption.* It was reported that van der Waal’s physisorption
of the adsorbate (precursor molecule) on a 2D material is primarily driven by a dipole-dipole
interaction. The magnitude of the induced dipole polarization of the 2D material, caused by the
adsorbate, governs the adsorption energy and thereby the film coverage.* It is known that the induced
dipole polarization of a material is dependent on its electronic and atomic structure.” Therefore, in this
case the heavy nucleus in W-based compounds is expected to exhibit a larger induced polarization than
the lighter nucleus in Mo-based compounds, leading to higher adsorption energy and greater coverage.®’
This may explain the higher nucleation density and greater surface coverage observed for CVD-WS,

(Figure 21h) than CVD-MoS; (Figure 21d).

The observed differences in nucleation density and ZnO film closure could also be influenced by
different defects/impurities introduced in the CVD-WS, and CVD-MoS, samples during their
respective synthesis processes. For example, exfoliated WS, (Figure 23) did not show complete ZnO

coverage within 60 AP-SCVD oscillations. This may be attributable to the fact that the exfoliated
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sample is expected to be better passivated, with less dangling bonds, making precursor adsorption
difficult.

a)

Pristine WS

400.0 nm
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Figure 22. ZnO deposition on exfoliated WS; with varying numbers of AP-SCVD oscillations. (a)

Pristine, (b) 25 oscillations, (c) 35 oscillations, and (d) 60 oscillations.

Apart from differences in nucleation density and layer closure, it was observed that the ZnO nuclei
morphology was different on MoS; and WS,. Larger clusters were formed on CVD-MoS, which grew
into nanoribbons with a web-like network. A similar observation was reported by Zhang et al. for the
nucleation of Al,O; on MoS,;”' however, they used synthetic polycrystalline MoS; and the nucleation
was predominantly observed on the grain boundaries and defects, leading to formation of nanoribbon
structures, whereas single-crystal flakes were studied here.'® The different ZnO clustering behavior
observed here for AP-SCVD seemed to be material specific and not simply due to differences in
defects/impurities, as it was also observed on exfoliated samples. ZnO nanoribbons were seen to be

formed on exfoliated MoS; (Figure 24), whereas isolated nuclei were formed on exfoliated WS, (Figure
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23). This might be due to a difference in the surface energy that makes nanoribbon formation more
favorable on MoS;. Other plausible reasons that can influence clustering could be different electronic
properties at the ZnO-TMDC interface,’” different surface interactions (e.g., van der Waal’s forces)
between the TMDCs and ZnO precursors, and local temperature variations arising from differences in
thermal conductivity between CVD-grown MoS; (k = 62.2W/m.K at room temperature on SiO,/Si
substrate) and WS, (15.4 + 1.9 W/m.K at room temperature on SiO,/Si substrate)’® during deposition.

Further investigation is required to understand the contributions of these factors.

a)

Pristine MoS,

1.0 pm

400.0 nm 400.0 nm

Figure 23. ZnO deposition on exfoliated MoS; with varying numbers of AP-SCVD oscillations.

(a) Pristine, (b) 25 oscillations, (c) 35 oscillations, and (d) 60 oscillations.

To further investigate the early-stage nucleation, ZnO was deposited on a single-layered flake of
CVD-MoS; using 5 AP-SCVD oscillations (Figure 25a) and a multilayered flake of CVD-WS; using
25 oscillations (Figure 25b). As noted earlier, the AP-SCVD nucleation is clearly seen to start at the
edges of the CVD-grown TMDC flakes. This is consistent with previous reports for conventional ALD
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and is attributed to the higher surface energy associated with the edges and defects, as compared to the
more pristine basal plane.”"***> ZnO nucleation might help to reduce the overall surface energy of these

“defects”, making the nucleation process energetically favorable at these sites.

..‘.

2.0 ym 410.0 nm
Figure 24. Preferential nucleation of ZnO on flake edges of (a) CVD-MoS; (5 AP-SCVD
oscillations) and (b) CVD-WS; (25 AP-SCVD oscillations).

Notably, it is evident in Figures 21 and 25 that AP-SCVD yielded rapid nucleation of ZnO on what
are expected to be passive 2D surfaces. This is supported by Table 1, which compares the ZnO
nucleation behavior observed in this work to previous reports. I achieved comparatively faster
nucleation without the requirement of any surface treatments. For example, in previous work by Walter
et al., plasma-enhanced ALD (PEALD) of ZnO on MoS; reduced the ZnO nucleation period to < 20
ALD cycles, whereas partial ZnO layer closure was observed after 25 AP-SCVD cycles on the CVD-
WS, sample in Figure 21f.
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Table 1. Nucleation of ZnO on MoS; and WS,

ZnO 2D Surface Process ALD cycles | Growth mode [Ref]
deposition | material treatment | temperature | to initiate
technique €O nucleation
MoS,- 45
Thermal Volmer-Weber
exfoliated | No 125 200 .
ALD (island) growth
flake
MoS:- L byl
ayer-by-layer
PEALD exfoliated | No 125 20 e »
growth
flake
Thermal | 0% Layer-by-1
erma ayer-by-layer
exfoliated | UV-O3 125 60 Y »
ALD growth
flake
Perylene-
3,4,9,10-
Not Layer-by-layer
ALD CVD MoS; | tetracarbox | 125 %
S reported growth
ylic acid
(PTCA)
Magnetron ZnO fills
Magnetron ] 97
. Sputtered - | No 100 NA crevices, later
Sputtering
WS, forms film.
AP-SCVD | CVD MoS; | No 100 <5 Island growth This work
AP-SCVD |CVDWS; |No 100 <5 Island growth This work

The deposition rate was further increased by increasing the spacing between the reactor head and the

substrate from ~110 pm to ~150 um, keeping all the other parameters constant. This allowed for

increased precursor crosstalk, meaning the precursors can mix on the substrate surface, allowing for

higher deposition rate. Figure 26 shows ZnO deposited on CVD-MoS; and CVD-WS, with 5 AP-SCVD
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oscillations using this larger reactor-substrate spacing. After only 5 oscillations, I could see significant
nucleation with higher areal coverage as compared to Figures 21 and 25. While further optimization is
warranted, the rapid nucleation facilitates layer closure at reasonably low film thicknesses. It is seen in
the line scan of Figure 26a that the ZnO clusters had a height of approximately 5 nm when approaching
layer closure. This rapid nucleation is attributed to the nature of the AP-SCVD process. There are
various stages involved in thin film formation. This includes precursor delivery, which involves
diffusion of precursor molecules to the substrate, physical adsorption of precursors on the substrate,
followed by surface reaction and desorption of by-products. Since the reactor is held at atmospheric
pressure, the effective diffusion coefficient of precursor molecules is very low. In many practical
experimental conditions, Mameli et al. has shown that the precursor saturation dose is limited by the
diffusion regime, which involves precursor delivery steps.** To offset this limitation, a high partial
pressure of precursors is used in an AP-SALD/AP-SCVD system. Using a higher partial pressure
shortens the time required for a precursor to saturate a substrate in two ways: it helps to increase the
diffusion rate of the gaseous precursors and ensures a higher dose of precursor, thereby increasing the
reaction rate. Operating the system in AP-SCVD mode, further increases the growth rate without
compromising on film conformality. Improper precursor pressure and supply are considered to be a
major roadblock to achieving conformal films in conventional CVD.?® AP-SCVD addresses these issues
by delivering the precursors gases in close proximity to the substrate, which ensures enough precursor

delivery to form conformal films with high growth rates.

200 400 200 400

nm nm
Figure 25. AFM images of ZnO deposited by 5 oscillations of AP-SCVD on (a) CVD-MoS; and
(b) CYVD-WS; at 100°C. A larger reactor-substrate spacing of 150 pm (compared to 110 pm in

Figures 21 and 25) was used to further increase the deposition rate.
45



4.2.2 Structural and optical properties of CYD-grown monolayer MoS: and WS,

To determine the impact of the AP-SCVD process on the TMDCs, Raman and photoluminescence
spectroscopy measurements were conducted in three stages: (1) pristine conditions, (2) after exposure
to simulate AP-SCVD deposition conditions, and (3) following the deposition of ZnO on the 2D
materials. This allowed identification of whether any changes to the properties of the TMDCs are

caused by the AP-SCVD processing conditions or the presence of the ZnO.

To simulate the deposition process without depositing any material, the 2D TMDCs were heated at
100°C in air for the time required to complete 100 oscillations (~10 minutes). Raman spectroscopy
indicated no observable peak shift after subjecting the CVD-MoS; (Figure 27a) or CVD-WS, (Figure
27b) to AP-SCVD conditions. This suggests that no significant structural defects or strain were
introduced into the 2D TMDC material and that the AP-SCVD process is relatively gentle and does not

cause significant material degradation.

a) b)
si Mos, gl 2AMSEL —Wws,
201 ——100°C MoSy _ ——100°C WS,
Ay
5150 Eh 5 6| A, si
©
g Si ~— . \__d___/\
310_ A _.?4_ 2LAM) & E,q
‘©» 19 n
5 E' G
£ 050 ° € 27
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350 400 450 500 550 600 650
Raman Shift (cm™)

Figure 26. Raman spectra for (a) CVD-MoS; and (b) CVD-WS; before and after simulated AP-
SCVD conditions.

The pristine CVD-MoS, and CVD-WS, showed strong PL emission at ~1.819 eV (Figure 28a) and
~1.962 eV (Figure 28d), respectively, consistent with previously reported values in literature for these
materials.*”*" After simulated AP-SCVD treatment, both TMDC spectra show a redshift with an
increase in PL (Figure 28a and d). To quantify the relative changes, I compare the deconvoluted PL

spectra. The deconvoluted spectra for the CVD-MoS; in its pristine form and after simulated AP-SCVD
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processing are shown in Figures 28b and 28c. The PL spectrum for CVD-MoS; is known to consist
mainly of A and B peaks. The A peak was deconvoluted into an A™ peak, which represents negatively
charged trions, and an A” peak corresponding to neutral excitons.?” The trion peak arises due to electron
doping induced by the SiO, substrate.” The B peak represents the B excitons. Similarly, the CVD-WS;
PL spectra were deconvoluted into an A° peak associated with neutral excitons and an A" peak
associated with trions, which are at a comparatively lower energy level (Figure 28¢ and ). As the
samples are heated in open atmosphere, O, and H,O molecules from air are expected to be physically
adsorbed on the CVD-TMDC surfaces. This should lead to depletion of electrons (p-type doping),
generating neutral excitons (trion-to-neutral-exciton conversion), which radiatively recombine to give
a sharp increase in PL.**'°" As these adsorbed molecules, especially oxygen, act as p-type dopants, they
are expected to slightly reduce the bandgap, resulting in the observed red shift for CVD-MoS,'**'** and
CVD-WS,, 100.104.105

a) b) c)
100 MoS, 16 Expt. data 100 Expt. data
— ———100°C MoS, —— Fitted data /:-; 80+ —— Fitted data
o 5
m ~—
> > 60
‘» 7]
é é 401
£ = 20!
o T
a 7 g ol
16 18 20 16 1.7 1.8 1.9 2.0 2.1 15 1.6 1.7 1.8 1.9 2.0 2.1
Energy (eV) Energy (eV) Energy (eV)
d) e) f)
12f e " e 12
—~ o — ——Fitted data| ~— —
S10! ——100°C WS, 5 8t 310_
< 8 < 6l - gl
= = =
2 6f 2 4l 2 6r
2 2 L 4l
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22 = z 2
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Figure 27. (a) PL spectra of CVD-MoS: (pristine vs. AP-SCVD simulated conditions).
Deconvoluted spectra of (b) pristine CVD-MoS: and (¢) CVD-MoS: after simulated AP-SCVD
conditions. (d) PL spectra of CVD-WS: (pristine vs. AP-SCVD simulated conditions).
Deconvoluted spectra of (e) pristine CVD-WS; and (f) CVD-WS; after simulated AP-SCVD

conditions.
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To quantify the trion-to-exciton conversion, I calculated the intensity ratios of neutral excitons to
negatively charged trions in Table 2. Both the CVD-MoS: and CVD-WS: showed an increase in the
ratio of excitons to trions after being subjected to AP-SCVD conditions, consistent with the enhanced

PL intensity observed in Figure 28a and 28d.

Table 2. Intensity ratios of exciton (A’) and trion (A") PL peaks for CVD-MoS; and CVD-WS;
before and after simulated AP-SCVD treatment

CVD-MoS; CVD-WS;
Pristine 8.91033 /6.11186 5.6306 / 3.0598
I(A%)/I(A) = 1.457 = 1.840
AP-SCVD treated 56.92736 /27.50397 7.53065 / 4.07701
I(A%)/I(A) =2.069 = 1.847

It was also observed that non-triangular CVD-MoS; flakes show a comparatively larger increase in
PL than triangular flakes, after subjecting them to AP-SCVD conditions (Figure 29). This might be
because of the presence of defects/imperfections that lead to depletion of excess electrons due to a
higher probability of adsorbing O»/ H,O molecules.'’' Hence, I found that the AP-SCVD technique is
not only a benign process but also helped in passivating the defects present in the 2D materials,

suppressing non-radiative recombination that might occur at the defects.*’
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Figure 28. (a) PL spectra of differently shaped flakes before and after simulated AP-SCVD
processing. Non-triangular CVD-MoS; flakes (e.g., “Flake 2” in c)) show a comparatively larger

increase in PL than triangular flakes (e.g., “Flake 1” in b)).

I then investigated the effect of a ZnO surface layer on CVD-TMDCs. Figure 30 shows the Raman
and PL spectroscopy of CVD-MoS, and CVD-WS; before and after deposition of a ZnO layer using
60 AP-SCVD oscillations and the original reactor spacing of ~110um (i.e., surface coverage similar to

that shown in Figures 21d and 21h). Raman spectra analysis of the MoS,— ZnO structure in Figure 30a
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revealed a red shift and a slight broadening of the out-of-plane A, mode. This could be attributed to

increased electron concentration after the deposition of ZnO, which is a n-type material. These changes

in the Raman mode due to electron doping are consistent with literature.***’
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Figure 29. (a) Raman and (b) PL spectra of CVD-MoS; before and after ZnO deposition; (c)
Raman and (d) PL spectra of CYD-WS; before and after ZnO deposition.

The in-plane E'»; mode in CVD-MoS, showed a blue shift after ZnO deposition, potentially due to a
change in lateral strain. “*> E. Pollmann et al reported a transformation matrix to quantify the strain-
and doping-dependent Raman shift in MoS; experimentally and by calculations, which is presented in

Equations (1) and (2).'%
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T ( —0.490 %/cm 0.073 %/cm |

~\0.088 x 103cm™2/cm™!  —0.464 x 10'3cm™2 /cm-1> M)
AE%g A Strain

T( AA;, > - ( A Doping ) &

Calculating the Raman shift from Figure 30a:

AE3, =AE;g (ZnO coating) — AE;g (pristine) ~ (384.33-383.02) = 1.31

AAlg = AAlg(ZnO coating) — AAlg(pristine)~ (40259 - 4039) =-1.31

After solving the matrix using (1) and (2):

( A Strain ) _ ( —0.737 %/cm )

ADoping )~ 0.723 x 10*¥cm™2%/cm™?!

The positive A Doping indicates that the number of charge carriers in the MoS,, namely electrons,
have increased in number. A negative A Strain can be interpreted in two ways: the most straightforward
explanation could be that the ZnO deposition led to a reduction in strain in tensile-strained CVD-MoS,,
or it could also mean that the material was initially compressively strained and that after depositing
ZnO on top, the compressive strain increased. As-grown CVD-MoS; is reported to be under strain (e.g.,
compared to exfoliated CVD-MoS,) and with ZnO coating the strain is decreasing, either reducing
tension or increasing compression, depending on the initial strain state.'°® However, further experiments
are warranted to investigate the strain relationship between the TMDCs and deposited oxide films.
After the deposition of ZnO on CVD-MoS,, I observed PL quenching along with a red shift and
broadening of the PL emission (Figure 30b.). This can be explained by a possibility of charge transfer
occurring from ZnO (n-type) to CVD-MoS,, converting neutral excitons to trions, which lead to non-
radiative recombination at the monolayer flake. “*'"” This is consistent with the Raman findings in
Figure 30a, where broadening of the A, mode was attributed to electron doping of the MoS,. *"*’
Possible PL absorption by the ZnO layer was considered; however, the observed enhancement in PL

for the ZnO-WS: system confirms that the PL emission is not significantly absorbed by the ZnO layer.
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For ZnO deposition on CVD-WS,, the Raman spectra in Figure 30c show a red shift in the E', mode,
which overlaps with the longitudinal acoustic phonon 2LLA (M) mode. This could suggest the presence
of tensile strain in the WS,-ZnO system.'® The A, mode, however, shows negligible change. Since

108

this peak mainly describes the doping state of CVD-WS,, ™ we can say that the doping effect is not
very prominent at the PL excitation wavelength used. The PL spectra of the WS, and WS; - ZnO system
are shown in Figure 30d. A red shift in the PL was again observed; however, in contrast to what was
observed for CVD-MoS,, a prominent increase in PL intensity was seen with the addition of ZnO on
WS,. In this system, there are several competing mechanisms at play, namely dielectric screening,
doping, and strain effects. The ZnO deposition is expected to lead to charge transfer from ZnO to CVD-
WS, creating a n-doped region at the interface, generating trions that might non-radiatively recombine
to reduce the PL intensity. However, from the nucleation studies, we know that ZnO forms a complete
layer on the WS, (Figure 21h). This complete layer of ZnO might cause dielectric screening,
suppressing the trion formation and enhancing emission from neutral excitons, which could explain
the enhanced PL intensity. A similar effect has been reported for MoS, as well.'”'!! Both tensile strain,
as indicated by the Raman shift in Fig 30c, and dielectric screening could contribute to the PL redshift
observed in Fig 30d.9*!'*'3  Therefore, the Raman and PL analysis of the WS, - ZnO system are

consistent and suggest that the strain effect is more prominent than doping.

Therefore, the different photoexcited behavior observed here for the MoS;-ZnO and WS;-ZnO
systems can be attributed to the competing effects of doping, strain, and dielectric screening. For the
MoS»-ZnO system, photoexcitation facilitates electron transfer from ZnO to MoS,, resulting in n-type
doping. The ZnO deposition also induces strain in the flake, introduced after the deposition of the
material and not due to the conditions during the process, as confirmed from the Raman analysis.
Nanoribbon are formed on the MoS; and these nanoribbons, which do not fully cover the MoS: flake,
do not appear to result in a significant dielectric screening effect that impacts the PL. In the absence of
strong dielectric screening, trions created by n-doping remain stable, leading to PL quenching. While
depositing the ZnO at 100°C in air helps to passivate defects and enhance the PL, this is offset by the
impacts of the strain and doping, resulting in a net decrease in PL with the addition of ZnO at 100°C.
Also, the discontinuous MoS,-ZnO interface formed due to incomplete nanoribbon ZnO coverage on
the MoS,, and intrinsic defects in the materials, may cause carriers to transfer at trapped states, further

contributing to PL quenching.®
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In contrast, ZnO almost completely covered the CVD-WS; and Raman analysis showed that the
strain induced by the ZnO is more prominent than the doping effect. Upon photoexcitation, charges
from ZnO might transfer to CVD-WS,, creating a n-doped region, however this region also experiences
dielectric screening due to the significant coverage of ZnO, thereby reducing trion formation and
instead promoting the formation of neutral excitons, which radiatively recombine leading to an increase
in PL. Therefore, in the case of CVD-WS;, strain along with dielectric screening appear to play a major
role in influencing its properties. Furthermore, the smooth interface between CVD-WS; and ZnO due
to complete coverage might also aid in the reduction/passivation of trapped states, thus reducing non-

radiative recombination.

To investigate the AP-SCVD temperature window for which these results are valid, ZnO was
deposited on CVD-WS; at temperatures ranging from 50°C to 250°C. Fig 31 shows the PL spectra for
each temperature, including measurements for pristine samples, samples annealed in air to simulate the
AP-SCVD processing conditions, and samples after the deposition of ZnO at that temperature using

300 AP-SCVD oscillations.
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Figure 30. PL spectra for pristine CYD-WS,, CVD-WS; annealed in air, and CVD-WS; after the
deposition of ZnO using 300 AP-SCVD oscillations, at annealing and deposition temperatures of

(a) 50°C, (b) 100°C, (c) 150°C, (d) 200°C and (e) 250°C
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The change in PL intensity resulting from the simulated AP-SCVD conditions and ZnO depositions
are summarized in Figure 32 as a function of temperature. The increase in PL intensity due to annealing
in air was seen to increase gradually with annealing temperature (blue trendline), consistent with a
gradual increase in the adsorption of O, and H>O molecules and p-type doping. At 200°C, the PL for
simulated samples was seen to slightly decrease, indicating the initiation of degradation of the 2D layer,
which is further supported by the sudden drop in PL at 250°C. The PL of the ZnO-coated samples is
observed to be enhanced, as compared to pristine samples, for deposition temperatures ranging from
50°C to 200°C. The 300 AP-SCVD oscillations are expected to result in complete coverage of the flake
with ZnO, such that the dielectric screening effect is still expected to be present. However, the increase
in PL intensity for the ZnO — WS, samples initially increased with temperature up until 100°C and then
was reduced at higher ZnO deposition temperatures. This trend may be attributable to different
competing effects such as varying crystallinity of the ZnO film,''* increased carrier concentration that

affects doping''®, reduced thickness of the ZnO layer due to thermal desorption of precursor at higher

89,116,117 118

temperatures resulting in a decrease in the dielectric constant' °, and the induced strain in the
material. Thus, while further study of the deposition-temperature-dependent behavior of the TMDC -
ZnO heterostructures is warranted, it is clear that the behavior observed here occurs across a range of

typical AP-SCVD deposition temperatures.
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Figure 31. Change in PL intensity of CVD-WS2 after annealing or ZnO deposition at different

temperatures.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

The first goal of this thesis was to develop an AP-SALD process for the deposition of silicon oxide.
Initial attempts with peroxide-30 showed limited reactivity between the precursors, which yielded Si-
based nano crystallites because of precursor condensation, and it was concluded that the oxidation of
the Si-H bond was the limiting factor. As a result, a more potent oxidizing agent, ozone, was selected.
I used ozone to create ALD-quality SiOy films on silicon and ITO/glass substrates at a temperature as
low as 70°C and at high growth rates of 0.5 A/sec. AFM and XPS measurements confirmed that the
films were amorphous with the SiOx film covering the entire substrate. The microstructure was
temperature-dependent; changing from an amorphous film to nano crystallites as the deposition
temperature was reduced, which was attributed to precursor condensation. I believe that the open-air,
plasma-free AP-SALD technique described herein will pave the way for future improvements in SiOx

depositions at lower temperatures, potentially broadening their applications in a variety of areas.

The second goal was to investigate the nucleation and growth of ZnO on 2D TMDCs. This was
demonstrated successfully and AP-SCVD exhibited a very high potential for the development of
heterostructures with 2D TMDCs. It was observed that AP-SCVD leads to comparatively rapid
nucleation of a metal oxide on top of 2D materials without any need for surface treatment. This was
attributed to the nature of the process itself. High precursor dosage is usually used when compared to
conventional ALD to compensate for the low effective diffusion coefficient of the precursor molecules,
as the system operates in open air. This leads to a low saturation time and high possibility of adsorption
of precursors on the 2D surface, leading to rapid nucleation, growth, and layer closure. Also, from PL
and Raman spectroscopy, it was confirmed that the AP-SCVD process is “soft” when compared to other
processes for depositing oxides on 2D TMDCs, such as spin coating, thermal ALD, and plasma-
enhanced ALD,'"!""'?! a5 it doesn’t affect the structure and properties of the 2D materials when
operated in the right temperature window. In fact, the AP-SCVD process, which uses modest deposition
temperatures (~100°C) in air, was found lead to passivation of defects by O, and/or moisture
adsorption. Deposition of ZnO by AP-SCVD was found to quench the PL. of CVD-MoS,, whereas it
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enhanced the PL of CVD-WS,. This was attributed to the competing effects of strain, doping, and
dielectric screening. For the MoS,-ZnO, doping and strain dominate, whereas for the WS,-ZnO, strain
and dielectric screening have a larger impact on the properties of the 2D TMDC. Greater ZnO surface

coverage was observed on the WS,, which would contribute to the greater dielectric screening.

5.2 Future work

Suggestions for the development of silicon oxide films:

e Investigate the reaction mechanism of DIPAS with advanced techniques such as in-situ FTIR

to understand the chemistry and kinetics of the ALD reactions in more detail.

e Investigate the use of additional precursors such as Trimethylalumnium (TMA) alongside

DIPAS to deposit composite oxides like Al,SiyO,.'*

e Understand the effect of other uncontrollable parameters such as humidity on the reaction

mechanism.

e The use of ozone is undesirable since it is known to have many hazards and therefore, future
study can focus and explore new precursors for the synthesis of silicon oxide films at low

temperature or even room temperature without the use of ozone.
Suggestions for the nucleation of metal oxides on 2D materials:

e Test the performance of ZnO/TMDC heterostructures in devices and analyze the impact of

the interface formed by a discontinuous nucleation layer.
e Analyze the effect of depositing continuous-thick layer of metal oxides on the TMDCs

e Expand the study with different metal oxides such as AlLOs, SiO,, HfO, with other 2D

materials such as graphene, MoSe,, WSe: etc.
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